R FORCE INST OF TECH

1
A MENAPRCE 1987

ROMATIC MOLECULES STUDIED

:
N
;
g
]
¢
i




PO L  RIARN

NRNOCE
AN Ay X IINN

PAPSIS A

2" e¥s"a o\osu.us\l-\hﬂ.h‘uta _mﬂ- PANIIIN

22

2

s
;
E;.é;

o
~
AN,

——
X
-

o o~ off o
=EFF
m-h—ukkkgt.m

=

3

14

22 1

—
— —

O s « v e 9w PR S
¢ Ta®, % %% -A".E-N.-fo--‘nl ..‘In/-lﬂ-{.\f

s f_A ='a'a’a’a -~




SN

,,x”_i'.\:_-.l.\'.@. x‘hS“ RN

. . » [}
ULl ASD L Ll R
SECURITY CLASSIFICATION OF TH!S PAGE (When Data Eniered)

AP A D

r’

REPORT DOCUMENTATION PAGE

"READ INSTRUCTIONS
BEFORE COMPLETING FORM

. REPORY NUMBER

2. GOVT ACCESSION NO,

AFLT/CI/NR 87-130D , .

g
8
. Ry i .

3. RECIPIENT'S CATALOG NUMBER

/ i [

¢ Jgksdg?!ﬁgng Clusters of Aromatic Molecules

Studied Using Supersonic Molecular Jet

5. TYPE RT & PERIOD COVERED

/A6 /DISSERTATION

Spectroscopy

6. PERFORMING OG. REPORT NUMBER

. AUTHOR(s)
Joseph Arthur Menapace

B. CONTRACT OR GRANT NUMBER(s)

9. PERFORMING ORGANIZATION NAME AND ADDRESS

AFIT STUDENT AT:

Colorado State University

AD-A186 087

10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

11. CONTROLLING OFFICE NAME AND ADDRESS

AFIT/NR

12. REPORT DATE

1987

WPAFB OH 45433-6583

13. NUMBER OF PAGES

339

14, MONITORING AGENCY NAME & ADORESS(if dilferent from Controlling Office)

15, SECURITY CLASS. (of this report)

UNCLASSIFIED

1Sa. DECL ASSIFICATION/DOWNGRADING

SCHEDULE

: 16. DISTRIBUTION STATEMENT (of this Report)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, it dilferent from

Report)

*p

18. SUPPLEMENTARY NOTES

APPROVED FOR PUBLIC RELEASE: IAW AFR 190-1

N,
%E\.WB‘LAVER 2D

an for Research and
Professional Development
AFIT/NR

19. XKEY WORDS (Continue on reverse side il neceasary and ldentlly by block number)

20. ABSTRACT (Continue on reverse side It necessary and Identlfy by block number)

ATTACHED

)

DD , 50", 1473  eoimion oF 1 NOv 68 15 0BSOLETE

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)




Aty

[SEAE N

s Sy

-y
]

L S

ABSTRACT OF DISSERTATION

VAN DER WAALS CLUSTERS OF
AROMATIC MOLECULES STUDIED USING

\\ SUPERSONIC MOLECULAR JET SPECTROSCOPY

\

van der Waals (vdW) clusters of aromatic solutes with various solvents
are studied in the gas phase using supersonic molecular jet spectroscopy.
Calculations involving ground state cluster binding energy, geometry, and
intermolecular vibrational structure are also presented to complement the
experiments. The analyses include: spectroscopic studies and theoretical
modeling of the intermolecular vibronic structure of benzene solvated by
argon, methane, water, and ammonia; spectroscopic studies and theoretical
modeling of the intermolecular vibronic torsional structure in benzene
solvated by methane, deuteromethane, and carbon tetrafluoride; solvation of
pyrazine and pyrimidine by both small hydrocarbon and hydrogen bonding
solvents; the study of pyrazine and pyrimidine dimers; and the solvation of
macrocycles such as free base phthalocyanine (H;Lc) and magnesium
phthalocyanine (MgPé) by small hydrocarbon solvents, hydrogen bonding
solvents, and carbon dioxide. <f£f‘””“

The benzene/solvent studies lead to the elucidation of the detailed
nature of the intermolecular vibrational structures and the
geometries/symmetries present i1n the clusters. These studies reveal that the
majority of the intermolecular vibronic transitions observed involve vdW
bending and torsional motion parallel to the solute p1 cloud. Furthermore,
the clusters behave rigidly with regard to internal rotation of the cluster

subunits and the clusters possess unique equilibrium geometries.

87 11 10 098

AT AT o8 O R P RN A A AR A R R AN L O R R A N AN
e “g&ﬂbﬁbucvéyc;cuu;uﬁ&i:;b;b;hl})};aﬂb \;bﬂbJC{Qx‘\‘SiEA\A\j

(TS L SRV LA N o




PR O N A T O T O R s O T S O O R R T L R W WV LW 000 ah ot t a0t s 000l g A L0 i e b “Babollat B
'
The pyrazine and pyrimidine/solvent and dimer studies demonstrate the
) detailed effects of the solute ring nitrogens on ciuster geometry and on the
role of hydrogen bonding in the clusters.
) The H2Pc and MgPc/solvent cluster experiments and models suggest that
stable solute solvation sites are located over the phthalocyano core and not
over peripheral ring centers. Forbidden low frequency cluster chromophore
out-of-plane vibronic trans:itions are also induced by solvation 1n both the

. HZPC and MgPc clusters.
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ABSTRACT OF DISSERTATION

VAN DER WAALS CLUSTERS OF
AROMATIC MOLECULES STUDIED USING

SUPERSONIC MOLECULAR JET SPECTROSCOPY

van der Waals (vdW) clusters of aromatic solutes with various
solvents are studied in the gas phase using supersonic molecular jet
spectroscopy. Calculations involving ground state cluster binding
energy, geometry, and intermolecular vibrational structure are also
presented to complement the experiments. The analyses include:
spectroscopic studies and theoretical modeling of the intermolecular
vibronic structure of benzene solvated by argon, methane, water, and
ammonia; spectroscopic studies and theoretical modeling of the
intermolecular vibronic torsional structure in benzene solvated by
methane, deuteromethane, and carbon tetrafluoride; solvation of
pyrazine and pyrimidine by both small hydrocarbon and hydrogen
bonding solvents; the study of pyrazine and pyrimidine dimers; and
the solvation of macrocycles such as free base phthalocyanine (H2Pc)
and magnesium phthalocyanine (MgPc) by small hydrocarbon solvents,
hydrogen bonding solvents, and carbon dioxide.

The benzene’solvent studies lead to the elucidation of the
detailed nature of the intermolecular vibrational structures and the
geometries/symmetries present in the clusters. These studies reveal

that the majority of the intermolecular vibronic transitions observed
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involve vdW bending and torsional motion parallel to the solute 7 cloud.
Furthermore, the clusters behave rigidly with regard to internal
rotation of the cluster subunits and the clusters possess unique
equilibrium geometries.
The pyrazine and pyrimidine/solvent and dimer studies
demonstrate the detailed effects of the solute ring nitrogens on
cluster geometry and on the role of hydrogen bonding in the clusters.
The H2Pc and MgPc/solvent cluster experiments and models suggest
that stable solute solvation sites are located over the phthalocyano
core and not over peripheral ring centers. The H2Pc/hydrocarbon cluster
results parallel those obtained for the benzene and N-heterocycle/
| hydrocarbon clusters. The Hch and MgPc/alcohol cluster spectra and
! calculated geometries suggest that the solvent OH groups are intimately
involved in the intermolecular interactions. Forbidden low frequency
cluster chromophore out-of-plane vibronic transitions are also induced
by clustering. This low frequency motion is characterized using an out-

of-plane normal coordinate analysis on the H2Pc moiety.

Joseph Arthur Menapace
Department of Chemistry
Colorado State University
Fort Collins, CO 80523
Summer 1987
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CHAPTER ONE

INTRODUCTORY COMMENTS AND OVERVIEW

LA e)

Introduction.

(':l'. Iy

e

The material contained in this dissertation is largely presented

"
1

in five publications. In the spirit of completeness and accuracy, these

‘e v Ta R
.

papers are incorporated directly into the dissertation. The first three
papers appear as chapters in the body of the manuscript. The remaining
two papers appear in reprint form as appendices. The rest of the dis-
sertation entails the introductory comments and overview, unpublished
results, future/proposed experiments, conclusions, and the computer
programs utilized in this work.

The introductory comments and overview are meant to tie together
the body of the dissertation since directly presenting the publications
tends to fragment the discussion. They will also provide the reader
with the general notions underlying the work presented in detail in each
major section or chapter of the dissertation.

The unpublished results contain mostly those data which are not
important enough to appear in papers, or data which need additional work
to interpret. The data are presented in the dissertatjion to establish o
record of the research conducted in specific areas and to provide future
investigators with a basis for further study.

The future’/proposed experiments involve both theoretical and

experimental studies of solute’solvent cluster systems similar to those

) { I'f.- -,
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presented in this dissertation. The primary motivation in these
proposed experiments is to provide for continued research on cluster
systems using the models, procedures, and experimental set-ups currently
available in the Bernstein group laboratory.

The presentation of the computer programs used in the cluster
studies is largely for the convenience of future investigators. The
programs serve as easy references for those conducting research in the
same or similar areas as well as provide documentation on the "how to's"

of the models used in the studies

Overview.

The five publications incorporated into this dissertation are
divided into five chapters. The work covers: 1) the experimental study
and theoretical modeling of the intermolecular vibronic structure of
benzene solvated by argon, methane, water, and ammonia; 2) the experi-
mental study and theoretical modeling of the intermolecular vibronic
torsional structure in benzene solvated by methane, deuteromethane, and
carbon tetrafluoride; 3) the detailed study of the solvation of pyrazine
and pyrimidine by both small hydrocarbon and hydrogen bonding solvents:
1) the study of pyrazine and pyrimidine dimers; and 5) the solvation of
macrocycles such as free base phthalocyanine and magnesium phthalo -
cyanine by small hydrocarbon solvents, hydrogen bonding solvents, and
carbon dioxide. This overview is intended to tie together the major
results of these studies and to create a sense of unity and purpose for

the studies.

The Vibronic Structure of Solute ‘'Solvent van der Waals Clusters

A large body of data has been accumulated in this laboratory for small

aromatic molecules such as benzene, pyrazine, and pyrimidine solvated

¥ e ¥ 3 2 v ® 3
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with small hydrocarbon solvents such as methane, ethane, and propane,
and hydrogen bhonding solvents such as water and ammonia. These spec-
troscopic studies yield observables such as spectral shift which can be
related to the difference between the cluster binding energy between the
ground and electronic excited states and to cluster geometry. In the
majority of the cluster spectra, intermolecular vibronic transitions are
observed which can be used to elucidate the cluster symmetry/geometry, %
electronic state mixing, and the intricacies of the intermolecular
potential surface.

Modeling of the intermolecular interaction hetween the cluster
congtituents also complements the gpectroscopic studies. These calcula-
tions allow one to elucidate some physical properties of the clusters
such as ground state cluster binding energy and geometry. The calcula-
tions always yield results consistent with experimental observations in
regard to the number of cluster configurations observed, their
respective binding energies, and their qualitative geometries. Modeling
of the intermolecular vibronic structure in these molecules adds to the
understanding of the cluster systems as it allows one to obtain detaijled
information on cluster geometry/symmetry and to elucidate the intri-
cacies of the potential established hetween the cluster constituents.

Presently, little information is available, either experimentally
or theoretically, on the details of the intermolecular vibrational
structure in the solute/solvent cluster systems. Furthermore, the van
der Waals (vdW) modes are interesting as they play a key role in dynam -
ical energy transfer processes in the clusters as well as represent
precursors to a variety of motions occurring in liquids and solids.

The modeling of the intermolecular vibrational structure in this

study is approached by extending the empirical models previously used to
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calculate cluster ground state geometry and binding energy to include
modeling of the ground state vdW motion. The vdW vibrational structure
is modeled using a norma) coordinate analysis in which the clusters are
treated as "giant molecules” whose motion is governed by a force field
describing both the intra- and intermolecular motion. The intermole-
cular force field is based upon an atom-atom Lennard-.Jones potential
function including general non-bonding (6-12), hydrogen bonding (10-12).
and monopole charge (1) terms.

Using this model, the eigenvalues and eigenvector normal modes
for the vdW motion occurring in benzene(Ar),, /(CH,),, /(H,0)},, and
/(NHg),. and s-tetrazine(Ar); are calculated. The results of these
calculations are then used to assign the vdW motjons ohserved in
vibronic spectra of the aforementioned cluster systems which are ob-
tained using 1- and 2-color time-of-flight mass spectroscopy (TOFMS).
Agreement between the calculations and experiments is excellent for
cluster binding energies, symmetries, and vdW frequencies. Essentially,
the Sl - So vibronic transition of the clusters are completely assigned
hased upon these calculations.

A number of approximate "diatomic molecule” models are also
considered in this study to analyze the vdW structure in benzene(Ar),.
The cluster vdW modes are modeled using three methods: 1) a Taylor
series expansion of the intermolecular potential along the vdWw

stretching and bending coordinates; 2) a Morse potential fit to the

intermolecular potential along the vdW stretching and bending coor-

-

dinates; and 3) a semi-classical energy level fit to the intermolecultiar

potential using the JWKB method. The models essentially treat the

clusters as simple two particle systems whose motions are restricted to
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the principle axes of a Cartesian coordinate system and can, thereby, be
analyzed using a diatomic molecule type approximation. These models are
considered to show the consistency of the calculations between each
diatomic molecule model and the intermolecular normal coordinate
analysis.

The experimental and theoretical studies non the benzene/solvent
systems give rise to several interesting notions which Involve the
detailed nature of the intermolecular interaction. First, the studies
reveal that the weak vdW potential between the cluster solute and
solvent is, for the most part, the same for the ground and excited
electronic states. Second, the majority of the observed vdW vibronic
transitions ohserved in the cluster spectra are those involving vdW
bending and torsional motions parallel to the aromatic n system. Third,
these modes are quite active in the Herzberg-Teller vibronic coupling
mechanism. And fourth, vdW motions for which the cluster solvent pene-
trates the aromatic n system of the solute have high frequencies and are

typically not observed.

The Intermolecular Vibronic Torsional Structure in Solute/Solvent

vdW Clusters: Benzene/Methane, /Deuteromethane, and /Carbon Tetra-

fluoride - The modeling of the intermolecular motion in the vdW clusters
discussed above is basically approached using, more or less, a rigid
molecule bound energy well approximation. This approach seems quite
reasonable for the vdW stretching and bending degrees of freedom which
are essentially translations of the cluster constituents relative to one
another. The vdW torsional modes, on the other hand, could in principle

not be oscillatory. They could be free or hindered rotation of the

cluster solvent relative to the cluster solute. 1In this regard the




intermolecular normal coordinate analysis may not faithfully reproduce
the vdW torsional motion present in the clusters

To study this possibility, we chose to analyze benzene clustered
with methane, deuteromethane, and carbon tetrafluoride. The motivation
for studying this "isotopic" cluster solvent series centers upon the
elucidation of the vdW torsional structure. Two limiting cases can be
proposed in regard to the torsinnal structure in benzene(CH4)l,
benzene(CD4)4, and benzene(CF4),. In one case, the clusters can possess
free internal rotation in which the cluster solvent freely rotates in

three dimensions against the benzene frame and the system can be con-

-

sidered internally non-rigid. 1In the other case, the clusters possess
torsional oscillations for which the cluster solvent librates against
the benzene frame with a residence time long enough to give rise to
! "vibration like" motion in an internally rigid molecule regime. Under-
standing the vdW torsional motion is particularly interesting in these
systems as the limjting cases pose questions regarding the physics
governing the vdW torsional structure: 1) do the clusters posses free/
hindered internal rotation or do they possess torsional oscillations;
and 2) in either case, what is the dependence of the intermolecular
potential upon the relative orientation of the cluster constituents?

In the studies, the clusters are probed spectroscopically using
supersonic molecular jet expansion and 2-color TOFMS techniques. The

; cluster S1 * So intermolecular vibronic structures are then charar-

terized by calculational modeling of the vdW motion. The calculations
include: 1) an intermolecular normal coordinate analysis which treats
all six vdW modes under a harmonic oscillator assumption; and 2) a

]
'
.’
three-dimensional hindered rigid rotor analysis which treats only the
intermolecular torsional motion.
)
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In the experimental and theoretical studies on the benzene(CH4)p
henzene(CD4)1, and benzene(CF4)1 systems, several interesting results
are obtained. Pirst, the cluster vibronic spectra show that the
clusters are at least semi-rigid systems with regard to internal rota-
tion of the cluster subunits and that the clusters possess unique
equilibrium geometries. Second, the spectra demonstrate that the inter-
molecular motion present in the systems is oscillatory and, through the
"isotopic” shifts observed, that the low-Jying eigenstates are nearly
harmonic. They are not admixtures of vdW bends, stretches, and free
internal rotation as would occur if the clusters were internally non-
rigid. Third, both the intermolecular normal coordinate analysis and
the three-dimensional hindered rigid rotor analysis indicate that the
vdW torsional structure is oscillatory and that the motion is con-
strained by an orientationally dependent intermolecular potential whose

barrier height is on the order of the cluster binding energy.

Hydrogen Bonded and Non-Hydrogen Bonded vdW Clusters: Compariscon

hetween Clusters of Pyrazine, Pyrimidine, and Benzene with Various
Solvents - The study of the solvation of pyrazine, pyrimidine, and
benzene by hoth small hydrocarbon and hydrogen bonding solvents has led
to detailed information about the structure and energetics present in
the solute/solvent systems. Our chief motivations for studying these
clusters center upon the elucidation of the effects of the ring nitrogen
atoms in pyrazine and pyrimidine solutes on cluster geometry and on the
role of hydrogen bonding in the pyrazine, pyrimidine, and benzene
cluster systems. These studies are of interest as hydrogen bonding
interactions are known to play an important role in the intra- and

intermolecular interactions responsible for secondary and tertiary
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structure, molecular dynamics, and ionic and molecular solvation.

Assignment of the spectra obtained in these studies is accomplished
through the determination of the cluster spectral shifts, ionization
energies, relative intensities, molecular forbidden cluster transi-
tions, and intermolecular potentjal/cluster geometry calculations.
Computer modeling of the cluster systems has proven essential to the
understanding of the spectroscopic data. Through the interplay of the
computer modeling of these clusters and the spectroscopir data, it is
possible to assign probable geometries to many of the spectroscopic
features. In many cases this allows one to find the spectral shift
corresponding to a specific geometry of a cluster. The assignment of a
geometry to the spectral shifts leads to some general conclusions about
the types of interactions responsible for the spectral shifts.

In these studies we find that the clusters fall into two general
catepories: 1) a conventional set containing the aromatic solute/
hydrocarbon solvent clusters; and 2) bhenzene, pyrimidine, pyrazine
ammonia and benzene water clusters. The aromatic solute/hydrocarbon
cluster spectra are quite similar to one another in that they all
possess bathychromic shifts with respect to the isolated chromophore
transition. The cluster binding energies and calculated geometries are
also similar. The presence of the nitrogen atoms in the aromatic ring
of the pyrazine and pyrimidine snlutes has a relatively small although
discernible effect on the overall intermolecular interaction. In par-
ticular, the solvent hydrogen atoms preferentially orient towards the
solute nitrogen atoms.

The solute/hydrogen bonding snlvent cluster systems, on the other

hand, possess vibronic spectra which are all unique and surprisingly
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erratic. In these rlusters the spectral shifts range from -100 to

500 cm"l, the vdW vibronic motion in the systems range from nonexistent
to intense, the vdW mondes are in some cases highly perturbing to the
solute vibronic structure and energy, and the number of unique cluster
geometries range from one to three in an apparently random fashion. In
spite of these differences the models used to calculate the cluster
geometries and binding energies corroborate the experiments as far as
the comparison can be made in regard to cluster symmetry, number of
configurations observed, and red and blue shifts in regard to hydrogen
bonding. The hypsochromic shifts observed in the pyrazine and pyrimij-
dine ammonia clusters suggest that hydrogen bonding between the ring
nitrogen and the solvent hydrogens may be contributing to some extent to
the total intermolecular interaction responsible for cluster formation/
stabilization. The benzene/ammonia and benzene/water spectra seem to
suggest that some type of hydrogen bonding may be occurring in the
benzene/water system between the aromatic nm cloud and the solvent moijety
as the benzenP(Han)1 spectral shift is hypsochromic whereas the

benzene(NH3)l spectral shift is bathychromic.

Supersonjc MoJecular Jet Studies of the Pyrazine and Pyrimidine

Dimers - The understanding of the solute/solute interactions in the
pyrazine and pyrimidine dimer systems is of interest for a number of
reasons. First, the dimers serve as model systems for rondensed phase
structure, dypamics, and nucleation and growth of molecular aggregates
Second, the dimers provide insight into the understanding of the second
ary and tertiary structures present in more complicated molecules. And
third, studying these clusters in the gas phase yields information on

the major interactions responsihle for dimer formation and what types of
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dimer geometries are most probhable in an isolated environment free from
the extraneous perturbations present in ljquid and solid phases.

The pyrazine and pyrimidine dimers are analyzed using supersonic
molecular jet expansion and 2-color TOFMS techniques for which the mass
selected optical spectra of the first excited singlet nn‘ transitions of
the dimers are observed. On the basis of what we have learned from the
study of the simple solute/solvent clusters, we are ahle to analyze the
dimer systems using cluster ionization energy, vibronic structure, spec-
tral shift, and modeling of the intermolecular potential between the
cluster subunits. The interplay of the spectroscopic data and the
calculatinns allows us to obtain a consistent set of geometries for the
dimers present in the supersonic expansion.

In the pyrazine dimer system, the experiments and calculations
suggest that the both parallel hydrogen bonded and perpendicular dimers
are present {n the supersonic expansion. The calculations also predict
a parallel stacked/90° rotated dimer which is not observed. This
species most likely forms an excimer in the excited state with a short
lifetime and a Jarge red shifted and broad spectrum. The major dis-
tinction between the two ohserved dimer species is determined to be the
difference in the involvement of the n clouds in the overall dimer
interaction as evidenced by differences in the cluster ionization energy
between the two cluster species.

I[n the pyrimidine dimer, the calculations yield four planar

hydrogen honded species and a parallel stacked/displaced species. The
ohserved dimer vihronic spectra are consistent with these calculated
geometries. As in the pyrazine dimer, the ionization energy proves to

be an important contribution in determining the number of different
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dimer geometries responsible for the ohserved spectra. Additionally, we
find that the dimer spectral shifts depend upon the specific cluster
geometry. A bathychromic shift is assnciated with the parallel stacked/
displaced dimer and hypsochromic shifts are assocjated with the planar
hydrogen bonded dimers.

To explore further the agreement between the experiments and
calculations on the dimer systems, we also conducted calculations on the
tetrazine dimer. Three calculated geometries are obtained for the
tetrazine dimer: a parallel stacked/90° rotated species, a planar
hydrogen bonded species, and a perpendicular species. In this study we
find that the calculated geometries are in agreement with geometries
determined from rotational analysis.

Computer modeling is determined to he an essential component to
the study of these dimer systems. The spectroscopic data are needed to
validate the computer modeling techniques, and the calculations help to
assign spectra which are otherwise quite puzzling. In this way the
interplay between spectrnscopy and computer modeling leads to a better
understanding of the structure and energetics of the solute/solute

systems.

Supersonic Molecular Jet Studies of Phthalocyanines and Their vdW

Clusters with Small Molecules - [n these studies, free base phthalo-

cyanine (H2Pc) and magnesium phthalocyanine (MgPc) clustered with
solvents such as small hydrocarbons (ChHp,,o (n=1. 2, 3)), hydrogen
bonding solvents (H20, MeOH, EtOH), and CO, are analyzed in an isolated
ultracold molecular environment. The clusters are generated using a
high temperature continuous supersonic molecular jet especially designed

for efficient generation and study of the species in the gas phase. The
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advantages of the supersonic molecular jet are exploited in these
studies as the complicated phthalocyanine spectra are dramatically simp-
lified and the solvent or environmental perturbations present are
controlled in a set and reproducible manner.

Our basic motivation for studying these systems centers upon
elucidation of the solvation properties of the macrocycles in a con-
trolled and well-defined environment. 1In this regard, supersonic
molecular jet investigations on the Hch and MgPc solute/solvent
clusters can contribute to the resolution of a number of important
concerns dealing with the behavior of the systems on the microscopic
scale. Questions that we considered in these cluster studies are
1) what are the ground and excited state binding energies between the
phthalocyanines and various solvents, 2) what are the preferential
interaction sites on the phthalocyanine moiety, 3) what are the most
favorable cluster geometries, 4) what types of interactions are impor-
tant in the intermolecular interaction established between the solute
and the solvent, and 5) are changes to the chromophore symmetry/geometry
induced by clustering.

The HoPc and MgPc solute/solvent clusters are characterized by
analysis of their gas phase fluorescence excitation spectra and modeling
of the intermolecular potential between the cluster solutes and sol-
vents. In these studies, we find that forbidden cluster chromophore
out-of-plane motion is induced by clustering and that elucidation of the
nature of this out-of-plane motion is essential to the understanding of
the cluster spectra and in the identification of the number of different
clusters of a specific composition observed. This prompted us to

conduct an out-of-plane normal coordinate analysis on HaPc to
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characterize the motion. The comparison between these calculations and
the experiments makes possible the identification of specific species/
geometries responsible for the cluster vibronic transitions observed in
the spectra.

Several interesting results are obtained from the cluster
studies. First, the cluster vibronic spectra and calculations suggest
that stable H2Pc and MgPc solvation sites are located over the
phthalocyano core. Local minima over peripheral ring centers are either
nonexistent or too shallow to accommodate minimum energy bound state
geometries. Second, the Hch/hydrocarbon cluster experimental and
theoretical results parallel those obtained for benzene and the N-
heterocycle/hydrocarbon clusters. The spectral shifts observed in these
solvent series are all bathychromic and the magnitudes of the spectral
shifts increase with increasing solvent size and polarizability. Third,
the Hch and MgPc/alcochol cluster spectra and calculated geometries
suggest that the solvent OH group is intimately involved in the inter-
molecular interactions and contributes significantly to the observed
spectral shifts. Fourth, MgPc clusters display weak vdW interactions
between the cluster solute and solvent. Actual complexation in which
the solvent donates electron density to the solute does not occur.
Fifth, excited electronic state splitting may occur in the MgPc clusters
due to the reduction in system symmetry upon cluster formation. The
degenerate Q band in the isolated MgPc spectrum appears to split into
its two components, Q, and Qy' in the cluster spectra. Finally, for-
bidden low frequency cluster chromophore out--of-plane motion is induced
by clustering in both the H2Pc and MgPc systems. Intensity of this
motion arises from the reduction of the chromophore symmetry in the

clusters.

N




CHAPTER TWO
THE VIBRONIC STRUCTURE OF SOLUTE’/SOLVENT VAN DER WAALS CLUSTERS

Introduction.

The combination of laser spectroscopy and supersonic molecular
jet expansions has made possible the study of a wide array of weakly
bound van der Waals (vdW) molecules in the gas phase. These clusters,
formed in the jet expansion, are stable in the post-expansion region and
can be studied as isolated molecules. They are interesting both theo- h

retically and experimentally because of thelr unique characteristics

such as low binding energies, large intermolecular equilibrium dis-
tances, and low frequency intermolecular vibrational modes. Further-
more, the vdW clusters only slightly perturb the individual properties
of their molecular constituents.] These characteristics set the vdw
cluster apart as a distinct phase of matter to be explored and

understood.

a8

The electronic-vibrational spectroscopy of aromatic molecules
like benzenez_4 and s-tetrazine5 clustered with various solvents reveals

interesting information regarding unique cluster characteristics

Specifically, the studies show detailed information pertaining to the
intermolecular energetics and dynamics of cluster interactions, espec
ially in the area of the clusters' low frequency vdW vibrational modes
These modes are of considerable interest since they represent the pre

cursors of a variety of condensed phase eigenstates such as phonons in
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liquids and solids. They are also key factors in cluster dynamics as
they play a major role in the energy transfer processes of intramolecular
vibrational redistribution (IVR) and vibrational predissociation (VP).
Presently, little information is available concerning the d«
tailed intermolecular vibrational structure in molecule-molecule
clusters either experimentally or theoretically. The majority of the
theoretical work on cluster energetics and dynamics to date is focused
upon the intermolecular modes in simple atom-molecule systems. The
energetic studies range from quantitative treatment of the vdW stretch
and qualitative discussion of the vdW bends!'®7 in the atom-molecule
clusters to full quantitative treatment of both the vdW bends and
stretch!® in systems for which the intermolecular potential is easily

modeled. In dynamical studies,6'7

primary emphasis is placed upon the
vdW stretching mode since it is presupposed that this motion is the
major contributor to IVR and VP processes. The _lusters are thereby
treated quantitatively using a "dumbbell” approximation in which the
intermolecular motion is restricted to a stretching mode form. Within
this approximation, neglecting the quantitative contributions of the
bending/torsional vdW modes in the dynamical scheme seriously limits

the application of theoretical treatments to IVR and VP phenomena occur-
ring in molecule-molecule clusters. The stretching mode “restriction”
dictates that only certain energy transfer processes can be mudeled.
specifically those which involve the vdW stretch. Experimental evidence
of the theory's llmitation'1 is found in the observation of energy trans-

fer from prepared states tangential to the vdW stretching motion. Part

of the difficulty of incorporating the vdW bending and/or torsional

modes into the theory is that no model has been demonstrated which
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describes adequately either their energetics or mode nature in molecule-

molecule clusters.

8 we have used theoretical calculations

In previous publications,
to elucidate structure and binding energy in the vdW cluster ground
state. Combining these calculations with experimental observables such
as binding energies, ionization energies, spectral shifts, relative
feature intensities, and the appearance of cluster constituent, symmetry
forbidden, transitions has aided considerably in spectral assignment and
understanding. The calculations always yield results consistent with
experimental observations in regard to the number of cluster configura-
tions observed, their respective binding energies, and their qualitative
geometries.

In the majority of the cluster spectra studied, vdW vibronic
features are observed and sometimes assigned based upon overtone and
combination band analysis. In other cases, however, these vibronic
features are numerous and complex, making elucidation of the mode funda-
mentals difficult and sometimes impossible. The vdW vibronic feature
assignments have been made based upon the assumptions that the vdW
stretch occurs at higher frequency and with greater intensity than vdW
bends and torsions. Assigning spectra using these assumptions is a
difficult task without a priori knowledge of vibronic mode nature since
one must consider that, in nonlinear polyatomic molecule-molecule
clusters, six vdW modes exist of which only one is a stretching mode.
(In a non-linear atom-polyatomic molecule cluster. three vdW modes
exist).

The studies reported in this publication involve the calcula-

tion of a complete set of ground state vdW vibrational modes for
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benzene(Ar)l. s~tetrazine(Ar)l, benzene(CH4)l, benzene(HZO)l, and
benzene(NHs)l. The calculations are performed using a self-
consistent pairwise atom-atom intermolecular potential developed by
Scheraga, et a1.% containing general nonbonding (6-12), general hydrogen
bonding (10-12), and monopole charge parameters. The calculated ground
state vdW modes are compared with cluster vibronic spectra previously
studied in this®'3 and other laboratories.5 Consequently, a number of
spectral reassignments are suggested. Vibronic selection rules govern-
ing the vdW cluster S1 - So transitions are also derived based upon
calculated ground state cluster mode symmetry, cluster geometry, and
experimental observation. Within this framework, ramifications of
Herzberg-Teller vibronic coupling are discussed as they pertain to
experimental observations of Franck-Condon forbidden transitions.

The calculated vdW vibrations are presented for all systems
considered as eigenvector normal modes and eigenvalue energies deter-

10 1,

mined via normal coordinate analysis of the entire vdW cluster.
performing the calculations, the high frequency intramolecular vibra-
tions of the cluster constituents are assumed to be completely uncoupled
from the low frequency vdW modes.

Simpler models are also considered in studying the vdW transi-
tions of benzene(Ar)l. The system is studied using four methods: 1) a
Taylor series expansion of the intermolecular vdW potential along the
three Cartesian axes in which the term coefficients are related to the
vibrational frequencies in these directions; 2) a Morse potential fit to

the intermolecular vdW potential along each of the three Cartesian axes;

3) a Morse potential fit to the intermolecular vdW potential using

g = 6 ;1.6,7
Ro

and 4) a semi-classical energy level fit to the
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intermolecular vdW potential using the JWKB method. These studies are
presented to show the consistency of the calculations and to reveal the
advantages and pitfalls of the models. The four models involve treating
the vdW clusters as simple two particle systems whose motions are
restricted to the principle axes of the Cartesian coordinate system.

The intermolecular vdW potential surfaces are thereby reduced to one-
dimensional potential functions which can be analyzed in a diatomic
molecule approximation.

The above outlined approaches are all based more or less on a
rigid molecule, bound potential energy well approximation. This
approach would seem quite reasonable for the stretching(s) and bhending
(by and by) degrees of freedom which are essentially translations of the
components of the vdW molecules with respect to one another. Torsional
modes (t,, ty, tz). on the other hand, could in principle be modeled by
a free/hindered rotor formalism.!1:12 A one-dimensional "free rotor"
description has been applied to the symmetry axis (z) torsional motion
of benzene and toluene (CH4)1, (CD4)l and (CF4)l and compared to the
experimental observations. Preliminary results suggest that this
approach does not faithfully reproduce the experimentally observed
spectra for this "isotopic" series in terms of line shapes, intensities,
major features, and the number of observed transitions. A three-
dimensional "free rotor” model has also been applied to this problem in

order to treat all torsional modes (tx, t t,) simultanecusly. Similar

v
difficulties are experienced in fitting the experimentally observed
spectra. An account of these studies will be submitted for publication
in the near future.

The driving motivation in these studies is to answer the fol-

lowing questions: 1) if parametric calculations involving cluster
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geometry and binding energy are consistent with experiment, can the same
data set be utilized to calculate intermolecular vibrational modes; and
2) what are the advantages and pitfalls of the various models in regard
to the complexity of calculation, the approximations made, and the

nature of the results obtained?

Experimental Procedures.

Experimental data pertaining to the benzene(Ar)l vdW vibronic
spectrum are obtained employing the experimental apparatus and pro-
cedures similar to those used previously to study vdWw clusters.® The
benzene(Ar)1 S1 = S, spectrum is recorded using a pulsed supersonic
molecular jet expansion in combination with 1-color time-of-flight mass
spectroscopy (TOFMS). A single Nd*3/vAG pumped LDS 698 dye laser whose
output is frequency doubled and then mixed with the Nd+3/YAG 1.064 um )
fundamental is used to probe the Gé region of the benzene(Ar), cluster.
A 5% Ar in He mixture is placed inline with liquid benzene in a trap
maintained at room temperature. This three component gas mixture is
then expanded using a pulsed nozzle maintained at 100 psig backing
pressure. Apparatus chamber pressure is maintained at or below 4 x 1076

torr during the experiment.

Theoretical Considerations.

The normal coordinate analyses of the vdW clusters are conducted
employing the GF methods of Wilson.10 These methods involve solving
the characteristic equation of 3N-6 coupled harmonic oscillators for its
3N-6 non-zero eigenvalues and eigenvectors. The approach is to treat L

the vdW cluster as a "giant molecule” and treat both the intramolecular

vibrational modes and the intermolecular vdW modes simultaneously. The
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intermolecular vdW potential field used in the analyses is expressed in
an intermolecular coordinate system. In this coordinate system, the
intermolecular force field is diagonal in the 3N dimensional space.

The cluster constituent intramolecular vibrational frequencies
are considerably higher than those of the vdW modes. A reasonable
approximation in this context then is to assume that the intramolecular
modes are completely uncoupled from the low frequency vdW modes. Thus,
the intramolecular modes are taken to be those of the cluster con-
stituents. The constituent force fields are generated using the central
force approximation11 including out-of-plane motion terms. Since the
vdW modes arise from the restriction of cluster constituent translations
and rotations and the central force approximation adequately reproduces
these degrees of freedom, the necessary uncoupling of the intramolecular
modes and the intermolecular vdW modes is maintained along with provid-
ing adequate vdW mode calculational results. Other, more sophisticated
force field approximations are tested in the calculations; the central
force approximation is determined to be adequate for calculations of the
vdW modes. The only restriction which applies is that the intramole-
cular field vields mode eigenvalues in the proper frequency regions.

Within the central force approximation, the force field contains
only diagonal terms in the internuclear coordinate system. This
diagonal force field provides a simple and convenient means of using
approximate force constants for intramolecular motion in the calcula-
tions. The intramolecular force constants chosen are those pertaining
to general functional group stretches and bends. 11

The most convenient choice for a coordinate system as the working

basis for matrix diagonalization is the Cartesian system. This
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coordinate system is chosen since it is the system used in the present
cluster configuration calculations, and more importantly, it is the
coordinate system in which the g‘l matrix is diagonal and obvious.

In order to combine the intermolecular and intramolecular force
fields algebraically, the force fields are transformed into the
Cartesian coordinate system. The transformation yields two 3N dimen-
sional F matrices. The intramolecular F matrix is designated as F, and
the intermolecular F matrix is designated as E'. The F, matrix consists
of two diagonal blocks containing the coordinates of cluster constituent
intramolecular motion. The F' matrix contains two off-diagonal blocks
and diagonal entries corresponding to the "perturbations"” yielding the
vdW motion. Adding these two matrices results in the "giant molecule" F
matrix of order 3N. This matrix is left-multiplied by the G matrix and
numerically diagonalized with the eigenvalues and eigenvectors being
determined in the usual fashion. Upon diagonalization, the eigenvalues
and eigenvectors of intramolecular motion are identified along with
those corresponding to cluster translation and rotation. These modes
are discarded and the remaining modes are the eigenvalues and eigen-
vectors of the ground state vdW modes.

The intermolecular force constants used in the normal coordinate
analysis are generated from the intermolecular vdW potential by making a
harmonic oscillator approximation. Within this approximation, the force
constant is simply the second derivative of the potential function.9
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The potential function contains a general nonbonding potential (NB), a
monopole charge potential (MC), and a general hydrogen bonding potential
(HB) ns a general nonbonding potential (NB), a monopole charge potential
(MC), and a general hydrogen bonding potential (HB) in a Lennard-Jones
(6-12-1-10-12) form. The total intermolecular interaction is taken as a
sum of pairwise atom-atom interactions over all the atoms of each clus-
ter constituent. The rij's are the atom-atom distances between atom i

on constituent k and atom j on constituent 1. The ri-'s represent the

J

coordinates in which the intermolecular force field is diagonal. The
second derivative of Equation 2.1 with respect to ryj gives the force

constant of the atom-atom interaction as,

n m |(12:13-aK! g§-7-cKl
RS ELI J)El N
13 13 2.2
. 2:332.0q;q; (12-13a'K! 10-11-¢ Kl
(1 - 6Hg) e T4 - T3 5&&
Dry Tij Tij

in which the Kij's are elements of the F' matrix expressed in inter-
molecular coordinates. These terms are evaluated at the equilibrium
configuration of the cluster assuming that the cluster constituents are
frozen with regard to intramolecular motion. The potential term coef
ficients used in the configurational and intermolecular vibrational mode
calculations (Equations 2.1 and 2.2) on the systems studies are derived
from the theory and data set described by Scheraga et al®

Three additional models are employed to study the benzene(Ar),
vdW cluster as a test case. In these models, the vdW cluster is assumed
to be a "diatomic molecule” in the sense that the system is considered

to be composed of two particles, the benzene molecule (solute) and the
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argon atom (solvent). The vdW modes are assumed to arise from restric
ted one-dimensional motion of the benzene molecule relative to the argon
atom. Only the atom-molecule benzene(Ar)l cluster will be considered
using these models since its vdW modes are easily characterized by
simple translations along any of the three Cartesian axes. The vdW
stretching mode is taken as motion restricted to the one-dimensional
translation moving the cluster constituents apart in opposite direc-
tions. The vdW bending modes are considered to be motions restricted to
one-dimensional translations which move the cluster constituents
parallel to one another in opposite directions.

In the first model considered, one-dimensional potential curves
are mapped out by translating the solvent atom relative to the solute
molecule in one of the three Cartesian directions. The intermolecular
vdW potential is assumed to be represented by a Taylor serjies expansion

about the equilibrium intermolecular distance, R0 in the form,

du 1/d’y ,
U(R) = U{(Ro) + (—) R + — —;) R+
dR 2 "dR
=Rop R’Ro
2.3
3 4
1 (d U) 3 1 <d U) o
- — R + — | — R +
3 4
6 ‘dR 24 \dR
R=Rg R=Rg

The expansion coefficients are evaluated by a polynomial fit to the
potential curves taking the displacement vector R as the independent
variable and U(R) as the dependent variahle. The second-order poly-
nomial fit coefficient determines the effective harmonic force constant

governing the frequency of bound state motion. The energy of this

12

motion is given by
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du
Keff ~ (‘—‘) = 2{second-order coefficient)

1 1 1

= — o —

u m, m,

m; = solute mass m, = solvent mass

The third and fourth order polynomial fit coefficients represent an

anharmonic correction term to the energy. From perturbation theory, the

correction can be written to first order as12
3h’ 5g°h
YeXe = T 7 22 ( 7 32 - a
32n @, ¢ C 8n wg uc
with 5 2.5
1 /4 U
g = (third-order coefficient) = - <——3>
6 \dR
R=Ro

1 /d'u
j = (fourth-order coefficient) _ (———)

24 \dgr®
R=R°

Higher order terms are neglected in the anharmonic corrections since

W, >> w

o e Xe >> other corrections. A polynomial least -squares fit to

tenth order in R is determined to be sufficient to faithfully reproduce
the one-dimensional potential curves generated via translation. In
passing we note that the Taylor series expansion could also be evaluated
directly by taking successive derivatives of Equation 2.1. This may be
the method of choice if one is only interested in the lowest order terms
in evaluating Equation 2.4 or 25 or if one is interested in a more

'

‘'exact” reproduction of the potential curves in the vicinity of the

dissociation limit.
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N The second model considered involves fitting the one-dimensional
'
‘ potential energy curves, derived in the same manner as previously dis-
v. . 15
o cussed, to a Morse function of the form,"
v,
'I
- U(R) = Do(e 2B(RRg) _ 50 BIR-Ry)y 2.6
'% The energy levels and anharmonic corrections are evaluated using
o 172
" Deh
we = 8 < 3 ) 2.7
. 2n cy
“~
.. 2
-, 8 h
. VeXe = — 2.8
S 8n cu
»
Q The last model used involves an energy level fit based upon the
ot
if semi-classical JWKB method.!3 1p this model, the energy levels are
- determined from the quantization of the action integral according to the
{j Bohr-Sommerfeld restrictions. The governing equation is
:‘ ~-172 2
I = (2p) $E - Ugep(®)]7° dR = h(v + 1/2) 2.9
f: Energy level determination is accomplished by numerical integration of
j; (2.9) taking Ueff(R) as the one-dimensional intermolecular vdW potential
in a tenth order polynomial form. The path of integration is taken over
3 one complete motion cycle with the boundary conditions established by
:- the intermolecular potential at a specific energy E
N-
)
The three "diatomic molecule” models are similar to the linear
$
- oscillator model described by Leutwyler et al.16  In all of the approxi
L™«
"¢
v mations, the atom-molecule systems are assumed to be composed ot three
uncoupled linear oscillators. The potential surface in these degrees of
;' freedom can thereby be modeled by one-dimensional potential functions
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The models presented here differ from that present in ref. 16 in the
respect that the linear oscillator mode]!6 treats the system as strongly
anharmonic; the Taylor series expansion, and Morse fit models treat
anharmonicity from the perturbational standpoint. In this respect, the
JWKB method is probably the most similar to the linear oscillator model
since both approximations fit the intermolecular mode energies using the

physical boundary conditions established by the intermolecular

potential.

Results.
A. Benzene(Ar)l.
Figure 2.1 and Table 2.1 present the benzene(Ar)1 vdW cluster

1

182 and

_ lAlg spectrum recorded in the region between 38561 cm~

38710 cm ! using 1-color TOFMS. The cluster 63 is "red shifted" by
21 cm ! with respect to the benzene 63. The bathychromic shift is
indicative of the greater binding energy in the cluster 84 state rela-
tive to the cluster S, state. Three vibronic features are observed to
the blue of the cluster 65. No features are observed in the symmetry
“forbidden” benzene Og region; therefore, the cluster must have at least
a three-fold axis of symmetry.

Figure 2.2 and Table 2.2 contain the calculational results of the
ground state configuration and vdW modes of benzene(Ar)l. Configura-
tional calculations yield a single geometry of minimum energy for the

cluster possessing C6v symmetry, Figure 2.2. In this geometry, the

argon atom lies 3.44 A above the benzene molecular plane along the z

X (six-fold) axis. The ground state cluster binding energy is calculated
! at 287 cm ! which makes the excited state binding energy 308 em b The

calculated intermolecular distance of 3.44 A compares well with that of
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6 BENZENE-ARGON

Byy Sz

0 50 967

Figure 2.1

Mass selective S1 - So spectrum and calculated ground state vdW modes of
benzene(Ar),. Energy scale is relative to benzene(Ar), Gg transition
(38587.6 cm™!). Nozzle backing conditions: P, = 100 psig, T, = 300 K.

Feak positions and assignments as per Table 2.1 and Figure 2.2.
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TABLE 2.1

vdW spectal features in benzenP(Ar)1 Gé region and calculated ground
state vdW modes (refer to Figure 2.1).

Energy Relative to Calculated Ground ?
Cluster 6o (cm_l) State Energy (cm_l) Assignment ?
0 (38587.6) 61
13 (bxy)
1 2
30.0 6obxyo
1.1
39.7 40 (sz) Soszo
1 4
61.8 6abxyo
a) vdW mode representations as per Figure 2.2.
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BENZENE-ARGON
v
(0) (b)
z

2
‘ B.€.:287cm-! T 40c¢m’!

Figure 2.2

Calculated ground state minimum energy configuration (a) and eigenvalues
efgenvector vdW modes (b)-(d) for benzene(Ar)l. Cluster symmetry is Cg,
with an equilibrium intermolecular distance of 3.44 A. Eigenvectors are

normalized and displayed at 2x magnificatjon (2 A total displacement).
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TABLE 2.2 X

Calculated ground state vdW mode energies for benzene(Ar)l.

-1y a -1y a
Model sz(cm ) hxy(cm )
¢
]
I Taylor Series 40.88 (1.51) 9.80 (.03)
: Morse Fit 39.47 (1.36) 10.54 (.10)
JWKRB 40.05 (1.43) 3.71 (.02)
l Normal '
b Coordinate Analysis 40.0 11.0

a) Energy presented is for a harmonic oscillator model. Values in
parentheses are first order anharmonicity corrections calculated
from "diatomic molecule” models. vdW mode representations as per
Figure 2.2.
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3.45 + .2 A obtained from rotational ana]ysis.15

adding independent
proof to the adequacy of the calculations in predicting detailed infor-
mation on cluster structure.

The eigenvalue energies from the normal coordinate analysis of
benzene(Ar), are 40 cm ! and 11 em™! for the vdW stretch and vdw bends,
respectively. The eigenvector normal modes, Figure 2.2, reveal that the
vdW stretch entails purely perpendicular motion of the argon atom
relative to the benzene molecular plane. Furthermore, the calculations
reveal that the two-fold degenerate vdW bending mode involves some
combination of motion parallel to the benzene molecular plane. Both of
these eigenvector results are consistent with group theoretical argu-
ments as expected.

The "diatomic molecule"” model calculations yield three sets of
vdW mode energies. The average mode frequencies are 40 cm'1 for the vdw
stretch, s,(a;) and 10 cm™! for the vdW bends bxy(el). Figures 2.3 and
2.4 show the details of the one-dimensional potential curve mappings and
the results of the model calculations. Note that the z-direction poten-
tial curve modeling the vdW stretch looks surprisingly similar in form
to that of a typical diatomic molecule. All models yield both adequate
potential curve fits and consistent vibrational energy level structures.

B. s-Tetrazine(Ar),.

Figure 2.5 presents the results of the ground state config-
uration and vdW mode analysis of s-tetrazine(Ar)y. Only the normal
coordinate analysis vibrational calculation is presented since this
method yields the most informative results for our purposes and the
consistency between the eigenvalue/eigenvector results and the "diatomic
molecule" results has already been shown for the benzene(Ar)1 case.

Configurational calculations yield a single cluster geometry of minimum
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Z-TRANSLATION(A)
Figure 2.3

z-direction (vdW stretch) potential energy mapping of benzene(Ar)r
Coordinate system is as shown In Figure 2.2. Translation is along 2z the
axis with x and y coordinates at equilibrium intermolecular distance

values. Translation is displayed relative to equilibrium intermoleculjar

distance, 3.44 A. (6-12) potential energy mapping is represented by o:
Taylor series expansion and energy levels are represented by —; Morse
fit potential energy curve is represented by ---. Vibrational mode

constants as per Table 2.2.
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Figure 2.4
x(y)-direction (two-fold degenerate vdW bend) potential energy mapping

of benzene(Ar)l. Coordinate system is as shown in Figure 2.2. Transla-
tion is along x(y) axis with z and y(x) coordinates at equilibrium
intermolecular distance values. Translation is displayed relative to

equilibrium intermolecular distance 3.44 A. (6-12) potential energy
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mapping {s represented by o; Taylor series expansion and energy levels

are represented by —; Morse fit potential energy curve is represented

by ---. Vibrational mode constants as per Table 2.2.
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B.E.=295¢m™!

Figure 2.5

4
," 9cm!
! I
bybend (b|)

Calculated ground state minimum energy configuration (a) and eigenvalue/

eigenpvector vdW modes (b)-(d) for s—tetrazine(Ar)l. Cluster symmetry

is C2v with an equilibrium intermolecular distance of 3.45 A. Eigen-

vectaors are normalized and displayed at 2x magnificatjon (2 A total

displacement).
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energy possessing Cyy symmetry, Figure 2.5. In this geometry, the argon
atom lies 3.45 A above the s-tetrazine molecular plane along the 2 {two-
fold) axis. The calculated ground state cluster binding energy is

295 Cmﬂl. The calculated intermolecular distance of 3.45 A compares ex-

tremely well with the intermolecular distance of 3.45 A obtained from

1

rotational analysis. The calculated binding energy of 295 cm -~ also

lies within the experimental limits of 254 < D' <332 cm 15

N Again,

the calculations and experiment are in exact agreement.
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The normal coordinate analysis eigenvalues are 41.0 cm~! for the
vdW stretching mode sz(al), 9 cm™! for the vdw bending mode by(bl). and
H 12 cm™! for the vdw bending mode bx(bZL The eigenvector normal modes,

Figure 2.5 show that the vdW stretch is restricted to motion perpen-

dicular to the s-tetrazine molecular plane while the vdW bends are
restricted to motion paralle]l to the molecular plane. As in the
benzene(Ar)1 analysis, these results are consistent with group theo-
retical arguments.

C. Benzene(CH4)l.

The ground state configuration and vdW eigenvalues/eigen-

vectors for benzene(CH4)1 are shown in Figure 2.6. The results

presented for the geometry and binding energy of benzene(CH.;)l are in

good agreement with previous reports from this laboratory using an

2

exponential-six and Lennard-Jones potential form. In this geometry,

Figure 2.6, the methane center-of -mass lies at 3.47 A above the benzen-

Tl e » + LT .Y T VW

molecular pline on *he principle z (three-fold) axis. The cluster

ground state binding energy is 540 em™ b,

The normal coordinate analysis
reveals six vdW vibrations, two being two-fold degenerate. The grouu

state vihrational energies are 82 em !l for the vdW stretch s, (ay),
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BENZENE-METHANE (a)
C3v ;
_,k_ B.E.s540¢cm’!
o

(¢)
z

% 28cm-!
i Y

Figure 2.6

Calculated ground state minimum energy configuration (a) and eigenvalue/
eigenvector vdW modes (b)-(g) for benzene(CH4)1. Cluster symmetry

is C3v with an equilibrium intermolecular distance of 3.47 A. Eigen-
vectors are normalized and displayed at 2x magnification (2 A total

displacement).
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16 cm ! for the vdWw bends bxy(e), and 28 cem”! and 89 cm™! for the vdw
torsions tz(a2) and t¥y(e). respectively. The eigenvector normal modes,
Figure 2.6, transform as the translational and rotational representa-

tions of the €5, Point group, as indicated. The vdW stretching mode

transforms as the translation of the cluster constituents away from one

|

another along the z (three-fold) axis. The vdW bending modes transform
as some combination of cluster constituent translations in opposite
directions perpendicular to the three-fold axis in the Xy plane. One
vdW torsion mode transforms as a rotation of the cluster constituents
about the z (three-fold) axis in opposite directions. The remaining two
vdW torsions transform as rotations about orthogonal axes perpendicular
to the three-fold axis.

D. Benzene(HZO)l.

The calculated benzene(HZO)l geometry used in the normal
coordinate analysis is similar to that calculated previously.3 Only one
minimum energy configuration, which has a binding energy of 504 cm'l, is
found. As shown in Figure 2.7, the cluster geometry possesses Cs
symmet -~y with the H20 center-of-mass located 3.15 A above the benzene
molecular plane.

Six ground state vdW vibrations are calculated for the CS cluster
geometry. Their corresponding eigenvalues and eigenvectors are shown in
1

Figure 2.7. The six vdW modes consist of a vdW stretch at 159 cm two

vdW bends at 14 cm~1 and 18 cm—l, and three vdW torsions at 40 cm I w0

1

cm °, and 156 cm b

The eigenvector normal modes transform as the
translational and rotational representations of the €, pceint yroup:  the
vdW stretch transforms as a z translation; the vdW bends transform as x
and y translations: and the vdW torsions transform as Ry. Ry. and

R7 rotations.
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(a)

BENZENE-WATER ?
Cq ¢~ BE:504cm’!
(b) lE : E .... Y (‘z:)

159¢m™! 40cm™!
éJ s, stmch (a") —

. y 1 torsion(a" ) 0
“.' .

(s)

(@)
:
7 b, bend(a”) l::

I4cm"

Figure 2.7

Calculated ground state minimum energy configuration (a) and eigenvalue/
eigenvector vdW modes (b)-(g) for benzene(HZO)l. Cluster symmetry is Cq
with an equilibrium intermolecular distance of 3.15 A. Eigenvectors are

normalized and displayed at 2x magnification (2 A total displacement).
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E. Hﬂnzene(NHS)l.
Configurational calculations on the benzene(NH;); cluster

reveal two minimum energy geometries similar to those obtained pre-

3

viously. One cluster geometry possesses CSv symmetry with a binding

b e e g

energy of 711 cm—1 while the other possesses Cg symmetry and a binding

_1.

energy of 608 cm In the Cs, cluster, Figure 2.8, the NH3 center-of -

mass is located 3.23 A above the benzene molecular plane along the 2z

({three-fold) axis. In the CS cluster, Figure 2.9, the NH3 center-of-
mass is located 3.29 A above the benzene molecular plane.

Using the potential surfaces generated from these two configura-
tions, six ground state vdW vibrations are calculated for each geometry.
Their corresponding eigenvalues and eigenvectors are shown in Figures
2.8 and 2.9. The C4y cluster ground state normal modes transform in the
same manner as those of benzene(CH4)1. In the C4 cluster, the ground

state normal modes transform similar to those of benzene(HZO)r

Discussion.

To compare the calculated and experimentally observed vdW modes.
we assume that the intermolecular potential surface of the cluster is
identical in both So and Sy electronic states. This assumption is
justifiable if one considers that cluster fluorescence excitation and
dispersed emission spectra are similar for the vdW vibronic transi-
tions.? Furthermore, the small spectral shifts of the chromophore and
the weak intensity of the vdW modes signify only small changes in
cluster binding energy. This is probably indicative of only slight
variations of the potential surface between So and Sq electronic states

Comparisons between calculation and experiment are made using

group theoretical arguments based on the selection rules governing the

s o ‘,,--_.. ) e e ‘a .
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BENZENE -AMMONIA :
Cs, A BEs7cm!

s

i) (9)
H :

Figure 2.8 !

Calculated ground state minimum energy configuration (a) and eigenvalue/
eigenvector vdW modes (b}-(g) for benzene(NH3)1. Cluster symmetry )

is C4qy with an equilibrium intermolecular distance of 3.23 A. Eigen- [

vectors are normalized and displayed at 2x magnification (2 A total i
A

displacement) . a

e m R
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E Figure 2.9

E Calculated ground state minimum energy configuration (a) and eigenvalue/
eigenvector vdW modes (b)-(g) for benzene(NHs)l. Cluster symmetry is Cg

i with an equilibrium intermolecular distance of 3.29 A. Eigenvectors are

i

]

s normalized and displayed at 2x magnification (2 A total displacement).
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vibronic transitions. Specifically, transition moment matrix elements
are qualitatively analyzed using the crude adiabatic approximation for
which the vibrational mode dependence on the electronic wave function 1Is
explicit. In this case, a standard Herzberg-Teller (HT) expansion and
adiabatic wave functions are used!? with the electronic wave function
vibrational mode dependence truncated at second order

Using this expansion, two unique types of spectra can be gen-
erated. First, one could consider that the vdW modes do not participate
in the vibronic coupling scheme (Case [) and that they merely enter into
the expansion as an additional scalar product (overlap integral). This
argument dictates that only totally symmetric Franck-Condon progressions
and combination band. are spectroscopically observed. Furthermore, the
intensities of these features are solely derived from the cluster
chromophore vibronic mode with which they are in combination. Alter-
nately, one could consider the vdW modes to be capable of vibronic
coupling (Case II). In this case, they enter into the HT transition
moment equation in the same manner as other vibronically active modes

The operator responsible for these transitions would be of the form

2

3 U
()
Qe gy

Q6=Q% 9yqw=°vdw
in which 06 is the cluster P vibrational mode and Tudw is a specific
cluster vdW mode. This argument allows the possibility of observing
nontotally symmetric vdW fundamentals with "borrowed” intensity due to
interelectronic state mixing.
In the individual cluster discussions, the above two cases are
considered in order to assign and understand the observed cluster

vibronic spectra.
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A. Benzene(Ar)l.

Comparison of the calculated ground state vdW vibrations of
benzene(Ar)1 and the experimental 1B2u - 1Alg vibronic spectrum, Figure
2.1, Table 2.1, and Table 2.2, shows that vibronic assignments can be
made based upon calculations for all models analyzed. Considering the
transition moment matrix elements for the benzene(Ar‘)l S1 - S0 transi-
tion under Cov symmetry, one should expect to observe totally symmetric
combination bands of the vdW stretch built upon the cluster Gé, The
selection rule for these combination bands is Av = 0, *1, #2, ... Also,
one should expect to observe nontotally symmetric vdW bend combinations
with the 6; with the selection rule being Av = 0, *2, *4 ... These
selection rules hold for both Case I and Case II type spectra and imply
that the vdW modes do not enter into the vibronic intensity borrowing
mechanism.

The calculated vdW stretching mode at 40 em 1

compares quite well
with the experimental vibronic feature at 39.7 cm'1 to the blue of the

i benzene(Ar)l Sé. Thus, this feature is assigned to the benzene(Ar)] vdWw
stretch/cluster 6; combination band 6é Sz(al); based upon the Av = 0,
1, +2 ... selection rule.

g For vdW bending modes, only odd overtones are expected to be
observed as pointed out above. The experimentally observed features at
30.9 cm™! and 61.8 cm! to the blue of the cluster 65 correspond to
overtone features of the vdW bends:; using the Av = 0, *2, t4 ..
selection rule, the former feature is the first overtone of the vdw

bends and the latter is the third. Considering the 30.9 cm~!

feature as
the first overtone places the symmetry forbidden bend fundamental at

about 15.5 cm_l. This energy lies close to the calculated two-fold
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degenerate ground state vdW bend at 11! cm’l Thus., these two spectral

features are assigned to the benzene(Ar), vdW hends first and third

1 ombinati T | o2 1
overtone/cluster 60 combination bands. hO bxy('l’o and ho

4

hxy“'l)o'

Ramifications of Herzberg-Teller vibronic coupling in the
benzene(Ar); cluster are obvious. From the derived vibronic selectijon
rules and experimental observation, the benzene(Ar)l cluster spectrum is
best assigned based upon benzene Herzberg-Teller coupling (i.e., the Gé
feature is allowed) with vdW totally symmetric modes and combinations
forming short, weak Franck-Condon progressions built upon the intense
benzene transition. In addition, the calculated and observed!® Cov
cluster symmetry is verified by the vdW vibronic structure.

B. s—Tetrazine(Ar)l.

The selection rules governing the s—tetrazlne(Ar)l vdw
vibronic transitions under Cyo, symmetry arise from Case I Franck-
Condon arguments. The totally symmetric vdW stretch should be observed
to the blue of the cluster 08 following a Av = 0, *1, +2, ... selection
rule. The vdW bends should only be observed in odd overtones (Av = O,
+2, *4 ..) built on the allowed s-tetrazine 08 transition. As in the
benzene(Ar)] clJuster, no Case Il distinction can be made for s-tetra-
zine(Ar)l and thus no vdW Herzberg-Teller vibronic coupling is expected
Unfortunately, a complete experimental spectrum showing the details of
the s—tetrazine(Ar)1 vdW modes is not, as yet, available. The only
information in this regard is the identification of the vdW stretching

1

mode at 44 cm ° to the blue of the cluster 08 by Levy et al.? Other vdw

1 1

features at 66 cm ° and 108 cm ° to the blue of the cluster 08 are

observed, but they are neither assigned nor are their spectra published
Figure 2.10 and Table 2.3 compare the calculated ground state vdw

mode frequencies with those observed in the s tvtrazinp(Ar)1 183u - lAg
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s-TETRAZINE-ARGON

‘ 2 4
TArOg : s,b; s, bj

6 T8 T o

crm!

Figure 2.10

Schematic 183u - 1Ag spectrum (from ref. 5) and calculated ground state
vdW modes of s—tetrazine(Ar)l. Energy scale is relative to s-tetra-
zine(Ar)l Og transition (18104.9 cm-l). Relative feature intensities
are not shown. Feature positions and assignments as per Table 2.3 and

Figure 2.5, vdW bends are represented by bi in schematic spectrum (see

text for explanation).




TABLE 2.3

vdW spectral features in s-tetrazine(Ar), 08 region
(s-tetrazine 183u - Ag) and calculated ground state vdW modes (refer to

Figure 2.10).

Energy Relative_ to Calculated Ground
Cluster 08 (cm-l) ¢ State Energy (cn'l) b Assignment b
0 (18104.9) 09
9 (by)
12 (bx)
a 1
. 44 41 (s,) $z20
1, 2 1, 2
66 S20Px0 OF SzoPyo
1, 4 1, 4
108 szobxo or szobyo

a) Observed and assigned in Reference 5.
b} wvdW mode representations as per Figure 2.5.

c) From Reference 5.
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vdW vibronic spectrum. The experimentally assigned vdW stretch at 44

1 calculated

en ! to the blue of the cluster Og corresponds to the 41 cm’
ground state stretch. This motion, like that in the benzene(Ar)1
cluster, involves perpendicular motion of the argon atom relative to the
s-tetrazine molecular plane. Based upon ground state calculations, the
feature 66 cm 1 to the blue of the cluster Og probably corresponds to a
vdW stretch/vdW bend overtone combination band, sz(al)é bx(bz)g or

s(al)é by(bl)g; the feature at 108 cm !

probably corresponds to the next
allowed bend overtone/stretch combination band s(al)é bx(bz)g or s(a])é
by(bl)g~ No speculation with regard to which band is responsible for
the features observed will be made since no spectra of sufficient sensi-
tivity are available for analysis.

C. Benzene(CH4)l.

In a previous analysis of the benzene(CH4)1 cluster.2 three

major vdW vibronic features were reported in the cluster Gé region:
h

these features were assigned to a bend fundamental (27.3 cm "), a

stretch fundamental (32.3 cm’l), and a stretch overtone (51.4 cm'l)
The assignments were made based upon the assumptions described in the
Introduction.

Considering the HT transition moment matrix elements and assuming
a Case [ type spectrum, the selection rules for the benzene(CH4)1 vdWw
vibronic transitions are Av = 0, *1, *2, ... for the vdW stretch and Av
= 0, *2, t4, ... for the vdW bends and torsions when in combination with
the cluster Gé.

The selection rules involved in Case Il can be viewed in two

ways. The selection rules can be derived using the calculated cluster

symmetry of C3V’ or they can be derived by considering the cluster
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symmetry us Cg,. The latter situation arises since the methane center-
of-mass is calculated at 3.47 A above the benzene malecular plane. At
this distance, the methane could be viewed as a sphere above the benzene
molecular plane and, hence, the use of the Cey Point group to represent
the vdW mode symmetries could be warranted.

In C3V symmetry Case [I, the selection rules for vdW mode com-
binations with the cluster 6% are Av = 0, *1, *2, ... for all six vdW
modes. If C3v is the correct cluster physical symmetry and HT vdw
coupling exists, all modes can be observed in the cluster Gé region. In
Cgy symmetry, Case II, the selection rules for the vdW mode combinations
with the cluster 6] are av = 0, £1, 22, ... for the vdW stretch s,(a)
and torsion t,(a,) and Av = 0, *2, ¥4, ... for the two-fold degenerate
vdW bends bxy(el) and torsions txy(el). In this approximate high sym-
metry, only the cluster 61 and vdw mode t, are capable of vibronic
coupling for the 63 transition.

Comparison of the experimental 63 vibronic spectrum of ben-
zene(CH4)1 and the calculated ground state vdW vibrations is shown in
Figure 2.11 and Table 2.4. The observed feature at 27.3 cm ! to the

blue of the cluster 6; corresponds to the t, torsion calculated at 28

-1 1 and

cm Thus, this feature and its observed overtones at 51.4 cm

73.5 cm”! are reassigned to 6; vdW torsion combination bands Gé tz(az)é,
5; tz(ag)z. and 6% tz(az)g, using the C5, Case II or Cg, Case [1 Av = 0,
*1, *2, ... selection rule. The Av = 0, *1, *2, ... selection rule
suggests that for the benzene(CH4)1 system vdW mode Herzberg-Teller
vibronic coupling is an important component of the overall intensity
mechanism. In the present case, the occurrence of the nontotally

symmetric t, torsion progression implies that the vdW modes are
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BENZENE-METHANE

by | Sz| |ty
o R T R
cm-)

Figure 2.11
Mass selective 81 + S, spectrum (ref. 2) and calculated ground state vdW
modes of benzene(CH4)1. Energy scale is relative to benzene(CH4)l 63

transition (38567.6 cm'l). Feature positions and assignments as per

Table 2.4 and Figure 2.6.
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' TABLE 2.4
N
o
vdW spectral features in benzene(CH,) region and calculated ground
A state vdWw modes (refer to Figure 2. lls
o
5
. Energy Relative to Calculated Ground
‘ Cluster 6(1) (cm™1) 2 State Energy (cm !) P Assignment ©°
N 0 (38567.6) 6]
\i
\-
‘:. 16.1 16 (bxy) Gohxyo
‘ 1.1
) 27.3 28 (tz) 60t?o
< 2
“
32.3 Gobxyo
. 1, 3
. 48.4 65bxyo
\ 1, 2
X 51.4 601'70
4
- 64.6 Sohxyo
L 1, 3
= 73.5 65t,0
-~ 82 (sZ
N 89 (tyy)
a) From Reference 2 and unpublished spectra.
4
\
:: b) vdW mode representations as per Figure 2.6.
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vibronically active and that assuming them to be nonparticipants in the
coupling mechanism oversimplifies the physics necessary to explain the

cluster's spectroscopy.
The intense feature at 32.3 cm™l to the blue of the cluster Sé

corresponds to the first overtone of the two-fold degenerate vdW bending

mode, 63 bxy(e)g, calculated at 16 cm_l. This identification is based

' upon the observation of a feature at 64.6 cm™! which corresponds to the

third overtone of the bends. Furthermore, weak intensity features are
observed at about 16.1 cm~ ! and 48.4 cm~1 which could correspond to the
vdW bend fundamentals and second overtones. The observation of these
features adds proof to the arguments suggesting that the vdW modes are,
> at least, minor participants in the Herzberg-Teller vibronic coupling
scheme. The cluster symmetry and, hence, spectroscopy are thereby also
best described using the calculated C3v point group in conjunction with
Herzberg-Teller coupling rather than the approximate Cg,, point group.

-1

Based upon this, the features at 32.3 cm™! and 64.6 cm are reassigned

to vdW bend overtone combinations with the cluster 6;; Gé bxy(e)g and

Sé bxy(e)g using the C5, selection rule Av =0, *1, t2, ... The
‘ features are assigned in Table 2.4 and Figure 2.11. The weak features

-1 -1 . 1 1 1 3
at 16.1 cm and 48.4 cm are assigned to 6, bxy(e)o and 6, bxy(P)o_
Based upon the relative intensities displayed in the spectrum, vdw
vibronic coupling is an important factor in the intensity of this pro-

gression involving the e symmetry bending modes.

Neither the vdW stretch sz(al) nor the two-fold degenerate
torsions txy(e) are observed in the 63 spectrum. This could be due to

poor Franck-Condon factors for these vibronic transitions since they are

both calculated to be at relatively high energies (ca. 82 cm ! and
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89 c¢cm ! respectively). Moreover, these modes could be participating in
VP since the total energy Gé sz(a])é or 6; txy(e)é is close to that of,
if not above, the cluster's $1 binding energy. Both the vdW stretch and
txy torsions involve motion perpendicular to the benzene molecular
plane: this motion could couple well to the VP process

D. Benzene(H,0),.

The S1 - S, vibronic spectrum of benzene(Hzo)l previcusly
observed in this laboratory3 possesses two unigque spectral regions
located around the cluster Og and 6; containing vdW vibronic features.
No vdW vibronic assignments were made in either region and no correla-

tion between the regions was suggested.

Examination of the HT transition moment matrix elements using

- Cg; symmetry and Case I considerations leads to the selection rules
Av = 0, t1, *2, ... for the vdw s, gstretch, by bend, and ty torsion and
Av = 0, *2, *4, ... for the bx bend, ty and t, torsions. Under Case 11
arguments, the selection rule is Av =0, #1, #2, ... for all six vdw

modes: all modes are capable of vibronic coupling.

Vibronic spectra of benzene(H20)1 in both cluster 08 and 63
regions are reproduced in Figure 2.12 along with the calculated ground
state vdW mode energies. The observed feature at 5.2 cm! (4.8 cm_l) to
the blue of the cluster 08 (Sé) transition corresponds to the vdW b,

1

bend fundamental calculated at 14 cm *. The observed feature at 16.2

- cm™1 (15.8 cm™1) to the blue of the cluster Og (6%) transition corres-

1

ponds to the calculated totally symmetric vdW by bend at 18 cm *. Addi-

tionally, the observed features at 34.6 em™! (34.6 cm"l) and 49 cm’ !

(48.4 cm'l) to the blue of the cluster Og (Gé) transition are associated

with the t,(a'') and t,(a') torsion fundamentals calculated at 40 cm}
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BENZENE-WATER

Figure 2.12
Mass selective Sl - So spectra (ref. 3) and calculated ground state vdw

modes of benzene(HZO)l. Energy scale is relative to benzene(Hzo)1 08

and 6; transitions (38168.6 cm~! and 38655.4 cn'l,respectivelyL

.
e
»

Feature positions and assignments as per Table 2.5 and Figure 2.7. s

'
N

-r
o

and ty vdW modes are not shown.
)
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and 50 cm‘], respectively. The occurrence of the nontotally symmetric
fundamentals implies that the Av = 0, *2, *4,, ... selection rule for

Case I in which the vdW modes are not vibronically coupled is violated.
The violation suggests that the vdW modes participate in the vibronic
coupling scheme and that the Av = 0, #1, #2, ... selection rule should
apply to all six vdW modes (Case II). Based upon this, the spectra are
best assigned, Table 2.5 and Figure 2.12, using both nontotally and
totally symmetric vdW progressions.

Assigning the benzene(HZO)l spectra using the Cg point group
representations corroborates the calculated cluster geometry. Treating
the cluster in approximate high symmetries, such as Coy leads to selec-
tion rules which are clearly violated when applied to spectral observa-
tion and assignment. Specifically, the bend and torsion fundamentals

are forbidden under these higher symmetry approximations. Furthermore,

the spectral assignments using CS symmetry arguments suggest that the
water constituent is likely located above the benzene molecular plane.

Neither the vdW s, stretch nor the t, torsion are observed in

Z y

either spectral region. This as in the benzene(CH4)1 case, probably
results from poor Franck-Condon factors for these particular modes; they
are both calculated to be at relatively high energies (ca. 159 cm~! and
156 cm'l, respectively). Moreover, in the 63 region, these modes could
be participating in VP since the total energy of the system at these
levels (486.8 + 159 cm™! for the stretch; 486.8 + 156 cl'n-1 for ty) is
close to, if not above, the cluster binding energy (ca. = 500 cm‘lL

The decrease in the hypsochromic shift and the shift of intensity

maximum in the vdW manifold in going from the cluster Og to the ﬁé may

also be indicative of the VP process.

WA P R R L Y PR PR L LA LI
YA .f_1'.r'.*“-r*‘.r'.r*‘.r".r"r’f‘r"‘.r"'

<

R N I N T e .- . “ . P - L et et A L ot -
L= - 5 N ‘ L .- - =~ . 3 .t R - . - * - * “ '.n."
) {r"i\{"b > . . . . . . . OSSR SRS

o

P

v

B
AR Y

[

Iy
»

b s e 0 e
NP
(AR

A

FAr
U 4 S

i

PP AR Y
CNh AL @

-r"'
LI 2

.

A

.'Il'.l G xs

(."

-
e Y
A

e

L S
o' m



Pt s M N W W

55

TABLE 2.5

vdW spectral features in benzene(H,0); 00 and sé region and calculated
ground state vdW modes (refer to Figure 2.12).

Energy Relative to 2

Cluster Ogl(cm—l) Calculated Ground ' b
or 6o (cm %) State Energy {(cm °) Assignment

0 (38168.6) 09

5.2 14 (b,) b,
16.2 18 (by) byo
21.4 byobyo
25 by2byo
31.9 hyg
34.6 40 (t,) tyo
39.4 t, b2
45.7 bys

49 50 (t,) tel
50.8 tzobyo
67.4 txabyo
70.3 t,2
99.5 t, 2
103.5 t,o

- 156 (t,)

- 159 (s,)

0 (38655.4) 6

4.8 14 (by) 6lb,]
15.8 18 (b,) 6lb, L
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g TABLE 2.5 (Continued)
O
1, 2, 1
25.5 Gobxobyo
S 1, 2
» 30.3 ﬁnbyo

.. l l
34.6 40 (t,) 6otz0

1, 1,1
39.6 Gotzobxo

I 1, 1
. 48.8 50 (t,) 6otxo

1, 4
: 60.5 Sobyo

1, 2
97.8 65txo

1, 3
101.0 6otzo

156 (ty)

LR Y

159 (sz)

a) From Reference 3.

b) vdW mode representations as per Figure 2.7.
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E. Benzene(NHj),-

Benzene(NHs)] clusters recently observed in this laboratory3
yield spectra in both the cluster Og and Gé regions. Two cluster geo-
metries are calculated for the system, one possessing CS symmetry and
the other possessing C3V symmetry. From symmetry arguments the CS
symmetry cluster is the only contributor to the 08 spectrum while both
cluster geometries contribute to the 63 spectrum. Neither of these
spectra were analyzed nor assigned in the initial observation since they
are so complicated. They were merely presented as an indication of the
notion that cluster vibronic spectra can sometimes be very extensive and
congested.

The benzene(NHs)l C. symmetry cluster follows the same vdW vi-

S

bronic selection rules as derived for the benzene(Hao)1 cluster. In

I+

this symmetry, the selection rules for Case I are Av = 0, *1, +2, ..,

-3

for the vdW stretch, by bend, and t, torsion and Av = 0, *2, *4, ... for

the bx bend, t_ and t, torsions. In Case II the selection rule is Av =

y
0, #1, *2, ... for all six vdW modes. Furthermore, the calculated
cluster geometries are qualitatively similar. Hence, their 08 spectra
should bhe qualitatively similar: this is borne out in both experimental
results and vibrational mode calculations.

The benzene(NH3)1 Cyy sSymmetry cluster follows the same

vibronic selection rules as presented for benzene(CH4)1. Here the

selection rules are either Av =0, *1, +2, ... for the vdW stretch and
Av =0 *2, *4, ... for the vdW hends and torsions (Case 1) or
Av =0, 1, +2, ... for all six vdW modes (Case I1).

The calculated ground state vibrational energies and the observed

cluster Og and Sé vibronic spectra are compared in Figure 2.13. Due to
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BENZENE -AMMONIA

CS

\ 1
Cav
5. o RN « D" (s R - To BN s

cm”!

Figure 2.13

Mass selective S1 - SO spectra (ref. 3) and calculated ground state vdw

modes of benzene(NH,);. Energy scale Is relative to benzene(NH,) 0°
31 3’1t Yo

1 1

and 6; transitions for Cg cluster (38021.1 cm  and 38514.7 cm °,
respectively). Feature positions and assignments as per Table 2.6 and

Figure 2.8 and 2.9. C3v cluster s, and txy modes are not shown.
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the complex nature of the spectra which possibly results from hot bands,
only tentative assignments of the vdW mode progressions are made. The
tentative assignments are based upon both vibrational mode calculations
and upon inference from the benzene(HZO)l and benzene(CH4)1 cluster
spectra.

In the Og spectrum, the most intense low energy feature is
assigned to the origin of the cluster's S; « So transition. The smaller
intensity features to the red of this feature are thus hot bands which
yield the sequence structure in the Og region. The observed feature at
8.8 cm™! to the blue of the cluster Og corresponds to the nontotally
symmetric vdW b, bend fundamental calculated at 15 em™ L. Additionally,
the observed features at 15.0 cm !, 45.1 cm™!l, 54.2 cm™!, 99.6 cm™1, and
127.7 cm”! correspond to the calculated by bend (21 cm’l), t, torsion
(44 cm—l), t, torsion (48 cm'l), stretch (112 cm"l), and ty torsion
(125 cm"lL The occurrence of the nontotally symmetric fundamentals
suggests that the vdW modes participate in vibronic coupling (Case II)
and that the Av =0, 1, *2, ... selection rule should apply to all six
vdW modes. Using this selection rule, the spectrum is best assigned,
Table 2.6, using both nontotally and totally symmetric vdW progressions

In the 63 spectrum, the most intense low energy feature is

}
)
|
'
i
b
]

7"
p assigned to the cluster 6; vibronic origin. This assignment bears a
r.
f resemblance to the benzene(Hzo)l 63 spectrum in the respect that the Gé
.
F- features for both clusters are red shifted relative to that observed at
& the S; - S, origins (ca. 25 em~1 for benzene(NH;); and 35 cm~! for
i benzene(HQO)l.
- Table 2.6 presents the Cs symmetry geometry assignments in the ﬁé
P
region. The assignments are made using the vdW fundamentals identified
D
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TABLE 2.6 .
e
vdW spectral features in benzene(NHj), 08 and Sé region and calculated .
ground state vdW modes (refer to Figure 2.13). "
"
N
Energy Relative to 2 N
Clus}er 08 (cm'l) Calculated Ground b b e }
or 6, (cm 1) State Energy (nm'l) Assignment °'C
\
0 A
-36.7
o, 0 4
-33.4 bx2byl "
0, 1 ~
-31.3 by2bxo o)
-29.6 P
0, 0
-26.7 bxlbyl :.
-
-19.2 b,S =3
19 v R
X
- 6.7 b, 9 kY
’ x1 N
- 3.8 .
0 (38021.1) 09 -
1 p
8.8 15 (by) Byo ”
l -
15.0 21 (by) byo "
2 o
17.9 byo 4
1, 1 T
24.2 byobyo ]
3 |
26.7 by }
2 .
29.0 byo B
. L
. b 2b,.} i
32.1 X0y0 oy
4
34.2 bxc -
1, 2
37.6 behy” ..
41.7 T~
RS
1
45.1 a4 (t,) Lo o
o~
;.
-
N
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54.

59.

64.

70.

75.

77.

80.

83.

99.

101.

107.

114.

119,

122.

127.

13.

22.

.9

.0

(38514.7)

.0

L0

61

TABLE 2.6 (Continued)

48 (t,)

112 (s,)

125 (ty)

15 (bx)

21 (hy)

X0

1, 1
tzohyn

X0 X0
1,1
txobyo

1, 2
*xoPxo

1,1, 1
txobxobyo

xo''yo

0 X0

]
6o(Cg)

0"'X0

lb 1

60 yo
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TABLE 2.6 (Continued)
26.2 64Px0
29.5 Géhyﬁ
32.0 sc})bxgby})
34.4 Gg)bxg
oty
45.1 44 (t,) 6l¢,1
48.7
53.7 6tl)tzc1)hm1)
55.3 48 (ty) egtx;
Shtathys
61.0 e(l)tzrlwbxrz,
Ll
68.8 G;tx})by})
72.9 [0 (38587.6)] ﬁé(cav)
74.6 sétxébxg
79.5 BotxobxoPyo
83.3 Gétx;byg
87.9 19 (byy) ﬁéhxyé(c3v)
98.7 112 (s,) sggzé
100.4 Gétxétzé
103.9 63hyya(Cay)
1.9 G;tx})t‘ngx«x
114.0 “észéhyé
123.4 GASzrlwbxrlmhy(l»
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1,1

125.9 44 (t,) 6,t,0(Cay)
97 (sz) -
152 (tyy) -

a)
b)

c)

63

TABLE 2.6 (Continued)

From Reference 3.
vdW mode representations as per Figure 2.8 and 2.9.

Cay cluster 6! contributions tabulated relative to Cg cluster 63

origin as in %igure 2.13.
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in the 08 spectrum and Av = 0, *1, #2, ... selection rule for all six
vdW modes (Case I1).

The contribution of the C3v symmetry benzene(NH3)1 cluster to the
ﬁé spectrum is observed starting with the feature at 72.9 cm-1 to the
blue of the Cg cluster 6;. Assignment of this feature to the Cay
cluster 63 is based upon the observation that no intense features are

or the benzene(Hzo)1 6!

seen in either the henzene(NHs)1 09 o

o spectra at

this energy. The observed feature at 15 cm™ ! to the blue of the Cay
cluster Gé corresponds to the two-fold degenerate vdW bxy bends at

19 ecm 1. The observed feature at 53 cm~l to the blue of the Cg, cluster
63 is associated with the calculated t, torsion at 44 cm™l. As in the
benzene(CH,), case, the observation of the bxy and t, fundamentals
implies that the vdW modes participate in the vibronic coupling mechan-
ism (Case II) and that the Av =0, *1, *2, ... vibronic selection rule
applies for al) vdW modes. Based upon this, the best assignments for
the C4, cluster vdW vibronics are tabulated in Table 2.6.

F. Morse s Model .

0

Calculations of the ground state vdW modes of benzene(Ar)l
are also conducted using a model described by Jortner et al.1 6.7 rhis
model contains a main feature which, at first glance, appears to make it
generally applicable in predicting vdW stretching mode frequencies from
calculated cluster binding energies and equilibrium intermolecular dis
tances. However, the model turns out to be incorrect in this applica
tion. The model employs a simple relationship between the cluster

equilibrium intermolecular distance R, and the Morse potential parameter

B. The relation is derived by equating the second derivative of

Equation 2.6 with the second derivative of a single term (6-12)

B

R T T e I R




il

potential function. This derivation yields the relation 8 = g which
Q

can be used to predict the vdW stretching mode frequency by diatomic

Morse fit methods.

Substituting B8 = g and the calculated ground state cluster
¢}

binding energy intc Equation 2.7 yields a vdW stretching mode energy

of 47 cm"1 for benzene(Ar)1 employing Scheraga's potential parameters

Even though the calculated vibrational energy is qualitatively correct,

Figures 2.14 and 2.3 show that the 8 = g relation results in an inade-
0

quate reproduction of the potential curve, especially in the critical

the3=g
0

regicn near the equilibrium intermolecular distance. At R,
fit overestimates the curvature of the potential! by about 33% with
respect to the curvature calculated from the one-dimensional potential
energy mapping (1746 cm 1742 versus 1312 cm'l/Az) and, therefore, over-
estimates the stretching mode energy. Additional calculations using the
potential data described in ref. 1 and the above approximate model also
result in an inadequate potential curve reproduction, Figure 2.15. The
potential curvature at R0 using the B = S fit is overestimated by about
0

37% with respect to the corresponding curvature calculated via potential
energy mapping (2322 cm_l/A2 versus 1695 cm 1/Az). In this case, the
vdW stretching mode is calculated at 55 em1

The failure of the model under both data sets suggests that the
model jtself is inadequate in this application. The model fails in thi
application since the 8 - s relation holds exactly only in systems in

Q0

which the molecule-atom Lennard Jones parameters have been determined
directly. Applying this approximate model to a case in which the paten

tial function is representerd by pairwise atom-atom potentials does not

take into arcount the differing contributions of each interaction to the
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Figure 2.14

z-direction (vdW stretch) potential energy mapping of benzene(Ar)] and

8 = go Morse fit. Translation is relative to equilibrium intermolecular
distance, 3.44 A. (8-12) potential energy mapping using data set from
ref. 9 is represented by o; Taylor series expansion and energy levels

are represented by —; B8 = g Morse fit potential energy curve is
]

represent by ---. Taylor series vibrational mode constant as per Table
- 22. B8 = 20 Morse fit vibrational constants are 0, = 47.22 cm’l, WaXg =
‘.l..- _ 1
;“, 1.94 cm .
o
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Figure 2.15

z-direction (vdW stretch) potential energy mapping of benzene(Ar)1 and

B = S Morse fit. Translation is relative to equilibrium intermolecular
(4]
distance, 3.5 A. (6-12) potential energy mapping using data set from

ref. 1 is represented by o; Taylor series expansion and energy levels

F are represented by — «ith w, = 46.68 cm! and weXe = 1.81 cm'l; B = g
g ’ 3
v

o Morse fit potential energy curve is represented by ---. f = g Morse

S 0

E fit vibrational mode constants are o, = 54.84 cm~ 1 and WoXa = 1.90 cm
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potential energy and the equilibrium intermolecular distance. [n this
more complicated situation, no analytic relationship between 3 and R,
exists.

Comparing the vdW stretching mode energies calculated using
Jortner's and Scheraga's data sets suggests that a significant differ-
ence exists between the two data sets. Benzene(Ar)1 configurational
calculations using Jortner's data set yield a single cluster geometry of
Cﬁv symmetry with the argon atom located 3.5 A above the benzene mole-
cular plane. [In this case, the ground state cluster binding energy is
-1

395 cm™ ! This binding energy is 108 cm greater than that calculated

using Scheraga's data set. The binding energy of 287 em™! calculated
using Scheraga's data set is probably more accurate since the
benzene(Ar)1 ground state binding energy should be very similar to that
calculated for s-tetrazine(Ar),. In the latter case, the calculated
ground state binding energy of 295 cm™} compares well with that observed
experimentally, 254 < q: < 332 cm‘l.5 Furthermore, generating Lennard-
Jones parameters using the data set of ref. 1 yields a binding energy of
359 cm~! for s—tetrazine(Ar)l which is clearly not as accurate as the
binding energy reported in this work. The difficulty is due to the
consolida*ion of atom-atom parameters from different data sets. In this
respect, great caution must be taken when consolidating parameters since

each parameter set is, in general, only self-consistent and may have no

meaning when combined with parameters from other sets

Conclusions
TOFMS studies have been employed to determine the general geo
metry and symmetry of vdW clusters in the gas phase. Through computer

modeling, a correlation between the details of the cluster geometry and
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spectral features has been demonstrated. Specifically, the parametric
calculations vield useful information regarding cluster geometry,

! binding energy, and the vdW vibrations. These calculated results are
consistent with experiment and serve as predictive and analytic tools
which can be used to elucidate and understand the details of vdW cluster
energetics.

r Of the several models considered in studying the intermolecular

vdW modes, simple diatomic approximations yield adequate results when

applied to atom-molecule clusters. On the other hand, for molecule-
molecule clusters a normal coordinate analysis is essential. The normal
coordinate analysis is especially useful for analyzing systems which
have little or no symmetry since no a priori knowledge of vdW made
nature is necessary to generate potential energy surface mappings.
Reassignments of and assignments to cluster vdW modes have been
made based upon the knowledge gained from calculation. From comparison
of calculation and experiment, several conclusions result. First, the

actual excited state normal mode vdW frequencies are well fit by the

calculated ground state cluster patential. This conclusion, though not
surprising, gives independent proof of the invariance of the weak vdW
potential between ground and excited electronic states as well as pro-
viding a means of using ground state vdW vibrational structure to
predict vdW vibronic structure. Second, in the majority of the clusters
analyzed, the observed vdW vibrations are those involving bending and
torsional motions paralle]l to the aromatic 7 system. Furthermore, these
modes are, in general, quite active in the Herzberg-Teller vibronic

coupling mechanism and significant interelectronic state mixing results

Third, vdW motions which penetrate the aromatic n system have high
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frequencies and are only observed in systems in which the Franck-Condon
factors and binding energies are favorable. Finally, the observed
vibronic structure supports the calculated cluster geometry in all

cases.
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CHAPTER THREE

THE INTERMOLECULAR VIBRONIC TORSIONAL STRUCTURE IN
SOLUTE/SOLVENT VAN DER WAALS CLUSTERS: BENZENE/METHANE,

/DEUTEROMETHANE, AND /CARBON TETRAFLUORIDE

Introduction.

van der Waals (vdW) complexes of aromatic molecules with
hydrocarbon solvents form a class of supramolecular systems whose inter-
molecular bonding has several interesting features. First, the inter-
moiecular interaction is small and is dominated by long-range dispersive
attractions and short-range exchange repulsions. These two features
allow the interaction to be modeled using an intermolecular potential of
known functional form. For example, the interaction can be modeled by
additive atom-atom potentials set in a Lennard-Jones or an Exponential
Six format.} Second, the interaction potential surface only changes
slightly, if at all, upon electronic excitation of the cluster chrom«
phore. Thus, small spectral shifts of the chromophore electranic
transition and weak intensity intermolecular vdW mode vibronic transi
tions are observed.2:3 Third, the interaction results in the formation
of specific minimum energy cluster configurations. These geometries are
interesting since they give insight into the nucleation processes and
solvation geometry occurring in both gas and condensed phase Systvmx]
Fourth, the small binding energy of the complex and the low freguency

AW cabrational modes are important since they play an essential role o
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intramolecular vibrational redistribution (IVR) and vibrational predis-
sociation (VP) cluster dynamic energy transfer prncesses.4 And fifth,
cluster structure, binding energy, vdW modes and dynamics (IVR and VP)
are essentially dependent on the actual cluster structure and the
intricacies of the intermolecular interaction.®:?

In this paper., we report the spectroscopic results of the
benzene/deuterated methane (ben(CD4)1) and benzene/carbon tetrafluoride
(ben(CF4)1) clusters together with calculated modeling of selected
cluster characteristics. The spectroscopic results include the n* « 1
vibronic spectra of the clusters in their respective benzene constjituent
6! regions.

o

The calculated results include the geometry. the binding enerpy.
and the full eigenvalue/ejgenvector intermolecular vibrational structure
for the electronic ground state of each cluster The intermolecular
ground state vibrational structure is modeled by two methods 1) an
intermolecular normal coordinate analysis INCA) which drtermines vl <1«

intermolecular vdWw mode fundamentals under a harmantc osorliator yssump

tion. b and {2y a4 three dimenslonal bondered ot oo 0 e ysis !
HRRAT for which an anisotraple pert prhat oy ot . 8 e et “u ﬂ
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ramifications of Herzberg-Teller (H-T) coupling for the observation
"forbidden” vibronic transitions

The motivation for studying these systems concerns the elucida
tion of the vdW torsional structure. Two limiting cases can be proposed
in regard to the torsional structure of ben(CH4)]. ben(CD4)l. and
ben(CF4)1. In one case, the clusters possess free internal rotation
between the cluster solute and solvent. The cluster solvent (CH,. CD,.
or CF,4) rotates freely in three dimensions against the benzene framework
and the system is considered nonrigid. In the other case, the clusters
possess torsional oscillations for which the cluster solvent librates
against the benzene frame with a residence time long enough to give rise
to “vibration like” motion in a rigid molecule regime.

Elueadatinn of the vdW torsions is of particular interest jn
these systems sinee the aforementioned limiting cases pose guestions
regatrding the actual physics governing the torsjonal structure (1 o
the Justers possess tree nternal rotation between the cjuster solute
Ml s ent o do they possess tarsional oadc il iations tar o whioh the
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mixed with the Nd*3/YAG 1.064 um fundamental is used to probe the
clusters' S; « S, transition in the isolated benzene Sé region

(182u - 1Alg; n* « n). Subsequent jonization of the clusters is accom-
plished using a R590 dye laser whose output is frequency doubled and
mixed with the Nd*s/YAG 1.064 um fundamental. The ionization laser
output is set at 45112 em 1. A 5% mixture of deuterated methane or
carbon tetrafluoride in helium is placed inline with liquid benzene in a
trap at room temperature. The three component mixture is expanded using
a pulsed molecular jet nozzle having a 500 micron orifice while main-

taining 100 psig backing pressure. Appardatus chamber pressure is

maintained a* or below 5 x 1076 torr during the experiments

Theoretical Considerations.
The NCAs are conducted using the same methods as descr-hed in our
previous publication on vdW cluster vibronic structure YV ookor benttD ),

the calculated cluster ground state geometry . foarce field  and bhinding

evnergy are taken as those of hvn(lH‘l1 Only the masses are changed tog
the deaterium hydrogen substitut jons n the NCA For henit r' I t he

1
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cluster solvent rotates freely in three dimensions against a fixed
cluster solute framework. Application of a specified perturbation field 1
results in the eventual restriction of this free rotation to torsional

oscillation as the perturbation field magnitude is increased; that is,

rotation ceases and vibrational oscillatory motion begins as the resi-
dence times of the solvent in the torsional potential well becomes
longer.

In the 3D-HRRA, both cluster constituents are assumed internally
rigid, their respective internal geometries remaining constant and at
"equilibrium”. The cluster solvents are taken as the rotating portions
of the clusters since their zero field rotational constants are orders
of magnitude greater than those of the cluster solute. The hindered
solvent rotations are presupposed to contribute to the spectral features
observed along with the intermolecular bending and stretching modes

The 3D-HRRA involves setting up a molecule fixed coordinate

system (x.y.z) and a space fixed coordinate system (£, 7. %) on the

cluster solvent as shown In Figure 31 Both systems have their arigins

at the nuclear center of mass of the cluster solvent The moleculs

fixed coordinate system s chosen such that ts proncaiple axes e abore,

(BT ‘._' roatatonal Aaxes of the <olvent tetrahed on ‘11 N N Y 1
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of the rotational coordinates.  Since a solvent rotation is periodic

over 360 degrees, the potential can be expressed by an even function

Fourier series written as’ -
»

.-1

V{q) = Vg/2 +« ¥ Ap cos{pq) 3.1 )

3

p="

with q a function of the rotational coordinates and V, taken as the

barrier height to internal rotation. The function q is determined by 15
the potential dimensionality and the nuaber of minima in the potential %
along each of the rotational coordinates. The first cosine term in the ;‘
series describes the major form of the potential, and the rest of the E

<

terms in the series "fine tune” the potential shape. Since the coef-
ficients Ap in these terms are assumed to be small, the series can be
truncated at its first cosine term without sacrificing the general

potential shape. Doing this yields the mathematically convenient potep

tial form:

\v
Vg —{1 Cos ) 4
f
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potential magnitude depends upon the relative displacements of all three

rotational coordinates as,

q =28 + 2x + ¢ 3.3

Inserting Equation 3.3 into Equation 3.2 yields the three dimensional
potential function used in the calculations:

Vo

V9, ¢, x) = — [1 - cos(28 + 2x + ¢)] 3.4

2
in which V  is the barrier height to internal rotation. The rotational
wavefunctions chosen as the basis set for the calculation are the rigid
rotor symmetric top wavefunctions which depend on the curvilinear
coordinates and on the quantum numbers J, k and m. Under zero field
conditions, these wavefunctions are solutions to the spherical top

Schrodinger Pquation,8

. )
1?2} Ikm- : :
\.' l km> l',r(” | Tkm > LY
h
with eqppenvalaes corresponding o those ot the sphericai toap o luster

ot Pt applacation ot the pertutbhatton foe i e vpenvaiaes
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Diagonal matrix elements contain only the zero fiel. spherical top
energies and a Vy/2 potential term.

The resulting matrix is diagonalized for a selected value of Va
yielding eigenvalues corresponding to the solvent torsional eigenstates
at the specified perturbation. The perturbation is varied until a
reasonable fit with the experimental spectrum is obtained. The calcula-
tions are performed on a Cyber 205 computer using a basis set consisting
of 680 wavefunctions to ensure convergence of the lowest eigenstates at
their proper eigenvalues. Only the torsional structures of ben(CH4)]
and ben(CD;), are calculated since their respective rotational constants
are large enough that the coupling of the rotational levels does not
require an extremel)y large basis set to insure convergence. Matrix
elements are determined via numerical integration using a nonadaptive
integration routine. The matrix is prediagonalized into a tridiagonal

form using orthogonal similarity transformations® and diagonalized using

an amplicrt QL method 100 The rotatijonal constants used for methane and
Aentetated methane are 52 cm !\ and 26 om | respectively
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Figure 1+ ¢
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difference between Sl and SO for ben(CD4)1 is nearly identical to that
of ben(CH4)l. Ten pronounced intermolecular vibronic features are
observed to the "blue” of the cluster 63. As in the case of the
hen(CH4)l cluster, no features are observed in the symmetry forbidden
benzene 08 region. Thus, the cluster geometry must possess at least a
three-fold axis of symmetry.

The calculated ben(CD4)1 geometry (Figure 3.3) is assumed to be
the same as that calculated for ben(CH4)1. The geometry possesses C3v
point group symmetry. In this geometry, the CD4 center-of-mass lies
3.47 A above the benzene molecular plane along the three-fold rotational
axis. The ground state binding energy in this configuration is calcu-
lated at 540 cm !, Using the cluster "red shift” of 41.2 cm !, the
excited state binding energy is calculated to be 581 em™ 1

The NCA reveals six vdW vibrations (Figure 3.3 and Table 3.1},
two being two-fold degenerate. The ground state vibrational energies
are 75 cm ! for the vdW stretch sz(al), 15 cm ! for the bends bxy(eL
and 20 cm! (t,(ay)) and 64 em” 1 (fxy(e)) for the vdW torsions. The
eigenvector normal modes (Figure 3.3) transform in an identi-cal fashion
to those calculated for hen((‘H4)1. The vdW stretching mode transforms
A the translation of the cluster constituents away from one anot bheg
acong the 7 (three fold) axis Fhe vdW bhends transtorm s <ome o oom
bronation of o fuster const pbgent VoS at otie o et e
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The 3D HKRA results are also included in Table 3.1 for the lowest
eigenstates in the torsional manifold. The torsional mode structure is
calculated for V, = 300 cm™) and B - 2.6 em ! This perturbation
results in a reasonable fit for the torsional features observed experi-
mentally. The torsional "zero point energy” is 75 cm . Two distinct
torsional manifolds result from the calculations: one manifold has
eigenvalues grouped quartically (nearly four-fold degenerate located at
approximately 21 em 1, 46 cm™ !, and 75 cm~ ! above the zero point energy)
and the other manifold has eigenvalues grouped octally (nearly eight-

1 above the torsional

fold degenerate located at approximately 68 cm
zero point energy).
For comparison, the observed vibronic features for ben(CH4)l

are reproduced in Table 3.) along with the results of the NCA and the
3D-HRRA. The NCA results for ben(CH4)1 are those reported previouslyi3
The 3D-HRRA torsional structure js calculated for V, = 300 cm
B = 5.2 cm'l. This perturbation is chosen since it is assumed that the
barrier to internal rotation is nearly identical in the two systems as
they only differ oy isotopic substitution and have the same electronic
structure Additionally, using the same poatential barrier of elec-
fronie oriin for both CHy and Ch, clusters provides a check on the
calidity of the model 1n predicting the torsionti mode stiuctyre aof the
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B Ren(CF4)l.

Figure 3.4 and Table 3.2 present the hpn(FF4), cluster
spectrum recorded using 2-color TOFMS in the region hetween 38578.6 cm!
and 387026 cm ! Unlike the ben(CD,), and ben(CH,), cluster 6! transi-
tions., the ben(CF,), cluster ﬁé is blue shifted by 6.1 em™! with respect
to the benzene 63. The small hypsnchromic shift indicates that the
binding energies in the S, and S, states are nearly identical with the
ground state binding energy being slightly greater. The relative dis-
placement between the two potential surfaces is also small since only 5
vdW transitions are observed and their intensities decrease abhruptly at
about 50 em~! above the cluster Sé origin. No cluster spectrum is
observed in the forhidden benzene 0) region indicating that the cluster
possesses at Jeast a three-fold rotation axis. This result is not
unexpected since the same observation is made for the ben(CH4)] and
ben(CD4), systems. The ground state configuration and vdW eigenvalues/
eigenvectors are shown in Figure 3.5 and Table 3.2. Only one minimum
energy geometry is calculated for the cluster. The geometry has Cg,
point group symmetry with the CF, center-of-mass at 3.43 A above the
benzene molecular plane along the three-fold axis. The cluster ground
state binding energy is 1064 cm™l

The NCA reveals six vdW vibrations. Their ground state vibra-
tional] energies are 69 cem ! for the vdW stretch sz(a,). 11 cm™! for the
vdW hends hxy(P), and 13 cm ! (tz(az)) and 36 cm} (txy(n)) for the vdw
torsions  The eigenvector normal modes transform as the translational
and rotatijonal representations of the C3y Point group as indicated and

in the same manner as those for ben(CH,); and ben(CD,),.
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BEN(CF,),

Xy

xy

b —30 0O 50 40 60 80

! cm

aa sTa A S

Figure 3.4

Two-color TOFMS s1 - So spectrum and calculated ground state vdW modes
{NCA) of ben(CP4)1. Energy scale is relative to ben(CP4)1 63 transition
(38614.7 cm'l). Feature positions and assignments as per Table 3.2 and

Figure 3.5.
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o TABLE 3.2
{1
fl
vdW spectral features in ben(CF,) G(I) region and calculated
W ground state vdW modes (refer to Figure 3.4).
v
'
'
by Observed @ NCA @ Assignment ©°
t'n
v. 0(38614.7) 0 6}
- 15.7 11 (b,,) 6lp, 1
. : Xy 0"Xyo
-~
R 1, 1
17.4 13 (tz) Gotzo
1 2
: 32.3 Gobxyo
’ 1, 2
: 35.4 Gotzo
N 1 1
Y 39.5 36 (tyy) 6otyyo
i 69 (s,)
-~ z
8
1%
: a) Energies are reported in cm~! relative to the 6(1) cluster origin.
1%
-~ b) vdW mode representations as per Figure 3.4.
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(a)
: z
BEN(CF,) ! -
4’| .,Y—- B.E.=1064 cm
: c3v :
(o _‘.‘-:_'
: z e : oy (g)
,
X 69cm! L«ll-‘ s, stretch(a)) '/t I3¢m
x )
\ (d) (o)
z z
. nem! "’E"b‘bond(o) ’%’ lem™

Y S P

bybcnd(o)

Figure 3.5

: Calculated ground state minimum energy configuration (a) and NCA eigen-

. value/eigenvector normal modes (b) - (g) for ben(CF,),. Cluster
symmetry is Cay with an equilibrium intermolecular distance of 3.43 A.
Eigenvectors are normalized and displayed at 2x magnification (2 A total

displacement).
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Discussion

In comparing the calculated ground state vdW vibrational st
ture and experimental vdW vibronic structure, we assume that the inter
molecular potential surfaces of ‘he rlusters studied are identical in
both the Sy and S; electronic states. Additionally. we utilize the
group theonretical argnments developed in our previous publicr—ltion'J on
vdW cluster vibronic structure to assign and understand the observed
cluster spectra.

A. Ben(CD4)1.

The calculated ground state vdW vibrations (NCA) of hen(CD4)l
and the experimental vibronic spectrum is shown in Figure 3.2 and Table
3.1. As previously,the assignments are made by direct comparison
hetween the calculations and the experimental vibronic spectra. The
intense feature at 22.5 cm™) to the blue of the cluster 63 corresponds
to the t, torsion calculated at 20 cm !, Thus this feature and its
observed overtones at 48.4 cn'l, 70.5 em~ 1, and 100 cm! are assigned to
65 vdW combination bands 61t (ay)!. 61t (a2, 61t,00)3, and 6lt_ (a4
The features at 32 cm™! and 62.7 cm™! to the blue of the cluster 63
correspond to the first and third avertones of the two-fold degenerate

vdW bending modes whose fundamental is calculated at 15 em 1

They are
. 1 1 2

assigned to the 60 combination bands Snbxy(e)o, and Sgbxy(e)g, respec
tively. The feature at 58.1 em™! to the blue of the cluster 6% is

assigned to a two-fold degenerate tyy VAW torsjons/cluster GA com-

y

bination band, ﬁéfxy(ﬂ)é. The t,, torsion fundamental is calculated a
64 cm™ 1. With this assignment and that of the t, torsion, the feature
at 84 cm™l is assigned to the 6étxy(e)ét,(a2)é combination band. The

vdW stretch is calculated at 75 em~ !, This mode is identified in the
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cluster vibronic spectrum at 72.9 cm \

to the blue of the cluster &
origin and is thus assigned as ﬁAsI(nl)é Under this scheme, we assign

the features at 93.3 cm I and 97.5 cm as ﬁisz(aljihxy(p)l and

6*“2(31)3'z(d2)i combination bands
The torsional structure resulting from the 3D-HRRA for hen(CDy),.
(Table 3.1), confirms the torsional assignments made using the NCA. The
gquartically grouped torsional levels at 21 cn‘l. 46 cm ! and 75 cm !
correspond to those associated with the t, torsion and its overtones in
the cluster spectrum at 22.5 cn‘l. 48.4 cm ! and 705 em™ !, The octally

1

grouped torsional Jevels at 68 cm ° correspond to the ty torsion

v
l .

assigned at 58.1 cm~
The correspondence between these levels and those calculated
using the NCA can be understood as follows. In the 3D-HRRA, four sym-
metrically equivalent minima exist in the torsional potential surface.
These minima correspond to the four ways of placing the solvent tetra-
hedron upon the solute with a tetrahedral face toward the solute
molecular plane. [IFf the barrier between these minima is infinitely
high, penetration of the local wavefunctions through the barrier separ-
ating the potential minima does not take place. In this case, each
"well” contains eigenstates corresponding to intermolecular torsions
which occur with smal) amplitude about each potential well)l minimum
Since the four "potential wells" are identical in shape and depth, a
four -fold "structural” degeneracy exists in which all four potential
wells contain identical torsional structure. Thus, for example, a non
degenerate torsional eigenstate actually has a four fold structural

degeneracy. etc




93

fopnsidering the actnal situation in which the potential barrier
is finite. tunneling occurs and the "structural” degeneracy is lifted
via interaction of the local wavefunctions through the potentinal
barrier. The eigenstate splitting due to this tunneling may. or may
not. be observed depending on the experimental resolution and the
relative difference between the eigenstate energy and the barrier
height. Splitting of the "structural” degeneracy in the lower portion
of the potential well is minimal unless the barrier is low. Based on
the calculations, energy level splittings of the first few sets of
eigenstates should not be observed unless the barrier is below 150 cn~1.

At moderate barriers (about 300 cm'l), the eigenstates in the
lower portion of the well are nearly degenerate and behave more or less
harmonically. For all practical purposes, we can assume these levels to
be degenerate. The torsional level structure can then be determined
from the eigenstates in one of the minima. Thus, the 3D-HRRA torsional
structure calculation simplifies into the NCA. Physically, the cluster
can be considered at least "semi-rigid” in the respect that it has a
definable equilibrium conflguration. The potential energy barrier
separating one minimum from the others in the potential surface is large
and may be of the order of the cluster binding energy

The vibronic structure in both the ben(CH4)1 and ben(CD,),
spectra suggests that the systems are more or less rigid. None of the
nhserved vibronic state energies follow a free rotor formalism for which
the enerygy level structure is described by Equation 3.2. If the systems
behaved nonrigidly, the free rotor eigenstates would lie at approxi
mately 2.6J(J+1) cm I and 5.2J(J+1) cm I for hen(FD1)1 and ben(CH, ),

respectively, and a4 AJ ‘1 selection rule would govern the transitions

A e e A A S e e e, e, e e . et e A s e e e e
N A N R I N N S N A N A N N A N T G AN R TN
’ . .
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. [n the hvn((‘H4)l and ben(CD4)1 systems, the t, torsional mode
n shifts by 17.6 % upon deuterium substitution of the cluster solvent
?: Both the NCA and 3D-HRRA models predict a 28.6% frequency shift for t.
" 2
L
f: while the free rotor model would predict a 50% frequency shift for t,
o ’
Y upon deuteration. Considering that only one mode is taken into account
and the mode couplings may be different in the protonated and deuterated
. clusters, we conclude that torsional tunneling does not take place in
the lower levels of the ben(CH4)1 and ben(CD4)1 cluster potential wells
V} and that the clusters can be considered to be rigid.
RS
o The negligible isotopic red shift in the bxy bends also suggests
- that the cluster is rigid and that the entire observed spectrum is not
- solely due to internal rotation. The same rationale holds for the vdW
- stretch: its observation also dispels the notion that only rotor modes
" occur in the spectrum. No experimental isotopic shift can be determined
;: for the stretching mode, however, since it is not observed in the
.
:: ben(CH4)] system. Theoretically, the mode should red shift by 8.5% upon
’l
'.l
deuteration of the cluster solvent. The ben(CH4)1 stretch should then
; be at about 80 cm™! in the vibronic spectrum based upon the observed
g
- stretch in the ben(CD,), system. (The ben(CH,), stretch is calculated
1
: by the NCA to be at 82 cm™ 1),
if The ben(CD4)l cluster spectrum is also substantially richer than
- the ben(CH4)1 spectrum in the respect that both the vdW stretch and txy
< torsions are observed along with well developed t, torsion and bend
ﬁ progressions. This is probably due to more favorable Franck-Condon
’,
.i factors in the ben(C[)4)1 case resulting from the isotopic substitution
¥
As is the case for ben(CH,)l. H-T coupling influences the
i vibronic intensities (selection ranles) in the bvntrn4)] spectrum. The
-~
"
Cd
7
)
,l
o,
Jl
J" -
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nontotally symmetric modes t,. t and bxy all appear in the spectrum

Xy

with Av = 0, +1. *2, t3, ... selection rules as can be seen in Figure
3.2 and Table 3.1.
B. Ben(CFl)l.
Comparison of the calculated ground state vdW vibrations

(NCA) of ben(CF4)1 and the experimental cluster spectrum is presented in

1

Figure 3.4 and Table 3.2. The intense feature at 17.4 cm ' to the blue

of the ben(CF,); 6! t

o corresponds to the t, torsion calculated at 13 cm~

1

Thus, this feature and its first overtone at 35.4 cm ° are assigned to

1 .
the 6O vdW combination bands 63 tz(az)é and 6étz(a2)g. The shoulder

feature at 15.7 cm~! to the blue of the cluster 63 corresponds to the

vdW two-fold degenerate bxy bend fundamental calculated at 11 em ).

Taking this feature as the combination band 61b

1
o xy(e)o leads to the

assignment of the bxy bend first overtone Géb‘y(e)g at 32.3 cm 1.

1

Finally, the spectral feature at 39.5 cm™ " in the ben(CF4)l spectrum

corresponds to the txy torsion calculated at 36 cm'l. Thus, the feature

. ; 1 1
is assigned to the combination band Gotxy(e)o.

The ben(CF,), spectrum, like the ben(CD,), and ben(CH,), spectra,

suggests that the system is rigid. Since the rotational constant for

CF, 1s small (ca. 0.18 cml), the free rotor energy level structure

should appear at about .37 em™d

intervals. This structure is not
observed. Instead, the spectrum possesses oscillatory torsional
structure commensurate with the NCA theoretical predictions. These
theoretical and experimental results demonstrate the rigidity of the
systems.

The §; « §, excitation of the ben(CF,); cluster involves very

(o]

little change in cluster geometry. 1In this spectrum, the progression
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intensitiers decrease dramatically at energies greater than the h)
cluster origin. In the lowest two vdW mode progressions. the inten
sities decrease approximately 13% between the mode fundamentals and the
first overtones. Furthermore, the high energy vdW stretch calculated at
69 cm~! is not observed. At these high energies, the Franck Condon
factors must be very small.

The observation of the nontotally symmetric vdWw bxy bends and the
t, torsion progressions with a Av = 0, #1, *2 ... selection rule
suggests that interelectronic state mixing (H-T coupling) is an impor-
tant contributor to the mode intensity mechanism. As in the ben(CH4)1
and ben(CD4)1 cases, H-T coupling becomes apparent in the low lying vdW
modes of the ben(CFq)] system. In fact, the interelectronic state
mixing is substantial in the ben(CF4)1 system and can be demoanstrated by
the observation of the well defined bend fundamental at 15.7 cm™! and by

the observation of the tx torsion fundamental (39.5 cn'l). Both of

y
these latter features should not be observed if H-T coupling is not

present.

Summary and Conclusions.

Two-color TOFMS and supersonic molecular jet techniques have been
employed to study the S1 - So vibronic spectra of ben(CD4)] and
ben(CF4)1 vdW clusters. These studies reveal detailed information re-
garding the geometries, the intermolecular energetics, and the physical
nature of the vdW interactions present in the systems. The experimental
observations demonstrate that the clusters are at least semi-rigid
systems possessing unique equilibrium geometries and that the intermole
cular motion present in the systems is oscillatory. Through comparison

of these spectra with those of ben(CH4)1 previously studied in this
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laboratory., the (sotople shifts observed 1o the ocerme e 0y
vibrontc structyres demonstrate that all the jow lying 1nterm e
elgenstates are nearly harmonge They are not adm vtogres  f BRI
intermolecular bends and stretches and free intermalecular ot at o -
would occur 1f the clusters behaved nonripidly

The rigjdity of the clusters is further demonstrated by theoret
cal treatment of the intermolecular motion. Both the NCA and D HRRA
models indicate that the intermolecular torsional motion 1s aoscillatory
and that the motion is constrained by an orientationally dependent
intermolecular potentiul. Detailed analysis of the intermolecular
interaction reveals that the torsional motion is governed by a three
disensional potential possessing torsional barriers on the order of the
cluster binding energy. At this barrier magnitude, torsional tunneling
in the lower portions of the potential is minimal and the residence time
of the cluster constituents in a particular well minimum is substan
tially longer than the timescale of experimental observation.

The assignment of geometry and identification of the intermole
cular modes using the theoretical models has also proven useful in
understanding the physics governing the spectroscopic properties of the
clusters. The observation of nontotally symmetric intermolecular mode
fundamentals and combination bands in the vibronic spectra suggest that
interelectronic state mixing (H-T coupling) is an important factor in
the overall intensity mechanism governing the transitions. Addition
ally., the interelectronic state mixing is most important for the low-
lying intermolecular bending and torsional modes

Both the NCA and the 3D-HRRA adequately mode] the intermoleculal

modes in the systems studied; however, the NCA is the more useful here
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one dimensional rotation occurling in "attached tops” such as toluene
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CHAPTER FOUR

HYDROGEN RONNED AND NON-HYNROGEN BONDED VAN DER WAALS

CLUSTERS:

.\. SRR RSy

COMPARISON BETWEEN CLUSTERS OF PYRAZINE. PYRIMIDINE,

AND BENZENE WITH VARIOUS SOLVENTS

(Reprint contained in Appendix One)
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CHAPTER FIVE

SUPERSONIC MOLECULAR JET STUDIES OF THE PYRAZINE AND

PYRIMIDINE NIMERS

.
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(Reprint contained in Appendix Two)
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CHAPTER SIX

SUPERSONIC MOLECULAR JET STUDIES OF PHTHALOCYANINES AND

THEIR VAN DER WAALS CLUSTERS WITH SMALL MOLECULES

Introduction.
Supersonic molecular jet spectroscopy can be utilized to study
weakly bound solute/solvent van der Waals (vdW) clusters in the gas

1 These investigations have increased our understanding of the

phase.
intra- and intermolecular energetics and dynamics present in the solute/
solvent systems as well as the nucleation and growth of small
cluster‘s.g'11 The vdW clusters studied in our laboratory thus far
center around aromatic hydrocarbon and N-heterocycle solutes clustered
with small hydrocarbon and hydrogen bonding solvents. We are currently
expanding our studies of solute/solvent systems to include clusters of
small molecules with macrocycles, such as free-base phthalocyanine
(H2Pc) and magnesium phthalocyanine (MgPc).

Considerable interest exists in phthalocyanine (Pc) compounds as
coloring agents, photosensensitizers, organic semiconductors, and as
model systems for biologically important species, such as porphyrins.
Pc's have exceptional color, chemical, temperature, and solubility char-
acteristics which make them attractive for use as coloring agents in
commercial dyeing and painting processes.12 The uniqgue electrical pro
perties of Pc's serve as bullding blocks in a number of important tech-

nical applications involving electronic devices. For example, thin film
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sandwich photovoltaic cells containing Pc's have been fabricated which

possess photocurrent quantum efficiencies of as much as 10%.13 pe films

have also been shown to possess both n- and p- type semiconductor pro-

\ perties.l4

Of particular interest are the interactions between Pc's and

other molecular species. Pc films have been observed to respond elec-

: trically to the presence of vapors such as BF,, NO,, and NH3.15 Inter-
action between the film surface and the vapors produces reversible and

reproducible film conductivity changes which make the measuring of

molecular concentrations of these species at the ppm to ppb levels

possible. Pc's and porphyrins have also been studied as photocatalysts
for the reduction of water to hydrogen.16 Photochemical generation of
; hydrogen from water is a very attractive goal for photochemical storage
of solar energy. Since water does not absorb at solar wavelengths
present at the earth's surface, the photoreductive reactions must be
sensitized by dyes. Pc's are good candidates as dyes in this respect
since they absorb in the visible spectrum where peak solar radiation
0CCUPS.17 The elucidation of the trapping and transduction mechanisms
. of solar energy into useful chemical energy is of particular importance
in these systems as it may yield insight into the understanding of the

basic process of photosynthesis in binlogically active systems such as

j green plants and bacterla.18 Studying the interactions between Pc's and
7 small "solvents" may also prove useful in understanding the transport
. and storage of small molecules and the transfer of electrons in a

variety of biologically active species such as hemoglobin, myoglobin,

and cytochromes.19
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Supersonic molecular jet investigations can contribute to the
resolution of a number of important concerns dealing with the behavior
of Pc/solvent systems on the microscopic scale. Questions that can be
considered are (1) what are the ground and excited state interaction
energies between Pc and various solvents, (2) what are the preferential
intermolecular interaction sites on the Pc moiety, (3) what are the most
favorable cluster geometries, (4) what types of interactions are impor-
tant in the intermolecular potential established between the solute and
solvent, and (5) are changes in the chromophore symmetry/geometry
induced by clustering. The answers to these questions will certainly be
helpful to those employing Pc's or related systems in reactions and
other chemical processes.

In this paper, we report the spectroscopic results of HaPc and
MgPc clustered with hydrocarbon solvents (CH,, C,Hg, and CyHg), hydrogen
bonding solvents (Hao, MeOH, EtOH), and CO, along with the calculated
modeling of selected cluster characteristics. The spectroscopic results
include the n* «~ n fluorescence excitation (FE) spectra of the clusters
near the Pc Og transition. The calculated results include the ground
state geometry and the binding energy for each of the cluster systems
studied. The H2Pc cluster spectra and calculated geometries and binding
energies are compared with those obtained for the MgPc clusters
Differences and similarities between the H2Pc(Mch) clusters and the
aromatic hydrocarbon and N-heterocycle clusters are discussed. Specifi
cally, trends in spectral shifts, relative solute/solvent orientations.
and binding energies are noted. Finally, the results of an out-of plane
normal coordinate analysis for Pc are discussed and compared to both Pc

and cluster spectra within the first few hundred wavenumbers of the

origin transition.
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Experimental Procedures.

The majority of the apparatus used in these experiments has been
previously descrlbed;a’7 therefore, only a description of the equipment
and procedures unique to the present studies will be discussed. A high
temperature continuous supersonic nozzle fabricated to generate and
analyze the HyPc and MgPc clusters in shown in figure 6.1. The expan-
sion region is constructed by welding a stainless steel pinhole (Micro
Engineering) A onto a 1/4 inch tube connector gland (Cajon VCR) B. The
pinhole/gland is attached to the nozzle backing region C using a 1/4
inch tube connector (Cajon VCR) D. Stainless steel gaskets are used to
insure proper connector sealing throughout the nozzle operating tempera-
ture range. This setup allows different size pinhole assemblies (nozzle
throats) to be attached to the nozzle to obtain various peak experimen-
tal backing pressure and gas throughput conditions. A 100 micron
pinhole is used to perform the expansion in the H2Pc and MgPc cluster
experiments. The nozzle backing region is constructed from 1/2 inch
stainless steel tubing. The tubing extends through the vacuum chamber
wall E passing through a vacuum quick disconnect (MDC Vacuum) F. Con-
nection of the nozzle to the expansion gas line is accomplished using a
stainless steel tube connector (Swagelok) G. Solid samples are placed
in the nozzle backing region using a quartz "boat” H which can be
inserted into the nozzle through the expansion gas line connection. The
"hoat"” faciflitates access to the nozzle backing region while the nos/1e
is in the vacuum chamber and is heated. [t allows for easy inspection
of the sample during and after ap experiment without nozzie removal or

nozzle cooling. The nozzle is heated using two heating coils (ARI

Industries) I located around the expansion and backing regions. The
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heaters are capable of maintaining the nozzle at temperature up to
650°C. The heaters are independently controlled using two transformer

assemblies. Nozzle temperature is monitored using two iron-constantan

thermocouples (Omega) J placed around the expansion and backing regions.

The nozzle’/’heater assembly is enclosed in a stainless steel shield K to
minimize heat loss and to maintain uniform nozzle heating.

FE spectra of the H2Pc. MgPc, and their respective solvent
clusters are obtained using a Nd+3/YAG pumped DCM (Exciton) dye laser
Dye laser output is 46-60 mJ/pulse in the vicinity of the H2Pc and MgPc
Og transitions. Total excited state fluorescence is collected using a
£/1.2 5 cm lens focused at 5-8 mm in front of the nozzle throat and
deiected by a water cooled RCA C31034 photomultiplier tube. The photo-
multiplier tube output is amplified 10x using an Ortec 9301 amplifier.
The signal is then sent to a boxcar/computer for averaging and digital
storage. Fluorescence wavelength calibration is provided by an optogal-
vanic cell with iron and neon lines as standards.

H2Pc (Aldrich) and MgPc (Eastman Kodak) are purified by vacuum
sublimation before use. The solid samples are pelletized prior to
insertion into the nozzle to minimize consumption. Granular samples
placed in the nozzle are consumed at a rate of ca. 45 mg/hr. Pelletiza-
tion reduces sample consumption by about a factor of thirty without
significant loss in fluorescence intensity.

The HyPc and MgPc solid samples are heated to 380-640° C to
provide sufficient vapor density to perform the spectroscopy. Methane,
ethane, propane or carbon dioxide is doped into helium carrier gas at
concentrations of up to 1% (partial pressure). The gas is then mixed

with the H,Pc or MgPc In the nozzle backing region and expanded using
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pressures ranging from 100-200 psig. Water, methanol, or ethanol is
seeded into the helium carrier gas by passing the carrier gas through an
inline trap containing the liquid solvent.

Calculations of the ground state cluster binding energies and
geometries are conducted using an empirical intermolecular potential
generated from additive atom-atom potentials set into a Lennard-Jones
format. The potential includes general non-bonding (6-12), monopole
charge (1), and hydrogen bonding (10-12) terms.2? The HoPc and MgPc
structures used in the calculations are obtained from crystal structure
data.21 The atom-atom potential for magnesium is approximated using

experimentally determined polarizabilitieszz, interatomic distance23.

and the Slater-Kirkwood approximation24. Atomic partial charges
employed to model the monopole charge interaction are taken from ex-
tended Huckel25 calculations. The hydrocarbon and water structures are
those previously used in studying benzene and N-heterocycle
clusters.®'8710  The CO,, MeOH, and EtOH structures are taken from ref.
26, 27, and 28, respectively.

The out-of-plane normal coordinate analysis for HaPc is conducted
using the FG matrix method of Wilson et. al.29 The details of the
analysis will be reported elsewhere.30 Briefly, the nuclear motion is
modeled using a set of 82 internal coordinates; 48 C-C{(N) bond torsions,
18 C(N)-H bond wags, and 16 C-C(N) bond wags. The valence force field
for the F matrix consists of the diagonal force constants describing the
out-of-plane ground state motions in benzene.3! [n this gross approxi-
mation, all H,Pc bond torsions force constants are assumed to be the

same as the C-C torsions in benzene. Al]l bond wag force constants are

assumed to be the same as the benzene C-H wags. The secular equation

.
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describing the nuclear motion is symmetry factored into four species

sets (81U' A B and B3g) under the 02h point group. The factored

u 2g’

equations are individually diagonalized to yield 15 Biyr 13 A,

13 Bzg'
and 14 B3g out-of-plane frequency eigenvalues and eigenvector normal

modes. (See Table 6.1).

Results.

A. TIsolated Ultracold Molecular FE Spectra of HyPc and MgPc.

Figure 6.2 presents the FE spectrum of the H2Pc Sy~ S,

transition (Qx band) in the vicinity of the Og. The spectrum is taken
at 200 psig helium backing pressure (Po). a nozzle expansion region
temperature (Te) of 570°C, and a nozzle backing region temperature (Tb)
of 460G°C. The general nature of the spectrum has been previously
described.32 The purpose of its reproduction in this paper is 1) to
present a detailed account of the low frequency vibronic transitions
observed in the vicinity of the Og which have not been previously
reported in the literature Table 6.2, and 2) to provide an isolated
chromophore spectrum which can be compared to the cluster spectra, all
of which are taken under nearly identical experimental conditions.

The FE spectrum of the MgPc Sy - S, transition {Q band) in the
vicinity of the Og is shown in Figure 6.3. The spectrum (s taken using
P, = 120 psig helium, Te = 630°C, and Tp = 397°C. Table 6.3 lists the
energies of the vibronic transitfons observed in this portion of the
spectrum.

B. Hydrocarbon Clusters: CH4, CoHg. and CaHg.

The Hch/hydrocarbon cluster FE spectra observed in the

vicinity of the H,Pc 08 are presented in Figure 6.4. The energies of
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TABLE 6.1

Calculated out-of-plane mode frequencies for H2Pc.

Calculated Dop, Observed Overtone 2

Mode Energy Symmetry Energy Mode
{ecm™ %) Species (cm™ %) Designation
14.8 Blu 31.2 (15.6) A
24.5 Blu 51.8 (25.9) B
84.0 Blu 163.7 (81.9) C
33.1 Au 71.4 (35.7) D
71.7 Au 141.7 (70.9) E
38.8 BZg 85.4 (42.7) or 100.6 (50.3) F
72.1 B2g 176 (88) or 203.1 (101.8) G
38.2 B3g 85.4 (42.7) or 100.6 (50.3) H
T1.4 BSg 176 (88) or 203.1 (101.6) J

a) Values in parentheses are forbidden fundamental mode energies
inferred from overtone transitions.
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Free Base Phthalocyanine

Figure 6.2

FE spectrum of Og region of H,Pc taken at T, = s700C, T, = 460°C, and

P, = 200 psig He. Peak assignments are given in Table 6.2,
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TABLE 6.2

Observed vibronic transitions in the vicinity of the H,Pc Og.

Energy Wavelength Energy Relative
(vac. cm ) (vac. A) to Og (cm_l) Assignment 2
15131.8 6608 .6 0 g
15163.0 6595.0 31.2 A2
15183.6 6586. 1 51.8 B2
15193.9 6581.6 62.0 Ad
15203.2 6577.6 71.4 D2
15215 .6 6572.2 83.8 A% + B2
15217.2 6571.5 85.4 F2 or H2
15225.8 6567.8 93.9 (b)
15228.0 6566.9 96.2 Al . c!
15232 4 6564.9 100.6 FZ or 2
15258.7 6553.6 126.9 (b)
15273.5 6547.3 141.7 E2
15290.5 6540.0 158.7 126.9 + A2
15295.5 6537.9 163.7 c2
15307.8 6532.6 176 62 or 2

a) Assignments based on
(see Table 6.1)}.

normal coordinate analysis results

b) Modes possibly due to in-plane motion.
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Magnesium Phthalocyanine

15600

Figure 6.3
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Peak assignments are given in Table 6.3.

FE spectrum of 0) region of MgPc taken at T = 630°C, T = 397°C, and
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TABLE 6.3

Observed vibronic transitions in the vicinity of the MgPc OSA

Energy Wavelength Energy Relative

(vac. Cm']) (vac. A) to 03 (cn_l) Assignment 3
15612.1 6404.5 0 09
15643.0 6392.6 30.9 A2
15666.7 6383.0 54.6 B2
15673.2 6380.3 61.1 ad
15704.4 6367.6 92.3 P2 or 2
15709.0 6365.8 96.9 (b)
15714.6 6363.5 102.5 Fg or Hg
15742. 1 6352.4 130.0

15750. 1 6349 .2 138.0 e
15778.0 6337.9 165.9

15783.5 6335.7 171.4

15786.0 6334.7 173.9 (b)

a) Assignments based on

(see Table 6.1).

b) Modes are due to in-plane motion.

normal coordinate analysis results

AT AT AYATE T

o

-

A

LA

e s N ¥

AR

PP RS



.........

-----

115

HZF'C'CnHZn +2
I
n LJ\_—/\
A
! tkaHVNj\F”¢‘\
IT 8
WC
i L 1 1 § & L
-40 0] 60

Figure 6.4

PE spectra of HyPc/ChHan,p clusters in the vicinity of the HyPc 03. The
Hch(CH4)1 spectrum (A) is taken at T, = 540°C, Ty = 430°C, P, = 200
psig He, and .1% CH,. The H2Pc(C2H6)1 spectrum (B) is taken at T, =
540°C, Ty, = 430°C, P, = 160 psig He, and .1% C,Hg. The HoPC(CqHg)
spectrum (C) is taken at T, = 580°C, Ty = 435°C, P, = 160 psig He,

and .1% C,iHg. Peak assignments are given in Table 6.4.
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the observed cluster transitions are listed in Table 6.4. In these

experiments, solvent concentration is varied between .07 and 1% and the
backing pressure is varied between 0 and 300 psig. Below .07% soivent
concentration, no cluster transitions are observed; above about .3%, the
cluster spectra appear broad and featureless to the red of the H2Pc Og.
Below 50 psig backing pressure, the spectra become broad; at 100 psig to
300 psig, no new cluster transitions emerge in the region probed.

Sharp spectra of MgPc/hydrocarbon clusters could not be gener-
ated. Through the range of .06 to 3% solvent concentration, the spectra
vary from no observable cluster transitions to broad cluster bands which
extend some 60 cm™! to the red of the MgPc origin.

The ground state geometries calculated for the H,Pc/hydrocarbon
clusters are shown in Figure 6.5. The cluster binding energies and
solJute/solvent center-of-mass coordinates are listed in Table 6.5. For
H2Pc(C2H6)], a geometry nearly isoenergetic with geometry II is calcu-
lated but not shown. The geometry is largely the same as II but has the
C2"6 long axis rotated by 90° about the H2Pc symmetry 2z axis with
respect to geometry II. The geometry has a binding energy of 1564 em L
For HEPC(CSHS)J’ two additional cluster geometries are calculated and
not shown. Geometry JI] is similar to geometry II in that the solvent
Cz axis lies perpendicular to the HyPc molecular plane; however, the
C3"8 Is inverted in this geometry with respect to geometry I. The

cluster binding energy is 1975 em L, Geometry IV is nearly isoenergetic

with geometry I. The geometry is largely the same as [I but has the
C3H8 rotated by 909 about the HyoPc symmetry 2z axis. This geometry has a
binding energy of 2202 em L,
T T S S S A T U A RS S RN AN 0N
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TABLE 6.4

H2Pc/Hydrocarbon cluster transitions in the vicinity of H2Pc 08

Cluster Energy
09 Rela- Relative
tive to HoPc to Cluster
Species . - 0o (cm™ ) Og (cm'l) Assignment

H2PC(C3H6)1

o ‘J‘('-‘.H¢\a”~‘ NN * TRTRTS LTS Ty PRI
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Figure 6.5
Calculated minimum energy geometries for HaPc(CH,), (A), H,oPc(CoHg),

A

4 (B), and HyPc(C4Hg); (C). The cluster binding energies and solute/

solvent center-of-mass coordinates are given in Table 6.5.
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C. H20. MeOH., and EtOH Clusters with H2Pc and MgPc.

Figures 6.6 and 6.7 and Table 6.6 present the H,0, MeOH. and
EtOH, solute/solvent cluster spectra observed in the vicinity of their
respective H2Pc and MgPc Og transitions. The Hch cluster spectra are
observed using P, = 150 psig helium, Te = 570°C, and Ty = 135°C. The
MgPc cluster spectra are observed using PO = 135 psig heliunm,
Te = 630°C, and Tb = 480°0C.

The ground state geometries calculated for the above mentioned
cluster series are shown in Figures 6.8 and 68.9. The cluster binding
energies and geometry specifics are listed in Table 6.5. For
H2Pc(Et0H)], a geometry similar to geometry I is calculated but not

shown. The cluster binding energy is 2053 emn” !

This geometry has the
EtOH rotated by 90° about the Hch symmetry z axis with respect to I.
D. CO2 Clusters of H2Pc and MgPc.

The H2P0/002 and Mch/C02 FE spectra observed in the vicinity
of the cluster chromophore 08 transitions are shown in Figure 6.10. The
cluster transition energies are listed in Table 6.7. In these experi -
ments, both backing pressure and CO, concentration are varied. As in
the HZPc/hydrocarbon cluster experiments, no new or additional sharp
cluster transitions are observed under these conditions. The ground
state cluster geometries for HzP(:(C()z)I and Mch(COz), are shown in

Figure 6.11. The cluster binding energies are listed in Table 6.5

Discussion.

Before anrlyzing the individual cluster systems in detail. we
will discuss the low frequency out-of- plane vibrational motion of
isolated H2Pc and MgPc. Elucidation of the out-of-plane motion in these

molecules is essential to the understanding of the cluster spectra and
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Pigure 6.6

FE spectra of HaPc/ROH clusters in the vicinity of the HaPc 08. The
spectra are obtained using T, = 570°C, Ty = 435°C, and P, = 150 psig

He. Traces (A), (B), and (C) correspond to H,Pc(H,0),, H,Pc(MeOH),, and

HZPC(EtOH)l, respectively. Peak assignments are given in Table 6.6.
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i MgPc-ROH

Figure 6.7

FE spectra of MgPc/ROH clusters in the vicinity of the MgPc Og' Traces

(A), (B), and (C) correspond to Mch(HZO)]. Mch(MeOH)l. and Mch(EtOH)l

respectively. The spectra are taken at Te = 630°C. Ty = 480°C. and
P, = 135 psig He. Peak assignments are given in Table 6.6. The arrows

indicate cluster transitions.

e AR B et Bl

- .



and MgPc Etoﬁ)1 cluster transitions in the viclnities of the
' chromophore 08.
Cluster 0° Energy
Relative to Relative
Energy to H,Pc/MgPc to Cluster
. -1 0 -1 o ~1 R
Species (vac. cm™ ) 0y (em™7) 0y (cm™ ) Assignment
- ¢}
HaPc (H0), 15060.6 71.2 0 09
15076 .3 15.7 Al
15091.8 31.2 A2
15108.2 47.6 a3
15115.7 55.1 B2
(o]
HyPc (MeOH) 4 15049.8 -82.0 0 0
15066. 1 16.3 a)
15081.2 31.4 A2
HyPc(EtOH), 15040.9 -90.9 0 1 o9
15035.3 @ 15.8 Al
15051.7 2 32.2 A2
15048.5 -83.3 0 I of
15064.6 16.1 al
15080 . 2 31.7 Al
.
A
o MgPc(H,0), 15658.7 16.6 0 08
- 0
. 15672.6 13.9 Al
& 0
- 15683.0
o 15687.8 29 1 A%
y 15696. 4 37.7 Floor i
N 8]
™ 15715.8 57.1 B2
2 .
D
'Y
5
l‘.
v
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TABLE 6.6

HQPC(HZO)}, HOPC(MPOH)I. HOPC(EtOH)l, Mch(Hgo) , MgPC(MeOH)l.
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TABLE 6.6 (Continued)

«TaWa¥y

Cluster 08 Energy
Relative to Relative
Energy to H2Pc/Mch to Cluster
) R -1 o) ~1 0 -1 .
Species (vac. cm ) 05 (cm ) 0, (cm ) Assignment
15660.4 48.3 0 08
15674 .6 14.2 Al
& 15690.2 29.8 A2
15701.0 40.6 P! or H!
, 0 Q
15717.3 56.9 Bg
MgPc(MeOH),  15658.4 46.3 0 0d
15672.5 14.1 al
15687.9 29.8 Al
15696.8 38.4 Fé or Hl
15713.7 55.3 B2
15660.4 48.3 0 og
15674.8 14.4 al
15690.3 29.9 Ag
1 ]
15701.2 40.8 F0 or m\
15717.8 57.4 eg
MgPc(EtOH) 15661.7 49.6 0 og
15676.3 14 .6 “i
15684 .7
15700.6 38.9 P; or H!
15714.6 52.9 RS

a) Weak features (Figure 6.6) - assignment must be considered tentative
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R i e g on

Figure 6.8
Calculated minimum energy geometries for H2Pc(H20)1 (A), H2Pc(Me0H)1

{B), and H,Pc(EtOH), (C). The cluster binding energies and solute/

solvent center-of-mass coordinates are given in Table 6.5. A
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Figure 6.9
Calculated minimum energy for Mch(H20)1 (a), Mch(MeOH)l (B), and
Mch(EtOH)1 (C). The cluster binding energies and solute/solvent

center-of-mass coordinates are given in Table 6.5.
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Figure 6.10

FE spectra of Hch(coz)I. and Mch(Coz)l in the vicinities of the
cluster chromophore 09 transitions. The H,Pc(CO,); spectrum (A) is
taken at Te = 5000C, Tb = 485°C, P° = 150 psig He, and .2% CO,. The
MgPc(CO,)y spectrum (B) is taken at T, = 443°C, T, = 412°C, P, = 150
psig He and .2% CO,. Peak assignments are given in Table 6.7. The

arrows indicate cluster transitions.
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TABLE 6.7

HZPC(COZ)I and Mch(CO ) cluster transxtxons in the
vicinity of the chromophore 0

Cluster Og Energy
Relative to Relative
Energy . to H2Pc/Mch to Cluster
Species (vac. cm ) o (em™ ) 08 (ca™ ) Assignment
o
H,Pc(CO,), 15145.8 14.0 0 0o
15161.2 15.4 Al
15176.5 30.7 Ag
a 0O
MgPc(CO,), 15630.0 17.9 0 02
15649.9 19.9 Aé
15664 .6 34.6 Al
15634 .7 22.6 2 0 og
15655 .8 21.1 Al
15667.0 32 1 18

a)

Transitions correspond to same cluster species (see text)




129

P

P As P

SURCNEMENENE N

DA AN

Figure 6 .11
Calculated minimum energy geometries for “ZPC(COZ)I (A) and Mch(COz)l

(B). The cluster binding energies and center-of-mass coordinates are

given in Table 6.5.
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in the identification of the number of different clusters of a specific
composition observed. The nature of molecular motion associated with
each spectral feature is determined by using the results of an out-of-
plane normal coordinate analysis for isolated Hch. Table 6.1 lists the
nine lowest energy out-of-plane modes calculated. Given the qualitative
nature of the force field used in the analysis, the calculated vibra-
tional energies compare quite well with the fundamental energies
inferred from the observed overtone transitions presented ip Figure 6.2
and Table 6.2.

Three B, fundamentals are calculated at 14.8, 24.5 and 84.0 em 1,
In the isolated H2Pc spectrum, these vibrations are observed as sym-
metric overtones at 31.2 (Ag), 51.8 (B%), 682.0 (A‘é)_ and 163.7 (c:-c’,) cm~ L.
The symmetry forbidden fundamentals are thus located at 15.6, 25.9 and
81.9 cm~! using a harmonic oscillator assumption. Two Ay modes calcu-
lated at 33.1 and 71.7 cm”] correspond to the forbidden out-of-plane
fundamentals at 35.7 and 70.9 cm~! which are observed as overtones at
71.4 (Dg), and 141.7 (Eg) cm” 1. The two Bog (B3g) modes calculated at
38.6 (38.2) and 72.1 (71.4) cm1 correspond to the fundamentals of the
observed overtone transitions at 85.4 and 100.6 (Fg or Hg) cm~ ! and at
176 and 203.1 (G§ or Jg) cm™!. The low energy out-of-plane vibronic
transitions in the vicinity of the MgPc origin are similarly assigned
(Figure 6.3 and Table 6.3).

Five out of the nine lowest energy out-of-plane vibrations are
responsible for the vibronic transitions observed in the first 100 cm'1
of the HyPc S1 manifold. These five modes involve large amplitude

displacements of the four lsoindole groups comprising H,Pc. The quali -

tative forms of the motion can be described by the two sets of
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operations indicated in Figure 6.12: (a) the tilt of the isoindole .

groups around the line A through the pyrrole a carbons; and (b) the ;
rotation of the isoindole groups around the line B between the inner
ring nitrogens and the midpoint between outer benzene carbons. The By .

1 corresponds to (a) type motion in

vibration calculated at 14.8 cm~
which a set of opposite isoindole groups tilts out of the molecular
plane in one direction and other set of opposite isoindole groups tilts 3

out of the plane in the opposite direction. The Biu vibration calcu-

1 1

lated at 24.5 cm ~ is similar to the 14.8 cm™ ' mode; however, all the

isoindole groups tilt out of the plane about the A axis (Figure 6.12) in

the same direction. The mode form looks similar to the forming of a ,
"bowl" out of the phthalocyano skeleton. The Au mode (33.1 cm_]) in-
volves type (b) motion of adjacent isoindole groups in one direction and
the other two adjacent isoindole groups in the opposite direction. The .
motion Jooks like "ruffling" of the molecular skeleton. The Bzg mode
(38.6 cm']) corresponds to (a) and (b) type motions of opposite iso-
indole groups. The vibration form is such that one set of the opposite
groups tilts out of the molecular plane about A in different directions.
The other set of opposite groups rotates about B in the same direction.
Overall, the motion looks similar to the forming of a "chair" out of the ;
phthalocyano moiety. The 83g mode (38.2 cm‘l) form is similar to that

associated with the B2g mode. The motion is the same in both cases;

however, the (a) and (b) motion is exchanged between the two opposite

groups in the By, mode with respect to the motion in the By mode. .
Chromophore out-of-plane fundamental and’/or overtone transitions ;

are observed in the vicinity of the cluster origins (vide infra) for all »
of the Hch and MgPc systems discussed below. The observation of the ;
n

YT T Y e e




r PR S ST AN SRV NET X Rat DAY RaV et 0" 0.0 AC o0 ol of

132

Figure 6.12
Operations showing qualit

ative out-of-plane vibrational motion in

Hch/Mch.
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cluster chromophore out-of plane fundamentals in the cluster spectra can
be rationalized using the results of the above normal coordinate analv
sis and group theoretical arguments: clusters have reduced symmetry
with respect to the isolated chromophore H2Pc or MgPc but nearly iden-
tical chromophore molecular vibrations. For example, in the Hch(HEO)r
the symmetry is reduced from 02h to, at most, C2v (see Figure 6.8).
Under this reduced symmetry, the forbidden By fundamental vibrations in
isolated H2Pc carrelate to Ay vibrations in Coy The modes are there
fore fully allowed by symmetry and should, in principle. be observed if
Frank-Condon factors are favorable.

vdW vibrational mode eigenvectors and eigenvalues have been
calculated for a number of different solute/solvent systems, including
benzene, pyrazine, etc. with many of the same solvents employed in this
work.10:11  Based on these previous studies, we can estimate that the
lowest energy vdW modes for the H2Pc and MgPc ‘soivent systems are ca.
1

1

50 cm Thus, features between cluster origins and ca. +50 cm * are

most likely not vdW vibronic modes of the clusters. Moreover, these
same studies demonstrate that high energy vdW modes (> 50 em™ 1) do not

have large intensity due to poor Franck-Condon factors. A fuller dis-

cussion of these issues is presented below.

On the basis of the above notions, the cluster spectra are
analyzed using four premises. First, the cluster transitions are iden-
tified as those features not associated with the isolated H,Pc or Mgbe
moiety. Second, the cluster origins are assigned to be the lowest
energy cluster transitions observed. Third, the cluster vibronic mani

folds associated with each of the origins should. and do, exhibit

chromophore out of plane fundamental and overtone transitions
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commensurate with those observed and’or calculated for isolated H,Pc or

MgPc. And fourth, due to the similarity between the vdW potential

: surfaces for the chromophore SO and Sl states and the relatively large
'\

: energies (see below) of the vdW modes in these systems, little if any

\]

! vdW vibronic mode intensity should be observed.

! A. Hydrocarbon Clusters of H,Pc and MgPc.

¢ The HZPc’nethane spectrum, Figure 6.4a and Table 6.4,

- exhibits a cluster transition at 14.6 cm~! to the red of the Hch Og‘

j This transition is assigned to the Og of a single Hch/methane species.
; As discussed above, features 31.3 and 51.3 cm ! to the blue of the

; cluster 08 correspond to cluster chromophore out-aof-plane symmetric

: overtones, Ag and Bg. RBoth transitions are shifted by -14.6 em™ ) with
; respect to their corresponding transitions in the isolated HaPc spec-

; trum. The Aé transition is not observed as it may be weak and/or within
5 the linewidth of the HyPc isolated molecule 00.

; The cluster transitions are most likely due to H,oPc(CHy)y since

no new additional sharp transitions are observed when either the CHy4

Z; concentration or the backing pressure is increased. Increasing the FH4
5 concentration and/or backing pressure should yield higher order

' clusters. From prior experience with other solute’/solvent cluster

? systems.z"9 higher order clusters typically yield more than one set of
} cluster transitions. Additive shifts are also observed in most cases

Y resulting from inhomogeneous nucleation processes in which solvent mole
i cules bind symmetrically to opposite sides of the chromophore molecular
’

’ plane.

The predominance of 1:1 solute/solvent clusters in the expansion

may be rationalized on the basis of large solute/solvent binding enerpy

,..:N.r\'.r Py .-‘.r__'.-vr\.\-: Mad) ,;.\.r\: '.\.-\.-‘:\.-\.:\.:\_.-__..:__ e AT
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versus small solvent dimer binding energy. 1In the systems presently
studied, the solute’/solvent binding energies are sufficiently large that
when a solvent dimer collides with a solute molecule, the dimer dis-
sipates some of the cluster binding energy via vibrational predis-
sociation. This interactive collision leaves one solvent molecule bound
to the solute while the other solvent carries off enough of the cluster
energy to stabilize the vdW bond until further collisional cooling can
take place. These notions would lead one to conclude that 1:1 solute/
solvent clustering predominates in the other clusters systems analyzed
as well.

The existence of a single HyPc(CH,); geometry responsible for the
cluster origin in the spectrum is further corroborated by the ground
state configuration calculation depicted in Figure 6.5a. In this
geometry, the CHy cluster subunit is situated above the H,Pc plane and
is coordinated to the n-cloud of the aromatic ring. The cluster
geometry is interesting in the respect that the cluster solvent uniquely
lies nearly over the H,Pc core: none of the several potential cluster
sites located over each of the HyPc closed ring subunits is apparently a
true local minimum. One can envision three distinct cluster sites on
the H2Pc mojety: 1) above the H2Pc core (most stable); 2) above one of
its four five-membered rings; or 3) above one of its four six-membered
rings (least stable). If all three of these sites were physically
accessible, three different cluster spectral shifts should be observed
corresponding to the three distinct sites. Since the single cluster
origin in the spectrum suggests that only one geometry is stable, two
out of the three speculated minima are either nonexistent or not suf-

ficiently deep to accommodate bound state geometries. The observed
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cluster origin at -14.6 cm™! from the HoPc Og probably corresponds to a
geometry very similar to the calculated one (Figure 6.5a).

H2Pc clustered with ethane, Figure 6.4b and Table 6.4, reveals
two cluster origins at 25.9 and 18.8 cm™! to the red of the H,Pc 08.
Two weak transitions to the blue of the H,Pc 08 correspond to cluster
chromophore out-of-plane vibrations Ag built upon the two cluster
origins. The transition at -10.3 corresponds to the fundamental of the
out-of-plane cluster chromophore vibration Aé (15.6 cm"l) built upon the

1

origin at -25.9 cm °. The cluster chromophore fundamental built upon

the cluster origin at -18.8 cn~]

is not observed as it may be weak
and/or within the linewidth of the HyPc 08.

These cluster manifolds most likely correspond to H2Pc(C2H6)l
clusters since, as in the H2Pc(CH4)1 case, as both concentration and
backing pressure are varied, the spectrum does not yield any additional
sharp transitions. Furthermore, no additive spectral shifts are
observed indicative of higher order clusters with ethane subunits sit-
vated above and below the Hch plane. The same arguments used to
rationalize the predominance of 1:1 clusters in the H2Pc(cn4)l case are
applicable to this system as well.

The two H2Pc(C2H6)1 cluster geometries shown in Figure 6.5b
support the assignment of two cluster geometries. Both geometries have
the CZHG situated over the center of the H,Pc core as found for
H2Pc(CH4)1. Geometry I should yield a larger spectral shift than geo-
metry II based upon polarizability arguments previously discussed for
single ring cluster systems.2'8 Briefly, the species with the larger
spectral shift is associated with the solute/solvent relative orienta

tion for which the direction of the large solvent polarizability is
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perpendicular to the solute molecular plane. Using this argument, a
geometry similar to I would be associated with the cluster origin

25.9 cn”! to the red of the H,Pc 0. As mentioned in the Results
Section, two specific solvent orientations are consistent with the
qualitative solute/solvent geometry of calculated H2Pc(C2H6)] configura-
tion Il (see fig 6.5b). One would not expect a spectroscopic difference
between the two geometries as they differ by a 90° rotation about the
symmetry z axis of H2Pc. These two directions as far as the H2Pc moiety
is concerned should be roughly equivalent in terms of polarizabil-

ities and n-cloud overlap.

The HyPc/propane clusters, Figure 6.4c and Table 6.4, are
assigned on the basis of similar arguments presented for the other
two hydrocarbon clusters studied. In the spectrum, two H2Pc(C3H8)1
cluster origins appear at 33.4 and 25.1 cm™ ! to the red of the H,Pc Og.
Two cluster vibronic manifolds to the blue of each origin are assigned
to cluster chromophore vibronic fundamentals and first overtones. For
the cluster manifold beginning at -33.4 cm‘l, the Aé occurs at 14.8 cm !
to the blue of the cluster Og. For the cluster manifold beginning at -
25.1 em~ 1, the Aé and Ag occur at 15.7 and 31.4 cm~! to the blue of the
cluster 08.

Geometries similar to those shown in Figure 6.5¢ could be assoc-
iated with the two observed cluster manifolds. Different spectral
shifts for the two geometries most likely result from difference in
n-cloud solvation. The propane solvent interacts less with the H2Pc
7-cloud in geometry I1 than in geometry I since the ”3 axis of the
cluster solvent (direction of small polarizability) is perpendicular to

the H2Pc molecular plane in geometry Il but parallel to the plane in
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geametry I. A geometry similar to I could thus be responsible for the

1

cluster manifold beginning at -33.4 cm ° and a geometry similar to II

could be associated with the manifold beginning at -25.1 em L.

The H,Pc(C,Hg), and the H,Pc(C4Hg), spectra exhibit Al transi-
tions which are forbidden in isolated H2Pc. A similar change in selec-
tion rules upon clustering has been reported for the benzene/solvent
systems.z'g“11 In the latter systems, the observations suggest that the
presence of the cluster solvent over the solute molecular plane is
sufficient to induce the forbidden benzene Og transition if the three-
fold rotation axis of the solute is destroyed. Furthermore, the selec-
tion rules governing the intermolecular vdW motion follow the reduced
symmetry of the cluster systems. This minimum perturbation may also be
the driving force which induces the vibronic transitions in the HZPC/
hydrocarbon clusters. The perturbation in the present instance may
even be large enough to cause the cluster chromophore to adjust its
geometry in an attempt to wrap itself around the cluster solvents to
establish optimal m-cloud overlap. The observation of the Blu funda-
mental at 15 cm~! serves as evidence supporting this notion as molecular
displacement along this coordinate appears to yield favorable Franck-
Condon factors. The Aé transition is also observed in all the other
H2Pc and MgPc clusters studied as well. These observations would lead
one to conclude that the clusters are not planar in the excited elec-
tronic state.

In general the H,Pc/hydrocarbon cluster series is similar to the
benzene and N-heterocycle’hydrocarbon cluster series previously
studied.2:8.10.11 e HoPc/hydrocarbon clusters Sy - S, transitions all

o

exhibit bathychromic shifts with respect to the cluster chromophore
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The direction of the shifts is the same as that observed in

transition.

the single ring cluster systems. These shifts indicate that the binding

energies of the clusters become larger in the electronic excited state

than in the ground state. Upon excitation, the cluster chromophore

n-cloud expands and becomes more diffuse. The 7-cloud can thus partici-

The net result is

pate more effectively in intermolecular bonding.

stabilization of the vdW bond and a larger binding energy in the cluster

S1 state relative to the SO state.

As in the single ring cluster systems, the Hch/hydrocarbon

cluster spectral shifts and calculated binding energies increase with

The shifts also depend

increasing solvent size and n-cloud overlap.

upon the relative orientation of the cluster solute and solvent. The

spectral shifts for the H,Pc’hydrocarbon series are about a factor of

two smaller than thase observed in the single ring aromatic/hydrocarbon

systems. The difference in the spectral shift magnitudes can be attri-

buted to smaller changes in the intermolecular interaction resulting

from smaller overall m-cloud overlap between the solute and the solvents

at the H,Pc core site. The conjugated =r-electron path in HoPc circles

around the core yielding a n-cloud "void" at the central core of the

molecule. Thus, cluster solvents situated over the core do not overlap

with the solute n-cloud as much as they do in single ring systems. The

large size and extensive delocalization of the solute n-cloud may also

be contributing factors since they minimize electron density changes at

the binding site when an electron is promoted from a 7- and a

r*-orbital.

w s ve N

The cluster geometries calculated for the Ho,Pe/hydrocarbon

series compare well with the geometries calculated. and in some cases
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experimentally verified, for the single ring cluster series as far as
the cluster solvent orientations are concerned. The geometries, however,
are unique in the respect that both the spectra and the calculations
suggest that the favorable binding site is the H2Pc core and is not at
peripheral ring renters.

The one major difference between the Hch’hydrocarbon cluster
spectra and the benzene’/hydrocarbon cluster spectra is the absence of
observable intermclecular vdW mode intensity in the H2Pc cluster
spectra. The lowest energy vdW motion (bending) is expected to be
observed at about 50 cm ! to the blue of the cluster origins based upon
calculational modeling of intermolecular mode energeticsﬂo'll The vdw

stretch is expected to occur at about 100 cm!

above the cluster origin.
The absence of Av = +1 vdW mode transitions in the H,Pc clusters may be

due to poor Franck-Condon factors. The large size and extensive delocal-

ization of the H2Pc 7-cloud yields little change in the electron density
at the cluster site when a single electron is promoted from a n- to a
7*-orbital. Thus, one might expect that the intermolecular potential
surfaces of the two states are nearly superimposable even though the
binding energy of the excited state is slightly different (ca. 1%) than
that of the ground state. The net result is the observation of vdW
sequence structure (Av = 0) giving rise to cluster origins and cluster
chromaphore vibrations only. These arguments probably hold for all the
cluster systems investigated in this stundy as well.
B. Hy0, MeOH, and EtOH Clusters of H,Pc and MgPc.

H2Pn clustered with H,0. Figure 6.6a and Table 6.6, yields a

spectrum exhibiting a single cluster vibronic manifold with an origin

71.2 ¢m ! to the red of the HoPe 08‘ The single cluster (chromophore)
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i vibronic manifold suggests that one H2Pc/H20 species is responsible for
the observed spectrum. The spectrum is assigned to HZPC(HZO)I based
upon the same arguments developed for the H2Pc/hydrocarbon clusters.
The assignment is supported by the ground state configuration calcula-
tione for which a single geometry is obtained, Figure 8a. In this
geometry, the H,0 is situated over the H,Pc core. The transitions at

15.7, 31.2, and 47.6 cm” !

- W

to the blue of the cluster Og correspond H,Pc
out-of-plane vibrations Al, Ag and Ag. The feature at 55.1 cm™ ! to the
blue of the cluster 08 corresponds to the Bg cluster chromophore

transition.

PP

Clustering Hch with MeOH yields a cluster spectrum, Figure 6.6b
and Table 6.6, associated with Hch(MeOH)l which has an origin 82.0 cm!
to the red of the HyPc 08. The cluster chromophore out-of-plane vibra-
tions Aé and Ag are observed at 16.3 and 31.4 cm~! to the blue of the
cluster Og. The assignment of a single cluster manifold is supported by
the single calculated ground state geometry obtained (Figure 6.8b).

HoPe cluster with EtOH, Figure 6.6c and Table 6.6, yields a
spectrum exhibiting two cluster {(chromophore) vibronic manifolds which
can be assigned as due to two H,Pc(EtOH), species. The first cluster
origin is at 90.9 cm™! to the red of the HoPc 03 and the second cluster
manifold begins at 83.3 em™! to the red of the H,Pc Og. The cluster
chromophore vibrations Aé and Ag can be identified in these manifolds at
16.1 and 31.7 cm ™1,

The two HyPc(EtOH){ cluster species responsible for the observed
spectrum can be associated with geometries similar to those shown in

Figure 6.8c. In geometry I the EtOH solvent interacts more with the

Hch n-cloud than in geometry II and, therefore, geometry I should




- w e
[ 4 [t s

ey

P

SAALSS Y

AR Y WY

AL HH8S

«ae
LR

SEAR AR Y

Ll Tl WY
LA LI

XA

&
’
o
Cd
+
o
g
~ ]

J " A OSSN LA N oS S . S SR S e AL A ol - sy ML afle- dhacamne .

exhibit a larger spectral shift. Thus a geometry similar to I cogld he

associated with the cluster whose origin is at 909 m !

and g peomety
similar to Il could be associated with the cluster whose origin 1< 1t
-83.3 cmn”! with respect to the H,Pc 08.

The HZPC/HZO' /MeOH, and ‘EtOH cluster spectra suggest that the
solvent OH group is intimately involved in the intermolecular intera
tion. The red shifts for all three clusters are similar and larger than
those observed in the H2Pc/hydrocarbon systems. The MeOH and EtOH
cluster shifts are larger than that observed in the H,0 cluster sugges
ting that the shifts are dependent upon the combined effects of the OH
group and the hydroplobic portions of the cluster solvents. 1If, on the
other hand, the alkyl groups were pointing toward the solute, one would
expect the spectral shifts for MeOH/EtOH clusters to be similar to those
observed in the hydrocarbon clusters. In these geometries, the alkyl
groups would be the major contributors in the intermolecular
interaction.

The large spectral shifts, the interaction of the OH group with
H2Pc, and the ground state configuration calculations lead one to
postulate that hydrogen bonding may be occurring in these cluster
systems. Hydrogen bonding can occur to some extent between the solute
inner ring nitrogens and/or pyrrole hydrogens and the solvent OH group:
the H,Pc inner ring nitrogens have large electron densitylg'33 which can
enhance the hydrogen bonding of solvent OH groups. Since the observed
chromophore transition is n* « n, a large red shift can be expected.

The Mch(HZO)l. (MeOH)]. (EtOH), cluster spectra, Figure 6.7 and
Table 6.6, are very similar to one another. The MgP(:(HZO)l spectrum

be assigned as arising from two different cluster manifolds with oy




at {66 gqnd 183 om Ity the blue of the MgPo 0P

), Cluster chromophore

aut of plane vibrarijons are observed for both manifolds. The Aé and the

1 1

AT are observed at 1319 (112) cm | and 29.1 (29.8) cm ! to the blue of
the origins Bi transitions are observed at 57.1 (56.9) cm‘l. The
!gPr(MPUH\l and MgPrtEth)l spectra are similarly assigned.

The MgPr(ROHi] series differs from the H2PC(ROH)1 series in three
aspects. First. the MgPc(ROH), spectra exhibit hypsochromic shifts with
respect tu the {solated MgPc spectrum. The direction of the spectral
shifts indicate that the solute and solvents interact more strongly in
So than in Sy The major difference between the two solute systems
studied is the phthalocyano core environment; the pyrrole hydrogens in
H,Pc are replaced by a magnesium jn MgPc. The hypsochromic shift sug-
gests that the core is responsible for the larger ground state inter-
action. The greater stabilization in the ground state can, in
principle, be due to interactions ranging from weak nonbonded vdWw
interactions to actual complexation in which the solvent donates an
electron pair to the solute via the central metal atom.!® on the basis
of the size of the spectral shifts observed, the interaction is most
likely due to weak vdW interactions. If the solvent were to donate
significant electron density to the central Mg atom in MgPc (a coordina
tion bond formation) or if the Mg were to move significantly out of the

34 cluster formation would drastically perturb the

Pc molecular plane,
chromophore electronic environment and yield relatively large spectral
shifts. Observation of weak vdW jinteractions between MgPc and H20.
EtOH, and phenol in the IR region leads to similar conclusions.35
Second., the spectral shifts in the Mch(ROH)1 series are vir-

tually identical. This observation suggests that the OH group is

- -A.‘\x-.--_‘!-. ﬂl'
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intimately involved in the interaction and, furthermore, is largely
responsible for the observed spectral shifts. The ground state config-
uration calculations, Figure 6.9, support the notion that the OH group
is the major contributor to the interaction. All three calculated geo-
metries depicted in Figure 6.9 have the solvents situated so that the OH
groups point towards the MgPc core. Moreover, one would not expect to
observe sharp cluster transitions if the hydrophobic portions of the
solvents were the major contributors to the interaction.

Third, the MgPc(ROH), spectra show two nearly isoenergetic
cluster origins and vibronic manifolds. These cluster features could be
due to either two cluster species which are nearly spectroscopically
identical or they could be due to the splitting of the two-fold
degenerate chromophore 54 state via vdW cluster formation. The former
situation probably does not occur since these doublets are present in
all the MgPc clusters observed. One would not typically expect to see
this type of coincidence in the different cluster systems especially
when two solvent series are considered. In MgPc clusters, clustering
reduces the system symmetry (see Figure 6.9 for example) and the four-
fold symmetry axis of the MgPc chromophore is destroyed. The degenerate
Q band (E, in D) may thus split into Q, and Q bands (B,, and By, in
Dzh): the splitting is small, however, due to the small perturbation
caused by vdW clustering. Similar removal of degeneracies occurs for

2,9.10

benzene clusters, and for ground state vibrations of Mch/H20

/EtOH, and /phenol systems.35
C. €O, Clusters of HyPc and MgPc.
H,Pc clustered with CO,, Figure 6.10a and Table 6.7, yields a

spectrum with a single cluster origin blue shifted by 14 em™ ! with
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respect to the isolated H,oPc 03. The cluster manifold is assigned to a
H2PC(C02)1 species. Cluster chromophore out-of-plane vibrations Aé
(15.4 cm']) and Ag (30.7 cm'l) built upon the cluster origin are also
observed. The calculated ground state geometry, Figure 6.11a, further
supports the existence of a single cluster species responsible for the
spectrum. In this geometry, the 002 mojety is situated over the H2Pc
core.

The H2Pc(C02)1 spectrum is different than the other H2Pc clusters
studied in that it is the only system exhibiting a hypsochromic shift.
The exact natvre of the interaction responsible for the spectral shift
in this system is not known and more work on CO, solute/solvent systems
is necessary to establish a firm argument. On the basis of the inter-
actions responsible for the spectral shifts in the hydrocarbon and
hydrogen bonded solute/solvent systems, the major interaction respon-
sible for the shift appears to involve solvent/solute n-cloud overlap.
In the ground state, the solute and solvent most likely {nteract
through n-n interactions. Upon excitation the diffuse nature of the
solute 7n* state reduces the Interaction between the n systems and
results in a loss in S, binding energy relative to S,.

MgPc clustered with CO,, Figure 6.10b and Table 6.7, reveals a
cluster spectrum with two parallel vibronic progressions. The appear-
ance of the two cluster manifolds is probably due to the same type of
electronic state splitting that occurs in the MgPc(ROH), systems. The
cluster origins are blue shifted by 17.9 and 22.6 em 1 with respect to
the MgPc 03. As in HZPC(COZ)I' well defined cluster chromophore
vibronic transitions are observed. The Aé and Ag transitions built upon

1

the origin at 17.9 cm ° occur at 19.9 and 31.1 cm™! to the blue of this
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1 origin occur

origin. The Ag and Ag transitions built upon the 22.6 cm~
at 21.1 and 32.3 cm~ ! to the blue of the origin. The existence of a
single Mch(COz)] species responsible for the cluster transitions is
supported by the ground state configuration calculation shown in Figure
6.11b.

The Mch(COz)l cluster spectrum differs from that of the other
MgPc clusters studied in that the magnitude of the hypsochromic shift is
smaller for Mch(COz)l. This difference can possibly be attributed to
the difference in the major mode of interaction between the solute and
solvent. In Mch(COz)l, the major interaction may be due to the same
type of m-cloud interaction as suggested for the H2Pc(C02)1 interaction
as the spectral shifts are comparable for the two systems. I[If the
solvent oxygen/solute magnesium interaction were the major contributor,

one could expect a larger hypsochromic shift comparable to those found

for the Mch(ROH)l systems.

Summary and Conclusions.

FE spectroscopy is used to probe the optical spectra of vdWw
clusters of H,Pc and MgPc in the vicinity of the cluster 08 transitions
A continuous supersonic molecular jet capable of operating at tempera
tures up to 650° C is employed to generate the ultraccld molecular beam.
Spectroscopic observables, such as spectral shift and forbidden chromo
phore vibronic transitions, combined with computer modeling of ground
state cluster intermolecular interactions, allow for the elucidation of
the nature of the intermolecular potential and qualitative geometry of
the H,Pc and MgPc clusters studied. The conclusions drawn from this

work are as follows:
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1) The cluster vibronic spectra and theoretical calculations
suggest that stable HyPc and MgPc clusters have solvents situated over

the center of the phthalocyano core. Local minima over peripheral

solute rings are either nonexistent or too shallow to accommodate
minimum energy bound state geometries;

2) H2Pc/hydrocarbon clusters are similar to the benzene and
N-heterocycle/hydrocarbon clusters previously studied. The spectral
shifts in these solute/solvent series are all bathychromic. The magni-
tudes of the spectral shifts increase with increasing solvent size and
polarizability. The qualitative cluster geometries responsible for the
observed spectra are similar with respect to solute/solvent orientation
is concerned;

3) In both HoPc and MgPc clusters, the Hy0, MeOH, and EtOH
moieties are situated over the Pc core in such a manner that the OH
groups are intimately involved in the intermolecular interactions and
contribute significantly to the spectral shifts;

4) Hydrogen bonding may be occurring to some extent between H2Pr
and solvent ROH moljeties;

5) MgPc clusters display weak vdW interactions between the
cluster solute and solvent. Actual complexation in which the solvent
donates an electron pair to the solute does not occur:

6) Forbidden low frequency cluster chromophore out-of plane
vibronic transitions are induced by clustering in both H,yPe and MgPc
systems. Intensity due to this motion arises from the reduction of the
chromophore symmetry in the clusters. The perturbation may be large
enough to cause the cluster chromophore geometry to change in an attempt

to maximize n-cloud overlap with the solvent: and
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7} Excited electronic state splitting occurs in the MgPc
clusters due to the reduction in system symmetry upon cluster formation.
The degenerate Q band appears to split into its two components, Q and

Qy-
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CHAPTER SEVEN
UNPUBLISHED RESULTS

This chapter discusses the results of an out-of-plane normal
coordinate analysis on Hch and the results of the 2-color TOFMS experi-
ments on H2Pc and MgPc. These results are presented to establish an up-
to-date record of our work in these areas and to outline the basic

approaches used in the analyses.

Out-of~Plane Normal Coordinate Analysis on Isolated Hch.

Out-of-plane fundamental and/or overtone vibronic transitions are
abserved in the vicinity of the Og transitions in the H2Pc and MgPc
spectra as well as in all the H2Pc and MgPc solute/solvent van der Waals
clusters presented in Chapter 6. Elucidation of the out-of-plane motion
in these molecules has proven useful in the understanding of the cluster
spectra and in the identification of the number of different clusters of
a specific composition observed. In this section, we report the details
of the out-of-plane normal coordinate analysis on isolated H2Pc. This
normal coordinate analysis {s used to determine the nature of the
molecular motion occurring in both the H,Pc(MgPc) molecule and
Hzpc(Mch) cluster spectra.

The out-of-plane normal conrdinate analysis on HyPe is conducted
using the FG matrix methods described by Wilson et al.l These methods
essentially involve expressing the secular equation of N-3 coupled

harmonic oscillators describing the out-of-plane motion in matrix form
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and solving for its N-3 non-zero eigenvalues and eigenvectors. To
simplify the calculations, the molecular symmetry of HoPc is utilized to
symmetry (block) factor the potential energy (F) and kinetic energy (G)
matrices to yield "submatrices" each of which describes a particular
species of vibrational motion dictated by the vibrational symmetry. The
analysis is set up by 1) determining the symmetry of the vibrational
motion, 2) selecting a complete set of internal coordinates to describe
the motion, 3) obtaining the elements of the F and G matrices in this
coordinate scheme, 4) constructing normalized symmetry coordinates

using the complete internal coordinate set as a basis, and 5)

symmetry factoring the F and G matrices using the symmetry

coordinates.

The Hch molecule is depicted in Figure 7.1a. This planar
molecule contains 18 hydrogen atoms, 32 carbon atoms, and 8 nitrogen
atoms, and has 55 out-of-plane normal vibrations that are distributed
among the following irreducible representatjons under the Dsp point

group:
rvib = 15 Blu + 13 Au + 13 B2g + 14 BSg

Two types of internal coordinates are used to describe the H,Pr
out-of-plane vibrational motion, bond torsion and out-of-plane bond
wagging. The bond torsion coordinate, Figure 7.1b, is defined in the
situation when the atoms (2 and 3) at each end of a bond are also bonded
to additional atoms (1 and 4) by bonds not colinear with the bond

connecting atoms 2 and 3 The terminal bonds taken together with the

connecting bond define two planes. Nuclear deformation may thus be

expressed by the angle © defined as the dihedral angle between the two
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Figure 7 1

a) Out-nf-plane internal coordinates used in H2Pc NCA. Coordinates a-n
are bond torsjons and coordinates o-w are bond wags. b) Definition of
bond torsion ¢ in terms of bond lengths and bond angles. ¢) Definition

of bond wag v in terms of bond lengths and bond angles.
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planes. The displacement of the atoms in this internal roordinate for

atoms 1-4 bonded in sequence is expressed by the following s vprtors-l

_* X a
€12 X €3

7.1a Stx = >
Ty2 sin o2
) Pag = Typ COS dy &35 ¥ €54 cos d3 4y 7 fyp
7.1b S., = -
Tag Typ sin ¢2 sin ¢2 Cag sin ¢3 Sino3
7.1¢c 533 = [(14)(23)] §r2
7.1d §~‘ = [(14)(23)]) §r1

for which the terms in square brackets are permutation nperators Equa
tions 7.1c and 7.1d thereby state that the s, and §,1 vectors can be
obtained by permutation of atoms 1 and 4. and 2 and 7 in the expression-

for §-1and s

o
The out-of-plane wagging coordinate. Figure 7 1 1s defined gt
an atom for which three coplanar bonds are coincident The deformat oo

angle 7y is formed by atoms 2, 3, and 4 The s vectars describiing *he

atomic displacements in this internal coordinate are !

1
7.2 S =
a sr2
11
sin ¢,
7.2b s = -
r? a1
T4p sin ¢1
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In ocrder tno obtain 4 kinemat - ally cmplete <ot t Gnrternal
- vibrational roordinates bopd torsions are o hosen at each nen terming
rond  and out of plane wagging courdinates are chosen o at o eahogtom oo

'0‘ B

- whirh three «oplanar bonds mesr - This presoriptior e 18 bond

¢
. torsion conrdinates gand 44 out of plane wageing coordingtes whioh
w

completely descorihbe the ourt o f (lane motion gn the Ho b mojety Twetit

- seven redundans tes are istribyred gmong the Cihrational symmet s e
c. , o - ~ - . | ] At . .

. B o,y H-‘L' . oand HH{“' oty gnternal ot dinate s heme
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The 331 out of plane wagging conrdinates are located in 9 symmetry
equivalent sets designated as o w in Figure 7. 1a The atoms in each
courdinate are numbered using 4 counterclockwise convention (Figure
R Positive displacement in vy 1s measured by out of plane
motion of stom 1 on the <z direction  Coordinates containing
hydrogen ‘o s} are numbered so that the hydrogen atom is designated
4% atom |} toordinates t and v are oriented such that atom |

crresponds g the henzene  H carbon atom Coordinates u and w are
numbered so that the bridge nitrugen atom 18 designated as atom |

The wlementy of the G matrix are obtained using the internal

nardinate o vectors (Fquations 7 1 and 7 2) and

fr owh h the recaproacal of the masg of tom A The non zero
m
]

ferme 0 the suymmat o0 oqre those corresponding o Atoms common to the

twe tnternal cordinates toand t 1 pogquest jon The pgeometric parameters
et etermene the anternal caordinate s cectars are based upen the

)
Ceeb et ventton Hiftract pon anajvsis of Wb These Dot imeter s
PERY itht o me et et Neiwe e to e the *otal number of Sy fterent
oRAtT X ejements that peed ta he ca)oglayted THOTN S appr oo Mgt o

Al the asopndole cabanits comprasting Hobo yre gssamed to cantagn
et gl gnteratomie distances and hond any les The nteratomy

Mretances and bhond argties gre Thys taken 4% ogvel age Values of the

parameters determiaed trom the crysta)lographi data The geamety o
parameters used an the calculations are presented pn Fipuare 7 2 The -
matrix elements cajculated from Fguations 71 3 are given 1n Table =




Figure 7.2

Geometric parameters used in Hch NCA. Bond lengths are expressed in

o angstroms and bond angles are in degrees. The paraseters are averaged

to D4y symmetry to simplify the calculations
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TABLE 7.1

Kinetic Energy (G) Matrix Elements for H,Pc Out-of-Plane Motion a

Matrix Eleue?t Matrix Element Matrix Element
(A-g/mol) ~ (A-g/mol) 1 (A-g/mol) ~
G(alal) . 56689 G(bibl) .56689 G(clcl) .56689
G(albl) -.45331 G(b1b2) .22676 G(c1c2) .22678
G(alb2) -.45351 Gi{blcl) -.483s51 G(cidl) -.45351
G(alcl) .22676 G(bic2) -.11338 G(clel) -.21223
G(alc2) .22678 G(b1d1l) .22676 G(cle2) -.18273
G(aidl) -.11338 G(blel) .08038 G(cifl) .09890
G(alol) .47094 G(ble2) .08107 G(cif2) .04943
G(alo2) -.47094 G(bifl) -.049453 G(clol) . 26002
G(alpl) -.26002 G(blol) -.47094 G(clo2) -.04909
G(a1p2) .26002 G(b1o2) .26002 G{clpl) -.47094
G(altl) . 04909 G(bipl) . 47094 G(clp2) . 04909
G(al1t2) -.04909 G(bilp2) ~-.04909 G(citl) .390084
G(bitl) -.22615 G(cit2) -.20143
G(b1t2) .03674 G(ciul) -.07794
G(biul) .03897 G(clu2) .03897
G(did1) .56689 G(elel) .32338 g(rirl) .33332
G(diel) .26331 G(ele2) .10262 G(ri1r2) -.27330
G(dle2) .26331 G(e1fl) -.26292 a(rigt) .29100
G(difl) -.098%0 G(e12) .10302 a(rige) -.21388
G(d1f2) -.098%0 G(elgl) -.25421 G(f1hl) -.09307
G(dlol) -.04909 G(e1g2) .08108 G/f1h2) .05879
G(d1o2) . 04909 G(e1lhl) .09148 Gi{flpl) -.04283
G(dipl) . 26002 G(elpl) .06978 G(riel) . 17404
G(d1p2) -.28002 G(elp2) -.04423 G(rit2) .00738
G(ditl) -.37849 G(eltl) -.27633 G(flul) -.29377
G(dit2) .37849 G(el1t2) .16750 G(flu2) - 18581
G(dlut) .07794 Gl(elul) . 28850
G(di1u2) -.07794 G(elud) .00059
Glglgl) .76430 G(hihl) .764%0 a(1111) 56689
Gigig2) -.06129 G(hilh4) - 06129 G(i131) - 45351
G(glhl) -.59984 G(him3) 08108 G(11)2) 453%1
Gigim4) .09148 G(him4) - 25421 G(i1k1) 22876
G(gln3) .05879 G(hin3) - . 21488 G(11k2) 22678
G(gind4) - 09307 G(hin4) 29100 G(1111) - 11318
G(gls2) 04788 G(h1s2) - 235909 G(ilql) 47094
Gigitl) . 10364 G(hitl) - 04867 G(i1qe) 47094
G(glul) - 48342 G(hiul) 25929 G(ilrl) - 26002
Glglu2) - 04284 Glhive) - 10364 Giiira) 26002
Gliglve) .04687 Gihiw3) 04284 G(iivl) 04909
G(glwa) - 25929 G(hiwa) 48342 Gi11v2) 04909
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Matrix Element

TABLE 7.1 (Continued)

Matrix Element

Matrix Element

(A-g/mol) 1 (A-g/mol) " (A-g/mol)
G(J131) .56689 G(kikl) .56689 G(11l1) .56689
G(}1}2) .228768 G(k1k2) .22876 G(limi) .26331
G(jikl) .4538%1 G(k1ll) . 45381 G(11m2) .26331
G(ji1k2) .11338 G(kim?) .21223 G(l1in}) .09890
G(j1m1) .08038 G(kinl) .08890 G(lin2) 09890
G(j1m2) .08107 G(kin2) .04948 G{l1q)) 04909
G{(jiml) .04948 G(klql) . 26002 G(l1q2) 04909
G(j1q)) . 47094 G(k1q2) . 04909 G(liry) 26002
G(jl1q2) .26002 G(kirl) . 47004 G{l1irl) 26002
G(jlrl) . 47094 G(kir2) . 04909 G(liv)) 37849
G(31r2) . 04909 G{kivl) . 39084 G(11v3) .37849
G(jlvl) . 22618 G(kiv2) .20143 G(llm) 07794
G{Jjlv2) .036874 G(klwl) .0779¢ G(11w3) .07794
G(Jlwl) .03897 G(kiw2) . 03807
G(mimt) .32338 G(ninl) . 33332 G(olol) 40434
G(miml) . 10262 G(nind) .27330 G(ol03) 28030
G(mtnl) . 20292 G(nirl) .04203 G(olpt) 28030
G(min2) .10302 G(nls1) .31472 G(olpd} 04232
G(miri) . 06978 G(nlvil) .17404 G(clitl) 04232
G(mlr2) .04423 G(niva) .00738
G(mlsl) . 19027 G(nlwl) .29317
G(mlvl) .27683 G(nlwd) . 18881
Gi{mlv2) . 16730
G(mlwl) . 28880
G(miwd) 00089
G(plpl) . 40434 G(qlql) . 40434 G(riry) 40434
Gipitl) . 23096 G(qlqd) 28030 G(rivy)) 295098
G(pi1t2) 03182 G(qlrl) 28030 G(rive) N3182
Giplul) 03378 G(qira) 04282 Girlwl) DRREA)

G({qivl) 04252
G(slsl) 53480 G(titl) 386493 Glulul) 42178
Glelvl) 03210 G(t1t2) 16583 Glatug) [PHLTF!
Gisl82) 03210 G(tlul) 18867 Giulwe) YY)
Gleslwl) 21009 Gitlu2) 02928
Gislwl) 21009
Glviv}) 380849 Glwlw}) 42178
G{vivy) 16589 Glwiwl) 02994
G{viwl) 18867
Glviwd) 02828
a) Only those rlements necassary to generate the  ®atriv |5 'sras

sysfetry coordinates are shown
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The elements of the P matrix in terms of the bond torsion and
out-of-plane wagging coordinates, Table 7.2. are simply expressed as
valence force constants Ftt' for which t and t' correspond to the two
internal coordinates in question. For the purpose of this calculation,
the F matrix elements are taken as the diagonal force constants describ
ing the out of plane motion ot benzene Yon this approximation. all
HJPF bond torsion force constants are assumed to be the same as those
corresponding to the ¢ € torsions 1n henzene The out of plane wagging
force constants gre gssumed to he the same as those corresponding to
benzene out of plane U H wags All off diagonal faorce constants dare
taken a4 zero This foree tield scheme  oven though not quantitative |y
1weurate  will allow tar the elucidation of the general nature of the
ittt plane mot{on n MJP; A% 1t o will o vield s haracteristie frequen: les
tor the patticular mojernlar sepgments participating 1o the tag1ous

thrat tonal motyons N ttempt 1w omade to et ine the fooproe 0 (0t ]

th the cadralations stnee the oxperiment gl ot crmat ion n the ot t
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TABLE 7.2

Potential Energy (F) Matrix Elements for HoPc Out-of-Plane Motion 2

Matrix Elenegt Matrix Ele-egt Matrix Elenegt
(mdyn-A/rad ©) (mdyn-A/rad €) (mdyn-A/rad
Pl(alal) 1190 P(bibl) . 1190 P(clcl) .1190
P(d1d1) 1190 P(elel) . 1190 r(f101) .1190
F(gig)) 1190 P(hih1) . 1190 F(i111) -1190
PLI1)1) 1190 F(klkl) .1190 F(l1l1) .1190
Fimiml) 1190 P(ninl) 1190 F(olol) 3237
F(pipl) 3237 P(qinl) 3237 F(rirt) 3237
Pislsl) 3237 F{titl) 3237 P(ulul) 3237

Plvivl) 3237 P(wiwl) 3237

a4l Only 'hose elements necesssry to generste the F satrix in terms of
sysmetry coordinates are shown
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TABLE 7.3

Normalized Symmetry Coordinates for H,Pc in Terms of Bond
Torsion and Out-of-Plane Wagging Coordinates.

-V, W

By

U:

B=1/2(b1-b2+b3-b4)
C=1/2(c1-c2+c3-c4)
E-1/2(e1-e2+e3-e4)
F=1/2(f1-f2+£3-£4)
G=1/2(gl-g2+g3-g4)
H=1/2(h1-h2+h3-h4)
J=1/2(3j1-32+33-14)
K=21/2(k1-k2+k3-k4)
M=1/2(m1-m2+m3-m4)
N=1/2(n1-n2+n3-n4)
0=1/2(01+02+03+04)
P=1/2(pl+p2+p3+4p)
Q=1/2(q1+q2+q3+q4)
R=1/2(r1+r2+r3+r4)
S=1/J2(81+82)

T=1/2(t1+t2+t3+t4)
U=1/2(ul+u2+u3+u4g)
V=1/2(vi+v2+v3+vd)
W=1/2(w]l+w2+w3+wd)

A=1//2(al1+a2)
B=1/2(bl1+b2+b3+b4)
C=1/2(c1+c2+c3+cd)
D~1/2(Jd1+d2)
E=1/2(el+e2+e3+e4)
F=1/2(f1+£2+£3+04)
G=1/2(gl+g2+g3+g4)
H=1/2(h1+h2+h3+h4)
[=1//J2(11+12)
J=172(J1+32+13+34)
K=1/2{klek2+k3+k4}
L=1/42(11+12)
Mel/2(ml+m2+m3+nd)
N=1/2(nl+n2+nl+n4)
0=1-2({0) 02+03 04)
P=1-2(pl p2+p3 p4)
1 20q)1 g2+qd q4)
1 2(rl1 r2+r3 r4)
=1 2011 t2.t3 t4)
1 210l u2+ul ug)
1 2(v] v2-vi vd)
I 2iwl wlewld wdi

Bag:

e i,

g :

B=1/2(b1-b2-b3+b4)
C=1/2(cl1-c2-c3+c4)
E=1/2(el-e2-e3+e4)
F=1/2(f1-f2-£3+f4)
G=1/2(gl-g2-g3+g4)
H=1/2(h1-h2-h3+h4)
I=1/J2(11-12)

J=1/2(j1+J2-33-34)
K=1/2(k1+k2-k3-k4)
L=1/J/2(11-12)

M=1/2(m1+m2-m3-m4)
N=1/2(n1+n2-n3-n4)
0=1/2(01+02-03-04)
P=1/2(pl1+p2-p3-p4)
Q=1/2(q1-q2-q3+q4)
R=1/2(r1-r2-r3+r4)
T=1/2(t1+t2-t3-t4)
U=1/2(ul+u2-u3-~u4)
V=1/2(v1-v2-v3+v4)
We1/2(wl-w2-w3+w4)

A=1//2(a1-a2)

B=1/2(bl+b2-b3-b4)
C=1/2({cl1+c2+c3+c4)
D=1/J2(d1-d2)

Ex1/2(el+e2-e3-e4)
F=1/2(C01+£2-€3-f4)
G=1-2(g1+g2-g3-g4)
H=1/2(h1+h2-h3-h4)
J=1/2(J1-J2-13+34)
K=1/2(k1 k2 k3+k4)
M=1/2(m] m2-m3+m4)
N=1:2(n1-n2 n3+n4)
0 2(01 02 03+04)

n

1

P=1/2(pl -p2 pie«ps)
Q=1 2(ql+q2 q3 q4)
R=1 2(rl+r2 r3 r4)
S=1 ,2(s81 82}

T 1 2(t1 t2 t3«t43)
U-1 2(ul ud uld+ugl
Vol 2(vleav2 v v
W-1 2(wl w2 wl wy)
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TABLE 7.4

Observed and calculated frequencies and tentative assignments

of the out-of-plane vibrations in H2Pc.

a)

R A A
P APRP IP AP RE NP RIST AP TR

From Chapter 6 and References 5-7.

S P CRATELIR LT e e e e
PP S N BT PSP NP P AT I AN

~

e . . L RS
P SO TR P S OU S, P N T B BT ST SN

Mode Cal? Obsd 2 Mode calc Obsd 2
(cm™*) (ca™1) (cm~ 1) (cm™1)
Blu 1 14.8 15.6 822 29 38.6 42.7/50.3
2 24.5 25.9 30 72.1 88/101.6
3 84.0 81.9/90 31 154.5
4 145.3 127 32 185.2
5 158.9 140 33 317.2
6 230.5 282 34 343.1
7 333.7 342 35 510.1
8 362.3 342 36 686.8
9 608.3 37 737.4
10 735.3 725 38 791.1
11 739.86 725 39 889.0
12 777.5 775 40 968.1
13 962.7 945 41 1146.3
14 967.8 945
15 1014.4
Au 18 33.1 35.7 832 42 38.2 42.7/50.3
17 7.7 70.9 43 71.4 88/101.6
18 136.4 44 147.2
19 310.4 45 183.3
20 321.0 46 315.8
21 427.6 47 339.5
22 593 .2 48 498.1
23 690.5 49 648.3
24 747.9 50 728.4
25 884 .53 51 740.7
26 891 .8 52 887 .2
27 1148 .1 53 962.7
28 1146.8 54 1013.2
55 1046 .3

- " - . - B
Nt AR
\_A..A-A‘,A'A‘ .
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frequencies obtained from the vibronic spectrum discussed in Chapter 6
and from infrared spectra.5—7 The comparison between the experimental
vibronic transitions and the calculated mode frequencies is made on the
premise that the ground and excited state potential surfaces are nearly
superimposable. This notion is demonstrated experimentally by FE and DE
spectra of H2Pc for which the vibrational energies in the Sy and S,
states differ by at most 5-10%.8 Overall, the calculated frequencies
compare quite well with those observed given the qualitative nature of
the force field used in the analysis. Based upon this calculation, we
propose tentative out-of-plane mode assignments for the experimentally
observed out-of-plane modes.

The eigenvectors corresponding to the calculated vibrations are
listed in Table 7.5. From the eigenvector normal mode forms, the out-

of-plane motion can be qualitatively categorized into 1) macrocycle ring

deformation, 2) isoindole ring deformation, and 3) C(N)-H out-of-plane
wagging motion types.

The 0-100 cm~! region is dominated by macrocycle ring deformation
for which large amplitude out-of-plane motion of the four isoindole
subunits occurs. This motion is located principally at the pyrrole a
carbon‘bridge nitrogen bonds (internal coordinates g and h). Modes 1.
2. 29, and 42 possess potential energy distributions (PED's) ranging

from 40-70% i{n these coordinates.” From the H,Pc vibronic spectrum

‘ presented in Chapter 6, these modes are observed as symmetric over X
tomes at 31 20101 51 A(22). 85 1(100.6) (292 or 122). and
1006 ¢m llH") 4 cm 1) HL’(": or _”)‘2)) which places therr forbidden funda
mentaf transitions at 56, 29 9 127050 1) and 70 4 om e rom b

respectively Mode 3 15 also abserved o the tar antrared at about
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TABLE 7.5 ,

OQut-of-Plane Eigenvector Normal Modes Calculated for HaPc.

Mode Eigenvector in Terms of Symmetry Coordinates 2
E
b
\ Blu 1 -.1925 E+.3323 F-.5829 G-.5838 H+.1920 M-.3315 N
[ 2 +.1445 E-.2212 F-.4510 G+.4565 H+.1508 M-.2315 N
\ ~.1601 T-.4253 U-.1593 V-.4301 W ;
\ .
. 3 -.1407 B+.1407 C+.2406 E-.3954 F-.2622 G-.2505 H
h +.1249 J-.1249 K-.2630 M+.4325 N-.1782 T-.3704 U
+.1546 V+.3658 W
4 +.2500 B-.2500 C+.1753 E-.2864 F+.4221 J-.4221 K
+.,2154 M-.3503 N+.2378 T+.3941 V
5 -.4540 B+.4540 C-~.1235 E+.1986 F+.3185 G+.2819 H
+.2686 J-.2688 K-~.1022 N-.3632 T+.2143 V
6 -.2158 B+.2158 C+.2602 E-.4307 FP+.3443 G-.3574 H
-.2686 J+.2686 K+.2611 M-.4326 N
7 +.4007 B-.4007 C+.1469 F+.1347 G+.2009 H-.4019 J
+.4019 K-.1001 N-.1467 P+.1469 R-.3105 T+.3080 V
8 +.3543 B-.3543 C-.1204 F+.3123 G-.3064 H+.3398 I
-.3398 K-.1220 N-.1550 P-.1486 R-.3523 T-.3374 V
9 -.2060 E+.3418 F+.3697 H+.2649 M-.4400 N- 1226 R
+.3238 S+.1214 T-.2491 U-.1993 V+. 4342 W
10 +.1423 P+ .2272 G-.1518 H+ 7619 0+ 4266 P+ 27613 Q
+.1549 R-.1440 U
11 » 2943 O+ 1455 P 8353 Q 4128 R
12 -.2613 E+ 4334 P+ 5511 G 3320 H 22331 0O 2469~
+.1401 T 4163 U 1263 W
13 + 2919 J- 2919 Ks 1121 P 4025 - 7437 R+ 246
1314 V
14 + 3040 B- 3040 1032 0+ THIR P 1213 R InT0
15 ¢ 1RB4 T AB8TS H 2153 Ms InKRT N IRSAR R Tong

1115 V. 2899 W
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TABLE 7.5 (Continued) N
Mode Eigenvector In Terms of Symmetry Coordinates a
>
Au 16 +.1503 C-.1656 D+.3721 E-.1410 F-.3954 G+ . 3954 H -;
-.1503 K+.1656 L-.3721 M+.1410 N-.3513 U+ 3513 W :ﬂ
17 +.1385 A-.2577 C+.2891 D-.4917 E+.1849 PF-.1825 G ’
-.1825 H+.1385 [-.2577 K+.2891 L-.4917 M+ 1849 N ~
+.1189 U+.1189 W N
18 +.1640 A-.2530 C+ 2932 D-.3954 E+. 1482 P- 34368 G o~
+.3436 H-.1640 [+.2530 K-.2932 L+.3954 M-.1482 N ’
-.1435%5 U+ 1435 W
19 - 4671 A+ 4560 B-.1114 D- 4671 I+ . 4560 J-.1114 L )
+ 1435 0+.1435 Q+.1147 U+ 1147 -
20 + 4538 A- 4675 B+ 1189 C+ 1184 E- 4538 [+ 4674 J g
-.1189 K- 1184 M- 1480 O+ 1480 Q
«
21 1059 A+ 2007 B- 3027 C+ 2501 D- 1274 E+ 2660 & -
+ 2660 H- 1059 I+ 2007 J- 3027 K+ 2501 L-.1274 M ::
1197 P- 1197 R 4232 U- 4232 W
22 2790 C+ 2637 D+ 1224 E- 3357 G 44%7 He 2790 K
2637 L 1224 M- 2217 P. 2217 R 2228 T 1726 U ™

¢ 2228 Vs 1728 W

R 2202+ 21%4 D+ 3039 F 11341 F 2202 K- Q154
039 M 1141 N 3936 P 31936 R 28%9 T. (10
2859 V. 2103 W

| 2118 E+ 4645 Us K4 He 11s M. s e 10T
1118 Q 3217 R+ 1444 T S0 : NEIRY | Ve NG »
e - 22RO ' 2461 " TN Voo R0 [ j¢ PN -
00 0 2983 B 1200 ot WL Ty
RE i) Y MERIATA w
Ik Rt L2 WRQ D ST P A co oy
Y] . JnTe M. 9 - I . RV . L |
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TABLE 7.5 (Continued)

a

B2g 29
30

31

32

33

34

35

36

17

18

+.1179
-.2328

+.1944
+.23886

+.4865
+.4174

-.2591
-.1695
+.2327

+.1522
-.1268

+.5224
-.2029

+.1951
+.3102

+.1769
+.1408

+ 1404

-+ 2411
2127

1437
1061

RIS

L1RR
4R

PPN WY W

B-.1179
M+.2209

E-.3189
N-.2474

B-.4865
T-.1334

B+.2591
[+.2071
B-.1522
K-.1341

B-.5224
P-.4420

E-.3237
L-.1786

E-.2934
N+.1104

G-.1394

E- 3999
R- 1237

G+ 1652
N+ 5692

B 3071

Te $12R

[ HEREA)

ey

‘A,‘l

R R
L] 43

C+

P+,
U+.

C+
U

C+.
K-.

C+.
M+,

C+.
T+.

F+.
R-.

P-.
Q+.

H+ .

P-

T,

He
Q-

.7966
T+.

3514

1762
1803

.2356

2861
2518

1101

1997

2596
1149

1469
1474

1897
4846

8457

5561
3913

1297
1794

10R7T

3.4

4 R4

G+.2358
U+.1308

I-.3289

E-.3831

E-.4743
L+.2789

F+.1459
Q+.1220
G+.1907
G-.5439
T+.1811

G+.2833
R+ .2496

0+.4460

G+ 4052
U+ 1936

I 3067
R 1186

Ne "HI

H-.1072 K+.1191

W

H+.
U-.

K-

Us.

P+

P

.3688

.1991

. 3997
.1045

.6255

.2203

1498
1829

.2768

3592

1139

1672

3357

1822

17058

98

1+,

J+.

L-.
V-.

0-

,_.
T
.

23

.6348

.2474

.3046
.1103

6320

1214

.3424
.4103

3744
2422

<
L]
.
.
.
«
X
.
.
.
'
.
'
.
A
a
"
~
~
Y
.

Y B PPy

L IR DD

s

PO NP WL A B S PR o)

PRVIESENNY . ]

r
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TABLE 7.5 (Continued)

a

a)

Mode Eigenvector in Terms of Symmetry Coordinates

45 +.1615 A-~.2996 C+.2421 D-.2706 E-~ . 1013 F 2789
+.4128 H~.3138 J+.3138 K+.2646 M- 4396 N- 2199
-.1479 V

46 +.6131 A-~.6148 B+.1105 C+.1002 D+ 1202 E+ 11396
+.1985 J-~.1985 K+.1148 N-.1941 0-.1218 T- 1240

47 +.2509 A-~.2843 B+.1431 C+.1198 E- . 2690 H- 4985
+.4985 K+.1890 R+.1240 U+.4040 V

48 -.1501 B+.3268 C-.2935 D-.4908 G+.2145 M- 3564
+.1623 P+.1237 S+.1631 T+.4080 U-.2014 V+ 2426

49 +.2737 C~.2640 D-.2379 E-.2581 G+.4123 H- 1837
+.3052 N+.3212 P+.1007 R-.3008 S+.2819 T+.1333
-.3401

50 +.1284 C-.1271 D-.2979 E+.1118 P+.4455 G-.3629
-.1031 N+.1451 0+.4155 P-.23%52 Q-.1579 R+.2259
+.2291 T-.3401 U+.1628 W

51 +.1861 G-~.1684 H+.1407 P+.8176 Q+.3895 R+.1560
-.1236 U-.1071 V+.1140 W

52 -.1411 A+.3139 C(C-.3430 D-.2800 E+.1051 F+.121)
-.5828 0-.3970 P+.3518 T-.1677 U

53 -.2953 J+.2953 K+.4070 Q-.7522 R-.2439 S+.1332

54 -.1645 G+.3629 H-.2170 M+.3595 N-.1909 R+.7091
+.1130 V-~.2908 W

55 +.3167 A-.4127 B+.3424 C-.2172 D-.1148 E+.5470
-.4583 P+.1911 T

Symmetry coordinates contributing less than 1% to the potential
energy distribution are not included.

G

G

G

F”Iff:lfp
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»
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cyanines These bands correspond to the calrulated modes {1453 cm X
: SO158 9 cm 1) (290 5 em 1y 7339 7 om V) and B(ie2 T em B
" respective]y The far infrared studies also show that the band observed
" At 282 om l ~ontains contributions from both the isnindole ring and
: bridge nitrogen motions The eigenvector farm for mode 6 corroborates,
: this assignment as it possesses 1 PED of about 25% ‘n the pyrrole n
’ carbon ’'bridge nitrogen torsion coordinates (g and )
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possesses bands at 725, 775, and 945 c¢m which can be attributed to

B type out-of-plane C-H wagging.7 The normal coordinate analysis

lu
reveals C-H wagging mode frequencies in this vicinity at 735.3 (mode [0],
739 6 {(mode 11), 777.5 (mode 12), 962 (mode 13), and 967.8 cm ! (mode

14). The only large discrepancy between the calculated frequencies

and the experimental data involves out-of-plane (Blu) wagging motion

of the imino hydrogens. This mode is calculated to occur at 1014.4

cm 1 (mode 15) with a PED of 49% in the s internal coordinate, but it

has been assigned to o band observed in the vicinity of 700 em~16.7
based upon isotopic substitution. Intramolecular hydrogen bonding

between the iminpo hydrogens and adjacent core nitrogen atoms may

account for the large difference between the calculated and observed/

assfgned modes. However, mode 9 calculated at 608.3 cm—1 is near the

assigned N-H ont-of plane wagging frequency and exhibits and 11% PED

contribution from the N-H wagging coordinate, s, and 20% from the

pyrrole torsion coordinate, m. Performing the normal coordinate :
analysis using deuterons at the pyrrole nitrogens results in mode 9

red shifting to 536.3 cm ! (VH’9D = 1.13) and mode 15 red shifting to

1

916 cm {uH/wD = 1.11). These results suggest that the mode respon-

si1hle for the band observed at 711 ¢m ! could be due to highly coupled

motion between the N-H group and the pyrrole ring and not to charac-

teristic N-H motion which should occur in the 900-1000 cm“‘ region.

SUMMARY AND CONCLUSTONS:
An out-nf-plane normal coordinate analysis is conducted on H,pe
to characterize the large amplitude low frequency motion present in both

the isolated H2Pc and MgPr moieties as well as their respective vdWw

clusters with small solvents (see Chapter 6). The out-of-plane normal N
¥
nﬂ{kxf-f-’.u-;u';;?ﬂxfﬁ\ﬂfcj;-__;.n_.- e e T T s SR
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coordinate analysis is conducted using the FG matrix method. The
nuclear motion is modeled by a set of 82 internal coordinates; 48 C-C(N)
bond torsions, 18 C(N)-H bond wags, and 16 C-C(N) bond wags. The force
field used in the model consists of the diagonal force constants
describing the out-of-plane motion in benzene. The resulting
eigenvalues and eigenvector normal modes are compared with experiment
and tentative assignments are proposed based upon the calculations. 1In
the comparison, observed vibronic symmetric overtone transitions and
infrared active B; vibrational transitions are utilized. Overall,
agreement between the observed and calculated frequencies is excellent
given the qualitative nature of the force field used in the analysis and

the fact that the force field is not refined/fit to the experiments.

H2Pc AND MgPc 2-Color TOFMS Experiments:

Ultracold 2-color TOFMS spectra of Hch and MgPc could not be
observed with the current experimental apparatus configuration available
in the laboratory. In initial attempts to obtain 2-color TOFMS spectra
of the macrocycles, spectra were observed which were not tunable when
the pump laser frequency was varied. Both helium and argon carrier
gases were employed to expand the molecules into the vacuum apparatus;
however, the spectra were significantly broadened. These results are
somewhat surprising since ultracold 2-color TOFMS spectra of small
aromatic molecules such as benzene, pyrazine, and aniline have been
observed in the existing apparatus.lo_12 One possible explanation for
the nontunability is that the molecules are vibrationally/rotationally
hot when they reach the section of the apparatus where the spectra are
taken. In this case, molecular heating may occur in the section of the

apparatus between the supersonic nozzle and the TOFMS flight tube.

L A

.
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In the existing appamtus.l2 Figure 7.3. the supersonic expan-
sion is sampled using a compound angle conical skimmer.13 The sampled
portion of the supersonic expansion then travels about S0 c¢m to the
TOFMS ionization area where it is optically probed. Based upon the
aforementioned experimental observations, the expansion could be dis-
turbed to some extent by the presence of the skimmer in the supersonic
flow path. In order to understand the interferences in the supersonic
flow which result in molecular heating, it is instructive to look at
the physical properties of the supersonic expansion before, at, and
after the skimmer. ‘

Assuming that the expansion proceeds in an adiabatic and isen-
tropic manner and that the expanding gases can be considered ideal, the
centerline translational temperature Tl’ the centerline static pressure
P;. and the centerline static density 04 of the expansion before the

skimmer can be described by14

r-1 » -1 '
7.4a T1 = (l + — Ml) T0
2
ot
-1y r-l
i 4b Pl = l + R Ml PO -
-1
71 L\ 7]
7.4c Py = (1 + " M?) %

as a function of centerline Mach number Ml' nozzle backing region stag-
nation temperature To. stagnation pressure PO, stagnation density o .

and vy = Cp/Cv = 5’3 for monatomic carrier gases. The centerline Mach
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for which x is the centerline downstream distance and D Is the super
sonic nozzle throat diameter. Since the vacuum chamber pressure is
finite, acceleration of the expansion will cease at a terminal Mach

number which can be determined using Equation 7.4a and!?

T
7.6 _=<—>
T P

for which Pi is the vacvum chamber static pressure. For the continuous
supersonic nozzle used In the experiments, typical nozzle backing pres-
sures are around 150 psig. The static pressure in the vacuum chamber at
this backing pressure is about 2 x 1073 torr. The nozzle throat
diameter is typically 100 microns. Using Equations 7.4a, 7.5 and 7.6,
the centerline terminal Mach number for the expansion is calculated to
be at Mt = 36 and is reached at about 4 mm downstream of the nozzle
throat.

The supersonic flow properties are described by Equations 7.4-6
until the flow encounters the skimmer or until the flow passes through

the Mach disk which is located at a downstream position determined by15

" .
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Mach disk calculated to e at 132 mm downstream using bEquation 7 7

Figure 7 4 preseats the centerline temperature profiles tor
supersonic expansions beginning at TO 773 K and T0 = 298 K as a
function of downstream dlstance x calculated using Equations 7.4 and 7.5
with the centeriine terminal Mach number taken at 36. On the basis of
the calculations, the temperature profiles for supersonic expansions

beginning at elevated temperatures (To = 773 K) are largely the same as

those beginning at room temperature ('I‘O = 298 K). Thus, H2Pc and MgPc

should, therefore, be nearly as internally cold before the skimmer as
other species observed in the supersonic molecular jet generated by
using room temperature expansions assuming that rotational and vibra-
tional temperatures equilibrate near the translational temperature.ls'16
These notions are corroborated experimentally in FE for which ultracold
spectra of H2Pc, MgPc, and their respective solute/solvent clusters are
observed. (The FE spectra are taken between 4 and 8 mm from the nozzle
throat, well upstream of the Mach disk.)

Large deviation from isentropic flow may occur at the skimmer
which can result in molecular heating. The interferences from the
skimmer can be attributed to shock waves forming in the expansion as the
flow passes through the skimmer. The physical properties of the super-

sonic flow after passing through the shock waves can be expressed as a

function of upstream conditions and the angle of the shock waves with
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respect to the flow direction. The centerline downstream transiational

1

temperature Tz. static pressure P2, and static density p, are
2y R R y-1 -1 2

Y A ) A
T+l r+1 r+1  (r+1)M{sin®s

27y . Y r-1
7.8b P2 = 1 sin® & - P
T+l T+1
(r+1) M% sin® ¢
7.8¢C Py = ( ) Ny
2 « (r-1) M% sin® ¢

for which Ml is the Mach number just upstream of the shock wave and ¢ is
the flow deflection angle between the shock wave and the flow direction.
Downstream/upstream translational temperature ratio versus flow deflec-
tion angle for an upstream Mach number of 36 is plotted in Figure 7.5
The plot demonstrates the severe heating effects that can occur in the
The most severe case is at

flow as it passes through the shock wave.

€ = 90° which corresponds to a normal shock wave. Here, the down-

stream temperature is about 405 times the upstream temperature. Even
at smaller flow deflection angles (oblique shock waves), the heating

is significant. For example at & = 10°, the downstream temperature is

a factor of 13 greater than the upstream temperature.
by Schlieren photographs,

Bier and Hagena have shown, the types

of possible skimmer interferences present in the expansion.17 At larpe

nozzle/skimmer distances, the shock wave system in the expanding jet gas
is similar to that deplicted in Figure 7.6a, for which the supersonic

flow is contained in oblique and normal shock (Mach disk) waves. In
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the norma!l shark waue Pl et m oy sboe ko oaquer baogro ey " ,
molecules penetrate the shock wave bonndaries "hys interteren e w e
must severe source ot nosele beam heat ing since gf D moleoalbes onte s 1y
the skimmer ave in subsonic tlow and internally hot As the nosside s

moved towards the skimmer, the shock system in the jet stream s
deformed, and the shock waves move towards the nozzle, Figures 7.6b-
7.6c. Here, the normal shock wave is still detached from the skimmer
orifice and results in “shock beam” formation. On further approach of
the nozzle to the skimmer. the normal shock wave attaches to the skimmer
orifice, Figures 7.6d-7.6f. The normal shock wave becomes oblique shock
waves on both the upstream and downstream sides of the skimmer. The
oblique shock wave upstream of the skimmer should not affect the super-
sonic flow at this nozzle’/skimmer distance unless the skimmer mount or

chamber walls are in close proximity of the skimmer orifice. Molecules

i, - eSS el ANt

entering the skimmer are in supersonic flow and may be subsequently
heated upon traversing the oblique shock waves downstream of the

skimmer. The amount of heating which occurs in the downstream oblique

shock system depends upon the static pressure behind the skimmer and
upon the flow deflection angle.

Molecular heating which occurs in the shock waves can be thoupht

Bl s IR

of as a sequence of collisional energy transter processes up the mole
cular vibrational and rotational manifolds. Fach elementary step
Involves the deposition of a small amount of vibrational and rotationai

energy at the expense of translational energy Since single vring

systems yield ultracold 2 -color TOFMS spectra and the macrocycles do

not, differences must exist between the collisional enerpy transter
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Cees ettt the Sho R wopies it o near the skimmer tor the
Mo il sastems s e et Twooomator lustanctrnns can b ot
between the sinyle iy svstems and H:,Pv My which may play a sig
Bt ant role an o orecounting for the difference in molecular heating by
the shock system. First, the macrocycles are about 3 times larger inp
diameter than the single ring systems. Approximating the molecules as
hard spheres, one finds that H2Pc”Mch will undergo between 6 and 9
times more collisions in the shock system than the single ring molecules
depending upon whether they collide with carrier gas molecules or with
other macrocycles. Second, H2Pc and MgPc possess a large number of

vibrational modes compared to the single ring systems (168 for H,Pc

versus 30 for benzene); in particular, many of these modes are of low
frequency. H,Pc has nine ground state vibrational modes with energies
below 100 cm 1. These low-lying vibrational levels may facilitate
heating of the macrocycles. As the large molecules pass through the
shock system, the interconversion of small amounts of translational
energy Into vibrational energy should be more efficient than in the
single ring systems for which the lowest ground state vibrational levels
lie at about 400 c¢cm~ ! Either or both of these two factors may
contribute to the molecular heating of the macrocycles.

Since the skimmer used in the initial experiments did not perform
satisfactorily in maintaining internally cold H;,Pc MgPc beams, 4 new
skimmer was designed to minimize the shock wave etfects on the super

sonic flow. Particular attention was focused upon the length of the

skimmer. the diameter of the skimmer orifice and the interioi and

exterjor skimming angles.
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The length of the skimmer is important since the skimmer must be
sufficiently long so that the oblique shock wave system does not cause
flow perturbations about the skimmer orifice due to skimmer mount or
vacuum chamber wall interactions. These interactions tend to degrade
supersonic beam skimming by creating a boundary layer at the skimmer
mount or chamber walls which rotates the attached shock wave towards a
critical angle (more normal to the supersonic flow) which could yield
shock wave detachment and the formation of a bow shock wave similar to
that shown in Figure 7.6b-7.6c.17.18

The diameter of the skimmer orifice dictates the gas throughput
of the skimmer.!? Too large a skimmer diameter will cause TOFMS chamber
pumping problems as well as an increase in the intensity of the oblique
shock wave system downstream of the skimmer orifice.

The internal skimming angle must be as large as possible to
insure that molecules entering the skimmer orifice and striking the
skimmer walls can be pumped away fast enough to minimize scattering/
heating of the beam molecules.19:20 Too small an internal skimming
angle will cause skimmer choking and boundary layer formation which
results in an increase in the oblique shock wave intensity downstream of
the skimmer orifice, similar to that occurring if the skimmer orifice
diameter is too large.

The exterior skimming angle determines the upstream flow deflec-
tion caused by the skimmer. The angle must be kept small enough so that
the oblique shock wave will not detach from the skimmer orifice and
destroy the supersonic flow before the molecules pass through the
skimmer. The maximum flow deflection angle €max which can be negotiated

by a supersonic flow without shock wave detachment is given byl'1

"o
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1 7+1 2 -1 ’ r+1 .
2 - -
7.9 sin Emax = —— ( M] 1 + [(T+1) <1+ MY + MI)] )

er 4 2 16

as a function of Mach number Ml at the skimmer orifice. The maximum
flow deflection angle is related to the maximum exterior skimming angle

é and skimmer Mach number byl4

max
1 <9(r+1) M%
7.10 — = - 1) tan &
2 . 2 ) max
tan amax 20 M1 sin® gpax - 1

The maximum flow deflection angle and the maximum exterior skimming
angle are plotted versus Mach number in Figure 7.7.

From Figure 7.7, the maximum flow deflection angle and the maxi-
mum exterior skimming angle approach limiting values at Mach numbers
above 6. The high Mach number of the supersonic flow used in the
experiments thus makes it possible to use a skimmer with exterior
skimming angles of up to 46°. 41° was selected for the exterior
skimming angle used in the new skimmer to provide a safety factor to
avoid the occurrence of a normal detached shock upstream of the skimmer
orifice. A 35° interior skimming angle was selected for the new skimmer
as It was the largest feasible angle with respect to the exterior
skimming angle that the skimmer could be ground without causing struc-
tural problems. The skimmer shape was chosen as conical. The length of
the skimmer was selected at 47 mm using the exterior skimming angle and
a skimmer base diameter of 35 mm. This length is about a factor of 2
larger than that of the skimmer utilized in the initial TOFMS experi--
ments. This larger skimmer should minimize possible upstream boundary
layer and chamber wall effects.14,19,20 The maximum diameter of the

skimmer orifice was selected at 2 mm to avoid TOFMS chamber pumping
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problems. Three skimmers were fabricated possessing the above length,
skimming angles, and orifice diameters of .5, 1, and 2 mm in order to
determine the optimal skimmer configuration since no theoretical
relationshlp exists between skimmer orifice diameter and supersonic flow
characteristics. These skimmers should give an indication of the inter-
ference caused by the oblique shock system downstream of the skimmer.
The intensities of the shock waves should decrease with decreasing
skimmer orifice diameter on the basis of skimmer throughput, boundary
layer, and skimmer choking arguments.

2-color TOFMS spectra of Hch taken using the three skimmers are
shown in Figure 7.8. The spectra are taken using 428°C nozzle backing
region temperature, 560°C nozzle tip temperature, 25 mm nozzle/skimmer
distance, and 2.5 psig argon nozzle backing pressure. O0n decreasing the
skimmer orifice from 2 to .5 mm, the spectra evolve from being broad and
featureless (trace A) to being "quasi” cold (trace C). In both traces B
and C, the Hch Og and Ag are observed; however, the spectra are smeared
out by rotational broadening and vibrational sequence congestion. The
sequence structure in trace C is about 40 cm™} wide and peaks at about
16 cm™! to the red of the HyPc Og. Similar sequence structure is also
observed to the red of the Ag. Assuming a 10% decrease in vibrational
frequency between the ground and excited states for H,Pc, a vibrational
temperature of about 150 K can be estimated from the observed sequence
structure.

These experiments identify the skimmer as being the major source
of interference in the supersonic expansion. [In particular, the ob-
servations suggest that the downstream oblique shock system is respon-

sible for the molecular heating since the interference decreases with
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) Figure 7.8

2-color TOFMS of H,Pc in the vicinity of the Q, band Og. Trace A taken
using a 2 mm skimmer orifice. Trace B taken using a 1 mm skimmer

orifice. Trace C taken using a .5 mm skimmer orifice.
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decreasing skimmer orifice diameter. The maintenance of at least some

degree of cold internal temperatures in the spectrum taken using the .5 !
mm orifice skimmer (trace C) demonstrates that the downstream shock

wave Intensity is still large enough to cause observable skimmer {
interference in the supersonic flow. This notion is corroborated by s
experiments using higher backing pressures of argon carrier gas (up to \
50 psig) which yield broad spectra that can be attributed to an
increase in the downstream skimmer interferences similar to those
observed using the 2 mm orifice skimmer.

As mentijoned above, the intensity of the downstream oblique
shock wave depends upon the static pressure in the vacuum chamber
directly downstream of the skimmer. 1In order to minimize the inter-
ference caused by the downstream shock system, the static pressure )
in this area should be kept lower than the upstream static pressure so
that skimmer choking and boundary layer formation does not occur.14.19.20
In the existing apparatus (Figure 7.3), the region between the skimmer ‘
and the TOFMS chamber is constructed using two lengths of 2 inch
diameter (4 1/3 inches long) and 3 1/2 inch diameter (4 1/3 inches R
long) tubing and a 3 inch gate value assembly (4 1/3 inches long).
The region directly downstream of the skimmer is displaced by about 70 p
cm from the TOFMS chamber diffusion pump. The tubing between the two
vacuum chambers essentially forms a "dead end" region with a leak
provided by the skimmer which may not be adequately evacuated by the
TOFMS chamber pumping system. A pressure gradient may thus be present
in this region which may give rise to the shock system interference
nbserved. X

Other vacuum systems21 which utilize skimmers to sample the

supersonic expansion differ in design from our existing apparatus.
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These systems possess two key design features that minimize the effects
of the downstream shock waves. First, the vacuum systems are designed
for the efficient removal of gas molecules from the post-skimmer region
by pumping directly downstream of the skimmer with pumps capable of
sustaining static pressures of about 10'6 torr. Second, the systems
allow for minimization of chamber wall/boundary layer effects in the
post-skimmer region by making the chambers large and divergent with
respect to the skimmer base. Neither of these features is incorporated
in the existing apparatus design.

A proposed modification to the existing apparatus which incor-
porates the aforementioned design features is shown in Figure 7.9. The
modification involves replacing the 3 inch gate valve, the interchamber
tubing, and the 6 inch chamber connecting ports with 12 inch connecting
ports and a 16 inch port flange with a divergent hole bored in its
center. The 12 inch connecting ports will provide for more than ade-
guate divergence downstream of the skimmer as well as provide for more
efficient pumping of the region by the existing TOFMS pumping system.
The 16 inch flange serves as both a chamber divider and as a skimmer
mounting surface. The skimmer can be mounted in the chamber by clamping
its base over the hole in the 16 inch flange with a small flange
assembly. For FE experiments, the skimmer can be removed a a sealing
plate can be placed over the flange hole to isolate the FE chamber from
the TOFMS chamber. The connecting ports can be constructed with
different lengths so that the 16 inch flange/skimmer assembly can be
located closer to the TOFMS flight tube. This will allow for an overall
shorter nozzle/TOFMS ionization area distance which should increase the

molecular density at the ionization area by a factor of 2500’X, for

which X is the nozzle/TOFMS ionization area distance in cm. i
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Figure 7.9

Proposed supersonic molecular jet apparatus. I - FE chamber. OVBP -
oil vapor booster pump. N - nozzle. S - skimmer. PMT - photomulti-
plier tube. F - 16 inch Flange. 1I - TOFMS chamber. PT - flight tube.

IA - ionization area. DP - diffusion pump.
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\: SUMMARY AND CONCLUSIONS:
~
™ Initial attempts to obtain ultracold 2-color TOFMS spectra of

H,yPc and MgPc yielded negative results. Both helium and argon carrier

A A

gases were employed to expand the macrocycles into the vacuum apparatus;
however the spectra were significantly broadened. The nontunability of

the spectra with varying pump laser frequency was attributed to mole-

o -

cular heating of the H2Pc and MgPc moieties by shock waves in the

vicinity of the skimmer used to sample the supersonic expansion. New

7} skimmers were designed to minimize the shock wave effects on the super-
S sonic flow. "Quasi" cold 2-color TOFMS spectra of HaPc were obtained

{: using these skimmers. Experiments identified the skimmer as being the
N major source of interference in the molecular expansion. In particular,
i; the observatjons suggest that a downstream (Chamber II) oblique shock

&

;; system is responsible for the molecular heating. Through identification

Mt

L
LS PO U N

of key apparatus design factors which should minimize the downstream

I3
_

i~ shock wave effects, proposed modifications to the existing laboratory

. apparatus are suggested. The proposed modifications involve enlarging

. the region downstream of the skimmer to allow for more effective pumping
l'

: and to minimize skimmer choking and boundary layer effects in the post-
-

o . .

28 skimmer region.
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CHAPTER EIGHT

FUTURE EXPERIMENTS AND CONCLUSIONS

This chapter presents the basic ideas and motivations for future
experiments which can be conducted using the techniques and experimental
set-ups currently available in the Bernstein group laboratory. The
proposed studies entail those experiments that will extend or complement
the work presented in this dissertation. This chapter also summarizes
the conclusions drawn from the work accomplished on the molecules and
clusters presented in Chapters 2-7. The conclusions include the most
important results obtained from the work. For specific conclusions
pertaining to each of the systems studies, the appropriate chapters in

the dissertation should be consulted.

Future Experiments.

Effects of Macrocycle Ring Substitution on Solvation - The high

temperature supersonic molecular jet techniques utilized to study H,Pc.
MgPc, and their respective vdW clusters with small solvents (Chapter 6)
also gives us the opportunity to study the effects of ring substitution
in the macrocycles on their solvation properties in an ultracold iso
lated environment. For example in the HyPc and MgPc cluster studies.
major differences exist between the two cluster solutes in that the H:h

clusters exhibit enhanced stabilization in the Sl state relative to the

S, state whereas the MgPc clusters exhibit enhanced stabilization in the
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S, state relative to the S, state. This difference appears to be due to
the magnesium substitution in the phthalocyano core. Furthermore, the
spectra suggest that the intermolecular interactions between MgPc and
solvents having lone electron pairs possess major contributions from the
central magnesium atom and the solvent electron pairs.

These observations pose several questions pertaining to the
physics and chemistry responsible for the solvation properties of the
phthalocyanines (Pc's). Questions that can be considered include:

1) are the solvation properties of Pc's dependent upon the specific
metal atom present in the phthalocyano core; 2) does the relative stab-
ilization of one electronic state over another depend upon the specific
central metal atom; 3) do cluster geometries and solute solvation sites
change significantly with different central metal atoms; and 4) are the
central metal atoms in the Pc moieties responsible for a major portion
of the intermolecular interaction.

To explore the effects of central metal atom substitution in
Pc's, initial experiments can be conducted on zinc phthalocyanine
(ZnPc). The fluorescence guantum yield for ZnPc is about .3 which is
comparable to those for H2Pc (.7) and MgPc LG)} This quantum vyield is
large enough to allow for observation of ZnPc and its respective vdW
clusters in fluorescence excitation experiments. The experiments could
initially entail clustering ZnPc with solvents such as those used in the
HoPc and MgPc studies. By comparing the ZnPc cluster spectra and calcu-
lated cluster geometries with those for the MgPc cluster systems, the
effects of the central metal atom on cluster properties can be explored.
Subsequent experiments in this area could include spectroscopic and

model ing studies on Pc's containing cadmium, sodium, and lithium.
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Another set of experiments which can be conducted to study the
effects of ring substitution on the Pc solvation properties involves the
analysis of a tetrabenzoporphyrin (TBP) solute series clustered with
various solvents. Macrocycles which can be initially studied in this
class include free base tetrabenzoporphyrin (HZTBP), magnesjum tetraben-
zoporphyrin (MgTBP). and zinc tetrabenzoporphyrln2 {(ZnTBP). This class
of compounds offers the opportunity to study the effects of the solute
bridge nitrogens on the solvation properties of the Pc class as H,TBP,
MgTBP, and ZnTBP differ from their respective Pc analogues only by
replacement of the bridge nitrogens in Pc by methine bridges in TBP.

The TBP compounds proposed for study also possess fluorescence quantum
vields (.46 for H,TBP, .55 for MgTBP, and .35 for znTBP)! which are
favorable for observation in a supersonic molecular jet fluorescence
excitation experiment. Through the analysis of the cluster spectral
shifts, chromophore vibronic structures, and calculational modeling of
the cluster geometries and binding energies, the effects of the bridge
nitrogens on the macrocycle solvation properties may be established.
Cluster studies using the TBP solutes are interesting and important as
they will provide the link between the Pc's and their biologically
active analogues, the porphyrins, in regard to cluster geometry, binding
energy, preferred solute solvation sites, and major interaction types

responsible for solvation.

Aromatic Solute/Aromatic Solvent Clusters - All the aforemen-

tioned Pc and TBP solutes can be clustered with a number of small

aromatic solvents such as benzene, pyrazine, pyrimidine, and pyridine.

Studying these clusters gives us the opportunity to explore cluster
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energetics and dynamics from the point of view of both the cluster

solute and solvent. Supersonic molecular jet studies can be conducted

by probing both the Pc/TBP solute and the benzene/N-heterocycle solvent
optical transitions. The studies will yield insight into the importance
of the solvent aromatic n cloud and/or nonbonded electron pairs on
solvation. For example, clustering MgPc with pyrazine should provide
detailed information on the participation of the solvent nonbonded
electron pairs with the magnesium central metal atom. If the solvent
nonbonded electron pairs are major contributors in cluster formation/
stabilization, the nr* transition in pyrazine should not exist or be
highly perturbed (blue shifted). The cluster systems are also inter-
esting in the respect that they may allow one to determine if changes in
the cluster binding energy upon electronic excitation depend on the
specific electronic excitation analyzed. In particular, one could ask
the question: will the change in cluster binding energy be different in
magnitude if the cluster solvent optical transition is probed rather
than the cluster solute optical transition? Purthermore, these studies
may yield information on differences in the relative stabilization of
the solute and solvent electronic states. Do the spectral shifts
observed when probing the solvent optical spectrum differ in sign than
those observed when probing the cluster solute spectrum; that is, are
the spectral shifts both bathychromic or hypsochromic or is the solvent
spectral shift bathychromic and the solute shift hypsochromic (or vice
versa)?

Phthalocyanine and Porphyrin Vibronic Structure - Up to this

point, we have only considered analyzing the Pc and TBP macrocycles in

cluster systems. The vibrational spectroscopy of these molecules is
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also important in the understanding of the vibrational structure present
in biologically significant systems. [n particular, elucidation of the
vibrational structure in the Pc and TBP systems may yield valuable
information regarding which portions of the macrocycles participate in
the various vibrational motions. Supersonic molecular jet studies on
Isolated Pc and TBP can contribute to the resolution of the excited
state energetics present in the systems since the techniques greatly
simplify the vibronic spectra and thus facilitate their interpretation.
As discussed in Chapter 6, the low frequency motion present in the H2Pc
and MgPc vibronic spectra is characterized using the results of an out-
of-plane normal coordinate analysis; and in Chapter 7, the calculations
on HaPc are compared to infrared data. These studies make it possible
for us to determine the detailed nature of the out-of-plane motion
occurring in specific regions within the Hch vibrational manifold. In
order to obtain a complete understanding of the macrocycles vibrational
structure, the in-plane motion should be characterized. The vibronic
spectra of the Pc and TBP molecules presented above can be analyzed
using the results of both in-plane and out-of-plane normal coordinate
analyses. In these studies, the in-plane motion can be modeled using a
refined force field determined from normal coordinate analyses on the
in-plane motion occurring in porphyrins.3'7 The combination of calcula-
tional modeling and spectroscopic studies on these systems should
increase our understanding of the structural changes (nuclear motion)
occurring in the various electronic states as well as the extent of
interelectronic state mixing (vibronic coupling) between the different
electronic states in the macrocycles. These studies will also be useful
in the basic understanding of the spectroscopy in more complex systems

such as substituted Pc's and porphyrins.
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= Solute/Solvent Interaction in Clusters - The Mch(Co,,)l and

Hch(Coz)] clusters presented in Chapter 6 exhibit vibronic spectra with
distinctive spectral shifts. The Hch(Coz)1 cluster is the only cluster
observed with H2Pc which possesses a hypsochromic shift upon excitation
to the S1 state. The Mch(COQ)l cluster also exhibits a hypsochromic
shift comparable to that observed in H2Pc(C02)1. The exact nature of
the intermolecular interaction responsible for the spectral shifts is
not known; however, based upon cluster experiments with alcohol and
hydrocarbon solvents, it is possible to speculate that n-n
solute/solvent interactions may be responsible for the observed spectral
shifts. To study this behavior, a series of experiments on single ring
solutes such as benzene, pyrazine, and pyrimidine solvated by carbon
dioxide, carbon monoxide, and oxygen can be conducted using 2-color
TOFMS techniques. The benzene/solvent vibronic spectra will reveal
whether the solvents orient perpendicular or parallel to the solute
molecular plane through the observation of forbidden cluster chromophore
transitions. In these studies, the spectral shifts may be related to
particular cluster geometries which may yield information on the major
interactions contributing to the intermolecular potentials between the
solutes and solvents. The pyrazine and pyrimidine/solvent clusters may
tell us about the effects of the ring nitrogens on the cluster geometry.
binding energy, and solute solvation. Computer modeling of cluster
geometry, binding energy, and intermolecular vibrational structure may
also aid in the understanding of the intricacies of the intermolecular

interactions present in these systems.

vdW Vibrational Structure in N-Heterocycle Dimers and Solute

Solvent Clusters - Calculation of the intermolecular vibrational struc

ture for the N-heterocycle dimers and solute/solvent clusters discussed

-----
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in Chapters 4 and 5 can also be conducted. The modeling studies of the
N-heterocycle solute/solvent clusters are interesting since they may
show the effects of the solute nitrogen atoms on the intermolecular
vibrational structure when compared to the analogous benzene
solute/solvent clusters. Furthermore, the studies are important as
little to no intermolecular vibronic structure is observed in the
cluster spectra. In this regard the studies will yield predictions of
the frequencies of those vdW modes not observed in the spectra as well
as aid in assigning the weak features present in some of the spectra.
Intermolecular vibrational structure modeling of the N-heterocycle dimer
systems could serve as a major contribution to the understanding of
their spectroscopy. The studies may be useful in the determination’
confirmation of the dimer geometries responsible for the observed
spectra as well as help to elucidate the nature of the intermolecular
energetics and dynamics present in the systems. Of particular interest
is the elucidation of the vdW torsional structure present in the planar
dimers, especially for the vdW torsional coordinate in which the cluster
subunits rotate/librate about an axis joining their centers-of-mass.
This motion is similar to torsional motion occurring in polyring systems
such as biphenyl and biphridyl. Studying the torsional motion in the
clusters may yield information concerning the long-range (n-electron
effects) and short-range (hydrogen-hydrogen repulsions}) interactions
present between the cluster subunits which may be considered precursors
to the interactions responsible for the potential well shape in the
polyring systems. The studies will also contribute to the understanding
of hydrogen bonding interactions in the cluster systems and how it

affects cluster geometry and intermolecular energetics.

- .. , TN J'&/. "-J' . _’ _',-.'./_‘.. _- N \.' e -_ e e e T T 5{.“ \r..-\. TN

N



S patv
- Wy

201

Conclusions.

Supersonic molecular jet expansion, TOFMS, and FE spectroscopic
techniques have been employed to study the gas phase optical spectra of
a wide array of weakly bound vdW clusters in an ultracold isolated
molecular environment. The techniques have proved useful in studying
the vdW clusters of aromatic molecules ranging from benzene and its
N-heterocyclic analogues to macrocycles such as Hch and MgPc solvated
by small hydrocarbons/fluorocarbons, small alcohols, water, ammonia,
argon, and carbon dioxide. The studies reveal detailed information
regarding the geometries/symmetries, the intermolecular energetics, and
the physical nature of the vdW interactions present in the cluster
systems. Spectroscopic observables, such as cluster spectral shifts,
forbidden cluster chromophore vibronic transitions, vdW motions, and
cluster ionization energies, combined with computer modeling of cluster
ground state binding energies, geometries, and intermolecular energetics
proves essential in the analysis and understanding of the physics
involved in cluster formation, stabilization, and behavior.

The experimental and theoretical studies of the benzene/solvent
clusters reveal detailed information regarding cluster geometries,
symmetries, and the nature of the intermolecular vibronic motion present
in the systems. 1In these studies, we found that the preferred benzene
solvation site is located over the aromatic = cloud where solute’solvent
vdW interaction is maximal. Through computer modeling. we have demon-
strated the correlation between cluster geometry and spectral features
Specifically, we showed that the calculations vield useful information
regarding cluster geometry, binding energy, and intermolecular vibra-

tional structure. These calculated results are consistent with
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experiment and can be used to elucidate the details of vdW cluster
energetics. By comparing the calculations and the experiments, we are
able to assign cluster vibronic transitions to specific cluster geo-
metries and to specific vdW vibrations.

Detailed experimental and theoretical studies of the intermole-
cular torsional structure in the benzene/solvent clusters show that the
clusters are rigid systems with regard to internal rotation of the
cluster subunits. In this regard, the clusters possess unique equili-
brium ge~metries for which the intermolecular motion is oscillatory.
The motion is not an admixture of vdW bends, stretches, and free
internal rotations as would occur if the clusters were internally
nonrigid.

The N-heterocycle/solvent cluster studies demonstrate that the
solute ring nitrogen atoms influence, to some extent, both the cluster
geometry and spectroscopy. In the N-heterocycle/hydrocarbon clusters,
we find that the presence of the nitrogen atoms in the aromatic rings
has a small but discernible effect on the intermolecular interaction.
In particular, the solvent hydrogen atoms preferentially orient towards
the solvent nitrogen atoms. The overall behavior of these clusters with
regard to geometry, binding energy, and spectroscopy, however, is very
similar to that found in the benzene’/hydrocarbon clusters.

The N-heterocycle/water and ammonia clusters, on the other hand.
clearly demonstrate major interactions between the ring nitrogens and
the solvent hydrogens. These studies suggest that hydrogen bonding is
present between the ring nitrogens and the solvent hydrogens as

evidenced by the hypsochromic spectral shifts present in the cluster

spectra.
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The single ring/solvent clusters also exhibit spectra and calcu-
lated geometries consistent with the notion that the intermolecular
potential is primarily composed of solute’/solvent w cloud interactions
In this regard, the preferred solvation sites on the cluster solutes are
located over the aromatic = clouds. Thus, the cluster geometries are
such that the solvents lie over the center of the solutes unless other
large intermolecular interactions are present which may alter this
behavior. In particular, hydrogen bonding interactions present in the
N-heterocycle and benzene/solvent systems appear to cause geometrical
changes in the clusters. The changes range from simple reorientation of
the solvents to minimize solute ring nitrogen/solvent hydrogen distance
or solvent hydrogen/solute n cloud distance to large reorganization of
the cluster geometry from a "sitting atop" configuration to planar
hydrogen bonded geometries as suggested by pyrimidine/ammonia and
N-heterocycle dimer studies.

The spectroscopic studies of phthalocyanines and their respective
vdW clusters with small molecules take advantage of the characteristics
of the supersonic molecular jet. This technique makes it possible to
simplify the complicated phthalocyanine spectra and to control the
solvent and environmental effects on the chromophores in a set and
controlled manner. The interplay of spectroscopy and an out-of-plane
normal coordinate analysis enables us to characterize the low-lying out-
of-plane motion present in H2Pc and MgPc. The correlation between the
spectra and the calculations is excellent which allows for the elucida-
tion of the motion types observed in the first few hundred wavenumbers
of the H,Pc/MgPc S; manifolds. The correlation also makes possible the

identification of specific species/geometries responsible for the
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e cluster vibronic spectra observed in the vicinities of the chromophore

(; band origins.
o In the cluster studies, we find that the H2Pc/hydrocarbon cluster
0 experimental and theoretical results parallel those observed for the
benzene and N-heterocycle/hydrocarbon clusters. The cluster geometries
favor forms for which solvent/solute n cloud overlap is maximal. The
spectral shifts are all bathychromic and the magnitudes of the shifts
increase with increasing solvent size and polarizability. The H2Pc and
MgPc/water and /alcohol clusters exhibit spectra and calculated geomet-
ries which demonstrate that the solvent OH groups are large contributors
to the spectral shifts and intermolecular interactions. In all the
cluster systems studies, the preferred H2Pc and MgPc solvation sites are
located over the phthalocyano core. As in the benzene/water and
benzene/ammonia clusters, the H,Pc and MgPc clusters exhibit reduced
symmetry with respect to the isolated chromophores. This reduction in
symmetry is demonstrated by the observation of forbidden chromophore
transitions and S; state splitting in the clusters.

Overall, computer modeling proved to be an essential component of
the studies on both the isolated molecules and the cluster systems. The
spectroscopic data obtained are necessary to validate and refine the
models used, and the calculations help to assign and understand spectra
which are otherwise difficult, if not impossible, to uniquely interpret.
In this way, the combination of spectroscopy and computer modeling leads

to an increased understanding of the behavior of the molecules and

clusters over what could be obtained by either study alone.
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Hydrogen bonded and non-hydrogen bonded van der Waals clusters:
Comparison between clusters of pyrazine, pyrimidine, and benzene

with various solvents

J. Wanna, J. A. Menapace, and E. R. Bernstein

Department of Chemusiry, Condensed Matter Sciences Laboratory. Colorado State University, Fort Collins.

Colorado 80523

(Received 13 December 1985; accepted | May 1986)

Solute-solvent clusters of pyrazine, pyrimidine, and benzene (sofutes) and C,H,, ., (n =1.2),
NH,, and H,O (solvents) are studied by the techniques of supersonic molecular jet spectroscopy
and two-color time-of-flight mass spectroscopy (two-color TOFMS). Spectral shifts, van der
Waals (vdW) modes, dissociation energies, and vdW mode—solute mode vibronic couplings are
charactenized for most of the observed clusters. Based on these data and previous resuits for
hydrocarbon systems, cluster geometries can be suggested. Lennard-Jones potential (6-12-1)
calculations are also performed for these clusters and in all instances for which compansons can
be readily made, calculated and experimentally estimated geometries and binding energies agree
completely. Clusters of N-heterocyclic solutes and H,O are not observed experimentally.
Systematics and trends among the clusters reported herein and those previously reported are

discussed and analyzed.

I. INTRODUCTION

Supersonic molecular jet spectroscopy has made possi-
ble the study of a wide vaniety of weakly bound, solute-sol-
vent van der Waals (vdW) clusters in the gas phase. Cluster
investigations have enhanced our understanding of intra-
and intermolecular interactions and potentials, vibrational
energy dynamics and chemical reactions, structural proper-
ties of smalil aggregates of solute and solvent molecules, and
nuclestion and growth of small clusters. Clusters can also be
considered as model systems for condensed phase behavior.
Moreover, these vdW systems can be thought of as an impor-
tant new state of matter in which the static and dynamic
properties of small aggregates of weakly coupled molecuies
can be studied.

vdW clusters, after being produced in & supersonic jet
expansion, can be probed by three distinct techniques: flu-
orescence excitation (FE), dispersed emission (DE), and
two-color time-of-flight mass spectroscopy (two-color
TOFMS). The latter technique is employed most often in
our studies of clustef because it gives unique cluster identifi-
cation, brackets the cluster binding energies, and elucidates
cluster vibrational energy dynamics and vibrational predis-
sociation.

In the past few years, we have reported several studies of
vdW clusters using the three spectroscopic techniques men-
tioned above.'"” Cluster geometry, binding energy, nuclea-
tion and growth dynamics, and limits on the vibrational en-
ergy dynamics and vibrational predissociation times have
been determined. The vdW solute—solvent clusters invesn-
gated initially are for the most part restricted to aromatic
hydrocarbon solutes (e.g., benzene and toluene) and small
alkane solvents (CH,,C,H,, and C,H,) in which only one
type of interaction, that is one potential form, 1s found to be

*' Supported in part by grants from ONR and the Philip Morns Corpors-
tion.

J Chem Phys. 88 (4), 15 August 1988

0021-9606/86/161795-11802.10

important for the solute-solvent coordination. Expanding
on these previous studies we are now expioring solute—sol-
vent clusters with N-heterocyclic solutes (e.g.. pyrazine and
pyrimidine) and alkane solvents and N-heterocyclic solutes
with hydrogen bonding solvents (e.g., water and ammonia).
The initial report of this effort for pyrazine and methane,
cthane and propane clusters has already appeared.’

In this paper we discuss the two-color TOFMS study of
pynmidine clustered with CH, and C,H,, pyraznine and pyn-
midine clustered wmith NH,, and benzene clusters mith H,0
and NH,. The pyrimidine-alkane clusters are presented for
comparison with the previously published’ pyrazine-alkane
data: The effect of the ring nitrogen atoms on the cluster
geometry can thereby be evaluated. The pyrazine and pyn-
midine ammonia clusters reveal the role of hydrogen bond-
ing interactions in sumple clusters. Benzene-water and -am-
monia clusters serve as an example of clusters with these
more complicated solvent systems (i.¢., two possible interac-
tion potentials) interacting with aromatic hydrocarbons.
Theoretical and experumental studies of such a senes of sys-
tems should eventually lead to a fuller understanding of so-
lute—solvent coordination structure, dynamics, and the hy-
drogen bonding interaction.

Although extensive efforts were made and a wide var-
iety of experimental conditions explored, pyrazine and pyn-
midine clusters with water were not observed. Both FE and
two-color TOFMS detection techniques were employed. A
broad feature (roughly 50 cm~' FWHM) was observed 1n
FE at 580 cm ™' to the blue of pyrazine 03 traasition for
pyrazine and water expanded with helium. No signal, how-
ever, was observed at the pyrazine water mass channel for
two-color TOFMS. We must thus conclude that the py- -
zine and the pynmidine water clusters have not been « h-
served. Either the excited n7* state of the cluster is dissoc:a-
tive or internal conversion or intersystem crossing is so rapid
for these clusters that the lifetime of the am® state 1s greatly
reduced ( ~0.1 ps). Pyrimidine-fluonnated alcohol clusters
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also exhibit broad features and reduced lifetimes.®

Hydrogen bonding interactions are known to play an
important role 1n intra- and intermolecular interacuons im-
portant for secondary and tertiary molecular structure, mo-
lecular dynamics, and tomic and molecular soivauon. Hy-
drogen bonding interactions have recetved attention tn
previous supersonic molecular jet spectroscopic studies:
These systems include phenol clustered with various proton
accepting molecules,” indole and 2-aminopyndine clustered
with vanous solvents,'® benzoic acid dimers,'' s-tetrazine
dimers,'? 1,4-dihydroxyanthraquinone, ‘* and methyisalicy-
late.'* In most instances blue-shifted cluster spectra are
found due to the cluster stabiization of the ground state and
destabilization of the excited state.'*

In this and our other cluster studies, the expennmental
data are supplemented by potential energy Lennard-Jones
(LJ) atom—atom (6-12-1) calculations of cluster structure,
binding energy, and internal motion. The calculations and
the potential are discussed thoroughly in our previous stud-
ies.” The LJ calculations produce identical geometries but
slightly lower binding energies than the exp-6 potential form
used in earlier calculations.'® The LJ hydrogen bonding
(LJ-HB) potential form proves to be more versatile than the
exp-6 form since many more constants for different types of
atom—atom interactions have been independently reported
for the LJ potential.'® None of the potential parameters em-
ployed in this work is fit to the cluster data.

As 18 well known and widely accepted, geometries of
isolated molecules and clusters are best obtained through
spectroscopic observation of rotational structure. In fact, ro-
tational structure of 2 number of simple clusters has been
obeerved under molecular jet conditions: s-tetrazine and io-
dine with He and Ar'” and aniline with Ne and Ar.'* The
resolution avaulable to us at present is 0.08 cm~!; at this
resolution only rotational envelopes are observable which do
not lend themseives readily to a unique interpretation of
cluster structure. We calculate that 0.005 cm ~' resolution
would be required to resolve rotational structure for
C HN,(NH,), etc., under the restriction of a rigid geome-
try. We are thus for the present forced to employ less direct
methods to obtain cluster geometry. Assignment of the spec-
tra 13 accomplished through the determination of ionization
energes. spectral shifts, reiative intensities, (molecular)
symmetry forbidden cluster transitions, and potential calcu-
lations. The understanding of these more complex systems
rests heavily on the previous data obtained for other clus-
ters.'”” For all systems discussed in this paper, complete
agreement between spectroscopic data, calculations, and re-
sults for previously analyzed solute—solvent clusters is
found.

Il. EXPERIMENTAL PROCEDURES

The expenmental apparatus and procedures are similar
to those used previously for the study of vdW clusters. The
vacuum system consists of two chambers with a pulsed noz-
zle and mass detection system in the second chamber. A
skimmer separates the pulsed nozzle and the time-of-flight
mass spectrometer. The first chamber contains either a
pulsed or cw nozzle, the molecular beam from which can be
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T e v

PO VO SO ST PN AT PP SIS NP AP I

.- - .. R S N

" )

taken into the second chamber through a skimmer. FE and
DE expenments are carned out tn *he first chamber.

The two independent lasers used in the two-color
TOFMS expeniments are Nd ~ '/ YAG pulsed lasers the dou-
bled output of which pumps two dye lasers. The dve laser
output can be mixed with the 1.064 um Nd * '/YAG funda-
mental, frequency mixed and doubled. or just doubled using
vanous nonlinear KDP crystals. The laser output can be
extended from greater than 4.5 to ~0 215 um. One laser 1s
employed to excite the cluster to 1ts first excited nm® or 77*
electronic state and the second laser then 10nizes this cluster
starting from the S, vibronic manifold. The maximum toni-
zation energy achievable with this second laser 1s roughly
46 500 cm ~*.

The solute or cluster chromophore is typically placed in
an in-line trap or filter cup directly behind the pulsed valve.
Water is placed in a trap before the valve and solute; the
helium carmer gas passes over both matenals and into the
valve. Gaseous solvents are premixed with the helium car-
rier gas in a holding tank ( ~ 2000 psi) at concentrations
varying from 2.0 to 0.1 mol/mol%.

The LJ potential function (6-12-1) with the additional
HB form is described in detail in a previous pubiication.’
Table I containas a list of the previously unreported constants
employed with this potential form. Pyrazine and pynmidine
structures used in the calculations are obtained from Ref. 19.

TABLE 1. Parameters for the energy exp m the comp modeling.

E, =1.16%10° q.9,/2, + A,/r)} — C /7, (L))

A(Cm"A") C(m-‘A‘)
mol mol
Amine-aromatic
N-N 1.312%10* 1403 % 10°
N-C 1.728x10* 1575%10°
N-H 2.523 % 10’ 452710
H-C 2.749% 10 5217 < 10"
H-H 1872 10° 1590 % 10*
H-N 1990 % 107 €527 x10*
Water-aromatic
O-N 7548 10 1021 %10
o-C 9868 10" 1130 < 10°
O-H 1.363 % 10 3162 x 10*
H-C 3.160 x 10’ S2Tx10*
H-H 4537%10° 1 590 % 10°
H-N 2.297x 10’ 4527 <10

E,=116x10°qq,/20, + A /¢ - B/r) (HB)
~r 2l - a0
“,(cm A ) B(cm A )

mol mol
H-N 1.150x 107 2 882X 10°
q

NH,. N ~ 0438

H + 0146
H,0: O ~-034

H +~017
CHNN -0182

C ~ 0091

H 0
CH, C - 00074

H + 00074
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also exhibit broad features and reduced lifetimes.®

Hydrogen bonding interactions are known to play an
important role in intra- and intermolecular interactions im-
portant for secondary and tertiary molecular structure, mo-
lecular dynamics, and ionic and molecular solvation. Hy-
drogen bonding interactions have received attention in
previous supersonic molecular jet spectroscopic studies:
These systems include phenol clustered with various proton
accepting molecules,’ indole and 2-aminopyridine clustered
with various solvents,'® benzoic acid dimers,'' s-tetrazine
dimers,'? |,4-dihydroxyanthraquinone, '’ and methylsalicy-
late.'* In most instances blue-shifted cluster spectra are
found due to the cluster stabilization of the ground state and
destabilization of the excited state.'?

In this and our other cluster studies, the experimental
data are supplemented by potential energy Lennard-Jones
(LJ) atom-atom (6-12-1) calculations of cluster structure,
binding energy, and internal motion. The calcuiations and
the potential are discussed thoroughly in our previc:us stud-
ies.” The LJ calculations produce identical geometries but
slightly lower binding energies than the exp-6 potential form
used in earlier calculations.'® The LJ hydrogen bonding
(LJ-HB) potential form proves to be more versatile than the
exp-6 form since many more constants for different types of
atom—atom interactions have been independently reported
for the LJ potential.'® None of the potential parameters em-
ployed in this work is fit to the cluster data.

As is well known and widely accepted, geometries of
isolated molecules and clusters are best obtained through
spectroscopic observation of rotational structure. In fact, ro-
tational structure of a number of simpie clusters has deen
observed under molecular jet conditions: s-tetrazine and io-
dine with He and Ar'’ and aniline with Ne and Ar.'* The
resolution available to us at present is 0.08 cm~'; at this
resolution only rotational envelopes are observable which do
not lend themselves readily to a unique interpretation of
cluster structure. We calcuiate that 0.005 cm ™' resolution
would be required to resolve rotational structure for
CHN;(NH,), etc., under the restriction of a rigid geome-
try. We are thus for the present forced to employ less direct
methods to obtain cluster geometry. Assignment of the spec-
tra is accomplished through the determination of ionization
energies, spectral shifts, relative intensities, (molecular)
symmetry forbidden cluster transitions, and potential calcu-
lations. The understanding of these more complex systems
rests heavily on the previous dsta obtained for other clus-
ters.'”” For all systems discussed in this paper, complete
agreement between spectroscopic data, calculations, and re-
sults for previously analyzed solute-solvent clusters is
found.

il. EXPERIMENTAL PROCEDURES

The experimental apparatus and procedures are similar
to those used previously for the study of vdW clusters. The
vacuum system consists of two chambers with a puised noz-
zle and mass detection system in the second chamber. A
skimmer separates the pulsed nozzie and the time-of-flight
mass spectrometer. The first chamber contains either a
pulsed or cw nozzle, the molecular beam from which can be
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taken into the second chamber through a skimmer. FE and
DE experiments are carried out in the first chamber.

The two independent lasers used in the two-color
TOFMS experiments are Nd *°/YAG pulsed lasers the dou-
bled output of which pumps two dye lasers. The dye laser
output can be mixed with the 1.064 um Nd ~*/YAG funda-
mental, frequency mixed and doubled, or just doubied using
various nonlinear KDP crystals. The laser output can be
extended from greater than 4.5 to ~0.215 um. One laser 13
employed to excite the cluster to its first excited n7* or rmr*
electronic state and the second laser then ionizes this cluster
starting from the S, vibronic manifold. The maximum ioni-
zation energy achievable with this second laser is roughly
46500 cm .

The solute or cluster chromophore is typically placed in
an in-line trap or filter cup directly behind the pulsed valve.
Water is placed in a trap before the valve and solute; the
helium carrier gas passes over both materials and into the
vaive. Gaseous solvents are premixed with the helium car-
rier gas in a holding tank ( ~2000 psi) at concentrations
varying from 2.0 to 0.1 mol/mol%.

The LJ potential function (6-12-1) with the additional
HB form is described in detail in a previous publication.’
Table I contains a list of the previously unreported constants
employed with this potential form. Pyrazine and pyrimidine
structures used in the calculations are obtained from Ref. 19.

inthe nodel

P 8-

TABLE 1. Parameters (or the energy exp

E, = 1.16X10° q,9,/2, + A,/ = Cy/# (L1)

A(cm"A") C(m-lko)
mol mol
Amine-aromatic
N-N 1.312x t0* 1.403% 10°
N-C 1.7128x10* 1.573x10°
N-H 2.523x 10 4.52Tx 10*
H-C 2.749x 10’ s217x o’
H-H 31872 10* 1.590x 10*
H-N 1.990x 10’ 4527 x 10*
Water-aromatic
O-N 7.548% 10’ 1021x10°
oC 9.868 % 10’ 1.130x 10°
O-H 1.363 x 10’ 3162 10°
H-C 3.160x 10’ $.217x10*
H-H 4.537x 10° 1.590 % 10*
H-N 2.297x 10’ 45271 <10°
E, =116x10°q.q/2r, + A'/r)} - B/r? (HB)
‘,(Cm_'A") ,(cm—lklﬂ)
mol mol
H-N 1.150x 10 2.882x 10*
q
NH,: N —0438
H +0.146
HO: O —0.34
H +017
CHN:N -0.182
C +0.091
H 0
CH, C —0.0074
H +0.0074
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IIl. RESULTS

This sectton contains the expenmental and calcula-
tional results for the vanous clusters investigated. We first
present pynmidine with methane and ethane for companson
with the previously reported pyrazine clusters.” Pynmidine
and pyrazine ammonia clusters are then discussed and ben-
zene water and ammonia clusters are presented for a com-
panson with the .V-heterocyclic systems. Based on previous
expenence with a number of different clusters,'”’ we have
not made an extensive expenimental study of the binding
energies of these clusters. We rely on the calculations which
have always fallen within the range bracketed by the expen-
mental two-color TOFMS data. Preliminary checks made
on both pyrazine and pyrimidine clusters are 1n agreement
with the calculations. Vibrational vdW modes observed in
the spectra will not be assigned in this publication. Future
publications will assign them as bends, stretches, torsions,
and combinations utilizing a normal coordinate caiculs-
tional analyus.*®

A. Pyrimidine-methane

Figure { and Tabie (I present the data for the pyrimidine
(CH,), and (CH,), complexes taken near the pyrimidine 0§
transition (31073.0 cm~'). The cluster of pyrimidine
(CH,), has a spectral shift of ~ 56.6 cm ~' and a low fre-
quency mode at 4.5 cm ' from this origin. These spectra are
obtained by twocolor TOFMS. Hints of other vdW modes
can also be seen in the trace in Fig. | but we are hesitant to
report such weak transitions. Pyrimidine (CH,), spectra
clearly show two clusters, similar to previously reported
clusters for other aromatic systems.'-”” The feature st

— 112.1cm ™' in Fig. 1 is assigned as the 03 transition of the
isotropic (symmetric), additive shift ciuster and the feature
at — 47.2cm ™' isattributed to the 03 transition of the aniso-
tropic (asymmetric) cluster with both methanes on the same
side of the aromatic ring. Note that without both mass and
energy resolution, the spectra of pyrimudine (CH,), and
(CH,), would not be resolved and the clusters could not be
separated and uniquely 1dentified. A vdW modeat 5.1 cm ™!
from the isotropic cluster origin is observed.

Potential energy calculstions using LJ potentials for
these clusters generate geometries and binding energies com-
parable to those previously reported for other aromatic-al-

PYRIMIDINE (C H4)|

0 R

PYRIMIDINE (C H4)2

A
| A

o0 -%0 )
RELATIVE ENERGY (cm-*)
F1G. 1. Two-color ime-of-flight mass spectra { two-color TOFMS) of pyn-

midine (CH,), and pynaudine (CH, ), 1 the repon of the pyrumidine on-
an (31073 0ecm ™).

kane systems and in complete accord with the above expen-
mental findings (see Fig. 2). Calculations for pynmidine
(CH,), clusters yield only one geometry for which the meth-
ane is coordinated with the aromatic  syster of the pynm-
dine ring. The calculated binding energy for this cluster 18
Sl4cm ~'. The methane—carbon atom is above the ning at 3.5
A and is shifted ~0.1 A from the ring center toward the
nitrogen atoms. The three hydrogen atoms of methane that
point down toward the ring are equidistant from the ring at
3.1 A; two of these hydrogens point directly at the ring nitro-
gen atoms. Again in agreement with the main expenmental
observations for these clusters, the calculations for pynmi-
dine (CH,); clusters yield two distinct geometrical arrange-
ments. The isotropic ciuster has a calcuiated binding energy
of 1029 cm ' and the amstropic cluster has a calculated
binding energy of 8379 cm ™'

B. Pyrimidine—ethane

The pynmudine (C,H,), spectrum s quite complicated.
consisting of a number of low intensity features and an in-
tense feature at — 60.7 cm ™' with respect to the pynmdine

TABLE I1 Observed peaks 1n the sp of pynmid: hane clusters.
Energy relative Energy reiative
Energy to pynmdine (8 to cluster @
Species (vac cm ') tem ') tem ") Assignment*
C.HN,(CH,), 31016.4 ~ %66 ®
310209 - 21 43
C.HN.(CH,), 309609 - 1121 0 0 08
30966 0 - 1070 1
Jlo2ss -472 0 aniso @

“The - 112.1 cm ' shift 1s associsted with two methanes added symmetncaily above and below the pynmi-
dine nng t1sotropic ), asshownin Fig 2 The — 47 2cm ' shift 1s asaociated with the anisotrop configura-

tion, as shown in Fig. 2.
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PYRIMIDINE(C H"I PYRIMIDINE (C H4’2

/L\;}A
Sl G

-S04 cm~t ~1029 cm! 879 em~
F1G. 2. Minimum energy configurations and binding energies for pyrimi-

dine (CH,), and pyr (CH,), as obtauned using the LJ potential cal-
culation descnbed in the text.

origin (see Fig. 3). We might expect that little vdW vibronic
intensity would be observed, based on pyrazine and other
pyrimidine clusters. In order to begin to interpret these fea-
tures we must consuit the vapor phase room temperature
pyrimidine monomer spectrum.’! In these reports, features
at — 156and + 22cm ™' are assigned as the 16a} and 165 |
sequence bands, respectively. The feature that appears in
Fig. 3at — 39.1 cm™' may be assigned as the 16b | sequence
band of the pyrimidine (C,Hj), cluster built on the intense
— 60.7 cm ! cluster origin. If this identification is correct,
then the clusters of pyrimidine (C,Hy), are bot (T, =260
K) and the features in Fig. 3 and Table II at — 153.5,
—99.3, —86.9,and — 75.4 cm™' may well be hot bands
associated with the cluster origins at — 71.4, — 60.7, and
~ 52.7cm™*. Apparently the cluster formation process for
pyrimidine ethane tends to warm the cluster. Table I1I sum-
marizes these results.

Supersonic expansion of pyrimidine apparently does not
produce the expected cooling for vibrational modes 165, and
16a,. Vibrational temperatures for the 165, mode have been
reported to be in excess of 200 K. Ito and co-workers®!¢ have
also observed the 164 ) transition for pyrimidine clustered
with argon and nitrogen. In the present work, changes in
backing pressure from 10 to 120 pei do not change the rela-

PYRIM
4DINE(C2HG)I

w
). A, PO |

<100 -50 0
RELATIVE ENERGY (cm-i)

FIG. 3. Two-color TOFMS of pyrimidine (C,Hs) , in the regron of the pyn1-
mudine ongin.

B

<150

tive band intensities: apparently these modes present a bott-
leneck for vibrational cooling.

As can be seen in Fig. 4, three different configurations
are calculated to be stable for the pyrimidine (C,Hy), clus-
ter. Configuration I has the long axis of ethane perpendicu-
lar to the plane of the pyrimidine ring. Configurations I and
I1I have the ethane molecule long axis more or less paraliel
to the plane of the ring; for configuration II, the axis of eth-
ane lies between a nitrogen and a carbon and for configura-
tion III this axis lies between two carbon atoms. [n each
instance a CH, group lies more or less over the ring center.

C. Pyrimidine-ammonia

The pyrimidine (NH,), two-color TOFMS spectrum in
the range 300 to 500 cm ™' to the blue of the pynmidine
origin is presented in Fig. 5. The three features are associated
with the 03 transitions of the pyrimidine (NH,), clusters.
The lack of significant vdW vibrational mode intensity indi-
cates that the ground and excited state vdW potentials are
nearly identical. The large cluster blue shift implies a strong
hydrogen bonding interaction between the pyrimidine and
the ammonia. The spectrum of Fig. 5 is taken with an ioniza-

TABLE I11. Observed peaks in the sp of pyri <thane cl
Energy relative Energy relsuve
to pyrimidine 0§ 1o cluster 0§ Tentative
Species Energy (em-") (cm ™"} assignment
CH.N,(C;H), 309193 - 1538
30973.7 -99)
30 986.1 - 869
0976 - 754
310016 -T14 0 [ o
o3 - 60.7 0 oo
310201 - 527 0 o
310339 -391 21 IT 168
J. Chem. Phys., Vol. 88, No. 4, 18 August 1988
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PR

PYRIMIDINE (CoHg),

Mo

844
-669 cm-! 678 cm~

4 T

‘ -~

. -

I
-368 cm-t

FI1G. 4 M1 energy conflg and binding enerpes for pynms-
dine (C,H,), as obtained using a LJ potenuai caiculation.

tion energy of 45 110 cm ~'; lowering the ionization energy

to ~42000 cm ™' the two nearly degenerate features at
. + 367 cm ™' decrease in intensity much more rapidly than
! the feature at + 496 cm ~'. Table IV gives the energies and
. assignments for the pyrimidine (NH,), clusters. Based on
the idea that the three features in this spectrum are associat-
ed with three different pyrimidine (NH,), cluster geome-
tries, the two nearly isoenergetic configurations must be
quite similar. The feature at + 496 cm ™' must correspond
to a different (more hydrogen bonded) geometry.

Three different configurations are calculated for the
pyrimidine (NH),), cluster using the LJ-HB potential form
(see Table I and Ref. 7). Two of these configurations have
. the ammonia above the pyrimidine plane and the third con-

figuration has the NH, molecule not above the ring. These
clusters are presented in Fig. 6 along with the calculated
cluster binding energies. Configuration I has the ammonia
N-atom 3.2 A above the pyrimidine ring with the three am-

TABLE IV. Pynmidine (NH,),.

PYRIMIDINE (NH. )'

3
i
|
|
[
i
i
IalX | I
i |
S, Sy A L‘f‘\«.“"’w“"“/ \'/\w*
1 'l A
300 -350 r400 *450 -%00

RELATIVE ENERGY (cm-)

F1G. 5. Two-color TOFMS of pynmidine (NH,), in the region 300-500
cm ' to the blue of the pynmadine ongn. An insert s shown of the first two
features with an expanded scale.

monia hydrogen atoms pointing down toward the 7 cloud.
The twe closest hydrogen atoms of the ammonia in this con-
figuration are 2.7 A from the pyrimidine plane. In configura:
tion 1, the ammonia nitrogen atom is 3.2 A above the nng
plane and points in the general direction of the ring N atoms.
The closest two ammonia hydrogen atoms to the nng are at
2.7 A. This cluster has a somewhat lower binding energy
than cluster I (667 vs 689 cm™'). In the third pynmidine
(NH,), configuration, the ammonia molecule does not re-
side over the pyrimidine ring: the NH, has a N-H bond in

. Energy reiative Energy relative to
N Energy to corresponding corresponding pyr i
. (vac.cm ") pyrimudine feature (cm ') ammonis feature (cm ') Assignment
. 313782 30%.2 - 609
314391 166.1 0 10
314410 168.0 0 nao
314857 412.7 466
315200 470 80.9
315332 462.2 96.1
. 31 5613 488.3 122.2
& 31 568.9 4939 0 1 o
. IS $06.3 0.4
31 6101 5371 412
316881 612.1 116.2
3 32044 6 360.6 0 1 6a,
f 320508 366.8 0 11 6a,
310972 35852 0 Leb
. 321082
|- 121218 1798 0 ey
. 21626
. 121761 4921 0 11 6a,,
322247 4827 0 6}

J Chem Phys . Vol 85.No 4. 15 August 1986
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PYRIMIDINE - AMMONIA

AN

N
.

—

| -689 cm!
il -667 cm-~!
m -~837 cm
FIG. 6. Mini energy confl ions and binding energies for pynmi-

dine (NH,), as obtained mgnUpImHBmuﬂakuhm

the plane of the pyrimidine ring with the H atom pointing to
one of the pyrimidine nitrogens, 2.23 A from it. The am-
monia nitrogen is dispiaced in the xy piane by 3.3 and 2.8 A
along the x axis and y axis, respectively, as shown in Fig. 6,
configuration I1I. This configuration has a calculated bind-
ing energy of 537 cm !

D. Pyrazine~ammonia

The pyrazine (NH,), spectra in the 03, 10a}, and 6a}
regions are presented in Fig. 7. One first notices the signifi-
cant difference between these data and those of pyrimidine
(NH,),. The spectra all strongly suggest that only one con-
figuration is present for the pyrazine (NH,), system. The
intense feature in the 03 spectrum is the cluster origin at

+ 117cm ™" from the pyrazine 0§ transition. The remaining
features of this spectrum are vdW vibrational modes of the
cluster. They will be analyzed in a future publication.*® Ta-
ble V gives the energies and the features observed in the spec-
trum. In this case, the ground and excited state potential
surfaces must be significantly different.

The cluster 10a} transition is quite different from the
cluster 05 or 6a transitions. From this one concludes that
strong vdW-internal mode coupling exists for the 10a’ out of
plane ring mode.?? The vdW overtones and combination
bands extend to more than 180 cm ~' from the 10g; cluster
origin feature. This is particularly striking in comparison
with the 6a;, vibronic band.

Only one configuration is calculated for the pyrazine
(NH,), cluster using the LJ plus HB potential function, in
agreement with expectations from the spectra. The am-
monia molecule hydrogen bonds to the ring nitrogens,

J QYQAZINE(NH3)I

0 +50 *100 *150
RELATIVE ENERGY (cm~)

F1Q. 7. Two-color TOFMS of pyranine (NH, ), at the ongin, 100, and ba,
regions are shown. The clustesr ongn (Ocm ‘)18 + 117 cm ™' to the bive
of the pyrazine ongin.

through two ammonia hydrogens. The mitrogen atom of the
ammonia molecule is 3.2 A above the ring plane with all
three hydrogens pointing toward the ring. This geometry 1s
depicted in Fig. 8. The calculated binding energy of the clus-
teris 677 cm '

E. Benzene-ammonia

The origin and 6; transitions of the C,H(NH, ), clus-
ter are observed in two-color TOFMS. One can immediately
conclude that at least one configuration of this cluster does
not retain the benzene threefold axis. The spectra are traced
in_Fig. 9. The spectra for both transitions are far more com-
plicated than any other cluster previously reported from our
laboratory. Regions with similar structure can be found in
the 03 and 6} spectra; in particular, the regions around
+20, —20and — 60 cm ™' in each spectra bear some re-
semblance to one another. Nonetheless, features appearing
in one spectrum do not appear in the other, and therefore at
least two clusters of different geometry are probably respon-
sible for the 6}, transition. The 03 transition could arise from
one reduced symmetry cluster. Since very little a priori spec-
troscopic analysis seems possible in this situation at the pres-
ent time, great stock must be placed in the calculations.
Two different configurations are calculated for the
C,H(NH,), cluster and both of them have the NH, mole-
cule placed over the ring. Configuration I in Fig. 10 pre-
serves the benzene C, axis and configuration 11 does not. The
high symmetry cluster has the N atom 3.3 A from the ring |
plane and the three H atoms of NH, are 2.9 A above the nng !
plane. Configuration I has the N atom 3.3 A above the plane ‘
and slightly shifted from the nng center. Two H atoms of the

J. Chem. Phys,, Vol. 85, No. 4, 15 August 1986
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TABLE V Pyraune (NH,),.

Energy relative

Energy relative 10

Energy to corresponding corresponding pyrazne-

(vac.cm ™) pyrazine feature (cm ) ammona cluster tcm ') Assignment
309673 9113 - 257

309930 1170 0 ®
31000.8 1248 78

310195 1438 6.8

310365 160.8 43S

310436 1676 50.6

310454 1694 52.4

310673 191.3 743

310700 194.0 770

310774 201.4 844

310899 2139 96.9

310937 017 100.7

310992 N232 106.2

3137187 119.7 0 10a}
313849 1289 6.2

31 400.5 141.8 .8

31403.7 144.7 250

314243 168.3 456

314418 182.8 63.1

3146013 202.3 182.6)*

}14675 208.5 (88.8)

315073 2488 128.8

315137 2547 135.0

315398 280.3 160.8

315%9.7 300.7 181.0

31 580.2 120.8 0 6ay
315908 1361 10.6

J1 6248 165.1 “ue6

* May be associsted with other pyrazine festures.

NH, point towards C-C bonds and one points away from the F. Benzene-water

ring plane. The NH, H-atoms in this configuration are at 2.9
(two of them) and 4.3 A from the ring. The calculated bind-
ing energies of these two configurations are given in Fig, 10.
Configuration Il alone must generate the 03 spectrum in Fig.
9.

PYRAZINE - AMMONIA
FIG. 8 Minimum energy configu-
g E ration and binding energy (or pyra-

une (NH,), asobtained usinga LJ
HB form potential calculation.
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The C;H,(H,0), cluster 03 and 6 are presented in Fig.
11. They are stnkingly different from those of C,H,(NH,),
(Fig. 9) but bear a strong resembiance to the pyrazine
(NH,), spectra displayed in Fig. 7, as well as spectra of
other systems studied in our laboratory.'~’ In particular, a
very clear vibronic progression is present for the 0 spectrum
and will be analyzed in a future publicauion.*® Table VI gives

1xou ) b

Vi .
" :"ﬂ-“ Uy .
!,' L“v“"’/ : - ) "‘vN .

—_ A

100 S0 3 + %50
RELAT'VE ENERGY

(em=1)

FIG 9 Two-color TOFMS of benzene (NH, ), in the region of the henzene
¥, and &, fransiions.
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FIG. 10. Mini energy config: and dinding energies for benzene
(NH,), as obtained using s LJ potentiai caiculation.

these features and their energies. The 6, spectrum of
C,H,(H,0), hasadifferent shift ( + SOvs + 85cm ') and
a different general pattern than the 03. In addition, the 6,
origin is split by roughly 1 cm ~'. Considerable vibronic cou-
pling must occur between the in plane carbon—carbon
stretch 6' and the vdW modes. The C,H,(H,0), cluster
two-color TOFMS spectra are observed only at & higher ion-
ization energy than required to observe the 6; spectrum of
bare C,H,. The C,H,(H,0), spectra depicted in Fig. 11 are
taken with an ionization laser energy of 44 480 cm ~' com-
pared to 36 100 cm ' for the benzene monomer. The ioniza-
tion energy for the benzene water cluster 1s 3300 cm ~ ' high-
er than that of the benzene monomer.

Only one geometry is calculated for the C,H,(H,0),
cluster employing the LJ potential. The configuration and
binding energy are given in Fig. 12. The oxygen atom of
water is roughly centered over the ring at 3.2 A above it and

TABLE V1 Benzene (H.O),.

A ATE S A S-S0 b B A Aok Be i o o

ML AE 24 sNe 2 oA of
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1 CgMglH,0),

+50 <100 +150
RELATIVE ENERGY (cm~)

F1G. 11. Two-color TOFMS of benzene (H,0), 1 the repon of benzene
ongn 03 and 6;. An expanded scale insert 18 shown of the 6, ongin of the
cluster.

the water hydrogen atoms are at 3.0 A above the nng. The
calculated water benzene binding energy is S05cm ™"

IV. DISCUSSION

Cluster geometry is determined through analysis of two-
color TOFMS data for individual clusters and through cal-
culations of cluster geometry and binding energies using an
augmented LJ potential. Calculated binding energies have

Energy relative Energy reiative to
Energy 10 corresponding corresponding benzene-
{vac.cm ') benzene festure (cm ') water feature (cm ') Assignment
®
381086 846 ]
181739 899 53
381858 1018 169
9o 10790 224
182093 1213 36.7
26 1376 $30
382435 1593 749
182749 1909 106 )
[%

a
186334 48 4 0
R 6368 493
386838 T68 hai
18 688 6 316 28
18 694 2 872 81
18709 | 1021 10
187207 1y H 6
821 1581 1060

“Shift taken with 6, at 49 |
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-

—w s

T

-— e e v -

BENZENE-WATER

R~

-505 cm-t

FIG. 12. Mi energy config and binding energy for benzene
(H,0), as obtaned using a LJ potential calculanoa.

always been roughly bracketed by the experimentally ob-
servable range defined by two solute molecule vibrations
(e.g., 520 to 850 cm ~' for the 1:1 compiex).'~’

Before discussing the details of the clusters observed,
some general remarks are in order. First, one should take
note of the great apparent differences between the spectra of
the various clusters studied: pyrazine and pyrimidine hydro-
carbon spectra show little vdW vibronic structure but in-
tense ongins; the pyrazine (NH,), spectrum displays elabo-
rate and well developed vibronic progressions withs + 117
cm™' cluster shift for a single cluster; the pyrimidine
(NH,), spectra consist only of intense origins for three large
shift ( + 366, -+ 368, + 496 cm ~') configurations with no
vdW vibronic development; the benzene (NH, ), spectra are
red shifted, and too complex to interpret without further
calculations; and the benzene (H,0), spectra are blue shift-
ed with extensive vdW structure. Second, and perhaps even
more astonishing, the LJ-HB ( where appropriate) potential
calculations parallel and reinforce these differences in all
cases. That 1s, for example, the calculations suggest one hy-
drogen-bonded configuration for pyrazine (NH,), but three
hydrogen-bonded configurations for pyrimidine (NH,),, 1n
agreement with the straightforward interpretation of the
spectra. Third, the binding energies of the clusters seem rela-
tively insensitive to the detailed configuration of the cluster.
Fourth, spectral shifts are found to be a sensitive function of
the detailed geometry of the cluster. Proximity to the = sys-
tem 1s important for cluster red shifts, while hydrogen bond-
ng yields in general cluster blue shifts with respect to the
solute monomer ongin.

A. Pyrimidine—methane

In the pynmidine (CH,), cluster the CH, molecule is
situated above the pynmidine nng coordinated to the =
cloud of the aromatic nng. The cluster has a simple spectrum
with httle vdW vibronic intensity following the pynmidine

vibronic origins. The cluster spectrum is red shifted, indicat-
ing that the excited state cluster 1s more tightly bound than
the ground state cluster by roughly 60 cm ~'. The overall
appearance of the spectrum 1s similar to that of pyrazine
methane.’

The additive shift features in the spectrum of pynmidine
(CH,), are attnbuted to the 1sotropic (symmetnical) geom-
etry with a methane molecule on either side of the pynmi-
dine ring. The feature at — 47.2 cm ™' in the pynmdine
(CH,), spectrum is attnbuted to the anisotropic configura-
tion with both CH, molecules on the same side of the nng. In
this asymmetric geometry, one methane is more or less
above the ring, and responsible for most of the CH ,~r—cloud
interactions, and the other methane molecule is off the nng
interacting pnmarily with the first methane, contnbuting
little to the cluster spectral shift.

The overall behavior of this cluster system with regard
to geometry, binding energy, and cluster population in the
beam is very similar to that found for benzene, toluene, and
pyrazine methane species.'”’

B. Pyrimidine-ethane

The pyrimidine (C,H,), cluster is similar to the pyra-
zine (C,H,), cluster:” both clusters have three geometrical
configurations and each configuration of the two clusters
has a similar binding energy. These configurations are also
similar to those of the benzene (C,H,), cluster with the ex-
ception that, in the N-heterocyclic systems, two parallel on-
entations of the C,H, long axis with respect to the nng plane
are now possible.

The identification of calculated geometries with the
three distinct spectroscopic features is of course tentative but
can be pursued 1n the spirit of the arguments and correla-
tions employed with the benzene and pyrazine systems.'-’
Referring to Figs. 3 and 4, the featureat — 71.4cm ' can be
associsted with configuration I, the intense feature at

—~ 60.7 cm ™! can be associated with configuration II, and
the — 52.7 cm ™' feature 1s associated with configuration
I11. The lack of vdW wvibronic structure for these transitions
must be due to the similanty between the ground and excited
state potentials for the clusters.

C. Pyrimidine—-ammonia

The pynmidine (NH,), clusters have a unique spec-
trum which can only be interpreted as due to three distinct
configurations with no vdW mode progression intensity fol-
lowing the well defined ongins. Calculations. as pointed out
previously, give exactly these conclusions and identification
of origins in the spectrum with configurations seems
straightforward. Configurations [ and i of Fig. 6 are asso-
clated with the features at 366 and 368 cm ' in Fig. S These
two configurations are quite similar and have less hydrogen
bonding interaction than the more blue-shifted single feature
at 496 cm~'. The large spectral blue shifts of ~ 365 and
~ 500 cm ' must anse from the strong hydrogen bonding
interactions. While none of these observations seem particu-
larly stniking 1n and of itself, in companson with the pyra-
zine (NH,), and benzene (NH,), resulits. they are surpns-
ing; these will be discussed below.
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D. Pyrazine-ammonia

The pyrazine (NH,), cluster spectrum is completely
different from that of pynmudine { NH,),. The cluster 03 is
shifted + 117 ¢cm ™' from the pyrazine 03, only one cluster
geometry is present, and a rather extensive vdW vibronic
structure s built upon the origin. The 6a} spectrum s quite
similar. Two intense vd W vibronic transitions are associated
with these cluster transitions. The 10a) vibration region of
the pyrazine (NH,), cluster, on the other hand. looks quite
different from these other features and vibronic interactions
between the out of plane 10a' carbon-carbon mode and the
vdW modes are quite evident in the overall vibronic intensity
pattern in the 10a} region.

Calculations predict only one configuration for this
cluster system. The fact that the potenntial energy calcula-
tions can accurately parallel the spectral data for pynmudine
and pyrazine ammonia clusters which are clearly so differ-
ent, gives us a high degree of confidence in the calculational
process, the binding energies, and the potenual form accura-

cy.

E. Benzene-ammonia

Assignment of the benzene (NH, ), spectra has not been
attempted as yet because the spectra are too complicated.
We present them only as part of the general picture indicat-
ing what spectra of relatively simple clusters of such systems
can be like. The benzene (NH,), clusters yield much more
complicated spectra than either pyrazine or pynmidine
(NH,), clusters do. In the benzene (NH,), cluster, strong
vdW vibronic interactions must be important for the cluster
transition intensity.

Both calculated configurations (Fig. 10) contnibute to
the 6, transition but only configuration II generates the 09
spectrum. Note too, that both configurations most likely
generate a red shift.

F. Benzene-water

Any C,H,(H,0), cluster will in principle generate a 05
transition. The 08 spectrum of C,H,(H,0), (Fig. 11) thus
strongly suggests that only one cluster geometry is realized
for this system. The C,H,(H,0), 03 transition is much like
the pyrazine (NH,), spectrum. Well developed vdW wi-
bronic features are observed. The 6;, spectrum implies strong
vibronic mixing between the in plane carbon—carbon defor-
mation 6' and the vdW bends and toruions: the cluster shift is
different for 6}, as is the intensity pattern. The ciuster shift at
the 03 transition is + 85cm ~* which indicates that the clus-
ter excited state 18 destablized with respect to the ground
state. The blue shift may be related to the unique hydrogen
bonding capabilities of the H,O molecule with the  system
of benzene. The calculated binding energy s probably ~ SO
cm ' low for this cluster because the 6} transition at 0 plus
$20 cm "' 13 observed. We have previously noted that the LJ
potential binding energy 1s roughly 50 ¢4 ™' low compared
10 exp-6 and expenmental values.’

An infrared study of the 1:1 benzene-water complex in
an argon matnx has been reported.’’ The work suggests that
the water molecule hydrogen bonds to the benzene r system

in a manner nearly identical to that found in the calculations
presented in Fig. 12.

V. CONCLUSIONS

The clusters studied in this work fall into two broad
categones: a conventional set containing pynmidine hvdro-
carbon clusters, the spectra of which are quite similar to
those of other aromatic and pyrazine hydrocarbon systems.
and benzene. pynmidine, and pyrazine ammonia and ben-
zene water clusters, the spectra of which are all unique and
surpnsingly erratic. [n the latter grouping, spectral cluster
shifts range from ~ 100 to + 500 cm ™', vdW vibronic
spectra range from nonexistent to intense, vdW modes can
be highly perturbing to the solute vibronic structure and en-
ergy, and the number of cluster configurations varies from
one to three in an apparently arbitrary fashion. These differ-
ences notwithstanding, the Lennard-Jones (6-12-1) poten-
tial, augmented appropnately with hydrogen bonding inter-
actions (10-12) as reauired, always gives geometry and
binding energy results that are in complete agreement with
the spectra as far as the comparison can be made (i.e., sym-
metry, numbers of configurations, red and blue shifts with
regard to hydrogen bonding, etc). The atom-atom LJ poten-
tial form has been chosen for these calculations because a
large number of parameters for dufferent types of atoms are
available in the literature.

The benzene (NH,), and (H,0), spectra are quite dif-
ferent from one another. The shifts for these two clusters and
their geometries seem to emphasize the importance of hy-
drogen bonding in the benzene (H,0), cluster.

Pyrazine and pyrimidine water clusters are not found in
these studies although they have been extensively investigat-
ed. These clusters are not observed perhaps because their
excited states are dissociative, but more likely because of
rapid excited state intersystem crossing and/or internal con-
version.
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' Supersonic molecular jet studies of the pyrazine and pyrimidine dimers®
J. Wanna, J. A. Menapace, and E. R. Bernstein
~ Department of Chemustry, Condensed Matter Sciences Laboratory. Colorado State University. Fort Collins,
Colorado 80523
: {Received 13 December 1985; accepted 8 Apnl 1986)
$ Mass selected optical spectra for the first excited singlet n7* states of the pyrazine and pyrimidine
dimers are presented. The species are created in a pulsed supersonic jet expansion. The spectraare
analyzed based on ionization energy, vibronic structure, and relative energy with respect to the
}_ isolated monomer (cluster spectroscopic shift). Calculations of binding energy and geometry for
g these dimers are carried out employing a Lennard-Jones (6-12-1) and hydrogen bonding
- (10-12-1) potential. In the case of pyrazine, calculations and experiments agree that both parallel
X planar hydrogen bonded and perpendicular dimers are present in the expansion. The calculations
A also predict a parallel stacked and 90° rotated pyrazine dimer which is not observed. This latter
species most likely forms an excimer in the excited state with a short lifetime and a highly red
shifted broad spectrum. In the case of pyrimidine, calculations yield four planar hydrogen bonded
' species and a parallel stacked and displaced species. The spectra for the pyrimidine dimer are
3 consistent with these configurations, in agreement with the calculations. No perpendicular
j - configuration is calculated for the pynmidine dimer and no spectroscopic features require
N postulating the existence of such a configuration. To explore further the agreement between
calculated and experimental results for aromatic dimers, calculations are also presented for the
X tetrazine dimer. Three calculated geometries are obtained for the tetrazine dimer: a parallel
stacked and 90" rotated species, a planar hydrogen bonded species, and a perpendicular species.
? Experimental spectra and calculations are in basic agreement for all dimers studied and, in
: general, support one another.
"
L4
E : I. INTRODUCTION gy of these dimers based on an exponential-six (exp-6) func-
Molecular dimers are of interest for a number of rea- tion has also been reported.’ Spectroscopic data and
sons. They can serve as model systems for condensed phase potential energy calculations have been analyzed to arrive at
. structure, dynamics, and nucleation and growth. Vibration- a set of consistent geometries for these dimers. The benzene
h- al dynamics and reactions can be studied in clusters through dimer is suggested to have a parallel displaced structure and
the observation of vibrational dephasing or intramolecular the toluene and toluene-benzene dimers are suggested to
- vibrational redistribution (IVR) and vibrational predisso- have both parallel displaced and perpendicular geometnes.
i ciation ( VP). Dimers also provide a model for higher order The benzene dimer characterization rests on isotopic substi-
(i.e., secondary, tertiary, etc.) structure of more complex, tution, absence of resolved splittings at the cluster 03, obser-
flexible molecules. Finally, these small clusters can be treat- vation of only one feature, respectively, for (C.,H,)..
- ed as a new, weakly coupled state of matter appropriate in its (C¢Ds) 1, and CcH,C,D, at the cluster 03, and calculations
/ own right for investigation and focused attention. employing the observed molecular quadrupole moment of
] Small clusters or dimers are best studied by molecular  C,H,to set partial and atomic charges and multipolar terms.
~ jet techniques, ' as the species are thereby isolated and free  In all instances, the experiments and calculations appear to
of extraneous perturbations. Of the molecular supersonic jet arrive at self-consistent and independent conclusions which
spectroscopy techniques available, the most useful is two- are in agreement with one another.
color time of flight mass spectroscopy' (2-color TOFMS) Molecular jet studies of other isolated dimers have also
3 because many different clusters [e.g.. dimers, trimers, been reported. Rotationally resolved fluorescence excitation
i dimers (He),, etc.] are simultaneously produced in the ex- and dispersed emission spectra of tetrazine,’ phenyltetra-
. pansion process. Two-color TOFMS selects a cluster of par- zine,* and dimethyltetrazine® dimers have been reported.
! ticular mass, does not allow fragmentation of clusters to take Hydrogen bonded benzoic acid® and benzoic acid—p-toluic
! place, thus maintaining mass integrity of the clusters, and acid” dimers have also been studied.
yields a plot of cluster ion intensity in the chosen mass chan- In this paper we report rotationally resolved 2-color
nel as a function of the cluster absorption spectrum. TOFMS of pyrazine and pyrimidine isolated molecules at a
," Dimers of benzene, toluene, and benzene-toluene have resolution of 0.08 cm~'. Unfortunately, this is insufficient
- been studied 1n our [aboratory using the 2-color TOFMS resolution to obtain rotationally resolved 2-color TOFMS of
" technique.' Coupled with the expenimental findings, a po- the pyrazine and pyrimidine dimers. Computer stmulations,
'_. tential energy calculation of the structure and binding ener- based on a reasonable symmetnc top algonthm, predict 4
. resolution of at least 0.005 cm ~' (150 MHz) s needed to
] * Supported n part by grants from ONR and the Philip Morns Corpora- observe rotational structure for the dimers, assuming they
tion. are ngd.
U4
P J Chem Phys 88 (2). 15 July 1966 0021-9606/08/140777-08%02 10 < 1986 American Institute of Physics
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In addition to the experimental spectroscopic methods
used to study these dimers, potential energy calculations uti-
lizing a Lennard-Jones ( LJ: 6-12-1) potential are performed
to yield minimum energy geometnes and binding energies.
This potential form is replaced with a LJ-hydrogen bonding
(HB; 10-12-1) form for the appropriate set of atoms. The
calculation and parameters employed are discussed and pre-
sented in an earlier publication.? These potenuals, with liter-
ature parameter values, give the same results as the exp-6
with dipole-dipole, dipole-quadrupole, and quadrupole-
quadrupole terms for the benzene, toluene, and benzene-to-
luene (and pyrazine and pynmidine) dimers. The major ad-
vantage of the LJ form presently used in our studies is that
more atomic parameters are available in the literature® and
experimental multipole moments are not required for each
system.

Dimer geometry is determined through analysis of ex-
perimental (e.g., shifts, ionization energies, origin identifica-
tion, vibronic analyses, etc.) and calculational results.

Il. EXPERIMENTAL PROCEDURES

A pulsed valve supersonic molecular jet system is used
to generate the dimers. The pulsed valve is mounted in the
mass spectroscopy chamber of a two chambered vaccum sys-
tem. Since the duty cycle of the valve is roughly 1077, the 10
in. diffusion pump on the chamber and the 6 in. diffusion
pump on the TOFMS flight tube adequately handle the gas
load and maintain the chamber pressure below 2x 10~¢
Torr. The system is described in previous publications.'*
The beam passes through a skimmer and then into the ioni-
zation region of a TOFMS. Two separateiy tunable lasers
provide the photons for the S,—S, traasition and the
S,—<cluster ion transition.

Rotationally resolved 2-color TOFMS are obtained
through pressure tuning of the grating box of the pump
(Sg—=S;) dye laser oscillator cavity. The output of this laser
is narrowed by an etalon placed between the dye cell and the
grating in the oscillator cavity. The doubled output from this
dye laser is 0.08 cm ~' in width. The laser can be scanned
over roughly 20 cm ™' for a N, pressure variation of 10 to
1500 Torr.

Pyrazine and pyrimidine are obtained from Aldrich
Chemical Company and used without purification. The
sample is placed in a trap behind the pulsed valve through
which He flows at 120 psig.

The LJ potential energy function and calculational pro-
cedure have previously been described.® The additional con-
stants needed for this work are the (aromatic) N.--H hydro-
gen bonding values: 8 =8.244x 10° kcal A'%/mol and
A’ =3.2897 X 10° keal A'*/mol. In order to check the LJ
potential form, in particular for the pyrimidine dimer, LJ
plus multipolar (i.e., dipole—dipole, dipole—quadrupole. and
quadrupole—quadrupole) potential calculations are also per-
formed.? The pyrimidine dipole and quadrupole moments '
aretakentobe —2.97x 10 " esucmand — 1.91x 10~%¢
esu cm?, respectively.

Calculations are also reported which simulate the rota-
tional structure of pyrazine and pyrimidine monomers and
dimers. A symmetric top model is employed for this fit be-
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cause it ts simple, reasonably accurate. and in general 1s well
suited to the purpose of roughly predicting the unresolved
dimer structure. Both molecules ar» nearly symmetnc tops
(x=0.9). The form of the equations and methods employed
are given by Herzberg.'' The rotational temperature
achieved in our system is ~2 K. The rotational constants
used in the dimer rotattonal spectra calculations are found
from the calculated LJ geometnes. The molecular geome-
tries can be found in Ref. 12 for pyrazine and Ref. 13 for
pynmidine.

lll. RESULTS
A. Pyrazine dimer

The spectrum of the pyrazine dimer at the 02 transition

is presented in Fig. 1 at two ionization energies, both of
which are lower than the minimum ionization (second pho-
ton) energy of 44 000 cm ' required to observe the 2-color
TOFMS of the pyrazine monomer. Lowering the ionization
energy from 43 1821042 185 cm ™' causes three of the dimer
related peaks to disappear: these features are found at
— 11.0, 12.0, and 26.2 cm ' on the scale of Fig. 1. From the
nature and appearance of these features, the + 12and + 26
cm ™' peaks are quite likely vibrations buiit on the — 11
cm ™' origin of a given configuration cluster. The intense
features that remain at the lower ionization energy are found
at — 26.3, — 5.8, + 34.1, and 50.7 cm ~'. From this van-
ation of ionization energy one can determine that at least two
configurations of the pyrazine dimer are present in the su-

I,
PYRAZINE DIMER

I 0s Ej=43182 ¢cm~

‘ I

- —

Ej: 42185 cm-¢

" 1

50 ) 50
RELATIVE ENERGY (crmr')

FIG 1. Twocolort TOFMS of the pyrazine dimer in the reqion of the pyra.
zine ongin at two different 10nization energies, 1Op trace at an tonszation
energy of 43 182¢cm ' and the lower trace at an 10m1zation energy of 47 |88
¢m "' Thepyranne ongin at 30876 cm ' hies atOcm ' on the sale ot the
figure.
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persontc jet expansion. The pyrazine-d, dimer 0 spectrum
at two different 10nization energies 1s presented in Fig. 2: the
similanty between the pyrazine-A, and -d, dimer spectra s
quite striking and reinforces our identification of ongins and
vdW vibronic features. The features that vamish at lower
lonization energy are found at — {1.5. {1.5, 25.5. and 64.}]
cm ~ ! with respect to the pyrazine-d, OF transition (31 030.4
¢m ™). These should be compared with the numbers in Ta-
ble I. The features that remain with lower 1onization energy
are iocated at — 26.9, — 6.5,31.0,and 459 cm ™"

The spectra of the pyrazine dimer at other pyrazine vi-
bronic origing are presented, along with the 0) spectrum for
comparison, in Fig. 3. The feature at roughly + 61 cm "'in
this figure ( + 34.1 cm ™' in Fig. 1) is ciearly an additional
origin. The energy values and shifts for these features are
presented in Table I. Since the pyrazie dimer s sull observed
at 10a}, its binding energy is greater than 800 cm ~'. No
other features, appearing n the dimer mass channel, are
found within — 400 cm ' of the pyrazine 0f transition. The
spectra of the pyrazine-d, dimer at these other vibronic mon-
omer origins are again very similar to those of the pyrazine-
h,dimer. We concluded from these spectra (not presented)
that the third ongin for the deuterated dimer lies at 31.0
cm ' from the 05 of the deuterated monomer.

Uunlizing a Lennard-Jones potential function with a hy-
drogen bonding form, three configurations for the pyrazine
dimer are calculated. Two of these configurations, a planar
hydrogen bonded form and a perpendicular form, are dis-
playedin Fig. 4. A paraliel, stacked and 90" rotated structure

PYRAZINE-&‘.’4 DIMER

0! E;{*43598 cm-!

E;*42293 cm~

Ao

L AL i

-50 0 *+50

RELATIVE ENERGY (cm-Y)

FIG 1 Two-color TOFMS of the pyrazine-d, dimer in the region of the
pyrazine-d, ongin Two different 1onization energies are presented The
pyrazine-d, monomer ongin hes at D cm ' on the scale of the figure Com-
pare 1o Fig 1 for the pyrazine-h, dimer
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*50 +100
RELATIVE ENERGY (cm-)

O

FIG. 3. Two-color TOFMS of the pyrazine dimer in the 03, 10a,. and 6g,,

regions. These spectra are taken at high ( ~43 200 cm " ') jonization ener-

gy.
PYRAZINE DIMER
; é I -716 cm!
>'—“\/ Il -854 cm-
FIG 4 Minimum energy .onfigurations and binding efiergies .7 My e

Jimer as obtained with 4 LJ plus HB potenual canulation
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is also found. The binding energies for the former two config-
urations are presented in the figure. In the planar geometry
the ring centersareat 5.6 A from each other and the suggest-
ed C-H.--N hydrogen bonds are 2.3 A long. The pyrazine at
the stem of the perpendicular configuration is situated in a
symmetric position above the base pyrazine, with two of its
hydrogens pointing to the base pyrazine nitrogens and equi-
distant from them. This perpendicular configuration has a
4.6 A pyrazine center to center separation and apparent 2.6
A H--N bond lengths.

B. Pyrimidine dimer

Three segments of the pyrimidine dimer 2-color
TOFMS spectrum in the 03 region are displayed in Fig. 5 for
two different ionization energies. Based only on the position
and appearance of these segments we suggest that the fea-
tures at — 168 and + 296 cm ~' are each associated with
different geometries. The grouping of features in the + 170
cm ™' region must be associated with more than one dimer
configuration, as these eight sharp, relatively intense fea-
tures are clearly not vdW vibronic progressions built on a
single 03 origin. The minimum ionization energy for the pyr-
imidine monomer is near 44 090 cm ~* above the 'B,(a7*)
excited state at 31 073 cm~'. As can be seen from Fig. 5,
features in two of the three regions dispiayed disappear as
the ionization energy is lowered from 44 363 to 42 320
cm™!.

Calculations using a LJ-HB potential function yield
four planar configurations, a parallel stacked head-to-tail
displaced configuration, and a parallel stacked undisplaced
configuration with the two pyrimidine molecules rotated 90°
with respect to each other. The latter configuration most
likely does not contribute to the observed dimer spectrum
since it will probably form an excimer. No perpendicular
geometry is calculated even with the LJ-HB potential aug-
mented with multipolar terms. Figures 6 and 7 give those
calculated geometries for the pyrimidine dimer which can
produce the observed spectral features. The parallel dis-
placed geometry shown in Fig. 6 is head-to-tail displaced by

PYRIMIDINE DIMER E244363 cm~

|
mL,,M

£;* 42320 cm~t

WMMWN‘W " A
"GC ‘150 '200 ’29.
RELATIVE ENERGY (cm-')

FIG. 5. Three segments of the 2-color TOFMS spectra of the pynmidine
dimer at two 10n1Zal10n energres, (OP trace at 8N 10n1zalion energy of 44 163
cm "' and the lower trace at an ionization energy of 42 320cm ~'. The ener-
gy wale 13 relative to the pynmidine monomer 05.

222

PYRIMIDINE DIMER

-1478 cm-!
F1G. 6. Mini energy confi and binding energy for the stacked
pynmidine dimer as ob wuh a LS plus HB potenual calculation.

_a

0.6 A along the CH-CH line from the molecular center: the
interplane separationis 3.3 A. The calculated binding energy
for this dimer is 1478 cm ™",

The planar configurations are displayed in Fig. 7. Con-
figuration I has a center to center distance of 5.5 A, two
N--H hydrogen bonds (2.3 A separation), and a calculated
binding energy of 709 cm ~'. Configurations I, III, and IV
also display some hydrogen bonding but to a lesser extent
than that displayed in configuration I. In these latter three
cases, the less “acidic” hydrogens, not between the two N
atoms, are involved in the “hydrogen bonds": the pyrimi- -
dine molecule center to center distance is ~6.0 A and the
calculated binding energies range from 400 to 430 cm ™',
substantially less than the binding energy for configuration
1. Configuration II has two N--H hydrogen bonds each of 2.9
A. Configurations Il and IV have a nitrogen atom of one
pyrimidine equidistant from two hydrogens of the other pyr-
imidine with an apparent hydrogen bond distance of 2.9 A.
Planar configurations in which two nitrogens are facing each
other are not stable.

P Sy

PYRIMIDINE DIMER

/
/\
j -
-\—‘\
<)- -
709 cm- \ -402 cmt
\/_/’-

Yy A
N ow /‘\I/\ v

~422 cm= \ -429 ¢m-)
VAR

I
el el

FIG. 7 Minimum energy configurations and binding energies for the planac
pynmidine dimers a3 obtained with a LJ plus HB potentiai calculanon
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C. Rotational structure

Rotationally resolved 2-color TOFMS data can be ob-
tained for the pyrazine and pynmidine monomers using the
resolution presently available in our laboratory (Av ~0.08 .
cm ~'). The spectra are presented in Fig. 8. These well re- PYRAZINE Q.
solved spectra evidence a central Q branch with well devel-
oped R and P branches to the high and low energy sides,
respectively. The calculated rotational structures for these
transitions are presented 1n Fig. 9. In order 10 make the fit
look reasonable, a 0.1 cm ~' Gaussian linewidth was incor-
porated in the calculated spectrum.

Considenng that 2 symmetnc top equation 1s used for i . ——
the fit, the agreement between the calculated and expenmen-
tal results is excellent. The purpose of this exercise is to ob-
serve and calculate the rotational spectrum of a dimer. One
can see from Fig. 10 (top) that the rotational structure of the

razine dimer is not evident at this laser linewidth. Similar
Egnclusnom anise from the spectra of the benzene dimer (see PYRIMIDINE 02
Fig. 11). Computer simulations of the pyrazine dimer spec-
trum ( based on the symmetnc top calculations ), show thata
~0.005 cm ~! laser linewidth is required to resolve rota-
tional transitions for the aromatic dimers (Fig. 10 bottom).
An attempt to fit the rotational contours to parallel or per-
pendicular transitions of parallel or perpendicular dimers

cm=t

demonstrates that no convincing conclusions concerning

dimer geometry can be reached in this manner. In fact, the

spectra of the parallel and perpendicular pyrazine dimer ori-

gins do not appear different at this resolution. The calculated % TR 6 " _;
contours are found using rotational constants of cmy

A" =00611,B° =0.0157,and C* = 0.0141 cm "' for the FIG. 9. Simulated rotational spectra of the pyrazine and pynmidine ongns.
perpendicular dimer and 4 * = 0.0381, B" = 0.0153, and
C* =0.0112 cm™' for the parallel planar dimer.

IV. DISCUSSION

A. Pyrazine dimer

In the following paragraphs, only the pyrazine-A, dimer
results will be discussed in detail. The similarity between the

PYRAZINE OF pyrazine-h, and -d, dimer results obviates the need for dis-
30673.8 cm cussion of these data separately.

One of the most important experimental observations
concerning the pyrazine dimer is the change in the spectrum
as a function of ionization laser or second photon energy.
Lowering the ionization laser energy by 1000 cm ' to

¢ cm- 42 185 cm ~' causes three features to disappear: two of these
are assigned as vibrations built on a single origin (see Table |
and Fig. 1). Further reduction of the ionization energy to
PYRIMIDINE O 41721 cm" r.csults in no obsewgd TOFMS spectrum for
the pyrazine dimer. At least two different geometnies of the
31073 cm-t pyrazine dimer are therefore present in the beam. The dimer
\ with the higher ionization energy is probably a symmetncal
A dimer with two symmetry equivalent molecules because
:' ‘ l only one origin is associated with the high ionization energy
H \ spectrum.
\j J J J Different geometries will possess different iomzation
\j\j\‘/\-’{l\ energies depending on the involvement of the = clouds 1n the
S R o) - 3 overall dimer 1nteraction. For exampile, a planar hydrogen
cm: bonded dimer would probably have a poor 1on "solvation™
FIG 8 Two<olor TOFMS rotational spectra of the ongins of pyrazine or stabilization and might therefore have a higher ionization

l ttop) and pynmidine (bottom) monomers. energy. This geometry would in addition have only one spec-
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PYRAZINE

yJ q DIMER

’\M

1 1
7.4 cme!
- PP e Pa— e
+0.9 [+ ] cm-! -0.9
F1G. 10. Two-color TOFMS rouuoml spectmm of the pyrazine dimer ori-

@ (top) and p oflhepyrumednmer
onga (bottom ). Themunuujou91cu"(—265cm origin in
Fig. 1). The FWHM s roughly 2 cm~'. The 30 865.0 cm ™' origin looks
nearly identical 1o this one at the expenmental resolution.

troscopic origin. A perpendicular geometry dimer would, on
the other hand, probably evidence two features and a lower
ionization energy due to the wcloud involvement of the
“horizontal” pyrazine in the stabilization of the ion.

The calculations give three general geometries for the
pyrazine dimer: a parallel planar, a perpendicular, and a par-
allel stacked on 90° rotated geometry. The latter geometry is
not discussed in this work because it likely is not important
for any of the spectroscopic observations presented earlier.
The remaining two configurations give rise to three separate
spectra: one for the parailel planar geometry (1) and two for
the perpendicular geometry (base [1a and stem IIb).

BENZENE DIMER Of

59 cm-

FIG 11 Two-color TOFMS of the benzene dimer 05 transition at 0 08
cm ' resofution Most of the “features” in this trace are noise and are not
reproducible

TABLE [. Pyrazine dimer.

Energy relative  Energy relative
to corresponding 1o corresponding

Energy pyrazine feature  pyrazine dimer
(vac.cm ') tem ') feature (tm ) Assignments’

308495 -16.5 0 {I base Uy,
30 865.0 -110 0 107
308702 -58 20.7
30879.0 31 96
30 888.0 120 230
308914 154 419
30898.7 2.7 492
305023 26.3 3713
19910.1 341 0 Il stem OF
309140 38.0 39
309182 422 8.1
30926.7 50.7 16.6
312285 -30.5 0 [1 base 10a,
31238.8 - 208 0 1 10a,
312454 - 136
312548 —42
312894 30.4 0 11 stem 10a,
31297.6 38.6
313144 55.4
314333 - 204 0 11 base 6a;
31 445.1 — 14.6 0 I 6aq
314568 -9
314678 8.1
314817 2290
314889 29.2
314932 338 0 I1 stem 6a;
315079 48.2
31 568.7 106.0
3t677.9 - 2L 0 11 base 10}
31 686.1 -129 0 11043

*See Fig. 4.

Table I gives the assignment of the dimer spectra. The
planar geometry (1) is assigned to the originat — 11 cm ™~
(Fig. 1) since this single origin feature is associated with the
higher ionization energy. The other two origins at — 26.5
and + 34.1 cm ™' (Fig. 1) with respect to the pyrazine mon-
omer origin are assigned to the perpendicular dimer because
they both show the same low ionization energy. The base
(I1a) is associated with the red shifted origin and the stem
(IIb) is associated with the blue shifted ongin. This latter
correlation between spectra and calculated structures 1s
based on the argument presented in previous publications’ -
relating solvent cluster shifts and m-cloud involvementn the
solute-solvent interaction: the larger the red shift, the more
direct is the interaction between the system and the solvent
Thus the base molecule should be expected to have a larger
red shift than the stem molecule.

The pyrazine 6a' (in-plane C-C stretch)} and 10a' (out-
of-plane C~C bend) vibrational modes show strong interac-
tion with the van der Waals modes ( Fig. 3).

B. Pyrimidine dimer

The 1onization energy for the pynmidine dimer svstem
is again an important piece of information used to help deter
mine the number of different configurations tesponsible tor

J Chem Phys_ Vol 85 No 2 15 July 1988
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s-TETRAZINE OIMER

T

P = T

-6%58 cm! -95% cm-! ~1331 cm

FIG. 12. Mi energy conf and binding energies for the te-
trazine dimer as obtained with a U plus HB potential calculauon.

the observed spectra and, perhaps, their geometry. Lowering
the ionization by 2 043 cm = ' to 42 320 cm ™! causes the fea-
ture at — 168 cm ™' to disappear, the features at ~ + 175
cm ™" nearly to disappear, and the feature at + 296cm ™' to
reduce in intensity. In addition, dimer spectral shifts can also
be employed to associate caiculated geometries with spectro-
scopic features: red shifted origins can be assigned to parallel
stacked geometries, and blue shifted origins to planar hydro-
gen bonded forms. Perpendicular geometries can be respon-
sible for both red and blue shifts depending on which mole-
cule of the dimer is involved.'

LI-HB potential calculations suggest one parailel
stacked head-to-tail displaced, one parallel stacked rotated,
and four parallel planar configurations for the pyrimidine
dimer. No perpendicular geometry can be calculated using
LJ-HB or a multipolar form."? All calculations give nearly
identical geometries and binding energies for the parallel
planar and stacked configurations.

Thefeaturesat — 168 cm ™' is suggested to be due to the
paraile] stacked and displaced head-to-tail geometry. One
would expect this structure to have only one spectroscopi-
cally observed OF transition and a substantial red shift. The
remaining features in the speotra, due to their significant
blue shifts, must be attributed to planar hydrogen bonded
dimers. The feature at + 296 cm ~' is suggested to be due to
configuration I shown in Fig. 7. This configuration of the
pyrimidine dimer forms two hydrogen bonds both of which
involve the hydrogen atoms between the two ring nitrogen
atoms on each pyrimidine: these hydrogens are the most
electropositive (acidic) hydrogens on the ring. This configu-
ration also has the monomers closest to each other (5.5 A
compared t0 6.0 A in the others). These factors suggest that
configuration [ gives rise to the most blue shifted feature in
the spectra. The remaining three configurations I1, I1I, and
IV must generate the features in the + 175 cm ™' region.
Configuration Il is a symmetrical dimer and will account for
one feature while configurations 11l and IV each will ac-
count for two features since the pyrimidines in these last two
configurations are not symmetry equivalent. Assigning
these features to configurations II, 111, and IV is a difficult
task without further information: five of the eight major fea-
tures in this region can, however, be associated with origins
of configurations I1, III, and IV.

The paraliel planar hydrogen bonded configuration [ is
assigned to the large blue shift, low iomzation energy fea-
ture, and the parallel stacked displaced geometry 1s assigned
to the Jarge red shifted, high 1onization energy feature. On
the other hand, the parallel planar pyrazine dimer 1s as-
signed to the feature with the higher iomzation energy (and
also a small red shift). Clearly the two dimers have a very
different electronic structure and the component monomers
must interact in a different manner. A possible explanation
for these apparent differences is that the N-C-N motety of
the pyrimidine system becomes the positive end of the mo-
lecular ion which is in turn well solvated in the parallel
planar dimer thus lowering the ionization energy, and that
the loss of electron density in the N-C-N region in the nr*
excited state reduces the hydrogen bond energy thus increas-
ing the energy of the excited S, state and causing a dimer
blue shift. Similar arguments can be rendered to rationalize a
negligible shift for the pyrazine system. We caution, how-
ever, that all such qualitative reasoning is subject to verifica.
tion by more rigorous quantum mechanical caiculations.

To ensure that our LJ-HB potential can produce other
perpendicular dimer configurations, we have calcuiated the
geometries expected for the tetrazine system. The tetrazine
dimer has been studied by Levy and co-workers,’ who have
reported two geometries: a parallel pianar configuration and
a perpendicular configuration. These experiments involve
rotationaily resolved fluorescence excitation spectra. OQur
calculations generate three geometries for this dimer: a par-
allel planar configuration, a parallel, stacked and 90’ rotated
configuration, and a perpendicular configuration, as shown
in Fig. 12. The calculated perpendicular configuration has
one hydrogen of the stem tetrazine pointing towards an N-N

TETRAZINE DIMER

MMMU i
A,\ANWMM i

0.4 02 0O -02 -0.¢4
cm-!

FIG. 13. Calculated rotational contours of the parallel polarized transition
of the perpendicular tetrazine dimer centered a1 18 272.0cm *' (Ocm " in
the figure). The upper trace 1s caiculated using the rotational constants vb-
tained from the perpendicular configuration reported in Ref 3ta) Thelow-
er trace 18 calculated using the rotational constants obtained from the per-
pendicular configuration reported i1n this work. A symmetnc 1op maodei s
assumed (or both caiculations and the intensities used are those of Ref
J(a). The rotational constants employed are given tn the text, in the svm-
metnc top approxuimation 5° = (8" + C*)/2.
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bond of the base tetrazine. In this configuration the plane of
the stem tetrazine bisects the two N-N bonds of the base
tetrazine. Levy's published perpendicular configuration’'*’

has one hydrogen of the two C-H bonds of the stem tetrazine
pointing toward one C-H bond of the base tetrazine and the
plane of the stem tetrazine passing through the two C-H
bonds of the base tetrazine. Rotational constants reported by
Levy and obtained from a rotational analysis of the perpen-
dicular configuration for parallel polarization are
A" =007287 cm~', B"=001722 cm~', and
C* =0.01649 cm~'. Rotational constants obtained from
our calculated perpendicular  configuration are
A"=006458 cm~', B°=001644 cm~', and
C * =0.018 466. These two sets of rotational constants ren-
der reasonably similar spectra, as can be seen in Fig. 13.

V. CONCLUSION

The analysis of the structure and properties of the pyra-
zine and pyrimidine dimers is based on an interpretation of
ionization energy dependence, van der Waals vibronic struc-
ture, dimer spectral shifts, and potential energy calculations
with LJ-HB and muitipolar forms.

Variation of the ionizing [aser energy allows different
configuration dimers of a particular species to be identified.
The pyrazine (A, and d,) dimer has two identified geome-
tries based on ionization energy dependence and vibronic
analysis. Given the dimer spectral shifts and calculations,
these have been associated with a planar parallel hydrogen
bonded configuration and a perpendicular configuration. A
third geometry, planar stacked and rotated 90", is calculated
but not observed probadly due to excimer formation.

The pyrimidine dimers absorb in three spectral regions.
The lowest energy feature is thought to be the calculated
head-to-tail parallel stacked displaced geometry, the highest
energy feature is assigned as a parallel planar strongly hy-
drogen bonded form in which the most electropositive H
atoms are involved in the hydrogen bonding. The features at

+ 173 cm ™' are attributed to different planar configura-
tions which are only weakly hydrogen bonded through the
less acidic hydrogens on the rings.

Dimer spectral shifts are expected to follow the rules
determined previously for solute-solvent clusters: the major
red shift mechanism 1s 7-system coordination or overiap
between the two molecules and the major blue shift mecha-
nism is hydrogen bonding. [onization energies can be ration-
alized in accordance with the general notions of ion solva-
tion by ecither the 7 system in the case of pyrazine or the
N-C-N hydrogen bonding region in the case of pynmidine.

Caiculations are also presented for the tetrazine dimers
to compare parallel planar and perpendicular spectroscop-
cally assigned geometries and our calculations. Calculations
predict, and experiments suggest, perpendicular geometnes
for toluene, benzene-toluene, pyrazine, and tetrazine but
not for benzene. Moreover, calculations predict, and expen-
ments are consistent with, the absence of perpendicular geo-
metries for the pyrimidine dimer. Perhaps one of the most
remarkable results of this study is the rather large number of
different, roughly equal binding energy configurations
found for the N-heterocyclic aromatic dimers in general.

'K. 8. Law, M. Schauer, and E. R. Bernstein, J. Chem. Phys. 81, 4871
(1984).

*M. Schauer and E. R. Bernstein, J. Chem. Phys. 82, 3722 (198%).

'(8). C. A. Haynam, D. V. Brumbsugh, and D. H. Levy, J. Chem. Phys.
9, 1581 (1983); (b). L. Young, C. A. Haynam. and D. H. Levy, ibid. 79,
1592 {1983).

‘Y. D. Park and D. H. Levy, J. Chem. Phys. 81, 5527 (1984).

°D. V. Brumbaugh, C. A. Haynam, and D. H. Levy, J. Chem. Phys. 73,
5380 (1980).

°D. E. Poelti and J. K. McVey, J. Chem. Phys. 78, 4349 (1983).

"Y. Tomsoka, H. Ade, N. Mikami, and M. {to, J. Phys. Chera. 88, 5136
(1984).

‘J. Wanna and E. R. Bernstein, J. Chem. Phys. 84, 927 (1986},

°(s). F. A. Momany, L. M. Carruthers, R. F. McGuire, and H. A. Scher-
aga, J. Phys. Chem. 78, 1593 (1974); (b) G. Nemethy, M. S. Pottle, and
H. A. Scheraga, ibid. 87, 1883 (1983).

"°F. Mulder, G. Van Dijk, and C. Huiszoon, Mol. Phys. 38, $77 (19793,

"'G. Herzberg, Molecular Spectra and Molecular Structure. I1. Infrared
and Raman Spectra of Polyatomic Molecules (Van Nostrand Reinhold,
New York, 1945), Chaps. I and IV.

P, J. Wheatley, Acta Crystallogr. 10, 182 (1957).

UP. J. Wheatley, Acta Crystallogr. 13, 80 (1960).

J Chem Phys., vol 85.No 2,15 July 1986

T A -

.

.t

%%y ey
» e e

l. N

I 2N )

P AP S

. .7,.



Fm'\ﬁ:“"‘f" DALl 2% 0 A 20 0 A A AN IR SO TR A A R O A At L R D 0 e ot ol el Dol fon Lo D il So Sol Tnd So) Gud Uob Sni tof tal Sal ol Sul nall el ol Sal st

APPENDIX THREE

"ECCEMP2"




Al It e Riat iy SN S5 BSe R Ma 4's Aa b ad ik ad

DI T T T T o T T T T T T I A A S A S A o,
20 ' Program name: ECCEMP2

22 !

43 ' This program calculates cluster hinding erergy and gecmetr, us.n3g an empir:
SQ ' cal atom-atom Lennard-jones potentiai. The potential incluces 6-12 gereral
€@ ' non-donding, !2-12 general hydrogen bonding , and | monopole charge tarms.
70 ¢ The program will perform calculations on clusters composed of up to three
8@ ! maolecules (supunits).

SQ !

100! Geometry and binding energy obtimization 1s accomplished by analyzing the

110 ' forces and torques on the cluster subunits which result from the intermole
120 ' cular potential between the cluster subunits. The molecules are translateg
130 ' 1n three dimensions and rotated about the their centers-of-mass 1n three
140 ! dimensions 1n response to the forces and torgues. Binding energy and

159 ! geometry optimization 1s achieved by simultaneously manipulating the six
160 ! degrees of freedom until the forces and torques are zero: that 1s, untal
170 | minimum energy and optimal geometry are obtainred.

180 !

189 ' This orogram also calculates the intermolecular force field for van der
200 ' Waals vibrational mode modeling which can be conducted using the UDWNCA
210 ' program. The ECCEMP2 program will determine the intermolecular force

220 ' field for clusters containing up to 25 atoms total (solute+soclvent).

230 T R R L R R i
240 !

250 OPTION BASE |
260 PRINTER IS 1t
270 QUTPUT 2;CHRS$(255)8"K"

280 DE6

290 !

306 P E b R R R L g
310 ' Coordinate matrices for atoms compasing cluster subunits.

320 !

33@ ' Co(e)=Carbon coordinates.

340 ! Hh(e)=Hydrogen coordinates.
35@ ! Nn(s)=Nitrogan coordinates.

360 ' Qo(e)=0xygen coordinates.

370 ! Inte)ayser defined coordinates.

380 ' (e)=(subunit,atom % ,atom type,coordinates and charges ard hydrogen
J9@ ! bonding flags).
400 NI LU RN R R R R L e e
410 1
20 DImM Co(3,44,5,5),Hn(3 ,44,5,5) ,Nn(3,12,5,5),000(3,12,5,5°,2n 3 .12.5.5)
430
440 N EN LU R T R U i
450 1 N(s)eNumber of atoms 1n cluster subunit. (e)=(subuni® atom.atom t.ce

o

46 ' L)par(e)snon-bonding parameter matrix.(s)s(atom atcm type Ccolar1zat..:*.a
T2 ' and electrons and i1ntermolecular distances).

480 ' Fdir(s)=Force matrix. (*)=(subunit ,companent force and girectizr 1
490 ' 1indicator and last move direction ingdicatar ).

S2@ ! Mdir(e)=Moment(torque) matrix, (e)=(sybunit ,component moment arg -,re:*, -

S12 ! 1indicator and last direction indicator).

SZ20 ! Tx{e) Ty(e) Ta2(s)=Transiation matrices. (s)=(subunit . X

A
S .

P A _'~‘.'. .--'-~-".'.'.'.‘V'."‘.’." T e T TN T T T T T AT T
h“‘-l\-.\.&\.. _ '.."_A-‘.‘\h\.\.4"..~"_.‘A‘;h’):hx.x \l'Ll‘ALLAjL'L\.’AI'L'.' " \’\.:\.:‘L.;‘A'.';:f:: o
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r

Subroutine

§3Q ' R«i(®) Ry(e Rz(e)=Rotation matrices. (*)=(syubunit).

549 Tsie)alenter-of-mass matr; ., (e =lsubunit cocrairates .

C5Q ! ~stepis)=Rotation step matrix, (¢)=(subunit 3irecticr..

S50 ! Tstep(eisTranslation step matri«. (¢ =isupunit Jirecticrl,

579 ) Tlie .aTemporary translation step matri-. (*)= sypynit grrecticn
330 ¢ Ri(e)aTamporary rotat:on step matri~. ‘& i=(s dunit girecticn..

8§33 1 F O T T S O T T T O T T T T T T T T T T T T O T T O A A B
832 !

61@ OIM N(3 .S ,3),L;:pari5,5,37

620 DIM Fa1r¢Z2,2,3) Md1re3,3,3)

620 OIM Tat3),Ty(3),T2(3) Rx(3) Ry(3),Rz(2)

§40 DIM Ca(3,3),Rstep(3,3) Tetep(3,3),T1(3,3) RI(3,3)

550 GCLEAR

662 Look=7 i Default graphics display limits set at 7 angstroms.

670 Sol=! ' Default flag which draws solute and solvents,

680 Do=2 ' Effective dielectric constant for monopole charge i1nteraction.
59@ BEEP

700 Q$="G"

718 INPUT “Do you want expanded graphics?” Q8

720 1F Qs="Y" THEN DUMP DEVICE IS 710 ,EXPANDED

730 IF Q$="N" THEN DUMP DEVICE IS 710

740 IF Q$<>"Y" AND Q$<>"N" THEN 700

750 PRINT "00000000000000000000000000000000000000000000000000"

760 PRINT "o .

770 PRINT "o Empirical vdW Cluster "

780 PRINT "o Configuration Energy "

79@ PRINT "o Minimization Program (ECCEMP) [

8@ PRINT “e .-

810 PRINT ~o .

820 PRINT “e Version ECCEMP/2 .

830 PRINT " by .

840 PRINT "o Joseph A. Menapace ."

850 PRINT "o S October 1986 .

86@ PRINT e .

870 PRINT "o "

580 PRINT o Developed from ECEPP/2 .

898 PRINT "o G. Nemethy, M.S. Pottle, and H.A., Scheraga o

303 PRINT “e J. Phys. Chem., 87, 1883 (1983) .

910 PRINT “e .

G20 PRINT 0000000000000 000000000000000800000000000000000000"

9309

340 L I T T T T T T T T T T T T T T T T A T T T T T O T T A O OO
958 ' Main Menu:

960 !

370 ' In Coef! - Inputs non-bonding parameters from disc storage file LIJPARAM or
380 ' a file created by the user. Subroutine used - Inputcf.

990 ¢

1000t In Coord - Inputs & cluster coordinate file from cisc storage or from
1913 tne keyboard. Subroutine used - Inputco.

19291

1339 Energy - Calculates the cluster binding energy at any geometry,
10421 used - Energy.

1250

126Q0! Minimize - Performs cluster geometry and binding ererjy optimization.
Q79 ' Subroutine used - Minimize,

1360

1090 ' Move - Translates and rctates cluster subunits i1n three dimensions,
;‘_.r_.-,' e ._‘:_:f;;.r::-' LI 'ijr‘.g S e IO

Z

’.1} v

XA

ERAXT

)

'??{k’l}

R



1100
1112
1120
1139
1149
11508
i160
1170
1180
1190
1200
1210
1220
1232
1240
1250
1260
1270
1280
1299
1300
131
1320
1339
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1519
1520
1539
1549
1559
1560
1570
1580
1530
1600
1610
1620
1630
1640
1650
1669

230

I Suhroutine used - Hand,

}

! Draw - Draws the cluster gecmetry 1n four cerspectives, Suzr-zut:re

' used - Draw.

I

I NCA - Generates the intermolecular force field for the intermolazy ar

| mormal coordinate analys:s performed by VOWNCA, Suibroutire useg - tigen,
i

I Quit - Stops the subroutines and returns execution to the Main Menu.

I Subroutine used - Quit.

[}

! Stor Con -~ Stores the cluster coordinates i1n user defined storage files.
| Subroutine used - File,

LI T T T T T O T T T T T I T T T T I T T I A O B A I I I I A
t

ON KEY @ LABEL "In Coef",3 GOSUB Inputct

ON KEY 1 LABEL "In Coord",3 GOSUB Inputco

ON KEY 2 LABEL "Energy",3 60SUB Energy

ON KEY 3 LABEL "Minimize“,3 GOTO Minimize

ON KEY 4 LABEL "Move",3 GOSUB Hand

ON KEY S LABEL "Draw",3 G0SUB Draw

ON KEY 6 LABEL "NCA" ,3 60SUB Eigen

ON KEY 9 LABEL "Quit”,3 GOTO Quit

ON KEY 7 LABEL "Stor Con" ,3 60SUB File

BEEP

G0OTO 1350

1

NN AR R R AR RN R R N RN RN A RN R R R RN RN R RN RN
! Subroutine: Inputct

1

! Inputs non-bonding parameter data file from disc storage or from

! kayboard. Parameters are stored i1n L)par(e), Parameters 1nclude polariza-
I bilities, number of electrons, and intermolecular distances for the atoms
! 1n question.

AR AN RN R RN R RN R RN R RN R R RN RN RN R RN R R RN NN R RN
]

Inputcf: PRINTER IS 1t !

QUTPUT 2:iCHRS$(25S5)8°K"

GOTO 1500

CAT

Qs="Q-

INPUT "0o you want to start another COEFICIENT data file?" QS
IF Q$="N" THEN 1830

IF Q$<>"Y" THEN 1500

ON ERRQR 60TC 1490
]

L T 0 T T T T T T T T T T T T T T T T T I A O O
! This routine allows the user to enter and update data from the keyboard.
L T T T T T T S S T T T T T T T T T O T O T T S T T T T T T T I A I O B I
I

INPUT “What 1s your N E W COEFICIENT file name?” Coefs$

CREATE BOAT CoefS8":INTERNAL",7S,8

OFF ERRCR

G0SUB Atommeny

INPUT "Select the atom.” Atoml$

GOSUB Attpmenu

INPUT "Select the atom type." Attp!s

’

.. »
]

[}
-

VTR .

I\




1670
1532
1530
1700
1719
1)

1729
1720
1740
1750
1760
1770
1780
1790
1809
1810
1820
1830
1840
1850
1860
1870
1680
1890
1500
1940
192a
1930
1949
13950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

231

GOSUB Atomnumbers

IF Atzmi=@ CR Attgl=Q THEN DISP "BAD SELECTION tir:
IF Atomi=Q QR Attpi=d THEN WAIT 2

iF Atomi=Q OR Attpi=Q THEN 158320

INPUT "Enter the atom-atom polarizability (19724 cm 3).7 L :par Rtom! =tepl

-

INPUT "Enter the atom-ataom effective electron number.’ ,LjparfAtecmi Attpl 2
INPUT "Enter tne atom-atom bond distance (Angstroms).” LjpartAtom) Atipl 3
Q$="Q"

INPUT "Are you done?” Q%

IF Q$="Y" THEN 1790

IF Q$<>"N" THEN 1740

GOTO 1630

ASSIGN @Coef TO Coefs$

QUTPUT @Coefil jpar(e)

ASSIGN ®Coef TO »

G0TO 1910

l

RN RN R R R A R R A RN RN RN RN RN AR R E RN RN NN RN
! This routine 1nputs LJPARAM or user defined non-bonding parameter file

| from disc storage and displays 1t on the screen.

RN RN AR R R R RN R RN RN RN N R RN RN RN RN AN RN A RN A RN N NN
1

ON ERROR GOTO 1450

INPUT "What 1s your COEFICIENT data file name?” ,CoefS$
OUTPUT 21CHRS(255)8 K"y

PRINT “Your COEFICIENT data file name 138" ,Coef$

PRINT

ASSIGN 0Coef TO Coefs

ENTER ®Coef:iLjpar(e)

ASSIEN @Coef TO »

OFF ERROR

PRINT USING 1990

IMAGE "Atom” ,5X,"Type" ,6X,"Polar" ,4X ,“Elect” ,4X ,"Dist"
PRINT USING 2010

IMAGE 18X ,"(10°24)" 12X ,*(Ang)"

PRINT USING 2030

IMAGE 18X ,"(cm ~3)"

PRIMT *

PRINT

FOR Atom!s} TO S

FOR Attpi=) TO S

G0SUB Atomnames

IF Ljpar(Atom] Attpl, 1)=@ THEN 2120

PRINT USING 211@iAtomiS Attp!Ss Ljpar(Atom] ,Attp! 1), Ljpar(Atom! Attp: 2,0

par(Atom! ,Attpl ,3)

Z11e
2120
2130
2149
2159
2160
2170
2180
2199
2200
2210

IMAGE 2A ,B6X ,5A ,6X,20.20,4%,20.20,4x,20.2D
NEXT Attp!

NEXT Atoml

OISP "Here are your coeficients.”

WAIT 1
'

LI T T T T T I T T I T T S T O T A A O O I R

' This routine alliows for parameter changes and/or additions.

| T T T T T T T T S T T T O T T T T T T T T T T T T T S T L O L B
I

Qs="Q"
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a=
-

2240
Y
2260
2270
2280
2290
2300
2310
2329
233@
2340
2359
2360
2370
2380
2390
2400
2419
24209
2430
2440
2450
2460
2470
248@
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
26190
2620
2630
2649
2659
265690
2679
2680
2630
2700
2710
2720
2730
2740
2758
27680
2779
2780

TaE

232

INPUT "Do you want to make changes or additions?" 3%
IF Q8="N" THEN II€Q

IF G%<¢» "y THEN 2210

GOTO 1632

BEEP

QUTPUT 2:;CHR$(ZSS)1&"K";

RETURN

i .
L L T T O T T T O T T T T T T T T T S T T T U O T Y O 2 Y I T PO O
! Subroutine: Inputco

|

I Inputs cluster coordinates, atomic charges, and hydrogen bonding flags

! 1nto coordinate matrices from disc storage or from the keyboard.
J!}lllll!lllllI!Jlllllllll!)!lll!l!llll!l!lI!IIIIIII!I|II||I|I|IIIIII|||II|

|
Inputco: |

QUTPUT 2/CHRS$(25S)8"K";

G070 2410

CAT

Q$="Q"

INPUT "Do you want to start another COORDINATE file name?" ,Q$
IF Q$="N" THEN 3890

IF Q$<>"Y" THEN 2410

ON ERRQR 60TO 2400
]

| This routtne allows the user to enter the coordxnates. charges, and
! hydrogen bonding flags from the keyboard.

R N N NN NN NN NN NN RN RE R R RRRRR R
|

INPUT “What 18 your N E W COORDINATE file name?"” ,Coords

CREATE BDAT Coord$&~:INTERNAL" ,9400,8

OFF ERROR

INPUT "Enter the total number of molecules.",L

IF L<} OR L>3 THEN 2550

INPUT "What ligand are you working onm (1 for solute)?” K

IF K<1 OR K>3 THEN 2570

INPUT “Center of mass X coordinate?" ,Cq(K, 1)

INPUT “Center of mass Y coordinate?" ,Cq(K,2)

INPUT "Center of mass I coordinate?" ,lq(K,3)

60SUB Atommenu

INPUT “What atom coords are you inputting?" ,Atomis

GOSUB Attpmenu

INPUT “What ts the atom type?" ,Attpl$

60SUB Atomnumbers

IF Atom1=@ OR Attpli=9 THEN DISP "BAD SELECTION 'tt1

IF Atomi=Q OR Attpi=0 THEN WAIT 2

IF Atom1=Q OR Attpi=Q THEN 2620

INPUT "How many?" N(K ,Atoml Attpl)

FOR J=1 TO N(K ,Atom! Attpt)

OUTPUT 2:CHRS(2SS)8"K"

GOSUB Atomnames

PRINT Atipi%:” “iAtomi1$;" Numbaer";/J

PRINT

[
I|llIlIIIlllIlllIIIllIlllil|!I|||||||ll||||||||l||||lllluulllllxuz:u»:

! Inputs carbon coordinates, charges, and hydrogen bonding flags from tre

-IJ “. PN N N

..' : .-\. .- II
AN .l".n’; 4\.; A tata .A‘ \' '\‘ \A ..A'.A .A\—l—l .‘hlg“\‘u\ -..\.'A.\\.-.‘-.‘- \ '.‘-_ R SN \"\.‘ *\'

AN LGS AR (0 A A e ok AR g B s B A Ak s B Ay Pl AtA oy |
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233
. 2730 ! keykcard.
& :anXl]||||||,(\||,;|v|||III|IIllllllllllllislll\' N T T I RO S B S [ . g
\ 28:2 !
| 25°0 IF Atomi=1 THEN INPUT "Enter X coordinrate.’ loik J Atezi '
‘ 2330 IF Atomi=! THEN PRINT "X Creor=inate iCocr,J Ategl 1)
! 2840 IF Atomi=! THEN INPUT "Enter Y coordinate.” otk ] atepi D)
2850 IF Atomli=1 THEN PRINT v Coorgirate’;Co(¥ J Attcl )
2860 IF Atoml=] THEN INPUT "Enter I coordinate.” Co(K,6J Attpt, 3)
2870 IF Atomli=1 THEN PRINT "I Coorcinate”:iCol(K,6J Attpi h3)
2880 IF Atomi=) THEN INPUT "Enter atom charge.” Co(¥,6J Attpl 4)
2890 IF Atomliatl THEN PRINT "Atom Charge”;iCo(K ,K6J ,Attpl , 4)
2900 Qs="Q"
s 2910 IF Atom!=1 THEN INPUT "Is the atom a hydrogen bonder?" ,Q$
2920 IF Atomi=1 AND Q$="N" THEN Co(K,6J Attpl S)=Q
2930 IF Atomli=1 AND Q$="Y" THEN Co(K,l ,Attpl,G)=1
2940 IF Atcomi=1 AND Q$<>"Y" AND Q3<>"N" THEN 2900
295@ IF Atomli=} THEN PRINT “Hydrogen Bonding"iCo(K,6J Attp! 5
23960 !
2970([lll!llllllllllllllllllilllIlIll'lll(I!|(llllllll!llllll'I’lllllllllllllll
2980 | Inputs hydrogen coordinates, charges, and hydrogen bonding flags from the
2990 ! keyboard.
L AR R R R R R N N R N N N NN RN RN
3010 !
3020 1IF Atomi=2 THEN INPUT "Enter X coordinate.” Hh(K,KJ,Attpl ., 1)
3030 IF Atomi=2 THEN PRINT “X Coordinate™iHh(K,kJ , Attpt 1)
3040 IF Atomi=2 THEN INPUT "Ent_* Y coordinata.” Hh(K ,KJ ,Attpl 2)
3050 IF Atom!=2 THEN PRINT "Y Coordinate”sHh(K,KJ Attp! ,K2)
3060 IF Atomli=2 THEN INPUT "Enter 1 coordinate.” Hh(K,6J Attp!, 3)
3070 IF Atomi=2 THEN PRINT "Z Coordinate”iHh(K,J Attpl 3}
A 3080 IF Atomi=2 THEN INPUT "Enter atom charge.” ,Hh(K,6J Attp! 4)
- 3090 IF Atomi=Z2 THEN PRINT “Atom Charge"iHh(K K J ,Attpl 4)
; 3100 Q@%$~=-Q"
3 311@ IF Atomi=2 THEN INPUT "Is the atom a hydrogen bonder?" ,Q$
. 3120 IF Atomi=2 AND Q$="N" THEN Hh(K,kJ ,Attp! ,5)=0
Y 3130 IF Atoml=2 AND Q$="Y* THEN Hh(K,KJ ,Attp! S)=l
3140 IF Atomi=2 AND Q$<>"Y" AND Q$<>°N”" THEN 3100
" 3150 IF Atomi=2 THEN PRINT “Hydrogen Bonding“iHh(K J Attpl 5)
. 3160 !
; Z170 VUV R L R R LR
s 3180 ! Inputs nitrogen coordinates, charges, and hydrogen bonding flags from the
5 3190 ' keyboard.
4 1+, T T T T T T T T T T T T T S A T O T B O Y
3210
3 220 IF Atomi=3 THEN INPUT "Enter X coordinate.” ,Nn(K,J Attpi 1)
. 3230 IF Atomi=3 THEN PRINT "X Coordinate”iNn(K,kJ , Attp! 1)
g 3240 IF Atoml=3 THEN INPUT "Enter Y coordinate.” Nn(K J Attpl,
) 3250 IF Atomi=3 THEN PRINT “Y Coordinate”iNn(K,J,Attpl!,2
) 3260 IF Atom!=3 THEN INPUT "Enter I coordinate.” Nn(K,J Attpl 3)
3270 IF Atomi=3 THEN PRINT "7 Coordinate’iNn(K ,KJ, Attpl 3)
7280 IF Atomi=3 THEN INPUT "Enter atom charge.” Nn(K, K] Attp! 4)
3290 IF AtomI=3 THEN PRINT "Atom Charge™;Nn(K K J,Attpl 4)
Y 7300 Q%="Q"
! 3310 IF Atom!=3 THEN INPUT "ls the atom a hydrogen bonder?” (%
. 7220 IF Atomi=3 AND Q%="N" THEN Nn(K, J Attp! , 5i=Q
y 333Q IF Atoml=3 AND Q$="Y" THEN Nn(K ,J Attpl , G5)=!
3240 IF Atom!=3 AND Q8<,"Y" AND Q$<>"N" ThHEN 3320
2350 IF Atomi=3 THEN PRINT "Hydrogen Bonding’iNnm(K J Attp! 5
e e a e o R T T o N RORSRRE




33910
. 2920

234

]
lllllll!lillI'N’lliil\ll!!llllllllll(\lIllIl!lIIlllll\li,ll"Vlltlllllllll
I Inputs Oxygen ccordinates, charges, and hydrogen corZ:irg flags from tre
! keyboard.

R B T N T T T T T T T L L L T I IO T O PO

i

IF Atomi=4 THEN INPUT "Enter X coordinate.” Qo(¥ ] Attp! i)

IF Atomi=4 THEN PRINT “X Coordinate”;Qo(K, J Attp! 1)

IF Atomi=4 THEN INPUT "Enter Y coordinate.” 0o(K,6] Attpl 2

IF Atomi=4 THEN PRINT "Y Coordinate 100(K ,K6J Attpl 2O

IF Atomi=4 THEN INPUT "Enter I coordinate.”,0o(K,6J , Attpl 3)

IF Atomi=4 THEN PRINT "I Coordinate”;0o(K,6J Attpl , 3)

IF Atomi=4 THEN INPUT "Enter atom charge.” ,Qo(K,6J] ,Attpl &)

IF Atomi=4 THEN PRINT "Atom Charge”i0o(K,6J Attp! 4)

Q$="Q"

IF Atomi=4 THEN INPUT "Is the atom a hydrogen bonder?" . 0$

IF Atomi=4 AND Q$="N" THEN Qo(K,J,Attpt S)=0

IF Atom!=4 AND Q$="Y" THEN Qo(K,J ,Attp! S)=|

IF Atomi=4 AND QS$<>"Y" AND Q$<>"N" THEN 3500

IF Atomi=4 THEN PRINT “Hydrogen Bonding i0o(K,kJ Attpl,S)

]

RN RN R R RN RN R R RN R R A R R R NN N R RN RN RN RN RN NN ]
! Inputs user defined coordinates, charges, and hydrogen bonding flags from

| the keyboard.
AR R R R R R RN R R R R RN R RN R AR RN R R R NN NN AN RN

1
IF Atomi=S THEN INPUT “Enter X coordinate.” , In(K,J Attpl 1)
IF Atomi=S THEN PRINT "X Coordinate"iIn(K,kJ Attp) 1)

IF Atomi=S THEN INPUT "Enter Y coordinate.” In(K,kJ Attpl 2)
IF Atomi=S THEN PRINT Y Coordinate i1In(K,kJ ,Attpt 2)

IF Atomi=S THEN INPUT "Enter I coordinate.” ,In(K,J,Attpl 3)
IF Atomi=5 THEN PRINT *Z Coordinate”iIn(K,J ,Attpt , 3)

IF Atomi=5 THEN INPUT "Enter atom charge." ,In(K,kJ Attp! , 4)
IF Atomi=S THEN PRINT °“Atom Charge"i1In(K,6J Attpt 4)

Qs="Q"

IF Atomi=5 THEN INPUT "Is the atom a hydrogen bonder?” QS
IF Atomi=5 AND Q$="N" THEN In(K,J ,Attp! S5)=Q

IF Atomi=S5 AND Q8="Y" THEN ZIn(K,J ,Attpl S)=1

IF Atomi=5 AND Q$<>"Y" AND Q$<>"N" THEN 3700

IF Atom!=S5 THEN PRINT “Hydrogen Bonding”i1In(K,KJ Attpt S)
NEXT J

Q$="Q"

INPUT “Are you done with this molecule?” QS

IF Qs="N" THEN 2620

IF Q$<>"Y" THEN 3770

0$="Q"

INPUT "Are you done 1nputting?” QS

IF Q$="N" THEN 2570

IF Q$<¢>"Y" THEN 2810

ASSIGN BCoora TO Coord$

QUTPUT @Coordibl ,Cqi(e) ,N(s) Co(e) Hh(e) Nn(e) Do(e) Inr(e)
ASSIGN @Coord TO »

GOTO 3970

ON ERROR GOTO 2400
'

LI T T T I T O T T T T T T T T T Y B O

! This routine 1nputs a user defined cluster coordinate f;le frcm




235

3330 ! disc storage and displays 1t cn the screen,

3342 LT ST T T U T T T T T S S T O T O O O O O L U B O B O B U B U S S B S B S S
3382 ¢

3380 INPUT "What 1s your COGRCINATE data file name?” Coorod

33972 OUTPUT Z3CHR$(255)83 K"

2380 PRINT "Your COCRDINATE datas file name 1s” Cocrcs

7532 ASSIGN BCoord TO Coords

4000 ENTER @Coord:L ,Cq¢*) ,N(e&) Col#*) Hh(e) Nn(e) Qo(e), In(s)

4010 ASSIGN @Coord TO »

402Q OFF ERRCR

4030 FOR k=) TO L

4940 PRINT

4050 IF K=! THEN PRINT “Solute”

4060 IF K>1 THEN PRINT “Ligand "iK-1

4070 PRINT

4980 PRINT “Canter of mass® ,Cq(K,1)3;Cq(K,2)i1Cq(K,k3)

4080 PRINT

4100 FOR Atomi=1 TO S

411Q FOR Attpl=] TO S

4120 FOR J=1 TO N(K ,Atom! ,Attpl)

4130 GOSUB Atomnames

4140 IF Atomi=1 THEN PRINT Attpi®:" “i1Atom1$1JiCo(K,J Attpl , 1)iCo(K,6J Attpl 2):C
olK,J] Attpl 3

4150 IF Atomi=1 THEN PRINT Co(K,J ,Attp! 4)1Ca(K, K J Attpl 5)

4160 IF Atomi=2 THEN PRINT Attpl!$:~ “jAtomi$tJiHn(K ] Attpl 1) iHh(K,J Attp! 2)3H
h(K,J,Attpl ,3)q

4170 IF Atomi=2 THEN PRINT Hh(K,J Attp! , 4)iHh(K,6J Attpl,S)

4180 IF Atomi=3 THEN PRINT Attp!S$:” "1AtomISiJINn(K J Attp! 1 iNn(K , J Attpl 2 )N
n(K, J Attp! 3);

4190 IF Atomi=3 THEN PRINT Nn(K,kJ ,Attp! 4)iNn(K ,6J Attpl , S)

4200 IF Atom!=4 THEN PRINT Attpi$:i” "iAtom1$iJi00(K,J Attpt 1 )2:00(K, ] Attp! 2):C
o(K,J ,Attpl 3 )

4219 IF Atoml!=4 THEN PRINT Oo(K,J ,Attpl ,4)100(K,J Attpl,5)

4220 IF Atomi=S THEN PRINT Attp!$:1” “i1AtomiS JeZn(K,J Attp! 1)12Zn(K,J Attp! 2032
n(K,J Attp!l 3);

4230 IF Atom!=5 THEN PRINT ZIn(K,kJ ,Attp! 4)1IZn(K K J Attpl S)

4240@ NEXT J

4250 NEXT Attp!

426@ NEXT Atoml

4270 NEXT K

4289 OISP "Here are your coordinates,
4290 WAIT 1

4300 Q$="Q"

4310 1

4320 PV AR R T R R R
4330 ' This routine allows for coordinate, charge, and hydrogen bonding flag
4340 ' changes and/or additions.

4350 L T T T T T T T T T T T O T O T T L T T T T T T T T T T T T Y
4360 !

4370 INPUT "Do you want to make changes or additions?” (%

4382 IF Q%="N" THEN 5390

435Q IF Q%<>"Y" THEN 4300

4420 Qs=" 73"

4419 INPUT "Do you want to add or change ENTIRE ligands?” ,Q$

4429 IF Q$="N" THEN 4450

4433 [F G$- "Y' THEN 4400

4440 GQOTO 24592

-
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4450 INPUT "Enter molecule number (1 foh solute).” K
4460 IF K1 QR #.3 THEN 4450
4470 Q3%="Q"

4480 INPUT "Da you want to change the center of mass?” 0%

44390 IF Q%="N" THEN 4550

4500 IF Q$<>"Y" THEN 4470

451Q INPUT "Centar of mass X coordinate?” Cq(K,!)

4520 INPUT "Cante: of mass Y coordinate?” Cq(K,2)

453Q INPUT "Center of mass I coordinate?” Cq(K,3)

4540 GNTO 4300

4550 wGS'8 Atommenu

458 NPUT "What atom coordinates?” ,Atoml$

4577 S0SUB Attpmenu

458@ INPUT “What 1s the atom type?” ,Attpi$

4590 INPUT "What number 1s the atom chosen?",]

4600 GOSUB Atomnumbers

4610 IF Atomi=Q OR Attp!=0 THEN DISP "BAD SELECTION 111"

4620 1F Atomi=@ OR Attpl=@ THEN WAIT 2

4630 1F Atomi=@ OR Attp1=@ THEN 4550

4640 QUTPUT 2:CHRS(255)%"K";

4650 60SUB Atomnames

4660 PRINT Attpl1$1” "iAtom!$:” Number~iJ

4670 Q$="Q"

4680 INPUT "Do you want to change the charge?” ,Q8

4690 IF Q$="N" THEN 4810

4708 IF Q$<>"Y" THEN 4870

4710 IF Atomi=) THEN INPUT "Enter atom charge."” ,Co(K,J,Attpt . 4)
4720 IF Atomi=} THEN PRINT "Atom Charge”iCo(K,J, Attpl,4)

4730 1IF Atomli=2 THEN INPUT “Enter atom charge.” ,Hh(K,6J Attp! . 4)
4740 IF Atomi=2 THEN PRINT “"Atom Charge“iHh(K,J Attpi ,h4)

4750 IF Atomi=3 THEN INPUT "Enter atom charge.” Nn(K,J,Attpl &)
4760 IF Atomi=3 THEN PRINT "Atom Charge"iNn(K,6J ,Attp! ,4)

4770 IF Atomi=4 THEN INPUT "Enter atom charge." ,00(K,J,Attpl h4)
4780 IF Atomi=4 THEN PRINT "Atom Charge"j0o(K,J] ,Attpl , 4)
4790 IF Atom!=5 THEN INPUT "Enter atom charge." ,In(K,J,Attp!
4800 IF Atomi=5S THEN PRINT “Atom Charge*iZn(K,J ,Attpl ,4)
4810 Qs$="Q"

4820 INPUT “Do you want to change hydrogen bonding capability?” Q%
4830 IF Qs="N" THEN 4990

4840 IF Q$<>"Y" THEN 4810

4850 Qs="Q"

4860 INPUT "Is the atom a hydrogen border?” ,Q$

487@ IF Q$="Y" AND Atom!=1 THEN Co(K,kJ,Attp! ,5)=|

4880 IF Q$="Y" AND Atoml!=2 THEN Hh(K,J ,Attp! ,G)=i

48390 IF Q$="Y" AND Atom!=3 THEN Nn(K,J ,Attp! 5)=)

4300 IF QS="Y" AND Atomi=4 THEN Qo(K,J ,Attp! S)w=i

4910 IF QS="Y" AND Atoml=S THEN ZIn(K,J ,Attp! G)=|

4920 1F Q$="Y" THEN 4990

4930 IF Q$<>"N" THEN 4850

4940 IF Atomi=1 THEN Co(K,J,Attp1 5)=Q

4950 IF Atomi=2 THEN Hh(K,s ,Attp! 5)=0

4960 IF Atom!=3 THEN Nn(K,6J Attp! 5)=0

49790 IF Atomi=4 THEN Oo(K,J ,Attp! 5)=0@

4980 IF Atom!=5 THEN In(K,J Attpl 5)=0

4330 IF Atomi=1 THEN PRINT "Hydrogen Bonding“iCo(K,KkJ,Attp! ,5)

5000 IF Atoml=2 THEN PRINT "Hydrogen Bonding"iHh(K ,kJ Attpl S}

S010 IF Atomi=3 THEN PRINT "Hydrogen Bonding"iNn(K,kJ Attp! 5)

4)
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5029
5230
5040
5953
S062
5070
5080
5050
Stieo
S110
5120
5130
S140
5159
5160
5170
5180
5130
5200
S21@
5220
5230
5240
5250
5260
S270
5289
5290
5300
531
5320
5330
5340
5350
5360
5370
5380
5399
5400
5419
5420
5430
5440
5450
5460
5470
5480
5430
5500
5510
5520
5530
5540
5550
SSE0
5570
5580
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IF Atoml=4 THEN FRINT “Hydrogen Bonding iCoix J Attol
IF Atom1=5S TwEN FRINT “Hydarozen Bonoing ilrn » ., 2tz !
Q%="Q"

INPUT “Do you want to change the cioriirates?” 13

IF Q%=2"N" THEN 4200

IF Q8<>"Y" THEN 5240

IF Atomi=1 THEN INPUT “Enter X coordinate.” Ccix [ Atrg? '
IF Atomi=1 THEN PRINT "X Coordinate”;Co(K , 6 J Attpl 1)

IF Atomi=l THEN INPUT "Enter Y coordinate.” Co(K,6J, Attpl 2
IF Atomi=1 THEN PRINT Y Coordinate iCo(¥ , J Attp) 2)

IF Atami=1 THEN INPUT "Enter I coordinate.” Co(K,kJ Attp! , 3)
IF Atomi=l THEN PRINT "Z Coordinate iCo(K J,Attpl 3)

IF Atom1=2 THEN INPUT "Enter X coordinate." ,Hh(K,kJ Attp!l,
IF Atomi=2 THEN PRINT "X Coordinate iHh(K ,kJ Attpl 1)

IF Atoml=2 THEN INPUT "Enter Y coordinate.” Hh(K,J Attp! 2)
IF Atomi=2 THEN PRINT "Y Coordinate”iHh(K,kJ ,Attpl 2)

IF Atom!=2 THEN INPUT "Enter 1 coordinate.” ,Hh(K, K], Attp! , 3>
IF Atomi=2 THEN PRINT "7 Coordinate” i1Hh(K,KkJ ,Attpt 3)

IF Ataoml=3 THEN INPUT "Enter X coordinate.” ,Nn(K,] Attp! K1)
IF Atomi=3 THEN PRINT "X Coordinate  tNn(K,KkJ ,Attp! 1)

IF Atomi=3 THEN INPUT “"Enter Y coordinate.” ,Nn(K,J Attp! , 2)
IF Atomi=3 THEN PRINT Y Coordinate":iNn(K ,KJ ,Attpl 2)

IF Atomi=3 THEN INPUT “Enter ! coordinate.” Nn(K,J ,Attp! 3)
IF Atomi=3 THEN PRINT "7 Coordinate™ iNn(K,kJ ,Attpl , 3)

IF Atomi=4 THEN INPUT "Enter X coordinate.” ,00(K,J,Attpi 1)
IF Atomi=4 THEN PRINT °“X Coordinate-~i10o(K,6J ,Attpl 1)

IF Atom!=4 THEN INPUT "Enter Y coordinate.” ,Qo(K,],Attp! , 2)
IF Atomi=4 THEN PRINT "Y Coordinate”;Qo(K,6J , Attpl 2)

IF Atomi=4 THEN INPUT "Enter I coordinate."” . 0o(K,J Attp!.3)
IF Atomi=4 THEN PRINT “Z Coordinate i0o(K,J ,Attpl 3}

IF Atomi=S THEN INPUT "Enter X coordinate.” ,In(K,J Attp! 1)
IF Atom!=S THEN PRINT “X Coordinate“iZn(K,J] Attp! 1)

IF Atomi=5 THEN INPUT “Enter Y coordinate.” ,In(K,J Attp!l 2}
IF Atom!=5S THEN PRINT *Y Coordinate~iZn(K,J Attpl 2

IF Atom!=S THEN INPUT "Enter 1 coordinate.” ,In(K,J,Attp! ,k3)
IF Atomi=5 THEN PRINT "7 Coordinate":iIn(K,kJ,Attpl 3)

6070 4300

ASSIGN @Coord TO Coords

OUTPUT ®CoordiiL ,Cq(*) ,N(»*) Co(e) Hh(s) Nn(e) Qo(e®), In(e)
ASSIGN @Coord TO »

[NRRNVE

BEEP

OUTPUT 2:1CHRS(255)8"K"

RETURN

1
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! Subroutine: Print

|

| Prints the binding energy, forces, moments(torques), andg ccordinates fcor
I the optimized cluster geometry on the paper printer.

LI T T T T O T T T T T T O T T L I S O SO I R AR R B
)

Print: !

ALPHA ON

GRAFHICS OFF

PRINT

PRINT "Filename: ";Coord$

PRINT
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) S53Q FRINT
5630 IF Bcc=! AND Bho=! T=EN PRINT 'Paotentiaisiernarg-foress narjese~,crigen Z:on
ainy’

———

Se

5513 IF Becc=1 AND Bhb=@ THEN FRINT “Potentiai=stLerrarc-]ones+’rarc;
IF Bcc=0 AND Bhbo=1 THEN FRINT "Potent:al=Lennara-jores+erydr>

5633 IF Bcc=Q AND Bhb=0 THEN PRINT "Potential=iennard-jores’

SH4Q PRINT

S65SQ FOR K=1 TQ L

SEEQ IF K=1 THEN PRINT “Solute”

5670 IF K>1 THEN PRINT “"Liganag”iK-1i

S68Q PRINT

S690 PRINT "Center of Mass=";Cq(K,1)iCq(K,2):1Cq(K,3)

5720 PRINT

S710 FOR Atomi=t TO §

5720 FOR Attpl=1 T0 S

5730 FOR J=1 TO N(K Atom! ,Attpi)

5740 60SUB Atomnames

5750 PRINT AttpiSi1™ “iAtom!Is:

S76Q IF Atoml=1 THEN PRINT Co(K,kJ ,Attp! ,1)iCo(K,J Attpl 2)iCo(K,J Attp! 3,

577@ IF Atomi=1 THEN PRINT Co(K,J,Attp!,4)iCo(K,J Attp),5)

5780 IF Atoml!=2 THEN PRINT Hh(K,J ,Attpl,1)iHh(K,J ,Attpl ,2)iHN(K,J Attpl ,3);

5790 IF Atomi=2 THEN PRINT Hh(K J Attpl 4)iHh(K K J Attpt! S)

o800 IF Atomi=3 THEN PRINT Nn(K J ,Attpl , 1) iNn(K,KJ Attpl ,2)iNn(K,J Attpl 3);

€81Q IF Atomt=3 THEN PRINT Nn(K,J ,Attpl ,4)iNn(K 6 J Attp},S)

5820 IF Atomi=4 THEN PRINT Qo(K,J ,Attpl ,1)100(K,J Attp! ,2)100(K,J Attpt 3);

S830 IF Atomi=4 THEN PRINT Oo(K,J ,Attpi,4)100(K,J Attp),5)

5840 IF Atom!=S THEN PRINT Zn(K J,Attpl ,1):Zn(K, J Attp) ,2):In(K ,J ,Attp) 3);

5850 IF Atomi=S THEN PRINT Zn(K,kJ Attpl ,4)¢Zn(K,6J Attpl!,5)

S86Q NEXT J

S87Q NEXT Attpl

5880 NEXT Atomt

S89Q PRINT

5900 NEXT K

5310 PRINT "Minimum Energy="I1E

S920 PRINT

€930 FOR J=1 70 L

28

o S34Q IF J=1 THEN PRINT "Solute Forces "“i"Fx="{Fdir(J,1 1) "Fy=s";Fdir(J,2,1 )1 Fz=

o “3Fdir(] ,3,1)

. 3 19,

y} G850 IF J»1 THEN PRINT "Ligand”i1J-1;i"Forces " "Fx="iFdir(J | 1);"Fy="3Fdir(J 2 1

y' )i"Fzs " ;Fdi1r(J ,3,1)

S S36@ IF J=i THEN PRINT “Solute Moments ";"Mx=";Mdir(J,) 1 );"My=";Md1r(J, 2, 1):" "Mz
=" Mdir(J,3,1)

! S870 IF J>1 THEN PRINT "Ligand sJ-1;"Moments " ;i "Mx="iMdir(J, 1, 1) " My=":Fdir(] 2,

E 113 Mze* Md1r(J,3,1)

. 5980 PRINT

‘1

5999 NeXT J

6000 PRINT "Potential Curvature ";"Kxx=";Cvx:"Kyy="i;Cvyi "Kzz=";iCvz

601'@ PRINT

590 PRINT

6030 PRINTER IS |

5040 RETURN

8059 !

sasa L T T T T T T T T T T T T T T T O O T O AN IO
6370 ' Subroutine: Energy

6280 !

62380 ! Calculates the cluster binding energy, forces, and torgues for a spec:®::
6120 ' ciuster geometry, Also calculates the i1ntermolecular force field
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6119 | far UCWNCA.
E]:®l||||l|:ltll|ll'IllIIIIIlIIllllllllI'I|li|||l||l||lll[li\\l|‘vly e
5130 ¢

5140 Enerqgy: !

5150 ¢

S]S@ I T T T O T T T T T T T T T T O T A A N AU B SR |
6170 ¢ Initialization of variables to start routine.

5]80 | T T T T T T T T T T T T T T T U O A T I 0 O S B O |
g§190 !

6200 €E=Q0 ! Cluster binding energy.

6210 Elj=@ ! non-bonding term energy.

5220 Eqq=@ | Monopole charge term energy.

§230 Ehb=0 ' Hydrogen bonding term energy.

6240 Cvx=@ ! Curvature x-x direction,

6250 Cvy=0 ' Curvature y-y direction.

6526@ Cvz=@ ! Curvature 2-2 direction.

5270 FOR J=t TO L

65280 FOR Dirli=1 TO 3

B299 Fdir(J,Dir! ,h1)=0

6300 Mdir(J ,Dirt , 1)=Q

631@ NEXT Dirl

8320 NEXT J

6330 Row=1 | Control variables for intermolecular force field disc storage.

6340 Fge75 | routine. Force field 1s stored 1n file: H20EIG.

6350 !
311 U I U LA T L T O O O O I O O O O A O IR I B I

6370 ! Summation over all atom-atom interactions betwueen solute and solvents for

6380 ! intermolecular potential calculation.
B3SO PU U TR L R LR vt

6400 !

6412 FOR Kt=) TO
6420 FOR Ci=1 TO
64320 FOR Al=l TO
5449 FOR J1=1 TO
6450 FOR K2=2 TO
6460 FOR C2=1 TO
6470 FOR A2=1 TQ
6480 FOR J2=1 TO N(K2,C2,A2)

6490 IF K2<=K! THEN 11630

6500 0=0 ! Intermolecular distance initialization for atoms i1n question.

5510 !

6520 lllIllllllllllllllllill]llllllllllllIIl01'!!!!!!1!000&!1'!)41;1lll)lllllal;

BS30 ! Determines coordinates, charges, and hydrogen bonding flags for atoms
8540 ! involved in atom-atom potential terms.

(K1,C1,A1)

annrZunnr

(31 U R R T T T T T T O T O T T T T T T 2 A I Y O A A O
6560 !

EBS7O 'R L LR R R R O i
6580 ! Carbon coordinates, charges, and hydrogen bonding flags.

BSTQ PV AN L R R L R R R ey

6600 !

6610 IF Ci=1 THEN Coordii=Co(K! Jt A1 1)
6620 IF Ci=1 THEN Coordi2=Co(K) J1 A1 ,2)
663@ IF Ci=y THEN Coordt3=Co(K1,6J! A1,3)
E540 IF Ci=) THEN Coordi4=Co(K} K JI Al ,4)
665@ IF Ci=1 THEN Coord!S=Co(K! ,6J1 A1,5)
B66Q IF C2=1 THEN Coora2l=Co(K2,J2,A2,1)
6687Q@ IF C2=1 THEN Coord22=Co(¥2,J2,A2.,2)

;
r;
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£53@ IF CZ=1 THEN CoordlI=Co(K2,J2,AC.3

5339 IF CI=) TREN Coorald=Co(wl ]I AZ,4)

6722 IF Cl=1 THEN Coord2S=Co(KI,J2,Al,3)

5710 !

5722 I R R T T T T T T T T T T Y T T S T S O O O O O B I O I SRR A B
£73Q ! Hydrcgen ccordinates, charges, and hydrogen bonding flags.

5740 [ S O O S O O O A T A T T 0 T T T T T T T T I O I Y |
6752 !

B760 IF C1=2 THEN Coordli=Hh(KI J1 Al 1)

68770 IF Ci=2 THEN Coord!Z=Hh(K! K J1 A1, 2)

€780 IF Cl=2 THEN Coordi3=Hh(KI K J1 Al 3)

6790 IF Ct=2 THEN Coordld=Hn(K! J1 Al 4)

6800 IF Ci=2 THEN Coordl!S=Hh(K! JI! ,A1,5)

6818 IF C2=2 THEN Coordli=Rh(K2,J2,A2,1)

6820 IF C2=2 THEN Coord2Z=Hh(KZ,6bJ2,A2,2)

6830 IF C2=2 THEN Coord23=Hh(K2,J2 ,A2.3)

6840 IF C2=2 THEN Coord24=Hh(K2,6J2,A2.,4)

685@ IF C2=2 THEN Coord2S=Hh(K2,J2 ,A2.,5)

686Q !

-k RN N R N N N N R N N NN RN NN AR
6880 ! Nitrogen coordinates, charges, and hydrogen bonding flags.

BBIO PILEE LRI R R L R R i
6900 !

5910 IF Ci=3 THEN Coordti=Nn(K! JI Al 1)
5820 IF C1=3 THEN CoordliZ2=Nn(K! JI At 2)
6930 IF Ci=3 THEN Coord!3=Nn{(K1l J1 ,A1,3)
§940 IF C1=3 THEN Coordi4=Nn{K] J1 A1 .4)
6950 IF C1=3 THEN Coordi15=Nn(K1 ,kJt ,Al1,5)
6§96@ IF C2=3 THEN Coord21=Nn(K2,6J2,A2,1)
6970 IF C2=3 THEN Coord22=Nn(K2,J2,AZ2,2)
6980 IF C2=3 THEN Coord23=Nn{K2,J2,A2,3)
6992 IF C2=3 THEN Coord24=Nn(K2,J2,A2.4)
7000 IF C2=3 THEN Coord25=Nn(K2,J2 ,A2,5)
7010 !

TO20 VLR I R R it

7030 ! Oxygen coordinates, charges, and hydrogen bonding flags.

TOAQ LU UV LR R R PR L R e
7050 !

706Q IF C!=4 THEN Coord!!=00(K! J1 Al 1)

7072 IF Cl=4 THEN Coordl2=0o(K1! ,J} A}, K2)

7080 IF Ci=4 THEN Coord!3=00(K1,J1 ,Al,3)

"709Q IF Ci=4 THEN Coordl4=00¢(Ki ,JI Al 4)

7100 IF Ci=4 THEN CoordiS=0o(K1 J1 A1.,5)

7110 IF C2=4 THEN Coord2!=00(K2,J2 ,A2,1)

7120 IF C2=4 THEN Coord22=00(KZ,J2Z,A2,2)

7130 IF C2=4 THEN Coord23=00(K2,J2 ,A2,3)

7140 IF C2=4 THEN Coord24=00(K2,J2 A2,4)

7180 IF C2=4 THEN Coord2S=0Q0(K2,J2,A2,5)

7160

7]70 LI T T L I T T T T T T T T T T T T T T A T O Y A O B AT O
7180 | User defined atom coordinates, charges, and hydrogen bonding flags.

i - 17 L T I S T O T T T T T I I I O T I A O O A I R A
7200 )

7210 IF C1=5 THEN Coord!1=Zn(K! J1 Al 1)

7220 IF C1=% THEN Coordli2=Zn(K1 Ji A1 ,2)

723@ IF C1=5 THEN Coord!3=Zn(K! J1 A1 3)

7240 IF C1=5 THEN Coordlid=In(K! J1 Al ,4)

!
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7250@
7I%d
TIT
"230
7230
TIQD
7310
732
7230
7340
IS0
7360
7370
7380
7390
7400
7410
7420
7430
7440
7450
7460
7470
7480Q
7490
75¢0
7510
7520
7530
7540
7550
7560
7570
7580
7530
7600
7610
7620
7630
7640
7650
7660
7670
7680
7690
7700
7710
7720
7730
7740
7750
7760
7770
7780
77909
7900
7810
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V=S THEN Coord!S=In(K1 J1,A1,5)
2I=5 THEN Coorall=In(kZ J2,AC,1)
Z2=3 TREN Coordll=In(¥2, J2,A2,2)
C2=S THEN CoordlZ=In(¥2,J2,A2.2)
C2=S THEN Coordl4=In(K2,6JZ ,A2,4)

C2=5 THEN CoorqlS=In(¥2,JI,AZ,5)

— 4 rt b e b
MM AN nn

L T T T T O T S T T T T O Y O Y O A B
! Calculates atom-atom distances for atoms 1n question.

L T T T T I I T T I T T T T T T T T T T T O O O A
!

D=(Coordl!-Coordl1)"2+(Coord22-Coord!12)"2+(Coord23-Coord13)"2

Or=0".5

IF DOr=0 THEN 116Q@0

)

RN NN RN R AR NN RN NN NN

| Calculates unit position vectors in each cartesian direction.

Dx=(Coord21-Coordl1)/0r

Dy=(Coord22-Coord!2)/Dr

Dz=(Coord23-Coord!3)/Dr

1

AR RN RN R RN RN RN RN RN R R NN R R R N R R RN R R AR NN RN
I Calculates moment arm components in each cartesian direction. Moment arms
! are calculated relative to the cluster subunit center-of-mass.

)
Omx2=Coord21-Cq(K2,1)
Dmy2=Coord22-Cq(K2,2)
Omz2=Co0rd23-Cq(K2,3)
Dmx1=Coordl1-Cq(K1 ,1)
Dmyi=sCoordi2-Cq(Kt ,2)

Dmz1=Coordt3-Cq(K1,3)
}

l

Ehb=0

Fho=@ ! Force of hydrogen bonding interaction.

Chb=@ ' Curvature of hydrogen honding interaction.

El;=0

Fl1)=8 | Force of non-bonding interaction.

Cly=@ t Curvature of non-bonding interaction.

Eqq=0

Fqq=0 ! Force of monopole charge interaction.

Cagv=Q ! Curvature of monopole charge interaction.

Ha=Q ' Hydrogen bonding repulsive parameter,.

Hb=Q ! Hydrogen bonding attractive parameter.

Aa=Q ! Non-bonding repulsive parameter,
|

Cc=d Non-bonding attractive parameter.
|

L T T T T T O L T T O T T T T O O O B B
" Calculates atom-atom non-bonding parameters using the Slater-Xiriwcod

! apgroximation,
L T T T T T T T T T T T T T T T T T T O T Y T Y I A B
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7320 ‘
9210 IF _jzae 001,223 09 Lypar(fl AT, D=0 THEN 7300
~242 1 zemsmmcpjnarcCl AL el L E-DAsL part Ol AT 200t S Lgzar 20 S0 e E-T0
car 12 A2 2N L5
TI3) Lrum=ljpar(Cl,A1,1)e) E-ZaeL;par(ll A, 01 E-24
7352 _,zonst=3/2+4.503242E-12e!,054887E-27/(9.1Q@9534E-22, . Se1 . 3I38°5 150120 2
45¢239.54

7379 Cc=Ljzonstel jnum/L;denom

7980 Ljraa=(Ljpar:Z! A} 2)+L par(CI ,AZ,3))/2

783Q Aa=Cc/le(Ljrad) 8 .

7300 IF Coord!S=d OR Coord2S=9 THEN £56@

7310 Ha=0Q

7920 Fb=0

7930 !

7940 ll!l!l!’ll}'lllllllllllll!lllllllll!llll!|ll||IIIIIll||||lIIlIlIIIIIIIIII1
73950 ! Selects hydrogen bonding parameters to use in calculations.

7960 L I T T O O O S S O O O O O O O O O O O B T B O O B I O B A A R I R B R A O I I B A R O |
7970 !

7980 !

79390 !

8200 !

8010

8029 IF Ci=2 AND A1=2 AND C2=3 AND A2=1 THEN Hbh=B8244+349,.64

8030 IF C!=2 AND A1=2 AND C2=3 AND A2=]) THEN Ha=3,2897E+4+349 .64

8040 IF Ci=3 AND Al=1 AND C2=2 AND A2=2 THEN Hb=8244+349.54

80SQ@ IF Ci=3 AND Al=1 AND C2=2 AND A2=2 THEN Ha=3.28S97E+4¢349.54

PV LRt r b v e b pr bt rbivrrrrrp ettt e teit

Amin hydrogen/amin nitrogen hydrogen bonding parameters.
AR N N R NN RN RN N

8060 !

Yy AR R R R R R R R R R R R R A R RN R RN R R RN RN R AN R RN N AR ENE]
8080 ' Carb hydrogen/amin nitrogen hydrogen bonding parameters.

8@I@ ML UL UL R R R R g
81900 !

8110 IF Ci=2 AND Al=4 AND C2=3 AND A2«! THEN Hb=8244+349.64
8120 IF C!=2 AND Al=4 AND C2=3 AND A2=1 THEN Ma=3,2897E+4+349.64
8130 IF Ci=3 AND Al=t AND C2=2 AND A2=4 THEN Hb=8244+349.64
814@ IF Ct=3 AND Al=1 AND (2=2 AND AZ=4 THEN Ha=2,B97E+4349.54

815Q

RN I R R A B A R T T T O O T O T T T O O O T I T O T I I T I T T O I I T A T I I R A
8170 ' Amin hydrogen/carb oxygen hydrogen bonding parameters,

(=L IR U T O T T T T T T T T T T T N A A A A A O O O R
8130@ 1

8200 IF Ci=2 AND At=2 AND C2=4 AND AZ=! THEN Hb=40Q14¢243 64
8210 IF Ci=2 AND A1=2 AND C2=4 AND A2=1! THEN Ha=1,2040E+4+343.64
8220 IF Ci=4 AND Al=1 AND C2=2 AND A2=2 THEN Hb=40Q14+343.64
9220 IF Ci=4 AND A=) AND C2=2 AND A2=2 THEN Ha=1.204QE+4+349 E4

8240

BZSQ [N I T O O TN O T T O N DN TN I N T N I T T T T T T T U TN N T N T T T T T T Y T O O O I B}
8260 ' Hydr hydrcgen/carb oxygen hydrogen bonding parameters,

e B R L R N S N R N B T I T T T T O T O A O A O A O O O O O B A N A B O B B A O B O
8282 ¢

.

8290 IF Cl=2 AND Al=4 AND C2=4 AND A2=! THEN Hb=G783+343.54
B3JCQ I C'=2 AND Ai=4 AND C2=4 AND Al=1 THEN Ha=1,3344E+4+349.64
8310 I[F Ci=d4 AND Al=1 AND C2=2 AND A2=4 THEN Hb=5783+349.64
8220 IF Ci=4 AND Al=] AND C2=2 AND A2=4 THEN Ha=1.3344E+4+349.54

BRSANRD
QTS

8320
[= 32 ¥ T T R T O T T S T O T T O T T T T T O T T O T T T T S Y B R A B N
835@ ' Amin hydrogen/hydr oxygen hydrcger bonding parameters,
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g2z
2232
5420
3412
3422
8420
84492
8450
8460
8470
8480
8490
85eQ
8510
8520
8530
8540
8550
8560
8570
8580
8550
8600
B610@
8620
8630
8640
8650
8660
8670
8680
86990
8700
8710
870
8730
8740
8750
8760
8770
8780
8790
88@0
8810
8820
8830
8840
8850
8860
8879
8880
8830
8300

8920
8330
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2 AND

AND
AND
AND

Als
Al=
Al=
A,’

ty a1

ANC C2=4
AND C2=4
AND CZ=Z
AND C2=2

AND A=
AND A=
AND Al=?
AND AZsD

THEN w~==7504e213 .34
THEM Ha=5 53Q0E+2¢3439.54
THEN Hb=lBT4eX43 .64
THEN Ha=5,3930E+3+243.54

! Hyar~ hydrogen/hydr oxygen hydrogen bonding parameters.

L T T T T T T T T T T T T O O T T O S T I T T T O O O O I A A I AR I

1

IF C1=2
IF Ct=2
IF Ci=4
IF C1=8
1

L T T T T O I I S I Y Y

AND Al=4
AND Al=4
AND At=2
AND A1=2

AND CZ=4 AND AZ2=2 THEN Hb=46510#349.64
AND C2=4 AND A2=2 THEN Ha=!,122E+4+349.64
AND C2=2 AND Al=4 THEN Hb=4510¢349.64
AND C2=2 AND A2=4 THEN Ha=1,122E+4¢349.564

Ehb=Bhbe(Ha/Dr~12-4b/0r"10)

Fho=Bhbe(12+Ha/Dr"13~103e¢Hb/0r 1 1)
Chb=Bhb*(12e13eHa/0r"14-1Qel1exb/0r"12)
IF Enb<>@ THEN 8730

A N N N NN NN

! Calculates non~-bonding interaction between atoms 1n gquestion.
IIllllllllllllllll|tl|l|lIIIIIIII!IHIIIUIIII!I!HIlllllllllll!llllll_l

Elj=Aa/Dr"12-Cc/Dr"6
Flje12¢Aa/Dr*13-6+Cc/Dr"7
Cly=i2¢13¢Aa/0r"14-6¢7¢Cc/0r"8
'

N N RN NN NN RN N

! Calculates monopole charge interaction between atoms 1n question.
IlIIII|l|II|_‘llIlll!Illllllllllllllllllllllllllllllllllllllllllllllllll

i

lIIlllllll|llllI|llllllllll(ll‘(llllllllllllllllll'l(l

| Calculates hydrogen bonding interaction between atoms 1n question,
|ll|!lllll||llllllII|IIII|I|IIIlIIlIllI|llIIIII|||Il|llll||l!|!!l!l|!|!

Eqq=Bcce*Coordi4+Coord24/Do/Dre332+349.64
Faq=BcceCoordl4+Coord24/00/0r 24332343 .64
Caqv=BcceCoordl 4+¢Coord2402/00/0r"3+332+349.64

IF El1j=2 AND Ehbe@ THEN DISP "NO PARAMETER IN THE POTENTIAL

IF E1)=0 AND Ehb=Q THEN WAIT 2
IF El;=0 AND Enb=@ THEN GOTO Quit
!

R N NN AR R R RERR R

! Determines total interaction energy, force, and curvature.
’llllllllillll)ll|llll|llIllllllllllllllll(llllll!IIllIlIlllIllll!l!\lllll

E=E+E]l j+Eqq+Ehb
Force=Fl j+Fqq+Fhb

IF Cutoff=0 THEN 8900
IF C13¢@ THEN Cl;=0
IF Cqqv<® THEN Cqqv=0
IF Chb<@ THEN Chb=2
Curve=Cl)+Cqqv+Chd
8910 IF Eigen=Q THEN 113692
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8940
2350
8969
5970
8330
8330
3000
9010
3020
9030
9040
3050
9060
9070
9080
9090
9100
8110
9120
9130
3140
9150
9150
9170
9180
9190
9200
9210
9220
9230
9240
9250
3260
9270
9280
9290
9300
9310
3320
9330
9340
3350
9360
9370
9380
9390
9400
94190
9420
9430
9440
. 9450
9460
9470
, 9480
[ 3490
: 9500

LR P T

Generates intermolescular force field for UDWNCA ard stzres tha fi1eld in
file HICEIG. The ‘orce fielic i3 calculated usirg tre centra] ¢np-a
approsimation. The calcuiaticns are conducted 1n the cartes;an cocrzi-ate
system.

Matel=Force constant ~atri< elsment i1n file HIOEIS.
Forcon=Intermolacular force zonstant for atom i1r guestion,
O O O S O A O O O O O O T O T B O T N I T O O T T T T T T T O Y O T T T T A A N S B A N B BRI B O

R R NN NN R

Force constant in x-x direction.
lllllll|l|ll|ll|lIllllllliI|IIIIIIIII|II|IIlIII!IIlIlIIlIIIII!III|||I!IIII

ASSIGN @Dest TO "H20EIG"

CONTROL ®Dest ,Si(Column=1)+Fg+Column
ENTER @DestiMatel

CONTROL @Dest ,Si(Column~i)eFg+Column
Forcon=Curves(Dx"2)

QUTPUT ®DestiForcon+Matel

CONTROL @Dest ,Si(Row~1)sFg+Column
ENTER @0estiMatel

CONTROL @Dest ,Si{(Row~1)*Fg+Column
Forcon=-Curvee(Dx"~2)

QUTPUT @Dest;iForcon+Matel

CONTROL @Dest ,Si(Column-1)eFg+Row
ENTER @DestiMatel

CONTROL @Dest ,Si1(Column-1)sFg+Row
Forcon=-Curve+(Dx)"2

OUTPUT ®DestiForcon+Matel

CONTROL ®Dest ,Si(Row=1)*Fg+Row

ENTER @DestiMatel

CONTROL @Dest ,S5;(Row=-1)*Fg+Row
ForconsCurves(Dx"2)

(R R NN RN AN R AR R R RRRRERE R T

Force constant in x-y direction.
Il!llll'!l![IIllllllll'lllllllll)llfllll!l [ T T N T T T T A O O O R O

OUTPUT @0estiForcon+Matel

CONTROL @Dest ,Si(Column-1)sFg+Calumn+!
ENTER @DestiMatel

CONTROL @Dest ,Si(Column-1)eFg+Column+|
Forcon=Curvee(Dx*Dy)

QUTPUT @DestiForcont+Matel

CONTROL @Dest ,51(Column=1)eFg+Rou+1
ENTER @DestiMatel

CONTROL @Dest ,Si(Column-1)#Fg+Row+)
Forcon=-Curve+(DxeDy)

OUTPUT @0estiForcon+Matel

CONTROL @0est ,S5:i(Row-1)sFg+Column+!
ENTER QDest:Matel

CONTROL ®Dest ,Si(Row-1)sFg+Column+t
Forcon=-Curves(0xs0y)

OUTPUT QDestiFcrcon+Matel

CONTROL @Dest ,5;(Row-!)eFg+Rou+!

ENTER QDest;i;Matel

CONTROL @0est ,Si(Row-1)*Fg+Row+!

T N T N N T e T R R
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9549
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3600
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9729
973¢Q
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9750
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9730
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3810
9820
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9860
9870
3888
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3310
9920
9330
39940
3350
9960
93870
9980
9990
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100102
12022
10030
10040
10050
12060
10070

S At et et
LIPS AT
St P A

B AU il oA SR e e '_"‘)'1}":?1'\"-"— YW

N N T T L O TR e T fa gl talatal Sal Al tal bl ted Gt iod syl

245

Forcen=Curvas(D«s0y)

)

(T O T T T T O A T O O U S O O A I T T T 0 I R O SO Y BRI [ A
! Forze constant in «-:- direction.

[ T T T T T S T T T T T T T T S O T T L (PR AR T B T

1

QUTPUT RDest:iForcon+eMatel
CONTROL @Dest ,S;(Column-1)eFg+Column+2
ENTER 3Dest;Matel
CONTROL @Dest ,S;(Column-1)eFg+Column+2
ForconsCurve*(DxeD2)
QUTPUT RDestiForcon+Matel
CONTROL ®Dest ,Si(Column-t)eFg+Row+2
ENTER Q0estiMatel
CONTROL @Dest ,Si(Column=1)eFg+Row+2
Forcon=-Curves(Dx*Dz)
OUTPUT @0estiForcon+Matel
CONTROL ®Dest ,Si(Row-1)eFg+Column+2
ENTER @DestiMatel
CONTROL @Dest ,Si(Row-1)eFg+Column+2
Forcon=-Curve+*(Dx+Dz)
QUTPUT @DestiForcon+Matel
CONTROL @Dest ,Si(Row-1)e*Fg+Row+2
ENTER @0estiMatel
CONTROL ®Dest ,Si(Row-1)*Fg+Rou+2

Forcon=Curvee(DOx+Dz)
1

OUTPUT @Dest;Forcon+Matel’

CONTROL @Dest ,Si(Column+i-1)eFg+Column
ENTER Q0est:Matel

CONTROL @Dest ,5i(Column+)-1)eFg+Column
ForconaCurves(Dy+Dx)

QUTPUT @DestiForcon+Matel

CONTROL Q@O0est ,St1(Column+i-1)¢Fg+Row
ENTER QDestiMatel

CONTROL @Dest ,Si(Column+i-1)eFg+Row
Forcons=Curvee(Dys0x)

OUTPUT @Dest Forcon+Matel

CONTROL ®Dest ,Si(Rowt+!-1)eFg+Column
ENTER @DestiMatel

CONTROL. @Dest ,Si{Rowt!~=1)*Fg+Column
Forcon==Curves(Dy+0x)

QUTPUT @DestiForcon+Matel

CONTROL @Dest ,Si(Rowt+!=-1)eFg+Row

ENTER @Dest:Matel

CONTROL @Dest ,Si(Row+!-1)eFg+Row
ForconsCurves(Dy+Dx)

]

L T O T T T T T T L T T T T T O T O T T T T T T T T T T O A
| Force constant 1n y-y direction.

L T T S O T O S O O I O T T T Y T T O T T T O T T O O O O S O B B
[}

QUTPUT @Dest;Forcon+Matel
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19082 CONTROL @Dest ,Si(Column+!-t)eFg+Column+i
10030 ENTER RDest;Matel

10100 CONTROL @Dest ,S:i(Column+i-1)eFg+lolumn=+i
12119 Forzon=Curvee(Dy"2)

19120 QUTPUT RDestiForconeMatel

10132 CONTROL @Dest , Si(Column+]-))*Fg+Row+!
10140 ENTER @DestiMatel

190159 CONTROL Q0est ,Si<(Column+i-1)eFg+Row+]
10160 Forcon=-Curvees(Dy~2

10170 OUTPUT RDestiForcon+Matel

10189 CONTROL ®@Dest ,Si(Row+i-1)eFg+Column+!

19190 ENTER @DestiMatel

19200 CONTROL @Dest ,Si(Row+i-1)eFg+Column+]

10210 Forcon=-Curve+(0y~2)

10220 QUTPUT @Desti:Forcon+Matel

10230 CONTROL @Dest ,S1(Row+1-t)sFg+Row+l

10240 ENTER ¥DestiMatel

10250 CONTROL @Dest ,Si(Row+!1-1)eFg+Rou+!

1026@ Forcon=Curves(Dy"2)

10270 !

1028 VUt R P L LU R b b ittty

10290 ' Force constant in y-z direction.

1030 T EEE IRl e R Rttt ettt
19310 !

10320 OUTPUT QDestiForcon+Matel

10330 CONTROL @Dest ,Si(Column+i-1)sFg+Column+2
10340 ENTER @DestiMatel

10352 CONTROL @Dest ,Si(Column+i-t)eFg+Column+2
1036@ ForconsCurves(Dy+D2z)

10370 OUTPUT @DestiForcon+Matel

10382 CONTROL €Dest ,Si(Column+i-1)eFg+Row+2
10392 ENTER @DestiMatel

10400 CONTROL @Dest ,Si(Column+i-1)eFg+Row+2
10419 Forcon=-Curvee(DyeDz)

10420 OUTPUT @DestiForcon+Matel

190430 CONTROL @Dest ,Si(Rowt!i~1)eFg+Column+2
10449 ENTER @DestiMatel

10450 CONTROL @Dest ,Si(Row+i~1)sFg+Column+2
10460 Forcon=-Curvee(Dy*02)

10470 OUTPUT @DestiForcon+Matel

10480 CONTROL @0est ,Si(Row+!1-1)sFg+Row+2

10430 ENTER @DastiMatel

10500 CONTROL @Deat ,Si(Row+!~1)#¢Fg+Row+2

10518 Forcon=Curve«(DyeDz)

10520 !

1@S3Q VIR T T U T R i L L b i bbb
10540 ' Force constant i1n z-x direction,

]st@ | T T T T L L T T O T T T O T T T T T S T T T T O O Y O I A
10560 !

10570 QUTPUT @DestiForcon+Matel

10580 CONTROL ®Dest ,Si(Column+2-1)eFg+Column
10590 ENTER @0estiMatel

10600 CONTROL @Dest ,S5i(Column+2-1)#Fg+Column
10610 Forcon=Curvee(Dz*Dx)

10620 QUTPUT @0estiForcon+Mate]

10630 CONTROL RDest ,51(Column+2-1)eFg+Row
10640 ENTER 00est:Matel

Pt e et A
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10650
19659
10879
12680
10680
19700
1971Q
19720
10730
10740
10750
197680
10770
12780
10790
106800
10810
10820
10830
10840
10850
10860
10870
10880
10830
19900
10910
10920
19930
109490
10850
10960
1@s7e
10980
183990
11000
11010
11020
11030
11040
11050
11060
11070
11080
11090
11100
117110
11120
11130
11140
11150
11160
11170
11180
11139
11200
11210
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CONTRPOL RDest ,S:(Zolumn+2=-1)sFg+Row
Farcon=-Curves(lzeD.)

QUTPUT @Oest;Forcon+Matel

CONTROL @Dest ,S:i(Row+2-1)*Fg+lolumn
ENTER RCest;iMatel

CONTROL @Dest ,Si(Row+2-1)eFg+Column
Forcons=-Curvee(Dz2e0x)

OUTPUT @DestiForcon+Matel

CONTROL @Dest ,S:(Row+ri-!)eFg+Row

ENTER ®DestiMatel

CONTROL @Dest ,S;(Row+2-1)eFg+Row
Forcon=Curvee(DzeDx)

1

RN NN RN RER R AR R R R AR RN RN ERR T
! Force constant in x-y direction.
N N N NN NN RN
|

QUTPUT @UestiForcon+Matel

CONTROL @Dast ,5i(Column+2-1)eFg+Column+]
ENTER @0estiMatel

CONTROL @®Dest ,Si(Column+2-1)eFg+Column+1
Forcon=Curves(Dz+Dy)

OUTPUT ®DestiFarcon+Matel

CONTROL @Dest ,Si(Column+2-1)eFg+Rouw+!
ENTER 0DestiMatel

CONTROL @Dest ,5:i(Column+2-1)sFg+Row+t!
Forcon==-Curvee(Dz+Dy)

OUTPUT @0est Forcon+Matel

CONTROL @Dest ,S:(Row+2-1)e¢Fg+Column+l
ENTER @DestiMatel

CONTROL @Dest ,Sit(Row+2-))eFg+Column+]
Forcon=-Curvee(Dz+Dy)

QUTPUT @DestifForcon+Matel

CONTROL @Dest ,Si1(Row+2-1)eFg+Row+1

ENTER @DestiMatel

CONTROL @Dest ,Si(Row+2-1)eFg+Row+1
Forcon=Curves(Dz+Dy)

]

NN R N RN RN RN RN RRRR AR R AR RN R RRRRRRRRR
! Force constant in z-z direction.
[N N N N NN NN NN
]

QUTPUT Q0estiForcon+Matel

CONTROL @Dest ,Si(Column+2-1)eFg+Column+2
ENTER QDestiMatel

CONTROL ®Dest ,Si(Column+2-1)sFg+Column+2
Forcon=Curves(Dz"2)

QUTPUT @DestiForcon+Matel

CONTROL ®0est ,Si1(Row+2-1)#Fg+Coiumn+2
ENTER QDestiMatel

CONTROL @Dest ,Si(Row+2-1)#Fg+Column+?
Forcon==Curves(0z"2)

QUTPUT @DestiForcon+Matel

CONTROL @0est ,Si(Column+2-1)sFg+Row+2
ENTER 20estiMatel

CONTROL @Dest ,S:(Column+2-1)eFg+Row+2
Forcon=-Curves(Dz)"2
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52¢32§3IT:<5“T§

11222 CUTPUT RCestiForcor+Matel
11220 CONTROL @Dest SicRowrl-!eFgeRowsl
11249 ENTER RDestiMatel
11250 CONTROL @Dest ,S:i(Row+l-~1)eFg+Row+l
11260 Forcon=Curvee(Dz"2)
1127@ QUTPUT @DestiForcon+Matel
11280 Column=Column+3
11290 IF ColumnslLast THEN Column=Begin
11320 ¢
]]3]0 IS I T T T T T T T T T T T T T T T T T T T T T T O T O A B
11320 | Calculates forca and curvature components in the three cartesian
11330 ' directions.
|]340 III|IIIII|||IIIIHIIlllll!IllllIIlIIIll|!!||Illllllll||||l||llll|ll|lllll¢
11350 ¢
11360 Fdir(K2,1,1)=Fdir(K2,1,1)+ForcesDx
11370 Fdir(K2,2,1)=Fdar(K2,2,1 +Force«Dy
11380 Fdir(KZ ,3,1)=Fd1r(K2,3,1)+ForceeDz
11390 Cvx=Cvx+CurvesDx"2
11400 Cvy=Cvy+CurveeDy"2
1141Q Cvz=Cvz+CurvesDz"2
11420 1IF K1<>1 THEN Cvx=Cvx+Curvee0x"2
11430 IF K1<>1 THEN Cvy=Cvy+CurveeDy"2
11449 IF K1<>1 THEN Cvz=Cvz+CurveeDz"~2
11450 IF KI1<>1 THEN Fdir(K!t , i ,1)=Fdir(K1 1,1 )-ForcesDx
11460 IF Ki1<>1 THEN Fdir(K!,2,1)=Fdir(K! ,2,1)-Force*Dy
11470 IF K1<>1 THEN Fdir(KY ,3,1)sFdir(K1 3,1 )-Force*0Dz
11480 1
11490 1ol bE LR L e e ettt
1150@ ! Calculates the moments (torques) about the cartesian axes. Moments are
11519 | determined relative to the cluster subunit center-of-mass.
PIS28 1 ht U b b R LR R P R R e it by
11530 !
11540 Mdir(K2,1,1)=Mdir(K2,) ,1)+(Dmy2e¢ForcesDz-Dmz2¢Force+Dy)
11550 Mdir(K2,2,!1)=Mdir(K2,2,1)+(0Dm22¢Force+*Dx-Dmx2+ForceeDz)
1156Q Mdir(K2,3,1)=Mdir{X2,3,1)+(Dmx2sForce*Dy-Dmy2+ForcesDx)
11578 IF K1<>1 THEN Mdir(K!, k1, 1)=Mdir(K1 1, 1)+(Dmyle(-Force)eDz-Dmz1e(-Force)eDy
)
11880 IF K1<>1 THEN Mdir(K!,2,1)=Mdir(K}!,2,1)+(Dm2te(-Force)e*D«<-Omx1¢(-Force)i*0z
)
11998 IF K1<>1 THEN Mdir(K1,3 1)=sMdir(K! ,3,1)+(Dmx)e(~Force)eDy-Dmyls(~-Force)*Dx
)
11600 NEXT J2
P} 1161Q NEXT A2
y 11620 NEXT C2
§~ 11630 NEXT K2
7 11649 Row=Row+3
t, 11650 NEXT J!
o 11686@ NEXT A
» 11670 NEXT CI
::‘ 1168@ NEXT K1
t{ 11690 ASSIGN @Dest TO o
- 11700 IF Eigen=t THEN RETURN
- 11712 IF Done=1 THEN RETURN
) 11720 IF Hand1=@ THEN QUTPUT Z:iCHRS(2SSI&"K";
"4 11730 ¢
P L I 1" B T T T T T S T T O O I T A B T O A A B B L
:' 11759 ' Prints tne binding energy, forces, moments, and curvature on the screen.
2
4
'!
4
v
e
F..
y *a .._- ,.-',.~..-' ._~.“' LR A T Tl SRR L P I TS VAT SRR LY . s el st e - e v e
AR RS SR NSNS .'.:.';.;T:.;'...a'f.'.':'..C'.'J::n_':.)i';:;.i'_'xi';i\f'.‘::.f'.'.'. \.:{"::'::'::”::‘:\ :-(‘,C{-:“i{-f-}f(s‘
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117689 vttt i LI T T S O A O L O N U ST U O AN S O 2O B U S IR S SRR

17T

1782 PRINT "Energy 3
1793 FRINT

1390 F2Q I1=2 70 L

131Q PRINT "Forces on Ligang “:J-1;" X,y , I"

182@ PRINT Fdirtd,t 13 sFd1~¢J 2 1 yiFaurt ], 2,1

"

1830 PRINT
11840 PRINT “"Moments on Ligard "3Jd=~13:" (X ¥ 2"
118580@ PRINT MdirtJ !, b aMeir(d 2V 0iMair(J 3,10
1186Q PRINT

11870 NEXT J

11880 PRINT "Potential Curvature (X,Y,(Z)"
1189@ PRINT CvxiCvyiCvz

11900 PRINT

11919 RETURN

11920 !

[]930 !lllll)illl)lllllIlillllIlilllllllllllll!l!llIl!llilllll|llll|lllll|lll|||
11940 ' Subroutine: Minimize

11950 !

11960 ! Parforms binding energy and geometry optimization by analyzing the

11970 ' forces and moments on cluster subunits.

]1980 ll|lll|Illlllllllllllllll(!l(!lllllllllllllli!llllllllll!l!l!lllllllll}lll
11990 1

12000 Minimize: PRINTER IS 1 |

2010 Eskip=l

12020 Passes=Q ! Ini1tialize number of intarations.
12030 Flag2=1

2040 OUTPUT 2:iCHRS(2%5)8"K"

12050 GRAPHICS OFF

12060 OFF KEY

sed - Qu:

12070 !
]2080 IlllllllllllIlllllllllllllIlllllllll!ll!||ll|IIII!I!I!III\IIIIIII|I|!(I||
12090 t QOptimization Graphics Menu:
12100 !
12110 ' Sketch Y - Activates cluster geometry drawing routine during
12120 ! optimization. Subroutine used - Sketchy.
12130
12140 ' Sketch N - Deactivates cluster geometry drawing routine during
12150 | optimization. Subroutine used - Sketchn.
12160 !
12170 ! Gclear - Clears the graphics dispay. Subroutine used - Wipe.
12180 |
12190 ' Solute Y - Draws solute and solvent during optimization., Subroutine
12200 ' used - Solutey.
2219
12220 t Solute N - Draws solvent only during optimization. Subroutine
2230 ' yused - Soluten.
12240
1225@ 1 qut - Stops optimization and returns program to Main Menu. Subroutire |
Q
122680 ,ub!":uixﬂe used - Quit.

12279

12283 ' inc Piz - Dezreases graphics display limits by | angstrom. Subroutire
12280 ' useg - Incoic.

12220

12310 ) Cez Piz - [rc-eases graprics dispidy limits by 1 angst-om. 3Subroutire
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TR

v

ST

12320 ' used - Decpuc.
]2330IIIl|||||||||ll||Ill||||0l||||lIII'II'IIIIIIIIIIIIIIlllllllllll|||g|||‘||q‘
12340 1 '

2250 ON KEY
1236@ ON KEY
12370 ON KEY LABEL "Gclear",3 GOSUB Wipe

@ LABEL “Sketch Y",J GOSUB Sketchy
5 Z
2
12380 ON KEY 3 LABEL “Solute Y-*,3 GQOSUB Solutey
8
9
1
6

LABEL "Sketch N",3 GOSUB Sketchn

12390 ON KEY LABEL *Solute N",3 GOSUB Soluten
12409 ON KEY LABEL "Quit",3 GOTO Quit

VST, AT

; 12419 ON KEY LABEL "Inc Pic¢",3 GOSUB Incpic
o 12420 ON KEY LABEL "Dec Pic",3 GOSUB ODecpic
» 12430 !
F. 12440 10UV VLN LU bR L b b N bR R bttt
Ff 12450 ! Initialization of vari:ables before cptimization.
A L4 S =X IO I T T T T T T T T O O O B O O O B R IR A O I
1247Q ¢
. 12489 FOR J=1 TO L
o 12490 Tx(J =@
Q 12500 Ty(J)=0
. 12510 Tz(J)=0
Q 12520 Rx(J)=0
- 12530 Ry(J)=0

12540 Rz(J)=0

12550 FOR Dirt=1 TO 3

N 12560 FOR Dir2=1 TO 3

X 12579 Fdir(J,0ir!,0ir2)=0

v 12580 Mdir(J,Dir!,D1r2)=0
A 12590 NEXT Dir2

12600 NEXT Dirl

1261Q@ NEXT J

12620 FOR J=1 TO L

12630 FOR Diri=) TO 3

12640 T1¢J,04r1)=1

12650 R1(J,Dirl1 )=}

1266Q Tstep(J,Dirl1)=0

12670 Rstep(J,Dir!)=0

1268Q NEXT Dirl

12690 NEXT J

12700 Cutofft=0

12710 Bcc=0

12720 Bhb=0

12730 Qs="Q°

12749 INPUT "Do you want to include charges?” ,Q$
12750 IF Q8="Y" THEN Bcc=!

12760 IF Q$="Y" THEN 12780

12770 IF Q$<>"N" THEN 12730

127680 Q$="Q"

12790 INPUT "Do you want to include hydrogen bonding?” ,Q%
12800 IF Q%= Y" THEN Bhb=)

12810 IF Q$="Y" THEN 12830

12820 IF Q$<>"N" THEN 12780

12820 Qs=°Q"

12842 INPUT "Do you want to cut off the negative curvature?” QS
12850 IF Q$="Y" THEN Cutoff=)

12860 IF Q$="Y" THEN 12880

12870 IF Q$<>"N* THEN 12830

12880 SET TIME @

NS DI At iy AT
a "L.'F.n‘)&.‘-l).aﬂ.’,ai’i-& - y

N RN I -
RSP W A % DT, W R WA VS




123392
12300
12910
12322
12320
12940
123950
12960

2970
12980
1239@
13000
13010
13020
13030
13040
13050
13060
13070
13080
13090
12100
13110
13120
13130
13142
13150
13160
13170
13180
13190
13200
13210
13220
13230
13240
13250
13260
13270
13280
13290
13300
13310
13320
13330
13340
13350
1336@
13370
13380
13390
13400
13410
13420
13430
13449
13450

»

LANAL AN

.
-
LS
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GOSUB Energy

I

R T I N L TR T T T T e T T T T T T T I A I A I B

! Determines force and moment direction charge Setween current ~o.e

' and last move to calculate translation and rotation step s::es f:zr

' cluster subunits.

L T T T T T T T e T T T T O S I T T S O T T T T T O O T T O O T AL I O T B B
i

FOR J=2 70 L

FOR Dirl1=1 TO 3

IF Fdir(J,01rt 2)=@ THEN 13020

IF ABS(Fdir(J ,Dar1 2)-Fdir(J,Dirl 3))=2 THEN TI1(J Dar1)=T1(] Dirt)+.2

IF ABS(Fdir(J,01r1 ,2)-Fd1r(J,D1r1,3))<2 THEN T1(J,Dir1)=T1(] D1rl)-.05

IF Mdir(J ,D2r! ,2)=Q THEN 13110

IF ABS(Mdir(J D11 ,2)-Mdar(J ,02r1 3))=2 THEN RI(J,D1r1)eR1(J D1rl)e+,2

IF ABS(Ma1r(J,01r1 ,2)-Mdar(J ,D1r1 ,3))<>2 THEN RI1(J ,Dirl1)=RICJ D1r1)~.05

!

RN NN NN NN R R NN R NN RN AR NN R N R AR
{ Determines translation and rotation step sizes. Maximum translation step
! s1ze 15 .1 angstroms. Maximum rotation step size is 10 degrees.

IF T1¢(J,Dir1)<1 THEN T1(] ,Dir? )=l

IF RI(J,D1r1)<1 THEN RI(J,Dir1 )e=)
Tatep(J,0iri)=1/100Q¢10°(~-.5¢T1(J,Dir!1)+2.5)
Ratep(J,Diri)=1/10¢10°(~-.SeR1(J ,D1r1)+2.5)
Fdir(J ,Dir 3)=Fdir(]) Dir) 2)

Mdir(J,01r? 3)=Mdir({J Dir?! 2)

NEXT Dirt

NEXT J

FOR S=2 TO L

605UB Trans

NEXT S

60SUB Energy

Min=0Q

Passes=Passes+!

FOR J=2 TO L

FOR Diri=1 TO 3
1

! Determines current force and moment directions and determines which
! degrees of freedom are optimized. Optimization 1s accomplished when
! forces and torgques are less that or equal to +/-.01.

RN RN RN RN R R R RN RN R R R RN E R R R RN EERE
|

IF Fdir(J,Dirt ,1)>0 THEN Fdir(J,Dir1 ,2)=1

IF Fdir(J ,Dir1 ,1)<0 THEN Fg1r(J Dirt , 2)==1

IF ABS(Fdir(J Dir! , 12)<{= .91 THEN Fdi1r(J Dirt 2)=0

IF Fdir(J,01r1 ,2)=Q0 THEN Min=Min+!

IF Mdir(J, Dirt 13,0 THEN Mdir(] ,D1r1,2)=)

IF Mdir(J ,Dir1 ,1)<0 THEN Mdir(J Dirl K 2)=-]|

IF ABS(Mdir(J ,01r)  1))<=,@1 THEN Mdir(] ,Dir1 , 2=

IF Mdir(J,D1r! ,2)=0 THEN MineMin+!

NEXT Q1r!

NEXT J
]
RN RN RN N RN N N A I S A S

AT R
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1346@ | Determines 1f all degrees of freadom are optimized and 1f so terminates
13472 ' tre routine.

13480 HH,;HH”HH{HHHHHllHllHllll||ll|llltlllllllllltlluqlu||xu||
134902

13500 IF Min=BeL~6 THEN 13520

1351Q IF Sk=1 THEN GOSUB Oraw

13520 IF Min=GeL~6 THEN GQSUB Draw

1353@ IF Min=geL~8 THEN 13550

13549 GOTO 12970

13550 BEEP

13560 DISP "Done 111"

13570 Tim=(TIMEDATE MOD 86400)/60

13580 Done=1

13532 Eck=E

13600 I[ter=!

13610 Handl=1

13620 !

13630 V1 0PI LE e et bttt ettt ettt r bt r et r it

13640 | Checks final geometry for minimum energy by translating and rotating
13650 | about the minimum energy cluster configuration.
1366 VUL LE LR L Lt R R R i R e

13670

13680 FOR S=2 TO L

13690 FOR Xxx=1 TO 3

13700 Tstep(S, Xxx)=,00!

13710 GOSUB 22000

13720 !

kAR RN AR R R RN R R R R R RN R R RN RN RN R R R R RN R R RRRRE RN NEEERNERE

13740 ! Translation checks in three directions.
13750 tHEIN LR e bt b e bt bt b et
13760 ¢ .
13770 IF Xxx=t AND ED>=Eck THEN PRINT ° +X Minimum";
13780 IF Xxx=1 AND E<Eck THEN PRINT “ +X Not Min";
13790 IF Xxx=2 AND E>=Eck THEN PRINT ~ +Y Minimum"y
13800 IF Xxx=2 AND E<Eck THEN PRINT ° +Y Not Min™,
13810 IF Xxx=3 AND E>=Eck THEN PRINT ° +Z Minimum®
13820 IF Xxx»3 AND E<Eck THEN PRINT * +Z Not Min"
13830 Tstep(S,Xxx)=-,002
13840 60SUB 22000
13850 IF Xxx=1 AND E>=Eck THEN PRINT * -X Minimum™;
13860 IF Xxx=1 AND E<CEck THEN PRINT * -XxX Not Min",
13870 IF Xxx*2 AND E)>=Eck THMEN PRINT ° -y Minimum”
13880 IF Xxx=2 AND E<Eck THEN PRINT * -Y Not Min-
1389@ IF Xxx=3 ANO E>sEck THEN PRINT ° -2 Minimum“y
1390@ IF Xxx=3 AND E<Eck THEN PRINT " -7 Not Min";
13310 Tstep(S Xxx)=,001
13920 60SUB 22000
13930 Rstep(S Xxx)=_.001
7940 GOSUB 22389
13950 !
LA 11 I IR L NN T T T T T T T T T T T T T T A I R I O A B A e
13970 ! Rctation checks in three directiors.
[0 5- 1= 1, J TR T T T T T T T T T O T T S T O I O O B S RO R | I
* 12930
| 14000 IF Xx»=! AND € -=Eck THEN PRINT * +Rx Mirmimum’
| 14010 IF Xxx=! AND E Eck THEN PRINT = +R~ Nct Min"
14920 IF Xx«x=2 AND € =Eck THEN PRINT " +Ry Minimum’:

, <~ , -"-'. « . R TR e e - -
ALLL_LA ’L,‘Aql‘n'-'-'-'-‘.'-'-'.'.'A','.-
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14030 IF X«x=2 AND E<Ezk THEN PRINT *
14040 IF X»x=3 AND E>=Eck THEN PRINT
14050 IF X«x=3 AND E<“Eck THEN PRINT °
14060 Rstep(S Xxx)=-,202

1497Q@ GOSUB 22380

14080 IF Xxa=! AND E-=Eck THEN PRINT -
14090 IF Xxx=!1 AND E“Eck THEN PRINT *
14100 IF Xxx*2 AND E>=Eck THEN PRINT "
1411Q IF Xxx=2 AND E<Eck THEN PRINT *
14120 IF Xxx=3 AND E.-=Eck THEN PRINT *
14130 IF Xxx=3 AND E<Eck TKEN PRINT *
14140 Rstep(S Xxx)=.001

14150 GOSUB 22380

1416Q NEXT Xxx

14179 NEXT S

14180 Done=0

141990 Hand!=@

14200 Min=EeL -6

14210 Qs$="Q"

14220 !

por T TN TR T Wk M a®e Kb o W N N L W VW Y W ¥ V.V, -V '« PO At A g S At 0 40" 0 0V S0 Bud €0 42 Gad d tud Top &
PR AR S R ol 2' 0 2Pk o) 'L aN S A ! b Sal Ul Vol Sob
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+Ry Not Min";
+R2 Minimum”;
+Fz Not Min";

~R- Minimum";
-Rx Not Min";
Ry Minimum”;
-Ry Not Min";
~Rz Minimum"
-Rz Not Min"

14230 i!!lllllllIIl!lllllllllllIllllllll|||||l|llllll|!||lIIIII|||||l|I||IIIIIII

14240 ! Prepares calculation for paper printout and/or disc storage.
1425@ PEV LU LI O At b e ittty

14260 !

1427@ INPUT "Do you want a printout?" Qs

14280 IF Q$="N" THEN 14520
14290 IF Q$<>"Y" THEN 14210
14300 Qs$="Q"

14312 INPUT "Do you want to store the configuration?”,Q$

14320 IF Q$="Y" THEN GOSUB File

14330 IF Q$<>"N" AND Q$<>"Y" THEN 14300

14349 PRINTER 1S 710
14350 GOSUB Print
1436@ PRINTER IS 710

14370 PRINT "Calculation Time (Min:Sec)= "3 INT(Tim) 1 : s INT((Tim=INT(Tim))*60):"

Iterations="(Passe
14380 PRINT
14390 Qs$="Q"

14400 INPUT "Do you want to change the drawing?",Q$

14419 IF Q$="N" THEN 14470
14429 IF Q$<>"Y" THEN 14390
14430 Flag2=0

14449 GOSUB Draw

14450 Flag2=1

14460 60T0 14390

14479 DUMP GRAPHICS %710
144890 PRINT

14430 PRINT

14500 PRINT

1451Q PRINTER IS 1

14520 Flag2=0

14530 Min=0

14540 QOFF KEY

14559 6070 1250

14560 !

LS =Te 2 B I T T T T T T T T T T T O T T T O T T T T T T A A A A Y

14588 ! Subroutine: Trans




14590
14632
1461@
14820
14620
14649
14652
14660
14670
14680
14630
14700
14710

v
r
¥

14730
14740
14750
. 14760
14770
14780
14730
14800
14810
14820
14830
148490
14850
14860
14870
14880
14890
14900
14910
14320
14930
14940
14950
14360
14370
143980
14990
15000
15010
15020
15030
15040
15850
15060
15070
15080
15092
15100
15110
15120
15130
15140
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Translates ang rota‘tes the cluster subunits 1n tr-ee
I B R N T T T T T T L o A

Trans: !

[}
b}
“*

F N T I T T T T T T T T T T T T T T T I A L T T T T L Y B L

! Detarmines the force and moment magnitudes.
IIIIIIIIIIHIIIIIH!IIIIO!II!III!IIIIllllllllllllllilll|l||||w|1

Fmag=(Fd1r(S,1 ,1)"2+Fd1r(S,2,1)°24Fd1r(S ,3,1)°2)",
Mmag=(Md1r(S,1 ,1)"2+Md1r(S,2,1)"2+Md1r(5 ,3,1)"° 2", S

IF

14720 1

Fmag=Q THEN 14800

AR R R RN R NN RN RN R RN NN R RN R R RN AN

Translates the cluster subunit screen parameters.

R N R RN R R R AR R R AR R R R RN NN R RN

Tx(S)=Tx(S)+Fd1r(S,1,2)sTstep(S,1)2ABS(Fdir(S, 1,1 )/Fmag)

Ty(S)=Ty(S)+Fd1r(5,2,2

)eTstep(S,2)*ABS(Fd1r(S5,2,1)/Fmag)

Tz(S)=T2(8)+Fd1r(S5,3,2)eTsten(S,3)+ABS(Fd1r(S,3,1)/Fmag)

IF
1

Mmag=0 THEN 14890

IIlllllIIllllllIllll'III|IIlllllllllllIllllllll'lIllll!lllllllil!

Illllllllllllll|l||IIIIIIllIIIIIIIl||lllllill!llllllIIllIlIIllIIl

Rx(S)=Rx(S)+Md1r(S,1 ,2)*Rstep( 5,1 )*ABS(Mdar(S 1

Ry(S)=sRy(S)+Mdir(S,2,2)*Rstep(5,2)2ABS(Mdi1r(S5,2,) )/ Mmag)

,1)/Mmag)

Rz(S)=R2(S)+Mdir(S,3,2)*Rstep(S,3)+ABS(Mdir(5,3,1)/Mmag)

IF
IF
IF
IF
IF
IF
IF
IF
|

Rx(S)>=360 THEN Rx(S)=Rx(S5)-360
Rx(S)<{==36Q0 THEN Rx(S)=sRx(S)+360
Ry(S)>=36@0 THEN Rx(S)=Rx(S)~360
Ry(S)<{=-360 THEN Rx(S)=Rx(S)+36Q
Rz(S)>=360 THEN Rx(S)=Rx(S)~360
Rz(S)<(=-36Q@ THEN Rx(S)=Rx(S5)+360
Done=! THEN 15080

Hand!=1 THEN QUTPUT 2;CHRS$(25S5)8"K";

L T T L T T O O T O I

I Prints the translation and rotation of the cluster subunits on

screen display.

PRINT "Translation of Ligand"iS-1
PRINT USING "S53D.4D"sTx(S)tTy(S)sT2(S)
PRINT "Rotation of Ligand”iS-1

PRINT USING "S30.40"iRx(S)iRy(S)sR2(S)
PRINT

IF

Fmag=® THEN 15600

L T T T T T T T T T T T O S A A B B

Translates the cluster subunit coordinates.

LI T I T T T S T T O O Y O O A

FOR C=1 TQ S

FOR A=)

T0 S

LR S I B O

T
the

et




255 1

.

1§'6@ FOR J=1 TQ N(S ,C &)

1S17Q FCR =1 TQ 3

15139 !

19130 [ O T T T T T T T T T T T T e I O O S O B S S | '
18202 ! Translates carbon atcms.

168210 [ T T T T T T T T T T I O T T T T T T O O S S B S
18220 !

19230 IF C=1 THEN Co(S,J,A X)=Co(S,J A X)+Fdir(S x ZleTstep'S X)eAB3 Fair I «,
/Fmag)

13240

1S28@ VR LR R L R
1826@ ¢ Translates nydrogen atoms.

1S27Q VUL R R b L bt b it Lt e
15280 1

1529@ IF C=2 THEN Hh(S,J A X)=Hh(S ] A X)+Fdir(S X ,2)eTstep(S X)*ABS(Fd1r(S X 1)
/Fmag)

15300

= RN R R N NN NN NN AR RN N NN NN NN
15328 ' Translates nitrogen atoms,

1G330 VL b b R R L LR i
16340

15350 IF C=3 THEN Nn(S,J ,A X)=Nn(S J A, X)+Fdir(S X ,2)eTstep(S X)®ABS(Fd1r(S X 1)
/Fmag)

15350 !

1S37Q VLRV R R R L R et
15380 ! Translates o.ygen atoms.

16390 THEL L Rt e LR R e ey
15400 |

15410 IF C=4 THEN 00(S,J,A ,X)=D0(S,J A X)+Fdir(S X 2)eTstep(S X)*ABS(Fdir(S X, 1)
/Fmag)

15420 i

19430 1HITL It b b R R B R R et
15440 ! Translates user defined atoms.

1S45Q 1HELIII IR b b b bbb P b e R et
15460 !

1547@ IF C=S THEN Zn(S . J,A ., X)=Zn(S,J A X)+Fdir(S X ,2)eTstep(S X)eABS(Fd1r(S X 1)
/Fmag)

15480 NEXT X

15490 NEXT J

155@@ NEXT A

15510 NEXT C

15520 !

1SS3Q 1t bbb b b bbb b b b e L R R R L i
15540 ' Translates the cluster subunit center-of-mass,
L1310 T T T A O O O Y A U A Y A O A B RO
15560 !

18570 FOR X=1 T0 3

15580 Cq(S,X)=Cq(S X)+Fdir(S5,X ,2)eTstep(S X)*ABS(Fdir(S X K 1)/Fmag’

15530
15600
15610
15620
15630
15649
15659
15669
15670

NEXT X

IF Mmag=@ THEN 16390

Mun:tx=ABS(Mdir(S, 1 1)/Mmag)

Munity=ABS(Md1r(S,2,1)/Mmag)

Munitz=ABS(Mdir(S,63,1)/Mmag)

I

NN NN NN NN N NN R N I I N I S SO O I B O A AU T EPPN IR A

| Rotates the cluster subunits about their centers-cf-wass,
L T T T e T O T T S T T T T T O T T T S O T O IO S S IR S O B

i

DTV aaCa LR 233N

.'\

-

..’- S M A e

VNS e VR G




15630
15539
15700
15719
15720
15730
15740
15750
15760
15770
15780
15792
15800
15810
15820
15830
15849

256

|

EGR C=1 T2 5

FCR A=1 TO S

FOR J=1 TO N(S,C,A)
{F C=1 THEN 15320
IF C=2 THEN 16060
IF C=3 THEN 16300
IF C=4 THEN 15780
IF C=5 THEN 16540

IIIIIIII|IIIIll!IIIIIlIIIllllllI|IlllDIIIIlll!!l!Illll[llllllllll|ll||llil
| Rotates carbon atoms about molecular center-of-mass.
IlI|IIIIIIlIIllllIIIIIllIIIIll|l|l}l!l!l!!!!l!!lllllll!lllIIIIlIIIIIIlIl!I
1

Col=Co(5,J ,A,2)-Cal(s,2)

Co2=Co(S,J,A,3)-Cq(s.,3)

Co(S,J,A,2)=Co1eC0S(Md1r(S,! ,2)eRstep(S,1)eMunitx)-Co2*SIN(Md1r(S, 1 2)eRst

ep(S,1)eMunitx)

15850

Cot(S,J,A,3)=ColeSIN(MALr(S,1 2)eRstep(S,1)eMunitx)1+Co2+COS(Mdir(S,1 ,2)eRst

ep(S,1)eMunitx)

15860
15870
15880
15890
15300

Co(S,J,A,2)=C0(S5,J,A,2)+Cq(5,2)

Co(S,J,A,3)=Co(S,J A, 3)+Cq(5,3)

Col=Co(S,J,A ,3)-Cal(s5,3)

Co2=Co(S,J ,A,1)-Cq(S,1)

Co(S,J,A ,3)=Col#COS(Mdir(S,2,2)*Retep(S,2)*Munity )-Co2+SIN(Mdir(5,2,2)+Rst

ep(S,2)eMunity)

15919

Co(S,J,A,1)=CaleSIN(Mdir(S,2,2)eRstep(S,2)eMunity )+Co2¢C0S(Md1r(S, 2 2)eRst

en(S,2)*Munity)

16920
15930
15340
15550
15960

Co(S,J,A,3)=Co0(S5,J,R,3)+Cq(5,3)

Co(S,J,A,1)=Co(S,J A, 1)+Ca(S,1)

Col1=Co(S,J,A,1)=Cq(S,1)

Co2=Co(S,J,A,2)-Ca(S,2)

Co(S,J ,A,1)=Co1+COS(Md1r(S5,3,2)eRstep(S ,3)*Muni1tz)-Co2¢SIN(Md1Lr(S 3 2)eRst

ep(S,3)eMun1tz)

15979

Co(5,],R,2)=Col#SIN(Mdir(S,3,2)*Rstep(S,3)oMun1tz)+C0o2+COS(Md1r(S,3 2Rt

ep(S,3)*Munitz)

15980
15990
16000
16010
16020
16030
16049
16050
16060
16070
16080

Co(S,J,A,11=Co(S,J,A,1)+4Cq(5,1)

Co(S,J,A,2)=Co(S5,J,A,2)+Cq(5,2)

60TO 16960

1

L T T T T T T T T T A O O O I A O
LI T U T T T T T T T T T T A T O A O
i

Col=sknh(S,J ,A,2)-Cq(S,2)

Co2=Hn(S,J ,A,3)-Ca(5,3)

Hh(S,J ,A,2)=ColeCOS(Md1r(S,] ,2)*Restep(S,1)eMunitx)~Co2*SIN(Mdir(S, ! 2 eRst

ep(S,1)eMunttx)

16030

HR(S,J ,A,3)=Col #SIN(Md1r(S,1,2)eRatep(S, 1 )*Mun1tx)+Co2+COS(MALIr(S 1 2 ePst

ep(S,1)eMunitx)

16100
15110
16129
16130
16140

Hh(S,J ,A,2)=Hh(S ,J A,2)+4Cq(5,2)

Hh(S ,J,A,3)=HN(S,J,A,3)+CQq(5,3)

Cot=Hh(S,J,A,3)-Cq(s,3)

Co2=Hh(S,J,A,11-Cq(5,1)

Hh(S ,J A ,3)=ColeCOS(Md1r(S,2,2)¢Rstep( S ,2)%Muni1ty )=ColeSIN(Md1r(5 2, 2 5z

en(S,2)eMun1ty)
HR(S ,J A, 1)=Col #SIN(Md1r(S 2 ,2)eRstep(S,2)eMunity 1+Co2eCCS(Md1r( 5,1 2 eRst

16150

1



TR TERE AR S THAR TR TR WO TR T T T A T R T Y W R T L ae o4

I R Vol Sl tad fab Sub Sui gl Sk gie o4

257

eci 3, leMurity

CENGQ ~er 3,04 T mmn S ] A D el 5,00

11T ~neS,J LA ) =HnS J LA 0o 1

"61EQ Zoi=HR(S,J A1 =Cal3,

16138 Col=mn(S ) ,A,2)-Cq(s 2

16228 =~n(S,J,A,1)=Col1+C0S(Mair(3 3,2 *RsteptS,JieMunits i-ColeaiN:M3:ir 5, 2,20 ¢F32

agt S, 3reMun1tz)

16210 HMNn(S,J A 233701 e3IN(Ma1r(3 3,2 eRatep(S 3 eMunitz :+ColeCOS(Ma1~(5,3,2 ¢Fst
ep(S ,3)eMunitz)

16220 HR(S ,J A, 1 )=Hm 5
18230 Rh(S ,J A 2)=HR(S
16240 GOTO 16960

16250

=30k oY T T T T L I T L T O A O O S O O O O I O O I I O I I O I Y I OO A O

LA ielal3 1)
JJ.Aa.2eCqls, )

16270 ' Rotates nitrogen atoms about molecular center-pf-mass.

TB2Z8@ 'YL Eh b b i e R b L it
16290 ¢

16300 Col=Nn(S,J, A, 2)-Cq(S,2)

163190 Co2=Nn(S,J,A,3)-Cq(s5,3)

16320 Nn(S,J,A,2)=ColeCOS(Md1r(S,1 ,2)*Rstep(S,1)eMunttx)-Co2*SIN(Md1r(S, 1,2 )*Rst
ep(S,1)eMun1tx)

18330 Nn(S,J,A,3)=CaoleSIN(MdLIr(S,! 2)*Rstep(S,1)eMun1tx )+Co2¢C0S(Mdir(S,1 ,2)*Rst
ep(S,) )eMunyitx)

16340 Nn(S,J,A,2)=Nn(S,J ,A,2)+Ca(5,2)

1635@ Nn(S,J,A,3)=Nn(S,J ,A,2)+Cq(S,3)

1636Q Col=Nn(S,J ,A,3)-Cq(5,3)

16370 Col=Nn(S,J,A,1)-CQq(5,))

16380 Nn(S,J ,A 3)=Col*CO0S(Md1r(S,2,2)%Ratep(S,2)*Munity)~Co2+SIN(Mdir(S,2,2)¢Rst
ep(S,2)eMunity)

1639@ Nn(S,J ,A,1)=ColeSIN(Md1r(S 2 ,2)*Rstep(5,2)9Mun1ty )+Co2*C0S(Md1r(5,2,2)*Rst
ep( S ,2)eMunity)

16400 Nn(S,J,A,3)=Nn(S,J ,A,3)+Cq(5.,3)

16410 Nn(S,J,A,1)sNn(S,J A, 1)4Ca(5,1)

16420 Col=sNn(S,J,A,11-Cq(S,1)

16430 Co2=Nn(S,J,A,2)-CalS.,2)

16440 Nn(S,J ,A,1)=Col1eCOS(Md1r(S ,3,2)¢Rstep(S,3)*Mun1tz)~Co2¢SIN(Md1r(S 3,2 )+Rst
ep(S,3)eMunitz)

1645@ Nn(S5,J A, 2)=Col¢SIN(Mdir(5,3 2)eRstep(S J)eMunitz)+Co22C0S(MdLr (5,3 ,2)*Rst
ep(S,3)eMunitz)

16460 Nn(S,J ,A,1)eNn(S ] A, 1)+4Cq(S,1)

16470 Nn(S,J,A,2)=Nn(S,J ,A,2)+Cq(S5,2)

16480 GOTO 16960

164390 !

D=1 1 SRR N T T T T T T T T T T T T T T T T O T T I A AR O
16510 ' Rotates user defined atoms about molecular center-of-mass,

L34 B T T T A S T O O O T O T O I L T O O O T A A S R O O I B A
16530 !

16540 Col=2In(S,J ,A,2)-Ca(sS,2)

16550 Co2=In(S,J ,A,3)-Ca(s,3)

16560 "n(S,J ,A,2 ) =Col*COS(Mdir(S, | 2)sRstep(S, 1 1eMunit< -ColeSIN(Mdir(5 1 2 )eRs*
ep(S,i)sMunity)

165870 In(S,J A, 3)=Col ¢SIN(MO1r (5,1 2)eRstep( S, 1 )eMunitx)+Cc2¢C0S(Mdir 3, 1,0 5t
ep(S,tyeMyun it )

16580 In(S,J,A,2)=In(S J A 2)1+Cq(5, 2}

18590 Znt¢35.,),A,3)=In(S ,J A 3)+Ca(sS, 3

1660@ C21=2In(5,J ,A,2)~Cq:5.,

16610 Col=Int(S,J,4,11~CaqiS, 1)

YT I

Y
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16628 Zn(5,J,A,3)=Col*C0S(Md1r(5S,2, 2 +Rstep(S,2)eMuntty )~Col*SIN(Ma1m (5,2 2)eRst
epi{ 3,2 *Mun1ty)

16630 Zn(5,J,A,1)1=Colt»SIN(Md1r(S 2 2 eRstep(S, 2)eMunity svColsCOSIMEIr S 0 T eRst
ep(S,2)eMunity)

16640 2n(S,J A ,3)=In(S5 ] ,A,3)+Ca(5,3)

16650 In(S,J,A,1)%In(S ] A 1)+Cg(S, 1) |
16660 Coi=In(S5,J,A,1)-CqisS,t) .
1667@ Col=In(S,J ,A,2)-Cq(5,2) |
16680 In(S,J,A,1)=ColeCOS(Md1r(S,3,2)+Rstep(5,3)*Mun1tz)-Col*SIN(Md1r(S I, 62)eRst f
ep(S5,3)eMunitz)

1669@ Zn(S,J ,A,2)=Co1+SIN(Md1r(S, 3 ,2)+Rstep(S,3)oMun1t2)+C022C0OS(Ma1r (5,3 ,2)eRst
ep(S,3)eMunitz)

16700 In(S,J,A,1)=In(S,J,A, 11+Cq(5,1)

16710 In(S,J,A,2)=In(S ,J,A,2)+Cq(5,2)

16720 6GOTO 16360

16730 !
2RI R R R R R R R R RN RN R R R R R R RN RN RN R RRRNNRRRRRENRE

16750 ! Rotates oxygen atoms about molecular center-of-mass.

1876 PP s bt bR b PN R b R et
16770

16788 Co1=00(S,J,A,2)-Cq(S5,2)

16790 Co2=00(S,J,A,3)-Ca(S,3)

16800 Qo(S,J,A,2)=Co1+COS(MAir(S,1 ,2)+Rstep(S, 1)oMun1tx)-Co2*SIN(Mdir(S,1 ,2)*Rst
ep(S,1)*Munitx)

16810 Q0(S,J,A,3)=ColeSIN(Mdir(S,1 2)eRstep(S, 1 )eMunitx )+Co2+COS(MdLir(S,1 ,2)*Rst
epi{S,1 ) eMun1tx) :

16820 00¢(S,J,A,2)=00(5,J,A,2)+Cq(5,2)

16830 00(S,J,A,3)=00(S5,J,A,3)+Cq(5,3)

16849 Co1=00(S5,J,A,3)-Cq(S,3)

16850 Co2=00(S,J,A,1)-Cq(sS, 1)

1686Q@ 00(S,J,A,3)=Col+COS(Mdir(S,2,2)*Rstep(S5,2)eMun1ty )=Co2SIN(Mdir(S, 62,2 )*Rst
ep(S.2)*Mun1ty) '

16870 00(S,J,A,1)=Col #SIN(Mdir(S5,2,2)#Rstep(S,2)*Muni1ty)+Co2¢COS(Mdir(S5,2,2)#+Rst
ep(S,2)eMunity)

16880 Oo(S,J,A,3)=00(S5,J,R,3)+Cq(5,3)

16890 Co(S,J,A,!1)=00(S5,J,A,1)+Cq(S,1)

: 16900 Col1=00(S5,J,A,1)-Cq(5,1)

. 16910 Co2=00(S,J,A,2)-Cq(S5,2)

t 16920 00(S,J,A,1)=Co12COS(Md1r(S 3 ,2)eRstep(S,3)eMun1tz)-Co2*SIN(MAir(S,3,2)+Rst

N ep(S,3)sMuni1tz)

- 1693@ 00(S,J ,A,2)=Co1*SIN(Mdir(S,3 2)eRstep(S,3)*Mun1t2)+C02+COS(Md1r(S5,3,2)eRst

! ep(S,3)eMunsitz)

> 16340Q 0o0(S,J ,A,1)=00(5,J,A,1)+Cq(5,1)

D 16950 Qo(S,J,A,2)=00(S,J,A,21+Cq(5,2)

; 1696@ NEXT J

3 1697@ NEXT A

d 16980 NEXT C

" 16990 RETURN

) 17000 !

) ]7010 IlllllllIllllllllllllllllll|l||ll!|l|l||l|l|l||ll|III\IIIIIlIIIlIIl!I-l

: 17020 ' Subroutine: Oraw

. 17030 !

: 1704Q ' Oraws the cluster geometry in four perspectives: 3~dimensicnal, top ~.ew

. 17050 ! end view, and side view,

4 17@50 L T T I T T T T T T T T T S T T T T T T T T O O A O O O B

! 17070 !

" 17080 Oraw: !

' |
: |
,

/

v |
Z |
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17990 IF Flagl=) THEN 17100
17100 2FF REY

17119 1
]7!20 I B R R A T T T L T T T T T T T T O A O B S T A L S ¢
17130 ' Qrawing Menu:
17140 ¢
17159 ' Gclear - Clsars the graphics display. Subroutine used - Wipe.
17180 ¢
17172 ' Solute ¥ - Drauws the solute and solvent., Sibroutine used - Solutey.
17180
17199 ! Solute N - Draws the solvent only. Sibrcutine used - Soluten.
17200 |
17210 | Inc Pic ~ Decreases the graphics display limits by | angstrom,
17220 ' Subroutine used - Incptic. p
17230
17240 | Dec Pic ~ Increases the graphics display limits by | angstrom,
17299 + Subroutine used - Decpic.
17260 !
17270 { Draw - Draws the cluster geometries.
p 17280 !
17298 ! No Draw - Stops drawing at any time,
17300 VUL LU b R ettt ety s
17319

17320 ON KEY @ LABEL "Gclear”,9 GOSUB Wipe
17330 ON KEY | LABEL “Solute Y",3 60SUB Solutey
17340 ON KEY 6 LABEL "Solute N",9 GOSUB Soluten
17350 ON KEY 2 LARBEL "Inc Ptc",9 GOSUB Incpic
17360 ON KEY 7 LABEL “Dec Pi1c",9 6GOSUB Decpic
17370 ON KEY S LABEL "Draw ",9 60T0 17400
1728Q@ ON KEY 3§ LABEL "No Oraw" ,9 GOTO 19240
17290 GOTO 17390

17400 GRAPHICS ON

17410 ALPHA QFF

17420 IF MinsLeg-6 THEN GINIT

17430 IF MinsLeg-6 THEN Sol=i

17440 FOR Pic=1 TO 4

17450

17460 vttt rtrr R rRrr R
17470 ' 3 dimensional perspective.

1748Q (it sr bbbttt eerietitnd ! e
17490 ! 9
17500 IF Pic=! THEN VIEWPORT 0 ,66,0,50

17510 IF Pic=1 THEN Dwx=-10

17520 IF Pic=1 THEN Duz=15

R RN R RN

17530 ;
[ A=Y 0 R T T T T T T T T T N T T T T T T L O O O L .
1755@ | Top view perspective, 1
BA=T =1 IR I TR T T T T T T T T T T :
17870 !

17588 IF Pic=2 THEN VIEWPORT 66,133,0,50
17590 IF Pic=2 THEN Dux=0
17608 IF Pic=2 THEN Dwz=30

17610 ¢

4 = DL L L T2 T T T T T T T O L L O L

17620 ' End view perspective, .
[ BrZ =X B L T T T T T T T T T L T L T L A .
17659 1
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1766Q [F Piz=3 THEN VIEWPORT 2,66,50,100
17579 1F Pia=3 THEN Duw-=-32

17530 IF Pic=3 THEN Dwz=2

17692 !

e IR AR R R R O T I T T O I T B O B A I A O OV EE

1771@ ' Side view perspective.

17720 R R N A T A IS T T T T T T T T T T T T T T A O O R A
17730 |

17749 IF Pic=4 THEN VIEWPORT £66,133,50,100

17750 IF Pic=4 THEN Dwx=0

17760 IF Pic=4 THEN Dwz=0

17772 SHOW -Look ,Look ,-Look ,Look

17780 FRAME

17790

17880 !V i b i bbb b L R L B R N R R R R R i

17810 | Draws cartesian axes on graphics display.
1782@ L0000 Rt b e e L i
17830 !

17840 LINE TYPE 3

17850 CF1(1)=-SeLook*COS({Duwx)
17860 Cal(2)=-SeLook®SIN(Dux)
17870 Cf2(1)=Se o0k «COS(Duwx)
17880 Ce2(2)=SeLook*SIN(Duwx)
17890 Cf1(3)=Cal(2)#SIN(Du2)
17900 Cf2(3)=Ce2(2)#SIN(Dw2)
1791@ MQUE Cfi(t1),CFIC3)
17920 DRAW Cf2(1),Cf2(3)
17930 C#1(1)=SeLook*SIN(Dux)
17940 Cel(2)=-SelooksCOS(Dwx)
179508 Cf2(1)=-Sef ook *SIN(Dwx)
17960@ Ce2(2)=SeLook*C0OS(Dwx)
17970 Cri(3)=Cat(2)SIN(Duz)
17980 Cr2(3)=Cea2¢(2)*SIN(Dwz)
17990 MOVE Cfi1(1),Cf1(3)
18000 DRAW Cf2¢(1),Cf2(3)
18010 Ct1(1)=Q

18020 Cei(2)=0

18030 Cf2(1)=0

< 18040 Ce2(2)=0
& 18050 Cf1(3)=-5eLook*COS(Dwz)
% 18060 Cf2(3)=SeLook*COS(Dwz)
b’ 180708 MOVE CfI1¢1),CP1(3)
? 18080 DRAW Cf2(1),Cf2(3)
- 18090 LINE TYPE 1
X 18100 !
E. ]8]]0 L T T T T T T T T T T T T T T T T T T T T T A I OO AR I
, 18120 ' Draws cluster geometry using balls and sticks.
:l ]8]30 L T T T T T T T T T T T T U T T T T T T T T T T O T T T T T O T T Y
p 18140 !
- 18150 FOR K=Sol TO L
N, 18160 FCR Ci1=1 TO S
N 18170 FOR Al=l TO S
" 18180 FOR Ji=1 TO N(K,C1 A1)
k 1819@ FOR C2=1 TO S
18200 FOR AZ=( T0 S
p 18210 FOR J2=1 TO N(K,C2,R2) :
-: 18220 C=0 \
I~ |
‘,_ |
)‘
X
N !
4
¥
o
’
:;./'/..-- .r-.--'-"/ T "
o e T R L e e T e T e e e e e e e e L e el o
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12229
12242
13252
15260
18270
18259
13239
18300
18310
18320
18330
18340
18350
18360
18370
18380
18330
18400
18410
18420
18430
18440
18450
18460
18470
18480
18490
18500
18510
18520
18539
18540
18550
18560
18570
18580
18590
18600
18610
18620
18630
18640
18650
18660
18670
18680
18690
18700
18710
18720
18720
18740
18752
187680
18770
18722
1379¢

LAsf g el S o il Btiast A Al A Al St gte e dia 8% |
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i
I I R T T T T T T T T e T O T T T A O (IO T T RPN

I Determines atoms to be connected by bonrds,
I S R O T T T L T B T O B B Y B AV R O .

Carbon atom coordinates.
T T T T T T T T T T T T T T T T T T T T T T T T O A O O O T SO B ¢
§
IF Cl=1 THEN Coord!i=Co(K , JI ,Al 1)
IF Ct=1 THEN Coord!Z2=Co(k ,JI1 ,A1 2)
IF Ct=] THEN Coord!3=Co(K,6J1,A1,3)
IF C2=1 THEN Coord2!=Co(K,J2,R2,1)
IF CZ=1 THEN Coord22=Co(K,J2,R2,2)

IF C2=) THEN Coordl3=Co(K,kJ2,A2,3)
I

]
|
F T T T T T T T T T T O T O T T O L S O O T O T O O O B A O T
|
'

|

IF C1=2 THEN Coord!!=Hh(K,kJ1,A1,1)
IF Cl=2 THEN Coordl2=Hh(K,J1 Al 2
IF Cl=2 THEN Coord!3=Hh(K,J1,Al1,3)
IF C2=2 THEN Coord2!=Hh(K,kJ2,AZ,1)
IF C2=2 THEN Coord22=Hh(K,J2,A2,2)

IF C2=2 THEN Coord23=Hh(K,bJZ,AZ,3)
1

IF C1=3 THEN Coord!!=Nn(K,6J1 ,A1,1)
IF Ct1=3 THEN Coord!2=Nn(K,J!,A1,2)
IF C1=3 THEN Coord!3=Nn(K,kJ! A1 ,3)
IF C2=3 THEN Coord2i=Nn(K,6J2,A2,1)
IF C2=3 THEN Coord22=Nn(K,J2,A2,2)

IF C2=3 THEN Coord23=Nn(K,kJ2,A2,3)
i

IF Ci=4 THEN Coord!1=00(K,6J1 A1 1)

IF Ci=4 THEN Coord!2=00(K 6 J1 A1, 2)

IF C1=4 THEN Coord!3=00(K,6J1 Al ,3)

IF C2=4 THEN Coord21=00(K,J2 ,R2,1)

IF C2=4 THEN Coord22=00(K,J2,A2,2)

IF C2=4 THEN Coord23=00(K,J2,A2,3)

i

[ I 2 N U T N T T T T U T T T N T T T T T T O T T T T T T T A L
I User defined atom coordinates.

L T T I T S T T T T T T T T T I O
]

IF C1=5 THEN Coordll=Zn(K,kJ! Al 1)
IF Ci1=5 THEN Coordl!2=In(K JI A1, 2)
IF Ct=5 THEN Coord!13=In(K JI1 A1, 3)
If C2=5 THEN Coord21=In(K K J2 A2,1)

A P R e

e A e N A A A N e e, -"‘.r".r".-:‘.-" O AR PP ‘ Cetele



13800
18810
18820
16830
18840
18850
18860
18870
18880
18830
18900
18910
18920
18930
18940
1885@
18969
18970
18980
18990
19000
13010
19020
19030
19040
19050
19060
13070
13080
19090
19100
19119
19120
19130
15140
19150
18160
19170
19180
19199
19200
19210
1822

19230

19240
19250
19260
19270
189289
19230
13200
19210
1822

1332

13340

15250
19369
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IF £2=5 THEN Coord2l=In(K ,J2 ,A2.,2)

IF C2=5 THEN Coordl3=In(K,J2,A2,3)

|

(I T T T T T T T O T T O T T T T S T T T T T T SO (Y T BT BT O O Y
I Determines ball sizes for specific atoms.
IIIIIIIiIIIIllllllIIlll|Il||I||III|l|l|ll|||ll||lli|lll|IlllllrlI||Iltlx||
[}

IF C2=) THEN Siz=.3

IF CI2=2 THEN S::z=.18

IF C2=3 THEN Si:z=.24

IF C2=4 THEN Si:z=.28

IF C2=5 THEN Siz=.32
O=(Coord21-Coordl1)"2+(Coord22-Coord12)"2+(Coord23-Coord!3)"2

Or=D".5

]

RN N N R R NN NN NN NN RN RR AR AR RRR R REE

-

| Determines Z dimensional projections for drawing 3 dimensional
! representations of clusters.

!
IF C1=2 THEN GDOTO 19190

Cfi(1)=Coord! t#COS{Dux)~Coord!2¢SIN(Dux )
Cel(2)=Coord! 1 *SIN(Dwx )+Coord12+C0S(Dwx)

Cf2(1)=Coord21+¢C0S(Dwx )~Coord22¢SIN(Dux )

Ce2(2)=Coord21+SIN(Dux )+Coord22¢C05(0wx)
CF1(3)=Cal(2)*SIN(Dwz)+Coord!3¢C0S(Dwz)
Cf2(3)=Ca2(2)*SIN(Dwz)+Coord23+C0S(Dwz)

MOVE Cf1(1) ,CfI(3)

IF Dr>1.7 THEN 19140

DRAW Cf2¢1) ,Cf2(3)

FOR Cir=@ TO 36@ STEP 30

IF Cir=0 THEN MOVE Cf2(1)+512¢SIN(C1r) ,Cf2(3)+512¢C0S(C1r)

DRAW Cf2(1)+S1zeSIN(Cir),Cf2(3)+5120C0S(Car)

NEXT Cir

NEXT J2

NEXT A2

NEXT C2

NEXT Jt

NEXT A1

NEXT C1

NEXT K

NEXT Pic

GRAPHICS OFF

ALPHA ON

IF Flag2=) THEN 13410

QOFF KEY

I
,"""I'l"lllilllﬂli,l’]ll"||||||||'||||||l|'||l||[|l‘vl||‘||||l'||||“|‘
! Sets up Main Menu for use after geometry ang bindinrg energy Cotimizat;oe
' 18 complete.

L T T T T T T T T O I O S O O SN S I L I N T T S 0 T A S SV B N S B N R R B TR

ON KEY 3 LABEL “Ir Coef" .3 GOSUB lnputct
ON FEY 1 LABE_ "In Coord”,2 GOSUB Inmputco
ON KEY 2 LABEL "Energy",3 GOSUB Energy

ON ¥EY 2 LABEL "Minimize",3 GCTO Mirim.ze
ON KEY 4 LABEL "Move",l GOSUB Hand




bkl el Rl Eal Al A S Nl I ek S AR e el B B Nl S N e ad e die bt el el ad's Atad‘s gte St AVa o St S0 4t Bl Dol A R L Rl Dot R Bt g it St Aok pus |
A b i e A J i

263

A
X
H
n
A

1927@ ON KEY S LABEL "Draw”,J 50SUS Oraw
16350 ON KEY 6 LABEL "NCA" J GOSUB Eigen
15290 ON KEY 9 LABEL “Quit”,3 GOTQ Quit
19400 ON KEY 7 LABEL "Stor Con",3 GOSLB File
1941@ RETURN

19420
19430
194492
19450

[ T T T T T T T T 2 T Y T O N O Y O U Y O Y Y OO SO T B Y O B
I
1
1946@ ' Assigns atomic symbols and atom types to the atoms composing the
i
I
!

Subroutine: Atomnames

19470 clusters. Used i1n paper print and screen display routines.

]9480 ||Il|l|l||||l|lll||Il!IIIlll|!||||ll|ll0|||ll|ll||!IIIIIIIIIIlIl!IllIII!w
13490 !

19500 Atomnames: !

189519 ! '
18520 10 by LT E bbb b L b b b L L b i e L b bty
1953Q@ ! Assigns atomic symbols.

1954 1 E i b b U b b b e b it
19559 !

1956Q IF Atomi=1 THEN Atomi$=" C*

19570 IF Atoml=2 THEN Atoml$=" H"

1958Q IF Atomi=3 THEN Atomi$=" N°

19590 IF Atomi=4 THEN Atomig=" 0"

19600 IF Atomi=S THEN Atomi$=" In"

19610 IF Atomi=1 THEN 19720

19620 IF Atomt=2 THEN 139780 )
19630 IF Atomi=3 THEN 19840
19640 IF Atomi=4 THEN 19900
19650 IF Atomi=S THEN 19960
1966Q RETURN

19670 !
1G68Q L1it ittt bttt bt i e i i i b e ey

19690 | Assigns atom types.

]9700 LS T T T T O T T T T O R O I R AR
19710 !

19720 IF Attpl=1 THEN Attpli$=" Alip"

19730 IF Attpl=2 THEN Attpis=" Carb"” .
19749 IF Attpl=3 THEN AttpiS=" Arom" :
19750 IF Attp!=4 THEN Attpl§=" YYYY"

18760 IF Attpi=5 THEN Attpls=" 7121

19770 RETURN

19780 IF Attpi=1 THEN Attpl!S$=" Alip" :
19790 IF Attpl=2 THEN AttplS$=" Amin" I
19800 IF Attp!=3 THEN Attp1$=" Arom”
1981@ IF Attpl=a THEN Attpis=" Carb” ‘
19820 IF Attpli=5 THEN AttplS=* 7271" }
19830 RETURN i
19840 IF Attpi=1 THEN Attp!%=" Amin"

19850 IF Attpl=2 THEN Attpls=" WWWW"

19360 IF Attpl=3 THEN Attplig=" XXXX"

19872 IF Atipl=4 THEN Attpl$=" Yyyy"

19880 IF Attp!=S THEN Attpli$=" 2721"

19890 RETURN

19900 IF Attpl=! THEN Attpl$=" Carb"

18910 IF Attpl=> THEN Atto'$=" Hygr"

193920 IF Attpl=I THEN AttpiE=" XXXX" I
19932 IF Attpi=4 THEN Attpig=" yyyy" ‘

e m .
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19940
18350
13960
15370
19980
153930
Q000
20010
20020
20032
20040
22050
20060
20070
20080
20090
20100
20110
20120
20130
20140
20150
20160
20170
20180
20190
20200
20210
20220
20230
20240
20250
20260
20270
20280
20290
20300
20310
20320
20230
20340
202350
20360
20370
20380
<0390
20400
20410
20420
20430
20440
20450
Q480
2eave
20489
2490
205092
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1F Attp1=5 THEN Attplis=" 727"
RETURN

IF At+pli=] THEN Attpis=" Al:p”
IF Attp!=2 THEN Attp!d=" WWWW"
I€ Attpl=3 THEN Attpl$=" XXXX"
IF Attpi=4 THEN Attp!®=" YYYY"
IF Attp!=5 THEN Atip!s$=" Z7Z27Z"

RETURN
|
[ I R TR O T T T T T T T T T T T T T T T L T T O O O A O A Y

Subroutine: Atomnumbers

Assigns atoms and atom types to numhers for array element

identification.

1}
)
]
)
I
RN R RN AR R R RN R RN R R R R R RN RN RN R R R R RN

Atomnumbers: !

Atom!=0Q

Attpl-o
|||||l|ll|||||||lllll!I|||lll||!!1!!!!!!Qq!g!g[ll||l|lll|!ill!(!1!gg!(illi
| Assign numbers to atoms.

BERREREE RN AR RN R RN RN RN RN RN AR R RN A RN AR R RN R RN NN NN
|

IF Atom1$="C" THEN Atomi=1

IF AtomiS="H" THEN Atomi=2

IF Atom1$="N“ THEN Atom|=3

IF Atom1$="0" THEN Atomi=4

IF Atomi$="7" THEN Atomi=5

IF Atomi$="C" THEN 20340

IF Atomis$="H" THEN 20400

IF AtomiS="N" THEN 20460

IF Atomis="0" THEN 20520

IF Atomig="Z" THEN 20580
RETURN

]

NN RN R R R RN R NN RN R RN NN AR
! Assign numbers to atom types,
NN NN N NN NN N NN
!

IF Attptis="ALIP" THEN Attpi=t
IF Attp1$="CARB" THEN Attpl=2
IF Attp1$="AROM" THEN Attpi1=3
IF Attp!S="YYYY" THEN Attpl=4
IF Attp1$="222Z" THEN Attp)=5
RETURN

IF Attp1$="ALIP" THEN Attpl=i
IF Attpl$="AMIN" THEN Atiptel
IF Attp1$="AROM" THEN Attp!=3
IF Attp18="CARB" THEN pA¢tpl=yg
IF Attp18="72Z2" THEN Attpl=S
RETURN

IF Attp!®="AMIN" THEN At¢pi=)
IF Atipl®="WWWW" THEN Attp'=_C
IF Attpt®="XXxXX" THEN Attp'=3
IF Attol$e"YYYY" THEN Atspl=4
IF Attp18="7277" THEN Attp)=§

DA
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22519 RETURN

22222 IF Attp1$="CARB" THEN Attptl=!

ZQEZ2 IF Attple="HYDR" TREN Attpl=C

22540 IF Attpls="XXXX" THEN Attpl=]

JQPSCQ IF Attpl®="YYYY" THEN Attpl=4

Q560 IF Attpt$="2227" THEN Attpl=§

20572 RETURN

20580 IF Attpis="ALIP" THEN Attpi=!

20590 IF Attp!S="WWWW" THEN Attpl=2

22600 IF Attp1$="XXXX" THEN Attpl=3

20610 IF Attp!$="YYYY" THEN Attp!=4

20620 IF Attp1$="Z1712" THEN Attpi=5

2630 RETURN

20640 !

2065@ LU EEIUE TR RO U U N R RO R e e
2066@ ! Subroutine: Atommenu

20670 !

20680 ! Atom menu for parameter and coordinate input routines.

20690 LUV N U LR R R R R i
207929 !

20710 Atommenu: ! Selects atoms

20720 OUTPUT 2:1CHRS(255)8"K"}

20732 PRINT " Atom Selection”

<0740 PRINT * *

20750 PRINT

2076Q@ PRINT - C - Carbon”

20770 PRINT

20780 PRINT * H - Hydrogen~

28732 PRINT

20800 PRINT * N - Nitrogen”

20810 PRINT

20820 PRINT - 0 - Oxygen"”

20830 PRINT

20840 PRINT -~ Z
20850 RETURN

20860 !

20870 'R U LT R R Ry

20880 ! Subroutine: Attpmenu
|

Zinc/0ther”

v »
NN
Qe
w
S w
(=)

! Atom type menu for parameter and coordinate input routines.

'y ks R L TR T T T O T T T T T T O L B R A

] 20920 !

. 20930 Attpmenu: !

: 20940 QUTPUT 2;CHRS$( 2554 K"}

. <0950 1F Atomis="C"~ THEN 21000

. 20960 IF AtomIS="H" THEN 21130

F 20970 IF Atomis="N" THEN 21260

i 20980 IF Atom!$e«"0" THEN 21390Q

D 12930 IF Atomig= 2" THEN 1'S20

H S1Q2e PRINT - Larbon Atom Tyces”

5 21210 eRINT -

] -y v

I: 2'022 FRINT

7 J1@2% FRINT "ALIF - Tetranedral Alignat.c

» 21049 PRINT

] J'CSQ FRINT "CARE - Carbonyl, Carborylic Aczid, Carbce,lae, or Fectice

, 21082 PRINT

.~ 21070 PRINT "ARIM - Argmati:z or (=C"

’

o

/

o’

(]

]

J

2

’I

A
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21220
21232
21r2e
2
2rize
21120
21140
21150
21160
21170
21180
21180
21200
21210
21220
21230
21249
21259
21260
21279
21280
21290
21300
21310

'.‘17"7@

-t -

21330
21340
21359
2l36e
21370
21389
21399
21400
21410
21420
21430
21440
21450
21450
21479
21480
21490
21509
21519
21529
Ire3e
21540
21352

[
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u
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-
o
P
M N U aan
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T

Fotpyra ety es 000008
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PRINT
FRINT
PRINT
PRINT

RETURN

FRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

RETURN

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

RETURN

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

RE TURN

PRINT
PRINT
PRINT
PRINT
ERINT
BTNt
ERlnT
2= hd
BT

[ R ETR
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Hydrogen Atom Types”

"ALIP

"AMIN

"AROM

*CARB

"1111

"

Aliphatic*
Amine or 1(2) Degree Amide”

Aromatic or Sulfhydryl"”

Hydroxyl or Carboxylic Acid
271"

Nitrogen Atom Types”

"AMIN

" WWWW

"XXXX

"YYYY

“1211

Amine or Amide"
WWWW*
XXXX*"
YYYY®
111"

Oxygen Atom Types”

"CARB

“HYDR

"XAXX

“YYYY

rq
L]
~4
~

Carbonyl or Carboxylic Acid"
Hydroxyl, Carboxylic Acid, or Ester”
XXXX"

YYYY™

222"

Zinc/Other Atcm Types”

Alic

wwww

LR 4

AR RN R T A P C N L LI
- " S TNT
rh!;!1!L’LH:Xi!LfL’;KL!L‘QX:!Lfl;:(:M:(:f’:

Alipratic”
W

rrxu’
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21650 !

21668 1HTIV LU LT U E U s
2!'870 ! Subroutine: Hand

\ 21680 !

b 21680 ! Allows user to translate and rotate cluster subunits.

21700 CUE UL P U R C O R
21710 !

21720 Hand:

21730 ON ERROR GOTO 217%0@

2174@ OUTPUT 2:CHR$(255)8°K"}

21750 INPUT “"What molecule are you working on (1 for solute)?”,S

21760 INPUT “Do you want to rotate or translate?" Rt$

21770 Handi=\

21780 IF Rts$="R" THEN 22250

21790 IF Rt$="T" THEN 21860

21800 IF Rt$<>"T" AND RtS<>"R" THEN 21780

21810
21820 VR OR LR RN R R R R R it

21820 ! Cluster subunit translation routine.
21840 1HUL LR LR LRt i et iR

21850 !
21860 INPUT "What direction for translation?" ,Dt$
21870 IF Dt$s="X" THEN Xxx=1
21880 IF Dts="Y" THEN Xxx=2
21890 IF Dt$="2" THEN Xxx=3
21900 IF Dts<>"X" AND Dt$<>"Y" AND Dts<>"Z" THEN 21860
21910 INPUT *What interval?" Tstep(S,Xxx)
21920 INPUT "How many iterations?” Iter
21930 Eskip=0
21940 Qs="Q"
21950 INPUT "Do you want to calculate the energy?” ,Q%
21960 IF QS="Y" THEN Eskip=!
21970 IF Q$="Y" THEN 21990
21980 IF Q$<>"N" THEN 21940
21990 OFF ERROR
22000 FOR &=1 TO Iter
22010 Fmag=1
22020 Mmag=1
22030 FOR J=1 TO L
22040 FOR Xxx=1 TO 3
2205@ FOR Y=1 70 3
22060 Fdir(J Xx,KbY)=0
22070 Mdir(] Xx,Y)=0

22080 NEXT Y
22090 NEXT Xx

22100 NEXT J
22110 Fdir(S Xxx 1 )=1

22120 Fdir(S Xxx,2)=1
22130 GOSUB 14710

22140 IF Eship=0 THEN 22160
22150 60SUB Energy

216Q IF Done=t THEN 22190

22172 GOSUB Oraw

2180 NEXT 6
22130 GOTO 2257@

22200

nn B, B R O O O T U I N U T T T T T I S T T A AL T A T I O L

L am A a2
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22230
22240
22250
12260
22270
22280
22290
22300
22310
| 22320
| 22330
22340

22350
22360
22370
22380
22390
22400
22410
22420
22430
22440
22450
22460
22470
22480
22430
22500
22510
22520
22530
2254¢
22550
22560
22570
22580
22590
22600
22610
22620
2630

22640
22650
22660
22670
22680
22690

ate HZ

22700
<2710

22729
22730
22740
22750
22762

t Cluster subunit rotation routine.
RN R RN N NN RN RN N N AN

[}

INPUT “What axis of rotation?” ,Dt$

IF Dtg="X" THEN Xxx=|

IF Dt$="Y" THEN Xxx=2

IF Dt$="2" THEN Xxx=J

IF DtS¢>“X" AND Dt$<-»"Y" AND Dt$<>"7" THEN 22250

INPUT "What interval?” ,Rstep(S Xxx)
INPUT "How many 1terations?” Iter
Eski1p=0

Q$="Q"

INPUT "0Qo you want to calculate the energy?.",Q$
IF Q$="Y" THEN Eskip=]
IF Q$="Y~ THEN 22380
IF Q$<>"N" THEN 22330
FOR G=1 T0 Iter
Fmag=1

Mmag=1

FOR J=! TO L

FOR Xx=} 70 3

FOR Y=1 TO 3

Fdir(J Xx,Y)=0Q
Mdir(J,Xx,Y)=Q

NEXT Y

NEXT Xx

NEXT J
Mdir(S Xxx ,1)=1
Mdir(S ,Xxx ,2)=1

60SUB 14710

IF Eskip=0 THEN 22540
60SUB Energy

IF Donew! THEN 22570
G0SUB Draw

NEXT 6

Hand!=0

RETURN
]

! Subroutine: Eigen
|
I Sets up the parameters for calculation and storage of the intermolecular

I force field for use in VDWNCA.
(RN R R N R N NN NN NN RN RN RN N

]
Eigen: !

OUTPUT 21CHRS(255)8 K"

PRINT "Place 1n storage disc containing H20EIG or & disc with space to cre
0E16."

PRINT

PRINT "To create a new HICEIG, Type 1n the following ccmmand at this tire:

PRINT

PRINT "CREATE BDAT (QUCTES)IH20EIG:INTERNAL(QUOTES) 7320,8"
CISP "Press continue to proceed.”

PaySE

Eigen=)

PR R J":J‘.:{‘.;q" '.r,'.'_:.-.:.,-_:_._‘-‘. e AT e T N L
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INPUT "What matrix row does solvent pbegin?” ZSegin
Column=Eeg:in

INPUT "What matri~ row dces solvent end?" Lastm
Last=Lastm+|

Qs="Q"

INPUT "Do you want charges?” Q%

IF Q$="Y" THEN Bcce)

IF Q< "Y" AND Q8. "N" THEN 22810

Q$="Q"

INPUT "Do you want hydrogen bonding?” ,Q$

IF Q$="Y" THEN Bhb=!

IF Q$(>"Y" AND Q$<>"N" THEN 22850

GOSUB Energy

Eigen=0@

RETURN

|

‘ Subroutxne File
]

! Stores the coordinates of a specific cluster geometry in a disc file.

[ TR L I T O A A I O I O O O D}

File: !
QS-”Q'
N ERROR €0TG 22200

INPUT Do you want to start another COORDINATE file?" ,Q$

IF Q$="N" THEN 23070

IF Q$<>"Y" THEN 23020

INPUT "Enter your N E W COORDINATE file name."
CREATE BDAT Coord$&":INTERNAL™ ,9400 .8

60SuUB 5330

OFF ERROR

RETURN
|

! Subroutine: Qutt

,Coord$

! Stops subroutine execution and returns program to Main Menu.
T T T T T T T T T I O T O T O T T T T T O O I I O I O

{

Quit: o
OFF KEY
Flagl=2

6070 1250
!

AR R AR RN RN RN
Subroutine: Sketchy

optimization,

|
1
|
i
|
L T T T T T T T T L O O L

Stetohy:

Sy =1

CIZP "Graghics activated.”
RETURN

]

| S T T T A T T O A O O O

fctivated the graphics display during gecmetiry and 2inding energy
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23242 L
Jusrcutine: Shetchn 4

1
Y
2IZpo !
27272 | Jeactivates tne graphics display during geometry ard binding erer;,
22223 ! cptimization.
ba = B I T T T S O T T o O
22300 !

23419 Stetchn:

22420 Sk=Q

23430 DISP “Graphics deactivated."
2344Q RETURN

23450

2348@ IIIIIllllllIlIlI!IIlIl|lI!lIllll!lll!!I!!I|!l!I!Ill!l!lll|l!lllIllIIIIIIII
23470 ! Subroutine: Wipe '

23480 !

23480 ' Clears the graphics display.

235Q0 YT EEEER IRl R R E ettt ettt

23510 !

23520 Wipe: !

2253@ BINIT

23540 DISP "Clear screen.”
23550 RETURN

23560 !
23570 LN EUL L R e

23580 ! Subroutine: Solutey
23590

23600 ' Allows he user to draw the cluster solute and solvent.

236010 IR R ettt R R R ittt
23620 !

23630 Solutey: |

23640 Sol=1

23650 OISP "Draw solvent and solute."

23660 RETURN

23670 !

23680 VN LI LR R R e i

23690 ' Subroutine: Soluten .

23700 !

23719 ' Allows the user to draw the solvent only.

:3720 IlllltllIIIIIIIllllllll!llllll!lllllIIIIII|ll|||IIllllllllllllllllllllllll
23720

22740 Soluten: !
22750 Sole?
22760 DISP "Draw solvent only.,"

L anad B anan e am o e e

2277@ RETURN

23780 :
b~ T+ B T T O T T T T T O T T T T S T T T A T O T O S T O T T S A A N T B S N B U N B RS L
23800 ' Subroutine: Inmcpic !
22810

22820 ' Decreases the graphics display limits by | angstrom,

o573 L T T T T T T T e S T T T T A T T T T T T T O T T O S O A O O (O N O R B

22gad ¢ 3
11850 i~ccic: ! )
CIEBQ Loor=Look =) s
23870 IF _cob 1! THEN Look=l 1
17860 ALPHA GN ;

22892 CISP "Sraphics [imits are “iLcobti” angstroms,
23500 RETULSN

e e A N G AR T LR LR R AT =
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22319

22372
22542
22382
223892
23372
23980
23990
Z4000
24010
24020
24030
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i
il!‘}tlll»llIllll||ll‘|;Il!Il[l!ll!l‘%l!‘lllll!lil‘nvullll,:,,x;'.‘.“|
' Subroutine: Decpic

i

I Increases the graphics display limits ty 1 angstrom,
ll|||l||||||||l|||l|||||‘lll(l‘liillillllllllllll)ili:‘,i)lltl.‘1‘y!»r;w,

!

Decpic: | |
Look=Look+! ‘
ALPHA ON !
DISP "Graphics limits are “;jLook;” angstroms.” |
RETURN I

END
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]
]0||||'|'.'l||l||l||‘||l||:||||l‘l||||['||lll||'5"||'|||’|I=|'|'||||'IIII':¢II
s 29 ' Frcgram name: VOWNCA
1] :3!
- 42 ' This program calculates van der Waals cluster :ntermolecular vigoratizral
X SQ ! modes using a normal coordinate analysis (NCA)., The NCA 13 conducteg using
- 6@ ! the FG matrix method. The clusters are treated as "giant molecules” ,n tre2
3 72 ' NCA for which the 1ntra- and intermolecular mcticns are treated
. 80 ! simultaneously. The intermolecular force field used 1n the calculat:ions ;s
99 ! generated using ECCEMPY and :s stored on disc as H20EIG. The intramolecular
100! force fieslds are taken as thcse of each cluster sunubit. Both the intra-
) 1190t and intermolecular force fields are treated using the central force and
o 120! harmonic oscillator approximations.
X 130
2 149 !
v 15@ !
160 ' NOTICE: This program will not run with documentation contained i1n program
] 170 ' :f not more than 256 Kbyte RAM is available.
= Ik BN RN R N R R N N R R RN R R RN RN R
) 190 1
s 200 OPTION BASE |
X 210 PRINTER IS 1
. 220
: RN N N N N N AR R R R R RN RN
-, 240 ! Matrices used:
N 250 !
N 260 | A(®)=Energy (FG) matrix.
~ 270 |\ Evr(e+)=Real eigenvalue matrix,
: 280 ) Evi{s)=Imaginary ei1genvalue matrix.
290 t Vecr(e)=Rea]l eigenvector matrix.
300 ' Veci{e+)=Imaginary esigenvector matrix,
- 310 ' Indic(e)= Matrix diagonalization indicator matrix.
- 320 ! Mol(e)=Cluster coordinates matrix.
» IIQ PP R R R e ittt
: J40
‘ 35@ DIM A(7S,75),Evr(7S%) ,Ev1(75) ,Vecr(75,75) ,Vec1(75,75),Ind1c(75) ,Mol(75,4)
360Q DEG
370 VIEWPORT @,134,0,100
- 38@ LORG 5
> 390 Papers=!
- 400 Look=b ' Default graphics display limits set at 6 angstroms.
) 410 Dwx=-45 | Default X ax1s orientation for graphics display.
. 420 Dwz=20 ' Default I axis or:entation for graphics display.
470 Duxy=t | Default top view for force field graphrics display.
é 429
' T %=1 T T T T T T T T T T T T O A O L I A Y AR B R O
\ 460 ' Main Menu:
h 479
; 420 ' L) MAT - Inputs intermolecular force fireld 1ntc matri« Ave) from cis:
e 432 ' storage file WICZEIG. Subroutine used - I~plj.
<0 !
3 519 ' QWN VAL - Allzws tr-e user to input F matri- ejements from keyboarsz.
> S0 ¢ Subroutine used - Inpcwn.
"- ;’-f.:{-:,- -:_"-.(.( -'.:;*q-":: \{;.‘.: e AT s, T ANt e AT AT '-_‘-":.‘.;-'_'-".‘_\(“‘ .--"\-’:(‘.’-'
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v 274
-’
-
¢
S0 !
542 ' INT DATA - Inputs the i1ntramolacular force fia2lds intc A(e: “rcm aata
: 55Q | statements. Subroutine usea - Irpdat.
r- 560 |
) 570 ! EIGVALUE - Diagonalizes the FG matrix to yi2ld eigenvalues frequencies ang
. 580 ! eigenvector normal modes describing cluster moticrn. Subroutire
532 ! used - Eigen.
502 !
519 ! QUTPUT - Print the NCA results on the screen or on a paper printer.
620 ! Subroutine used - Output.
- 630 !
N 6§40 | INITIALI - Initializes the A(+) matrix and stores 1t 1n H20EIG. Used when
A 650 ! generating a new force field. Subroutine used - Zero.
BEG UL IL UL R e R g
670 !
‘ 680 ON KEY @ LABEL "LJ MAT .1 GOSUB Inply
: B30 ON KEY 1 LABEL "OWN VAL '.1 60SUB Inpown
. 700 ON KEY 2 LABEL "INT DATA",1 60SUB Inpdat
3 71@ ON KEY 3 LABEL "EIGURLUE“ I GOSUB Eigen
. 729 ON KEY 7 LABEL "QUTPUT ,4 GOSUB Qutput
730 ON KEY 9 LABEL "INITIALI",! 60SUB Zero
K- 740 BEEP
j 750 60TO 750
. 760 |
v rad AR AR R R N R R N N RN R R N R R NN RN
: 780 ! Subroutine: Inplj
‘% 790 !
800 ! Inputs the intermolecular force field into A(*) from disc storage file -
81@ ! H20EIG.
» 820 !!!H!!H!!!!!!!!!!!!!'!!!!!!!!!!!!"""!!!!!!""!!!!!!!!U!!!!!”'lll"“
) 830 !
; 840 Inply: !
850 ASSIGN OMat TO "H20EIG"
860 ENTER @Mat;A(e) Mdim
870 ASSIGN OMat TO «
880 BEEP
890 RETURN
. 900 !
N =2 X 2 T I T T T I T T T L T T T T T T T T T T T I A B R O
3 920 ! Subroutine: Inpown
939 !
. 940 ! Inputs F matrix elements from the keyboard into A(s)
. L= 11 S I O T T T T T T T T I T T T T T T e T O O B O
) 860 |
. 970 Irpown: !
’ 980 INPUT "ENTER MATRIX OIMENSION" Mdim
. 990 INPUT "ENTER ROW,COLUMN™ N M
1000 INPUT "ENTER ELEMENT® ,A(N M)
tQ1Q PRINT "ELEMENT ROW™iN: "COLUMN" iM{ =":A(N M)
. 102@ INPUT "ARE YOU DONE" ,CS
- 1920 IF Q$="Y" THEN 1252
. 1040 GOTO 390
1950 BEEP
o 1960 RETURN
1970 !
': LI, 1< 1B T T T T T T S T O I L S A




1030
1120
1110
11292
1139
1149
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1319
1320
1330
1340
1350
1380
1370
1380
1390
1409
1410
1420
1430
1440
1450
1460
1479
1480
1450
1500
1510
1520
1530
1540
1550
1560
1572
1580
1539
16900
1610
1620
1630
1640
1650

Subroutine: Inpdat

Tt ittt eyt

Inpdat: !

WINOOW -Look ,Look ,-Lock ,Look

6CLEAR

RESTORE

INPUT "ENTER MATRIX DIMENSION" ,Mdim
READ Numberdat

FOR Y=1 TO Numberdat

1

BRI NN RN AN N RN

Inpuls the irtramolecular forca fields from dat3s statemerts. 7
fislds are added to the intermolecular fcrce field placez 1~ A
1

275

‘rese rorie
*
)

L T T T T A O T A B O

T T T T T L T T T T S O Y A O A

| Reads coordinates and force constants from data statements.

EEERERER R RN R RN R R RN R R R R R RN R RN RN A RN R R R RN AR RN R RN

]
READ X1,Y1,21
READ X2,Y2,12

READ Forc
!

R R R R R R R R N RN R R R R R RN NN RN RN NN R RN EEEX

AR R N N N N NN NN

AR AR RN R RN RN R RN R R A N R NN RN NN N R RN R RN R R R AR AR R R RN AR

L0 S T T T T T T T T T O T L T T O A O B A O A A O

1
! Reads matrix row and column from data statements,
AR N RN RN RN N RN AN R NN RN RN

|

READ Row

READ Col

|
SRR AN RN R AR E RN
! Calculates unit position vectors.
L T T T T T T T T T O I T O A O AT N O AR |
!

O=((X2-X1)"24(Y2-Y1)"2+(22-21)"2)".5

Dx=(X2-X1)/D
Dy=(Y2-Y1)/D
2=(22-21)/0
PRINT X1gYtqe 21
PRINT X2:Y2422
PRINT DxiDyiDz
PRINT Forc,D

PRINT Row,Col
)

L T T T T T T I T A A

LI T T T T T T T I T T T T A R O O

L T T T T T T O T T T T T O O A

-~ .\ ‘s A

[ T O T O e O e R A

I Draws tne 1ntramolecular force field.

L T T T T U L T T T A T T T OIS O
'

GRAPHICS ON

IF Cuw=y=! THEN MOUE X1 ¥!

IF Duxy=! THEN [ORAW X2 VY2

IF Dwxy=@ THEN MOVE x! 21

L T T T A T A [

R N

S
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IF Cu«y=0 THEN CRAW X2, IC
|

R A A A S SO T R O N SO O A T B N A A O A O A A R S O R A O B A SO O I S R A O AN B SN SRR AT A
| Earce constant 1n «-. direction,
(ll.'Illlllllllll)ll)l!ll)!lllllllilllllIlll‘llilllll‘l}lll!}rr<wt‘1 EEE]
1

A(Ta1,Col)=Force(Dx) 2+A(Col ,Col)

A(Row,Ccl )==Force(Dx ) "2+A(Row,Col)

A(Col ,Row)==Force+(0x)"2+A(Col ,Row?

A(Row ,Row)=Force*(Dx ) "2+A(Row,Row)

i

SERERRREE R R RN RN RN RN RN RN R E RN

Tviveen
| Force constant in x-y direction.

NEERRER R N AN RN N RN RN NN NN R NN RN NI
1

A(Col ,Col+1)sForce(Dx*Dy )+A(Col ,Col+!)

A(Col ,Row+ ! )==Force(Dx+Dy)+A{Col ,Row+!)

A(Row,Col+1 )=-Force(Dx+Dy)+A(Row,Col+t)

1

AR RN RN AR R R R R R RN R NN A N R A N R RN NN NN

| Force constant 1n x-z direction.

R R RN R RN R N RN RN NN R R R RN R RN RN AR R RN NN RN RN RN RN
A(Row ,Row+) )sForce+(Dx+Dy )+A(Row ,Row+1)

A(Col ,Col+2)=Forc+(Dx*Dz)+A(Col ,Col+2)

A(Col ,Row+2)=-Force(Dx*D2)+A(Col ,Row+2)
A(Row,Col+2)1=-Force(Dx+0z)+A(Row,Col+2)

A(Row ,Row+2)=Force*(0Ox*Dz)+A(Row ,Row+2)

t
|||l|l||l!||||lIllllll|!|llll'l|0!l'|llIllllIIIlllll[lll|ll|||l|llllll|li*:
| Force constant 1n y-x direction.

L T T T T T T T T T T T T T T T T T T T T I I T A A B
)

A(Col+! ,Col)=Force(Dy+0x)+A(Col+! Col)

A(Col+! ,Row)=-Force(Dy«Dx)+A(Col+! ,Row)
A(Row+! ,Col )=-Force(Dye*Dx)+A(Row+] ,Col)

A(Row+! ,Row)=Force(Dy*Dx }+A(Row+! ,Row)

]

| T T T T T T T O T T O T T O T O T T O s S S I L T Y O B B S

! Force constant 1n y-y direction.

L T T T T T OO O O O T O O O O T T TN T O N O O O O O Y U I I RS A S S T R B IO A [

i

A(Col+! ,Col+t)mForce(Dy "2)+A(Col+t Col+!
A(Col+! Row*!)=-Force(Dy "2)+A(Col+! Row+'"
A(Row+! ,Col+! )m-Force(Dy 2 )+A(Row+! Cole+!"
AlRow+! ,Row+! )=Force(Dy "2 1+A(Row+! Row+! -
]

LN T O T T T O O S T T T T e T S A T T Y O T O I O SO W O B
' Force zcnstant 1n y-z directicr.

L T T T O T S T T S I L e T T I O O T O ST A S S
]

AlCole! ,Zol+2l 1eFarcecT,e0z+A(Col*! I
ArZoi+l Rowtl =~Force:D,el2+AcCol+! R
AlRqu+! Col+l 1 =-Force Cyelz sA{Roy+!

1«2
Jwel
.l
ARlRow+! Row+l i=ForceiJyelz sA Roye' Rousl
!

L T T T T T T T O O T B O

o R

Ly

F oy s
"

P

.



2222 ' Fzrze censtant in z-( Firection.
Vg T T T T T Y O T S U O A T T O O S S N S U S S S B R S H S

Dz+D<)+AcCol+l, %210
(D=elvied({Col+2 Row)
Dz°3<**ﬁ Row+2 ,Ccl)
ze5« )+A{Row+Z ,Row)

l)

2289 %<F3‘ 2, Coli=Force
«2 Rowl==For

-V h(F’.Ou*" ,Col)=-Farcel

2230 A(Pcw*h,Rou)‘For: (0

2200 1

PR, T T O T T T T T O T T T T T O T T I T T U A S T S SR

2220 ) Force constant 1n -y direction.

1 pak L NN N N NN NN N N I IR I I S S A S SN B A N SRR

Y |

tf 2350 A(Col+l Col+1i=Force(DzeDy)+A(Zol4+2 Col+1)

R 2360 A(Col+2,Rou+l>--:orc'(0:~Dy>4A(Col+2,Rou+l)

2370 A(Row+2 ,Col+*1)=-Force(DzeDy )+A(Row+2 ,Col+1)

2380 A(Row+Z,Row+!)=ForceiDz+0y )+A(Row+2 ,Row+!)

2339

2400 III|l|||||||||llIIlllIIllI!||I||l|||Il|||||||I|||||I||||l|||III1|I|II||||||

2810 ' Force ccnstant i1n z-1 direction.

242 IIIIIIIIIIIllII||lIIl|||Il|l|ll||||l||l|||l||||||||ll!llllllllllllll(||||ll

2430 !

2440 A(Col+2,Col+2)=Force(0z 2)+A(Cal+2,Col+2)

2450 A(Coi+l Fowsl ==ForceiDz 2 +AiCoi+l Row+d!

2480 A(Row+2 ,Col+lim-Force (02 2 '+A(Row+2 Col+2)

2470 A(Rou‘Z,Pcu*E’-=:PC°(D:‘27‘ﬂ<R0u*2,§ou02>

.
rJ
(]
F -3
[

2480 NEXT ¥

-450 BEEP

2590 RETLAN

Z5:d

2529 v ’ ' '
28I Sutroutine: Eiger

1549

259) Jiagcraiizes tneg FR omgte .,
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]
)
28@@ T T T T T T T T T T O T T T T T T T T O S T T T T O Y O O I O B OO RO R I
2810 ' Converts the esigenvalues to freguencies expressed in wavenumbars,
za:@ IO O T T T T T T A T T T T T T T T I T I S O S O I U T I I I T A Y A N O
2820 ¢

2840 IF Evr(N)>=Q THEN Evr(N)=ABS(Evr(N)*33.87360050!2)".5
28SQ IF Evr(N)<Q THEN Evr(N)=-ABS(Evr(N)#*33 . 5796005012)"°.5
286@ NEXT N

2870
2880 L T T T T T O S I o I I L O I L O O I T L T I T o o I I O R I O I A R I I S AR I A O
2890 ! Shell sort of eigenvalues and eigenvectors,

b 2900 ' Sorted in increasing order with respect to eigenvalue.
2910 VIR TR TR e ettt ettt
2920 !

2930 Pass=Mdim
2940 Pass=INT(Pass/2)
2950 IF Pass=@ THEN 3170
2960 FOR St=1 TO Pass
2970 Ii=S¢
29680 Jj=St+Pass
2990 Sw=9
300@ IF Evr(l1)<=Evr(Jj) THEN 3100
I 3010 Sw=)
3020 Avrs=Evr(li)
3030 Evr(I1)=Evr(l))
3040 Evr(Jj)=Avr
3050 FOR R=] TO Mdim
3068 AvcsVecr(R,l1)
3079 Vecr(R,li)=Vecr(R,Jj)
3080 Vecr(R,l;)=Ave
3090 NEXT R
3100 I1=J;
3110 Jy=Jj+Pass
3120 IF Jj<Mdim+! THEN 3000
3130 IF Sw=0 THEN 3150
3140 60T0 2970
3150 NEXT St
3160 60TO 2940

——r v w

4 3170 PRINT “DONE*

, 3180 BEEP

! 3190 RETURN

; 3200 !

' 32]0 llIIIllllIlli!lll!!l!!!!!!!Ill!l'l!llll!ll!!!l!!!!lll|!|!!l!!!!lllllllllIIl
b 3220 ' Subroutine: Output

: 3230 !

3242 ! Qutputs the NCA results to the screen and graphics display or to the
3250 ' paper printer.

’ 326Q LU L T R TR i
3270
3280 Output:
32908
33@0 'lll"l"lllll"I"I""l"'ll'l"l""'l'l""'xl'll'l""'lllll"llIlvll-
3312 ' Graphics Meny:
Je
3332 ' INC X - Increases the x axis orientation by | degree,
3342 ' Subroutine used - Incx.
3350
3360 ' DEC X - Qecreases the x axis orientation by | degree,

T ———— T W S T W W W e

“w

T R R T T T S N ~ ~ e,
N N A A A A N N P GG 2 I R A A DA

P~
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2370 ' Zubrautine usaed - Decx.
7332 !
7739 ¢ NI - Inzreasas tre : acv1s oriantation by | degree,
3400 ' Subroutire used - Inrc:.
7410
3420 t DEC 7 - Decreases tne - a-1s oritentation by | degrae.
2430 ' Subroutine used - Oec:.
33440
7450 ! DONE -~ Stops drawing the clusters, Subroutine used - Flag.
3450 (T I T AT T T T T T T T T T T T T T T O T T O T T O T O O O O I B IO
3470

3480 OFF KEY

3490 ON KEY @ LABEL "INC X" ,5 GQSUB Incx

3500 ON KEY S LABEL "DEC X" ,5 GQOSUB Decx

3510 ON KEY ! LABEL “INC Z",S GOSUB Inc:z

3520 ON KEY 6 LABEL "QOEC 2*,5 GOSUB Decz

3530 ON KEY 9 LABEL "DONE",S GOSUB Flag

3540 !

ISSQ PEL O RN R R R U T R i

3560 ! Reads cluster subunit coordinates from data statements.
Ly R R R R e N N N N R N RN NN R
3580 !

3590 FOR N=1 TO Mdim/3

3600 FOR M=! TO 4

3610 READ Mol(N,M)

35820 NEXT M

3630 NEXT N

3640 Q$="Q"

3658 INPUT "OUTPUT TO PRINTER" ,Q$

3660 IF Q$="Y" THEN Paper=710

3670 IF Q3$="Y" THEN 3700

36680 Papers=i|

3690 IF Q$<>"N" THEN 3659

3700 PRINTER IS Paper

3710 !

3720 PO N RN R I R P R R R R R LRy
3730 ! Prints eigenvalues.

3740 VU LI LT LR EE RN PRI L PR RO R ettt
3750

3760 PRINT

3770 PRINT "=mcemmemcemoscoo oo EIGENVALUES (em=1) ===——-=-mmomcmoocnnn
3780 PRINT

3790 FOR N=1 TO Mdim STEP 3

3800 IMAGE X ,A,X,MZ.9DE,3X K,A,X ,MZ.9DE 3X,K,A X ,M2.30E

3810 IF Paper=710 THEN PRINT USING 3800:iN,"." .Evr(N) N+l “," Evr(N+l) NeZ ", " £,
riN+2)

3820 IF Paper=1 THEN PRINT USING 383Q:Evrhr(NIIEVR(N+1)iEvr(N+2)
3820 IMAGE MZ.9DE ,MZ.90E ,MZ.90E

2840 NEXT N

385@ PRINT

3660 Q$="Q"

3870 INPUT “DO YOU WANT EIGENVECTORS" ,Q$%

2880 IF Q$="N" THEN S280

3890 IF G$/."Y" THEN 3870

290Q INPUT "WHAT EIGENVECTOR DO YOU WANT" M

J310 IF MQ OR M Mdim THEN 2900

._r. o '.':-."'\" e -r.\-r.;’.r ’ \.\.: LS o ,.\\a '..r .-‘.-\.r...-._‘.n_-'_.‘...'- LT .‘.‘__--,_\'\.-\.- .,.‘_ Tt
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)
\
3920 ¢
332 AR RN NN SN A T L T T T T I A O R O A O
3940 | Prints eigenvector for selected sigenvalue.
3950 llllllllllllll|!’||||I|Il|||||||(|||||||Illlllllll|t|‘lll||(\ii\'.\l\||¥)l||
Y 3360 ¢
3370 FRINT "~ememeccececccccm e e oo EIGENVECTORS (A) ====cvr-roccemme oo
33980 PRINT
3930 PRINT "EIGENVECTOR FOR EIGENVALUE" iMiEvr(M)
4000 PRINT
4010 FOR N=t TO Mdim STEP 3
4020 IF Paper=710 THEN PRINT USING 380Q@iN,"." ,Vecr(N,M) N+1,"." Vecr(N+l M) N+2,
"L, Vecr(N+2 M)
4030 IF Paper=1 THEN PRINT USING 383@i1Vecr(N . M)iVecr(N+l M)ijVescr(N+2 M)
4040 NEXT N
4050 PRINT
) 4060 IF Paper=71Q9 THEN 3870
. 4070 6CLEAR
L 4080 Flag=9d
' 4090 !
4100 Y X L E NP R RN RN RN P RN Rty
4119 | Drauws cluster geometry and eigenvector diplacement vectors using a stick
4120 ! model.
1 4138 PHEITI bt b r i P e b ettty
P - 4140 !
. 4150 GRAPHICS ON
) 416Q ALPHA OFF
4170 GCLEAR
4180 VIEWPORT 0,123,0,100
4130 LORG 1
4200 SHOW -Look ,Lock ,-Look ,Look
| 421Q@ MOVE -Look ,Look-1
: 4220 LABEL DwxiDwziMsEvr(M)
I 4230 LORG S
4240 LINE TYPE 3
. 4250 1
j 4280 FER0 B N R PR Rt
4270 ! Draws cartesian axes on graphics display.
! 4280 V1 R R R R R Rt
) 4290 !
» 4300 Cf1()1)=-5e ook*COS({Dwx)
431Q Cel(2)=~5eL 00k *SIN(Dux)
A 4320 Cr2(1)=SeLook*COS(Dwx)
4330 Ce2(2)=SeLook*SIN(Dux)
. 4340 CP1(3)=Col(2)eSIN(Dwz2)
X 4350 Cf2(3)=Ce2(2)*SIN(Duwz)
, 4360 MOVE CF1(1),CFI(3)
4270 DRAW Cf2¢1),CF2(3)
4380 CFl1())mSe ook *SIN(Duwx)
4290 Cel(2)w-5¢_ 0ok*COS(Dwx)
4400 CFf2(1))m-Se ook *SIN(Dwx)
4410 Ce2(2)=5¢Look*COS(Dwx)
4420 Cf1(3)uCel)(2)2SIN(Dw2)
4430 Cf2(3)=Ca2(2)*SIN(Du2)
44409 MOVE CF1(1),Cf1(3)
F 4459 DRAW Cf2(1) ,CF2(3)
v 4460 Cf1())=Q
E
v
f
)
X
>'
"
L \-.‘-\ -.‘ \..' .\ \v.\‘\. .'- .\'.\ .\A.'-_'- .'.." ',' st M . . . e By |
T > Ly huh '.“ SN R SN {l‘:&';:':).\‘;.‘:;‘:::\'At\'-.sA_\.AAA._ L ‘.'A-','-..';'-,.';




4520
4513
4520
4530
4540
4550
45860
4570
4580
4530
4500
4510
4620
4530
4640
4650
466Q
4570
4680
4690
4700
471Q
4720
4730
4740
4750
4760
4770
4780
4790
4800
4810
4820
4830
4840
4850
4860
4870
4880
4890
4900
4910
4920
43930
4949
4350
4360
4370
4980
4930
S000
5019
S020

Cf11 3 x-5eL 0ok ¢COS(Dwz2)

CF2(31=0¢L 0ok *C0S(Dwz )

MOUE Cf1(t) ,CFL(3)

ORAW CF2(1) CF2(3)

LINE TYFE 1

]

[T T T T T T T T T T T T T T T T T T T T T O O A O B O O
I Determines atoms in cluster subunits to be connected by bonds.
| T T T T T T T T T T T T T T A A O O O T O
]

FOR Cl=1 TO Md:im/3

FOR C2=! TQ Mdim/3

D=0

Crdl1=Mol(Ct, 1)

Crdi2=Mol(C!,2)

Crdi3=Mol(C1,3)

Crd21=Mol(C2,1)

Crd22=Mol(C2,2)

Crd23=Mol(C2.,3) ~
D=(Crd21-Crd11)°2+(Crd22-Crd12)"2+(Crd23-Crd13)°2
Dr=D".S

IF Mol(C! ,4)=2 THEN 4820

Cfi¢1)=Crg!1eCOS(Owx }-Crd12¢SIN(Dwx)
Cal(2)=Crd11*SIN(Dwx )+Crd12¢C0S(Dwx)
Cf2(1)=Crd21¢COS(Dwx)-Crd22¢SIN(Dwx)
Ce2(2)oCrd21#SIN(Dwx )+Crd22¢C0S(Dwx)
CP1(3)=Cei(2)*SIN(Dwz)+Crd13+C0S(0wz2)
Cr2(3)=2Ce2(2)*SIN(Dw2)+Crd23+C0S(Dwz)

MOVE Cfi(1),CFI(3)

IF Dr>1.6 THEN 4820

DRAW Cr2¢1),Cf2(3)

LABEL “o"

NEXT C2

NEXT C1
!

IIIl||lIllll|||ll!|!l!!llll!lllllillll!lIIIIIII||IIIIIIII!IIIIIlIlIIlllHIl
| Draws displacement vectors on atoms,
|lIllIIIIllllIll!!ll!!lllllll|l|lllll|IlllllllllllIII|l|llllll||lll|l|l|‘l||
|

FOR Ci=1 TO Mdim/3

Crdli=Mol(Ct 1)

CrdiZ=Mol(C! ,2)

Crdi3=Mal(C1,3)
Crd21=Mol(Cl 1 )+Vecr(3eC1-2 M)
Crd22=Mol(C1 ,2)¢Vecr(3eCi~1 M)
Crd23=Mol(C1 ,3)+Vecr(3eC1 M)
Cf1(1)=Crd)1oCOS(Dwr)~Crd12eSIN(Dux)
Cel(2)=Crd) 1 «SIN(Dwx)+Crd12¢C0S(Dux)
CF¢1)#Crdl1COS(Dwx)~-Crd22¢SIN(Dwx)
Cel(2)=Crd21eSIN(Dwx )+Crad22¢C0S(Dwx)
CF1¢(3)=Cel(2)¢SIN(Dwz)+Crd13e¢C0S(0wz)
Cf2(3)=Ca2(2)*SIN(Dwz)+Crd23+C0S(0wz)
MOUE Cf1¢C1) CfL(3)

DRAW CFf2(1) ,Cf2(3)




al tmy *

5040
5250
5060
5270
5080
5090
5100
5110
5120
5130
) 5140
5150
5160
5170
5180
5190
5200
5210
5220
5230
5240
5250
5260
5270
5280
5290
5300
5319
i 5320

5330
5340
5350
5360
5370
5380
5390
5400
5410
5420
5430
5440
5450
5460
5470
5480
5490
5500
5510
5520
5530
5540
5550
5560
5570
5580
5530
5600
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LABEL "

NEXT C!

IF Flag=@ THEN 4080
GOTO 3870

Qs.uou

INPUT “DO YOU WANT TO LOOK AGAIN" QS
IF Qs="N" THEN 5130
IF Q$<,>"Y" THEN S030
GOTO 3640

PRINTER IS 1

BEEP

STOP

RETURN

|

L0 T T T T T T T U T T T T I A O A Y A A

! Subroutine: Zero

! Initializes the A(e) matrix and stores 1t 1n H20EIG.

)

lero: !

FOR N=) TO Mdim

FOR M=1 TO Mdim

A(N M)=Q

NEXT M

NEXT N

INPUT "ENTER MATRIX ORDER" ,Mdim
ASSIGN OMat TO "H20EIG"
OUTPUT OMatiA(s) Mdim
ASSIGN @Mat TO »

BEEP

RETURN
]

i!!l!llllll!lllll!Il!i!!l!ll!!!!lll!l!I!Illlli!ll
! Subroutine: Incx
!
! Incresases x axis orientation by | degree.
RN RN R R RN R RN RN RN RN RN
1

Incx: 1

Dwx=Dwx+1

RETURN
|

AR RN RN R RN RN RN EE R R RN EEN
! Subroutine: Decx

|

! Decreases x ax1s orientation by |1 degree.
AR RN RN RN RN R RN R RN RN RN RN RN
1

Decx: |

Dwx=Dux-1

RETURN

|

IR NN NN NN AR AR R R

b Subroutine: Incz
1

| Increases 2z axis orientation by | degree.

pa a - .- et e e
e S GAT AT NARRC R

R -t
AP RS

SN A T T e T T e e
”

NN RN RN

L2 O I I A e O A R R N I I N B AR

LI T T T T T A L O O OO

L T T T T T T O O O T OO B
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Sg1e
5615
5620
5625
5630
5635
5640
5645
5650
5655
5660
SE65
5670
5675
5680
SE89S
5690
SE69S
s7ee
570S
5710
5718
5720
5728
5730
S§735
5740
5745
5750
S7S5
S769
5785
5770
8775
5780
5785
5799
5795
5800
58@S
S810
S81S
5820
S825
5830
5835
S840
5845
5850
5855
5860
5865
587@
5875
58890
588S
5890

I RN T T N T T T T T T A I O Y Y

Incz: !
Dwz=Dwz+!
RETURN

t

[ R IR A N T T T T T T T T T T T T T T T T T S A A O T I O N 2N T O O Y O RN O A
Subroutine: Decz

Decreases z ax1s orientation by | degree.
N R R RN RN RN R R RN R NN AN AR R AR RN SN RN NN N

Decz: !
Owz=Dwz-!
RETURN

i
'
|
)
]

AR AR A R R R N N NN R RN R E R RN RN RN R R AR AR NN NN RN
Subroutine: Flag

Stops drawing cluster geometry and displacement vactors.
PELLC R b b L b e i ettt

Flag: !
Flag=t
RETURN

|
|
|
1
I
1
|
|
I
|
|
|
!
|
I
|
|
1
!
!
|
|
1
I
]
t
t
1

RN NN R RN N NN AR RN RN AR R RN RN
Intramolecular force fields for cluster subunits.

The force fields are generated using the central force approximation and
expressed as force constants i1n a cartesian coordinate system. The
following dats statements are for the intramoiecular force fields in
Benzane-(Methane)l. They are included to give an example on how the
force fields are generated. Since the benzene subunit 13 planar, the
central force field constants must be modified to incorporate
out-of-plane motion. This is accomplished by setting the atoms composing
benzene slightly out-of-plane. One angstrom provides sufficient
out-of-plane displacement to account for the out-of-plane force field.

The force fields are entered as force constants between adjacent atoms
and between atoms displaced by one 1ntervening atom. The atoms in

each cluster aubunit are numbered 1n the same order as used 1n the
ECCEMP2 calculation. The force constants used are those corresponding t:2
general functional group stretches and bends.

Order of data entries:

OATA X-Coord,Y-Coord,l-Coord for atom 1.
OATA x-Coord,Y-Coord,Z-Coord for atom ;.
OATA Force Constant ,Atom 1 X-Coord Matrix Location Atom j X-Coord “at-:.

Location.
L T O A O T O O A N O O O T T O L T T L T I T T T T T T 2 T T T T T T T T T T T T O O B IO IR

DATA 52 ' Number of force constants used i1n fields.

L T T T T T T T T I T T T O T O T T I T O
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|
'v
!

5395
5300
53925
3919
5315
53209
5925
5920
S3935
5340
5945
5950
5955
536@
S9€ES
5379
53975
5980
598S
5990
5395
5000
600S
6010
6015
5020
6025
6030
6035
6040
6@45
6050
6055
65060
6065
6070
8075
6080
608S
6090
609S
61ee
610S
6110
6115
6120
6125
6130
6135
6140
6145
§15@
6155
65160
6165
65170
6175

284

i Benzena C-C force constant.
| T T T T T T T O T T T T T T T T T T I O A O B R AR A

]
DATA -1.395,0,0
0ATA -.£375,1.208,2

DATA B.34E5,! ,4
{
L T T T T T O I T T T T T T T T T O O O T S O O A A N R RN I

{ Banzane C~C force constant.

NN NN RN RN RN RN R AR ER R R
(

0ATA -1.395,0,0

DATA .697S,1.208,0

DATA 1.0S4ES,1,7
!

L T T O T T Y IR

t

L T T T T T Y T T T A

IIlIII!IlllllllllIlIII|l|lllllll_!l!ll!I!!Illll!llllllll|||llll||l|l||ll|l

! Benzene C~C force constant.
R R N NN RN RN N RN RRE

OATA -~.8975,1.208,0
DATA .6975,1.208,0
DATA 6.34E5,4.7

|

!
DATA -.8975,1.208,0
DATA 1,395,0.0

DATA 1| .QS4ES,4,10
'

R N R R R R N R RN NN NN RN SRR AR AR RRARARRRRRRAE,
! Benzene C-C force constant.

RN N R NN NN NN AR R R RN RERARE
|

DATA .697S,1.208,0

DATA 1.395,0,0

DATA B.94E5 7,10

!
Dll'llllllllI)'l!ll!l!llill!ll!lllIlllllII!IIII||tIIlI|||||IIII|Il||IIl
| Benzene C-C force constant.

N RN RN RN RN R NN NN RN EERE R R NERR T
|

0ATA .6975,1.208.0

DATA .6975,-1.209,0

OATA | . Q54E5,7,13

)
lIlllllll‘lilfilll"l‘lllll!lllllll!”!lflllllOllol!
! Benzene C-C force conatant.
iIIIllllIlflil‘l(lllllllllll"lllllllllllllllill'l'v
]

0ATA 1.395,0,0

0ATA .6975,-1.208.,0

DATA 6.94E5,10,13

1
I NN NN

| Benzene C-C force constant.

e bbbt e byt

LI A A I O I O I I I

L T T T T I A B
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RN ERN SN RERRRR R
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5130
6185
5132
5135
£200
6225
6210
6215
6220
6225
65239
8235
6240
6245
65259
6255
65260
6265
6270
6275
6280
6285
65290
629S
65300
630S
6310
6315
6320
§325
6330
6335
6340
6345
6350
63SS
65360
6365
6370
6375
6380
6385
65390
6395
6400
6405
6410
6415
6420
6425
6430
643S
65440
65445
6450
54585
£5460Q

!lllIllIlI‘Illlll(lll((lll!lll
|

0ATA 1.395,0,0

pATA -,6975,-1.208,0

DATA 1.QS4ES5,1Q,!6

t

[ O S T T T 2 T T O T T O O O B Y A O
I Benzene C-C force constant.
LI T T O T T T L T T T T A O A A A A O |
f

OATA ,6375,-1.208 .0

DATA -,8975,-1.208,0

DATA 6.94E5,13,16

]

SRR R RN EER RN AR RN RN
| Benzene C~-C force constant.
EERRREERRRRERERRRRERRRRREER RN
1

DATA ,6975,-1.208,0

DATA -1.395,0.,0

DATA 1.0QS4ES5,13,1
[

1

DATA -.6975,-1.208,0

DATA -1,395,0.,0

DATA 6.94E5,16,1

'
RN N RN RN RN AR R
| Benzene C-C force constant.
NN R RN AR RN EERERERRERE!
'

DATA -.6975,-1.208,0

DATA -.6975,1.208,0

DATA 1.Q%4ES,16,4

{

AR ERRRR R ERRRARRERERNERY
! Benzene C-H force constant.
AN RN NN NN A NNA R
i

DATA -2.479,0.0

DATA -1.395,0.0

DATA 5.508E5,19,1
1

R R R AR AR RN
! Benzene C-H force constant.
RN AR RN RN RN
1

DATA -2.479,0.,0

DATA -.6975,1.208.,0

OATA 1.093ES5,19,4
'

LI T T I T O A O A Y

! Banzere C-H force constant,
AR ER R R RN RN EER RN

!

!

'

|

1
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£465

6472 DATA -2.479,2,0

5479 CATA -.5375,-1.208,2
5389 TATA 1,293E5,18,16
5485

5.19@ L L T T T T T T T T T S T T T T T T S T T O T T T T R T A T U Y ST Y SO W Y
5435 ' Benzene C-+4 force constant.

55@0 IR0 T T LT T T T S T T T T T T 2 T T T A T T T Y T T IO (O S B A SO RS
8505 |

8519 OATA -1.24.,2.147 .0

6515 DATA -.6975,1.208,0

6520 DATA S.5Q8ES,22 .4

6525 ¢

BS3@ tHU R LRI L )
5535 ' Benzene C~H force constant.
BS4@ LAV VTRV E RN R
£54S 1

5550 DATA -1.24,2.147,0

6555 DATA .6975,1.208,0

6560 DATA 1.093€ES5,22.,7

6565 |

BS7O I LU AL R R R Rt
6575 ! Benzene C-H force constant.

€S8O HHIHXI MR ERE R R R R R et
8585 |

6590 DATA -1.24.,2.147.,0

€595 OATA -1.395,8.0

6608 DATA 1.093E5,22.,1

6605 !

BEI1@ tE Ut b frr i et ety ettty

B61S ! Benzene C-H force constant.
BE20 T H LI et R e
6625 !

6630 DATA 1.24.,2.147.,0

6635 DATA .6975,1.208.,0

6640 DATA S.5Q8€5,25,7

6645 1

GBSO U ELELI R R LRt

6655 | Benzene C-H force constant.
GBEQ FH O i b Ry
6665 !

6670 DATA 1.24.,2.147.,0

6675 DATA 1.395,0.0

668@ DATA 1.,093E5,25,10

5685 !

B8 LR R R R R RO O RO iy e
6695 | Benzena C-H force constant.

B700 L E U L LR R R U U
670S |

6710 OATA 1.24,2.147,0

6715 DATA -.6975,1.208,90

6720 DATA 1.093E5,25,4

6725 ¢

B730 10 R N R U R L R R
6735 | Benzene C-H force constant.

B740 1V L T L B E N U U O ROt

5745
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7% | Banzene C-H force constant,

58732 R T T A T LI T T T T T T T T T T T T T S T T I AL O A IO
5785 ¢

§730 DATA 2.473,0.0

8795 DATA .65375,1.208,0

£300 DATA 1.093E5,28,7

8605 !

BEI@ VUV BT EE LI i TR
681S | Benzene C-H force constant.
§820 11 IV U IR TRt i
§825 !

683@ DATA 2.479,0,0

5835 DATA .8975,-1.208.,0

6840 DATA 1.093€5,28,13

5845 !

BESA 1TEENLIIN LRI Ry
8855 | Benzene C-MH force constant.
6860 VI HLL LRI RN E R ity
686S 1

6878 OATA 1.24,-2.147 .0

§875 DATA .6975,-1.208,0

£88@ DATA S,5Q8E5,31,13

6885 !

B89 1N LET VR LER R RN
5895 ! Benzene C~H force constant.
BSOB TN EEL TR RN
8905 ¢

6310 DATA 1.24,-2.147.,0

£91S DATA 1.395,0,0

5920 DATA 1.093ES5,31,10

§925 !

§G3Q VUL URLE UL RN R
5335 | Benzene C-H force constant,
5G40 FEEIEI LRI EER I Nt
£945 |

6350 DATA 1,24 ,-2.147 .0

5955 DATA -.6975,-1.208,0

£96@ DATA 1.093€ES,31,16

5965 |

§37Q PUEIR LRSI LR Ry
6975 | Benzene C-H forze constant,
§I8Q PPN LR L
65985 !

£33@ DATA -1.24 ,-2.147.2

6995 DATA -.5975 ,-1.208,0

7000 CATA S,GQ8EG,34 .16

7005 !

TOIQ VUV R
701S { Eenzene C-H fcrce constant.
FO2G VUL LR R e ey
79258 ¢

703@ DATA -1.24,-2.147 .2
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1 2anczere C-H force cormstant.
TIIIIvilAII!III.l||||l|||||Il|||l|l||!l‘||
)

DATA -1.24,-2.147,2

pATA -1.335,2.0

DATA 1.093E5,24 1

|

(T T TV T T T T T T T T T I IO I O O
I Benzene C-C out-of-plane force constant.
T T T T T T T T T T T T A A T A T O W S O O
|

DATA -1.,395,0,1

DATA -.6975,1.208,0

DATA 1ES,1,4

i

NERRRRRRR RN RN RN R RN NN
! Benzene C-C out-of-plane force constant.
RN RN R RN R R RN RN AR
[

DATA -.6975,1.208,1

DATA .6975,1.208,0

DATA 1E5,4.7

|
RN R RN AN RN NN EE
| Banzene C-C out-of-plane force constant.
AR RN R RN RN RN R A NN
1

DATA .6975,1.208,1

DATA 1.395,02,0

DATA 1E5,7 .10

1
RN RN RS AR RN RN
I Benzene C-C ocut-of-plane force constant.
RN R R RN R AR AR RN
|

DATA 1.335 9 1

DATA ,6975,-1.208,0

DATA 1€5,18,13
|

NN RN RN RN RN A
| Berzene C-C out-of-plane force constant.
L T T L T T T T T T T T T T T T O O S O Y O
i

DATA .6375,-1.208 1

DATA -.6975,-1.228,0

CATA 1ES,13 186

1

| T T T R U T T T T T T T T T T T A T B

! Benzene C-C out-of-pglane force constant.
L T T T T O T T T T O 2 S O Y Y O OO A

t
OATA -.6975 -1,228 1
DATA -1,335,2.,0

t

t

1

I
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.
Trte cecrere .= s r-ve oD ace Yorca Itogvacd
-1z
T1eg
TI13Q ZATA - Ty DoaT
TI35 IATA - 237E 0 129 )
Ti2@ TATA ES T2 4
7428
"3'&- ' [ L L R T R T N B I R B B T T L B R A T R
T415 1 dencere (-H zut-sf-plane farce constant,
"4:3\151\.\!\;'\v L L e e T T T T T O S L O T I I R
"a25

T4I0 CATA
T435 DATA &
7440 CATA 'E
7445 ¢

51, T T T T T T T T S T T T T S T O T T T O T T T 1 O O T T O T A O R S A S

4.2.047
T8.,r.228.2
5

7455 ¢ Senrere C-H out-of-plane force constant,
R X=X, J I T T T T L T S T T o T B S S B A R B O B A A I O A B IR B |
7465 ¢

7473 CATA 2,473,201

7475 CaTA 1,395 .2.0

7480 ZATA 1£5,29,'0

7485

=1, T T T T T T A o I R A O I R T O B I I R I A O IR A I ISR |

7435 ' Ben:ene (-H out-of-plane force constant.
TGAQ vttt YR e i it
7895 !

7519 CATA 1.2
7615 CATA 53
7320 QATA (=S
7825

I T S T T T S T T T O T T T T T A O R O I I IO O I S IR RN SN R SO

7535 ¢ Benzere C-H out-of-plane force constant.

—'Sae l|||ll|||llIIIIIllllllllll(lllI(lll!'(lOllll1Iilll(ll'lllllllilllt.‘!!‘»‘
7545

7559 CATA -1.24 -2.147 1

7555 CATA -.8375 -1.2@8 .2

CATA 1ES 14 '8

-4
¥1]
m
<

TE56
! BT B T T B T T T T T T T T T T T O T T R R T R A B R A T S S S N A S N B S R A R U B U RPN R R
X "S55 Metrare T-H fsrce constant,
v AR R T T O O I S T O O O O T I S S O S I O B S B A O SO B B S B A R SR N SR BN SRS R
\ 7585
} 7599 ZATA 9 ,7.733463'317%E-5,3.46941045213
| T89S JATA -,39893 -.51382'S85724,3,19433237258
F T30 JATA 4.73ES I7 40
»
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7895 !
| =R . N T T T T T T T I L I B O I O SO B B
T6i§ ' Mathnane C-H force ccorstant.
Ind~Sad TR T T T O O U T T 2 T T T I I I O A O A N B A R B R B
[ TElS
| 7833 DATA 9 ,7.72245313178E-5,3.146941245213
7635 CATA  .2989,-.5188215385724,3.102438237398
7549 0ATA 4.79E5,37,43
7545 |

755@ LI T T O L O T O O O O O O O O O O O O O T O O T T T T S T T TS O T T T O T S S Y SO T
7655 | Methane C-H force constant.
7580 L T T O O A T T O S T O B I O O O I T O S O O O O T T T O O I O T N I O T T S T T T T O A T T A T O R O A R B

7685 ¢

7670 OATA 9,7.78346313178E-5,3.46941045213

7675 DATA @,1.03987841578,3.1043966958

7680 DATA 4.79€5,37 ,46

7685 !

TEGQ LR EE RN R R R R

7695 ' Methane C-H force constant.

TT00 VEENC R R N R R R e e
7705 |

7710 DATA Q,7.78346319178E-5,3.46941045213

7715 DATA 6.77616018046E~-21,.000106103702385,4.56937173828
7720 DATA 4.79€5,37,49

7728

ek RN R RN R N NN NN AR R RN AR R R R
7735 1 Methane H-H force constant.

7740 VULV LU R R R R R
7745 !

775@ DATA -.8989,-.518821885724,3.104382373499

7755 DATA .8989,-.518821585724,3.10438237398

776@ OATA 1.85E5,40,43

7765 !

LI L T T T T L T T L O A S

R R R R R NN RN RN R RERR AR AR R
7775 ' Methane H-H force constant.
780 VE RN R R R U L

7785

7790 DATA .8989,-.518821585724,3.10438237398

7795 DATA 0,1.03987841578,3.1043966958

7800Q DATA 1.85E5,43,46

7805 !

781Q@ L I T T T T T T T T T T T T T T O R O S B S B S S RO SR
7815 ' Methane H-H force constant.

T2 FUEE L L U U e
7825

7830 DATA 0,1.03387841578,3.1043966358

7835 DATA -.8989,-.518821685724 ,3.10438237398

7840 DATA 1.89€5,46,40

7845 |

TEEA MU L R R R
78955 ! Methane H-H force constant.

- NN NN N N I A N IS S I A A A S O RN SN S B
7865 !

7870 DATA 2,1.02987841578,3.1043966958

7875 DATA 6.77616Q18046E-21,.000106109702385,4.569371'72923

7880 DATA 1.8GES,46,49

7885 ¢
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7950
795S
7960
7965
7979
7975
7989
7938S
7990
799s
80090
8005
8010
8015
g8oz@
8025
8030
803S
8040
8e4s
8050
8055
80690
8065
80790
807S
8080
8085
8299
8035
§122
810S
g11e
8115
8120
8125
8130
8135
3140
8145
3150
9185
816d
31ES
870
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3
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Matrane H-H4 fcrce constant.
P2 T T O O O TN T S ST T U Y T S T L T T T T T T O T A T O IO [ L

2aTa §,77515Q1804RE-21,.3CQ1061037323285,4.563371722232

TATA 3
oaTA 1,38

'
!
[}
|
i

5
.3939,-.512821585724 ,3.10438227238
£5,49,43

[ I B T T T T T O T T L T T T T T I S T S T T I O O O B O

Methane H-H force constant.
R A N N N NN NN NN NN NN N

Praray g

DATA 6.77616Q18046E-21,.000106109702385,4.56937172828
DATA -.8999,-.518821585724,3.10438237398
DATA 1 .8SES,49,40
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Data statements containing cluster subunit coordinates,

The data 1s used to draw the cluster geometry and vdW mode displacement
vectors. The coordinates are entered as they are numbered in ECCEMP2,
Orgder of data entries:

DATA X-Coord,Y-Coord,l-Coord . Atom 8.

Atom §:

- Carbon.
- Mydrogen.
- Nitrogen.
- Oxygen.

S - User defined atom,
LI L T T T T T T T T U T T T T T T T O O Y I O I O A

Ol

DATA ~1.395,0,0,1

DATA ~-.5975,1.208.,0,1
DATA .6975,1.208,0,1
DATA 1.395,0,0,1

DATA ,697S5,-1.208,0,1
DATA -.6975,-1.208,0,!
DATA -2.479,0,0,2

DATA -
DATA 1.,
DATA 2.47%,0,0,2

1.24,2.147.,0,2
24.2.147,0,2

DATA 1.24,-2.147.0,2

DATA -1.24,-2.147.0,2

CATA 0,0,3.4684 1

DATA -,8989,-.5188,3.10438,2
0ATA ,8389,-.5188,3.10438,2
DATA @,1.0398,3.10439,2

DATA 0,.000106,4.55337,2

END

{
|
!
t
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: 317G
3'59
2135
3129 ¢
3185 ¢
3229 ¢
3208
o Bed I, T T T T T T T T T T O T L O S O T RO O AU
3215 t Subprogram: Eigen
8222
§228 ¢ This subprogram determines all the ei1genvalues and eigenvectors of a raaj
8230 t general matrix. The eigenvalues are computed by the QR double-step metnad
8235 ' and the eigenvectors by inverse interation.
8240
al2as
825@ ' This subprogram was takan from HP 38821A BASIC Numerical Armalysis Library
8255 ' which 13 designed to be exeacuted using HP series 200 computers.
8280 LU R R L R R L R T R e
8265 !
8270 !
827 ¢
8280
8285 !
8290
829§
8300
986Q SUB Ei1gen(N,A(s) Evr(e) Evi(») Necr(s) Veci(e), Indic(»))
9870 Baddta=(N<(=Q)
9880 IF Baddta=@ THEN 38930
9890 PRINT FNL1n$(2);"ERROR IN SUBPROGRAM Eigen,”
9900 PRINT “N="iN{FNL1n$(2)
99192 PAUSE
9920 6070 9879
9930 OPTION BASE |
9940 ALLOCATE INTEGER Local(N)
9950 ALLOCATE Prfact(N),Subdia(N),Work(N)
9960 IF N1 THEN 10030
9970  Evr(1)=A(1,1)
9980 Evi(1)=p
9990  Vecr(1,1)=
10000 Veci(i,1)=0
1001@ Indic())=2
10020 GOTO 11200
10039 CaALL Scale(N ,A(e) Ueci(+) Prfact(s) Enorm)
10040 Ex=EXP(-3%¢L06(2))
10050 CALL Hesqr(N ACe) Ueci(+) Evr(e) Evi(e) Subdia(e) Indic(+) ,Egs,En)
1006Q@ J=N
10079 1=
1008@ Localti)=l
12990 IF J=1 TwHEN 10160
'R IF AESiSubciarl-1)) Eps THEN 10130 ‘
10119 I=I+) 1
1QVZQ Leozalili=Q
19122 J=J-13
1014@ Locait])=tccal: [ et
18150 IF J 1 THEN 10100
1016Q »=)

*J. Y '-":&.:J ‘LJ.A:S:!:‘:}“-‘::&:‘:&.-A‘ ‘-A“-‘.‘:;‘:H-A;_A\A_A.‘_.-AAA.A‘ \ LA)'_A'.;\.A "aa hﬂ:k‘l‘hii.\“l‘h\\ K% ‘l \
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10170 Kon=0

10180 L=Local(1)

12130 MaN

10202 FOR I=1 TO N

10210 Ivec=N-1+41

10220 IF I<=L THEN 10260

18230 KeK+1

10240 M=aN-L

10250 L=L+Local(K)

10260 IF Indic(Ivec)=0 THEN 10420
10270 IF Evi(Ivec)<>® THEN 10370
182680 FOR K1=) TO M

10230 FOR Li=Ki TO M

10300 ACKT L1 )=Yeci(Kl ,L1)
10310 NEXT L}

10320 IF Ki=1 THEN 10340
10338 A(KT Ki-1)=Subdia(Kl=-1)

10340 NEXT K1

10350 CALL Realve(N M,Ivec ,A(+) Vecr(e) Evr(e) Evi(e) Work(e) Indic(e) Eps Ex
)

10360 60T0 10420

10370 IF Kon<>@ THEN 10410
10380 Kon=1|

10390 CALL Compve(N M, Ivec ,A(+) Vecr(e) Veci(e) Evr(e) Evi(e) Indic(e), Subdia
(*) Work(e) Eps Ex)

10400 60T0 10420

10410 Kon=@

10420 NEXT 1

12430 FOR I=1 TO N

10440 FOR J=1 TO N

10450 ACIL,J)=0

10460 NEXT J

10470 A(l ,I)=1

10480 NEXT I

10490 IF N<=2 THEN 10640
10500 MsN-2

105190 FOR Kef{ TO M

10520 LaK+

10530 FOR J=2 TO N

10540 Di=Q

10550 FOR I=L TO N

10560 02«Veci(l K)

10570 D1=D1+D2¢A(J 1)
10589 NEXT 1

10590 FOR I=L TO N

10600 ACJ,1)=A(J 1)-Vec1(1 K)eD1
19610 NEXT 1

10620 NEXT J

10630 NEXT K

10640 +#on=!

19650 FOR I=1 TO N

1066¢ L=0

10670 IF Evi(1)=@ THEN 10720
10680 L=l

10690 IF K¥on=® THEN 10720
12700 Kon=Q
10710 60TO 11130

> v

.y ¥V B



10720 FOR J=1 TO N

19730 Di=0

19740 02=0

10750 FOR K=1 TO N

10760 D3=A(J K)

10770 D1=D1+D3#Vecr(K, 1)
10780 IF L=¢ THEN 10800
19790 D2=D2+D3e*Vecr(K , I-1)
10500 NEXT K

10810 Work(J)=D1/Prfact(J)
10820 IF L=0 THEN 10840
10820 Subdia(J)=D2/Prfact(J)

10840 NEXT J
10850 IF L=! THEN 10870

10860 D1=02
108790 FOR M=1 TO N
10880 Di1=Dt+Work(M)"2

10890 NEXT M

10500 D1=SQR(D1)

10910 FOR M=1 TO N

103820 Veci1{M,k1)=0

10930 Vecr(M, 1 )=Work(M)/D!
10940 NEXT M

10950 Evr(l)esEvr(I)*Enorm
10980 6070 11190

10970 Kon=1

10980 Evr(l)=Evr(l)*Enorm
10930 Evr(l-1)=Evr(])
11000 Evi(l)=Evi(I)*Enorm
11010 Evi(l=1)m=Evi(l)

11020 R=0

11030 FOR J=1 TO N

11040 Ri=Work(J)"2+Subdia(J)"2
11050 IF R>=R] THEN 11080
11060 R=R1

11270 L=J

11080 NEXT J

11090 D3=Work(L)
11100 Ri=Subdia(L)
11e FOR J=1 TO N

11128 Di=Work(J)

11130 D2=SubdiatJd)}

11140 Vecr(J ,1)=(D1+D3+D2+R1)/R
11150 Veci(J,1)=(D2+D3-D1*R1)/R
11160 vecr(J , I-1)=yecr(J, 1)
11170 Veci(J, I-1)m-yec1(J, 1)
11180 NEXT J

11190 NEXT 1

11200 SUBEXIT

11219 SUBEND!

11220 SUE Scale(N ,A(s) H(e) Frfact(es) Enorm)
11222 CETION BASE )

1124@ INTEGEF [,],Iter Ncount

1125C FOF 1=1 TO N

11260 FOR J=! TO N

127 H(D,J)=ACT )

TR TS AR AR TR T |
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11289 NEXT J
11290 Prfact(I)=1
11300 NEXT I

11310 Boundl=,78
11320 Boundl=1.33
11330 Iter=0

11342 Ncount=0
11350 FOR I=1! TO N
11360 Column=0

TR

11370 Row=0

11380 FOR J=1 TO N

11390 IF I=J THEN 11420

11400 Column=Column+ABS(A(] 1))
11410 Row=Row+ABS(A(I ,J))

11420 NEXT J

11430 IF Column=0 THEN 11480
11440 IF Row=Q THEN 11480
11450 Q=Column/Row

11460 IF Q<Bound! THEN 11500
11470 IF Q>Bound2 THEN 11500
11480 NcounteNcount+!

11490 6070 11570

11500 Factor=SQR{Q)

11510 FOR J=s1 TO N

11520 IF I=J THEN 11559
11530 Al ,J)=A(], J)eFactor
11540 A(J, 1)=A(J 1)/Factor

11550 NEXT J

11560 Prfact(I)=Prfact(l)sFactor
11870 NEXT 1

11580 lter=Iter+!

11690 IF Iter>30 THEN 11760
11608 IF Ncount<N THEN 11340
11610 Fnorm=0

11620 FOR 1=1 TO N

11630 FOR J=1 TO N

11640 Q=A(1,J)

11650 FrnormeFnorm+Q+Q
11660 NEXT J

11678 NEXT I

11680 FnormeSQR(Fnorm)

11698 FOR I=1 TO N

11700 FOR J=1 TO N

11710 A(1,J)=AC1,J)/Fnorm
11720 NEXT J
11730 NEXT 1

11740 Enorm=Fnorm
11750 GOTO 11830
11760 FOR I=1 TO N
1177@ Préact(l =)
11780 FCR J=1 TO N
1179 ACT S =k ] 0D
118@¢ NEXYT I

TESIE NEXT ]

1182¢ Ergrms!

11638 SUEEXIT

11840 SUBEND!
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11850 SUB HeSQP(N.ﬁ(').H(').EVF(').Evl('),Subdle(').Indlc(O),EDs,Ex)

11860 OPTION BASE |
11870 INTEGER 1.J ,K,L,M ,Maxst M} Ns
11880 IF N-2<@ THEN 124860
11890 IF N-2>0 THEN 119520
11900 Subdia(l)=A(2,1)
11919 60TO 12460
11920 MaN-2
11930 FOR K=1 TO M
11540 Leak+1
11950 S=0
11960 FOR I=L TO N
11970 H(T ,K)=A(T ,K)
11980 S=S+ABS(A(I K ))
11990 NEXT 1
2000 IF S<OABS(A(K+Y K)) THEN 12040
12010 Subdia(K)=A(K+1 K)
12020 H{K+1 K)=0Q
12030 60TO 12410
12040 Sr2=0
12050 FOR I=L TO N
12060 Sr=A(l K)
12070 Sr=Sr/$§
12080 A(l K)=Sr
12090 Sr2eSr2+SreSr
12100 NEXT I
12118 Sr=5QR(Sr2)
12120 IF AL ,K)<Q THEN 12140
12130 Sre-Sr
12140 Sr2=Sr2-SreA(L ,K)
12150 AL ,K)eA(L K )=5r
12160 H(L ,K)=sH(L K )=-5reS
12170 Subdia(K )=SreS
12180 X=SeSQR(Sr2)
12190 FOR I=L TO N
12200 ML K)=H(I K)/X
12210 Subdie(1)®A(] K)/5r2
12220 NEXT 1
12230 FOR JeL TO N
12240 Sr=Q
12250 FOR Il=L TO N
12260 SreSr+A(] K)eA(I D)
12270 NEXT 1
12280 FOR IsL TO N
12290 ACT  JisAC] J)-Subdia(])eSr
123002 NEXT 1
1231 NEXT J
1222@ FOR Jw1 TO N
> 10220 Sr=0
: 12348 FOR =L TO N
- 12788 SreCrehact 1)0AC] k)
't- 12288 NEXT 1
~ 12778 FOR ey TG N
t' 12282 A 1,1 =Ac] 1)~Subdiall)ese
[ ] 1239 NExT ]
B 12400 NEXT |
"
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12410 NEXT K

12420 FCR ¥s=st TO M

12430 Ak« F)=Subdia(K)
124849 NEXT K

1245Q Subdia(N-1)=A(N N-1)

12460 Eps=0
12470 FOR K=1 TO N
12480 Indic(K)=Q

12490 IF K.<:N THEN Eps=Eps+Subdia(K)"2
12500 FOR =k TO N

12510 H(K  I)=A(K 1)

12520 Eps=Eps+A(K 1172

12530 NEXT 1

12540 NEXT K

12550 Eps=E»*SQR(Eps)

1256@ Shift=sA(N N-1)

1257@ IF N<=2 THEN Shift=0

12580 IF A(N ,N)<>Q THEN Shift=0
12699 IF A(N-1 ,N)<>@ THEN Shift=d
126@@ IF A(N-! N-1)C0 THEN Shaft=0
12610 M=N

1262@ Ns=0

12630 Maxst=Ne+10

12640 FOR 1=2 TO N

12650 FOR K=1 TO N

12660 IF ACI-1,K)<>0 THEN 12750
12670 NEXT K

12680 NEXT I

12630 FOR I=! TO N

12700 Indic(] )=l

1270 Eve(I)=ACT 1)

12729 Evi(])=0

12730 NEXT I

12740 6070 13780

12750 K=M-)
1276@ Mie=K
12770 1=K

12780 IF K<@ THEN 13780

12790 IF Kke@ THEN 13530

12800 IF ABS(A(M K))<=Eps THEN 13530
12810 IF M-2=0 THEN 13580

12820 I=I-t

12830 IF ABS(A(K ,I))<eEps THEN 12860
12840 " ¥=1

1285@ IF K-1 THEN 12820

1286@ IF keMi THEN 13580

12870  S=A(M M)+A(M} MII+SP1ft

12880 Sr=ACM M)eA(MI MI)-A(M MI)eA(M] M1+, 28eSh1ft C
126830 Ap+l ¥s=p

S22 xmALh K eCACK K-S ieAE K4leAlK 4T K)eSm
12608 ymbLovat poreifAiE b reb b e} kel =S

2220 FEABI ¥ eARS Y

17270 1T Fal TREN GrpfrmacM Mot

12642 1F Fe( TweEN 1TEEQ

::553 N p4:'polt04‘>¢?_t/

129€@ Sriftsg

12970 Ns=Ng+!
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12980
12899
13000
13810
13020
12030
12040
12050
12080
13070
13080
13090
13100
13110
13120
13120
13140
12150
13160
13170
12180
13199
13200
13210
13220
13230
13240
132590
13260
13270
13280
13299
13300
13319
13320
13330
13340
13350
13360
13370
13380
12390
13400
124190
13420
13430
13449
13452

FOR I=K TO Mi
IF I=K THEN 13050

X=A(1,1-1)
y=A(I+1,1-1)
7=0

IF I+2>Mm THEN 13050
I=A(I+2 I-1)
Sr2=ABS(X )+ABS(Y)+ABS(Z)
IF Sr2=0 THEN 13100
X=X/Sr2
Y=Y/Sr2
I=2/5r2
S=SQR(XeX+YeY+707)
IF X<@ THEN 13130
S=-5
IF I=K THEN 13150
A(T,1-1)=SeSr2
IF Sr2<>® THEN t3180@
IF I+3>M THEN 13500
6070 13470
Sr=1-X/%
S=X-S
X=Y/S
Y=2/S
FOR J=] TO M
S=A(] ,J)+A(I+1 J)eX
IF 1+2>M THEN 13260
S=S+A(I+2 ,J)eY
S=SeSr
AL ,J)=A(1,J)-5
ACI+1 J)=A(I+1 ,J)=-5eX
IF 1+2>M THEN 13310
ACI+2 ,1)mAC1+42,])-SeY
NEXT J
Lel42
IF I<M1 THEN 13350
L=M
FOR J=sK TO L
S=A(J , I)+AC] T+1)eX
IF 1+2>M THEN 13390
SeS+A(J ,1+2)eY
S=SeSr
YRR GLLIF IS @i
AL, I+41)mA(] T41)-SeX
IF I+2>M THEN 13440
A(J,1+2)=A(] , 142)-5eY
NEXT J
IF 1+3.M THEN 13500
S=-A(]+2 142 )eYe5r
AtleZ,10=5
AC1+3 1+1)=Cei
A Te3 1+l i=GeveAl[eT 14D
REXT ]
18 Nt Ma.st THEN 13788
G2TZ 12750

EvriM =him My
EviiMi=Q
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N 13550 Indic(Mi=1
13569 M=K
” 12570 GOTO 1275@
. 13580 R=.5+(A(K K)+A(M M)
'ghe 13599 S=.5s(A(M ,MI-A(K K))
" 13600 S=SeS+A(K ,M)*A(M K)
0 12610 Indic(K)=1
"W 3620 Indic(M)i=]
13630 IF S<@ THEN 13710
N 12640 T=5QR(S)
P 13650 Evr(K)=R-T
3 13660 Evr(M)=R+T
n 13670 Evi(K)=0
> 13680 Evi(M)=Q
13690 M=M-2
13700 6GOTO 12750
L 13710  T=SQR(-%)
" 13720 Evr(K)=R
N 13730 Evi(¥)=T
A 13740 Evr(M)=R
N 12750 Evi(M)=-T
13760 M=M-2
K 13770 GOTO 12750
o 13780 SUBEXIT
o 13790 SUBEND!
. 13800 SUB Realve(N,M,Ivec ,A(*) Vecr(#) Evr(#) Evi(e) Work(+),Indi1c(s) Eps Ex)
13810 Baddta=(N<=@) OR (M<=0) OR (Ivec<=0)
13820 IF Baddta=0 THEN 13860
- 13838 PRINT FNL1n$(2)i;"ERROR IN SUBPROGRAM Realve."
. 13840 PRINT "Ns“yN,"M="iM, “Ivec="sIveciFNL1n$(2)
»N 13850 PAUSE
.. 1386@ OPTION BASE 1
v 13870 ALLOCATE INTEGER Iwork(N)
p 13880 INTEGER I,Iter,J K,L ,6Ns
- 13890 Vecr(1,Ivec)=!
- 13900 IF M=) THEN 14850
<, 13910 Evalues=gEvr(Ivec)
- 13920 IF Ivec=M THEN 14010
- 13930 K=]lvec+!
- 13940 R=@
13950 FOR I=K TO M
. 13980 IF Evalue<>Evr(I) THEN 13930
h 13970 1F Evi(I1)<>® THEN 138930
< 139890 R=R+3
~ 13530 NEXT 1
N 14000 Evelue=Evalue+ReEx
/ 14010 FOR K=l TO M
14Q02Q ACK K i=A(K Kk )~Evalue
. 18822 NEVT w
. 14Q42 WMo
- 14250 FOF et TL W
N 1epze L=ls!
’, 14270 lwzrro =0
> 14030 I 4l I, -@ THEN 12120
. 14032 I AL, Iy 8 THEN 14240
. 14109 AT, 1 =Eps
N
\l
LY
23
o
J- - - - - -
fﬂ%vy?W#yvVVVyagymny«qgggd?$¢53;¢g;pwy; RO e n-ni
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14110 GOTO 14240
14120 IF ABS(A(I,I))>-ABS(A(I+1,I)) THEN 14190
1413Q Iwort (1)=1
1414Q FOR J=1 TO M
141509 R=A(T  J)
14180 ACL,J)=ACI+1 [ ])
14170 ACI+1,J)=R
1412¢ NEXT J
14130 Re-A(I+1  I)/ALT 1)
14200 ACI+l ,1)=R
4210 FOR J=L TO M
14222 AT+ J)=A(1+1 J)+ReA(I J)
14230 NEXT J
14240 NEXT 1
14250 IF A(M,M)>@ THEN 14270
14260 A(M Mi=Eps
14279 FOR I=! TO N
14280 IF I>M THEN 14310
14290 Work(I)=1
14300 6070 14320
14310 Work(])=0
14320 NEXT I
14320 Bound=.01/(Ex*N)
14340 Ns=0
14350 Iters=!
1436@ R=0
14370 FOR I=t TO M
14380 JeM=-1+1
14390 Swlork(J)
14400 IF J=M THEN 14460
14410 L=J+1
14420 FOR K=L TO M
14430 Sr=Work(K)
14440 SaS-SreAl] K)
14450 NEXT K
14460 Work(J)=S/AC] J)
14470 T=ABS(Work(J))
14480 IF R>=T THEN 14500
144909 R=T
14500 NEXT I
145190 FOR I=1 TO M
14520 Wort{I)sWork(I)/R
14530 NEXT 1
14540 R1=Q
1455Q@ FOR I=1 TO M
145EQ T=0
1487¢ FOR =1 TO M
14522 T=T+AC]  JoeWort (J)
14E57 NEXT
14802 T=A2t 7
EREY IF F. =7 TwEN 14EZD
r4e’’ Fi="
TAEDC NEYT
14847 IF lrer=! THEN 14220
'GEET IF Frevie =Ri THENL T4EST
14€5¢ FOR I=) TGO M
"4879 Vecr! D lTveciTwert 1)
) -'\,.-J .-‘..;.‘\',:'. {.‘,‘_ '_.'.~-‘ .t "‘.".‘.‘ ] ‘:-'_-.'_.: - \_.‘p_'_...‘ S . -<‘~
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14650
14880
14700
14710
14720
147329
14749
14759
12760
14770
14730
147390
14800
14810
14820
14830
14840
14850
14860
14870
14880
14890
14900
14910
14920

14830

301

NEXT 1
Frevis=R1
IF Ns=1 THEN 14850
IF Iter..6 THEN 14880
Iter=lter+]
IF R'Bound THEN 14750
Neg=1
k=M=
FOR I=1 TO ¥
R=Wori(I+1)
IF lworvr(1)=Q THEN 14820
Wort ( I+1)=Wwork (1 )+Work(I+1)sA(I+1 1)
Work ( 1)=R
GOTO 14820
Work(I+1)=aWork(I1)eA(I+1 T)+Work(I+1)
NEXT I
G070 14360
Indic(lvec)=C
IF M=N THEN 143810
J=M+1
FOR I=J TO N
Vecr(I,Ivec)=0
NEXT I
SUBEXIT
SUBEND!

SUB Compve(N, M, Ivec ,Ale) Vecr(s) H(#) Evris) Evi(e), Indic(e) Subdials), Wor

k(e*) Eps Ex)

14949
14950
14360
14870
14380
14980
15000
15010
15029
15030
15040
15050
15060
15070
15080
15090
1510@
15110
18120
15120
18140

M an NN o oan
"y M

Y1 T v 1) -

~1 oy un
EIF) 003 9 F)

Y -

Baddta=(N(=0) OR (M<(=0) OR (lvec<=Q)
IF Baddta=@ THEN 14830

PRINT FNL1nS$(2)1"ERROR IN SUBPROGRAM Compve."”

PRINT "N=" (N, 6 "M=" M "Ivec="i1IveciFNL1nS$(2)
PAUSE
OPTION BASE 1
ALLOCATE INTEGER Iwork(N)
ALLOCATE Work!1(N) Work2(N)
INTEGER 1,11,12,Iter J K L ,Ns
Fksi=Evr(Ivec)
Eta=Evi(Ivec)
IF Ivec=M THEN 15160
K=lvec+!
R=Q
FOR I=K TO M
IF Frs1<>Evr(1) THEN 15120
IF ABS(Eta)<>ABS(Evi(1)) THEN 15122
R=R+3
NEXT 1
FeRef .
Frei1=Frg1+R
Eta=Etas+R
FeFireief g eEractla

=V

R LN S RN
-MAKA‘{L{L{‘L( a’a®



15230
18249
1525¢
15260
15270
15280
15290@
153020
15310
16220
15330
15249
15350
15360
183279
15380
15230
15400
15410
15420
15430
15449
15450
15460
15470
15480
154390
15500
15510
15520
1553¢
15549
15558
15560
15570
15580
15539
15600
15610
15620
15630
15648
15650
156€¢
18670
1568¢
15690

15728
e e

————

12708
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FOR K=1 TO J
O=D+H( I K IeH(K J)
NEXT K
AT ,J)=D=SeH(] J)
NEXT J
ACT,I)=A(] 1)+R
NEXT 1
FOR I=1 TO L
R=Subdiacl)
ACI+1,1)=-5eR
Il=]e!
FOR J=1 70 I!
ACJ,1=A]  1)+ReH(]  I+1)
NEXT J
IF I=1 THEN 15290
A(I+1,1-1)=ReSupdiatl-1)
FOR J=1 TO M
ACI+1,J)=ACT+1 JI+ReH(T )
NEXT J
NEXT 1
K =M-
FOR I=1 TO ¥
IN=l+
I12=1+2
lwork(])=0
IF I=K THEN 15500
1IF A(I42,1)0 THEN 15540
IF ACI+1,1)<00 THEN 15549
IF ACI,12<>@ THEN 15770
A(l,1)=Eps
6070 18770
IF I=K THEN 15600

IF ABS(A(T+1,1))>=ABS(A(I+2,1)) THEN 15600

1F ABS(A(I  1))>=ABS(A(I+2,1)) THEN 15700
Lel+2
lwork(])=e2
6070 1563@
IF ABS(ACI,1))>=ABS(A(LI+1,1)) THEN 15680
Le]e+!
lwork(1)=1
FOR J=] TO M
R=A(] )
ACL,JreAcL ,d)
AL ,J =R
NEXT J
IF [ THEN 15700
12«11
FOR L=I! T0 IZ
Fe-poL 1) /A T T
J1 =k

¥

P

I BRI AAFNRN

. v
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1582 FOR I=! TO N

1261@ 15 I>M THEN '5BEQ
15220 verr(] Ivec)s!
15222 vecr(] Ivec=1=1
13542 GOTO 1887¢

1SESe Uszr(l Ivec)=0
1S5EQ Vecr(l , lvec-11=Q

1SE70 NEXT 1
15850 Bound=.Q1/(E-*N)

15890 Ne=(

15300 Iter=!

15912 FOR I=! TO M

15822 Work(I)=rt] I)-Fiks,

15320 NEXT I

15940 FOR I=! TO M

15359 D=wortr (Il )syecr(] Ivec)

15960 IF I=1 THEN 15980

15970 D=D+Subdia(I~1)eVecr(I-1 Ivec)
153980 L=14+1

15930 IF L>M THEN 16030

16000 FOR K=L TO M

16210 D=D+H(] K)eVecr(K éIvec)

16020 NEXT K

16030 Vecr(l,Ivec-1)=D-EtasVecr(] Ivec-1)
16040 NEXT I

16050 KeM-}

1606@ FOR I=t TO K

160270 L=I+lwork(I)

16080 RaVecr(L ,Ivec~-1)

16030 Vecr(L ,lvec-1)=Vecr(] Ivec-1)

16100 Vecr (]I ,Ivec-1)=R

16110 Vecr(I+1 Ivec=-1)=Vecr(I+]1 Ivec=1)+A(I+] 1)sR
16120 IF I=K THEN 168140

16130 Vecr(1+42 ,Ivec-1)=Vecr(1+2, Ivec-1)+A(1+2 1)*R
1614@ NEXT !

1615@ FOR I=1 TO M

16160 JeM-1+1

16172 Deyecr(J K Ivec-1)

16180 IF J=M THEN 15240

16180 L=J+1

16200 FOR kK=l TO M

16219 Di=A(] k)

16220 DeD-D1eYecr(K Ivec-1)
16230 NEXT ¥

16249 Veer(J , Ivec-t)=D/AC] 1)

16258 NEYT [
1E2BE FOR I=1 TO M

1627¢ D=wWori (1 Yevec~t ]  Jvec-1)

iECE2 IF I=1 THEN '6300

18232 O=0+Suhcia: =i syesri -t [vec-t-
TEICC L=l

1E2°¢ 5oL M TeEN TEIZC

VEIIO Fom b= TOOM

TEIIZ [eler 1 b isiacrip Tyen-1

1£-42 MNEST .

TEZZ¢ \Vec~ I ,lvec=tvezri] [vec)-CL/Eta
1628€ NEXT ]
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16370
18289
16330
15400
15410
16420
16430
16449
16450
16460
16470
16480
16499
16508
165190
16520
16530
16540
16550
16560
) 16570
) 16580
16590
- 16600
- 16610
'O 16620
16630
18640
16650
! 16660
16670
16680
16699
16700
16719
16720
16730
16740
16750
o 16760
b 18770
- 16780
16790
16800
16810
16820
16830
16840
16850
16860
16870
16880
16890

5
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NN
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L e

16300
. 16312
¢ 16320
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L=1
2=2
FOR I=1 TO M
R=Vecr(l,Ivec) C+Vecril, lvec-1) 2
[F R‘'=S THEN 16440
S=R
L=1
NEXT I
U=ecr(l ,Ivec-1)
U=yecr(L Ivec)
FOR I=1 TO M
B=Vecr(I,Ivec)
R=Vecr(]1 K Ivec-1)
Vecr(] ,Ivec)=(Re+U+BeyY)/S
Vecr (I, Ivec~1)=(BesU-ReV)/S
NEXT I
B=0
FOR I=1 TO M
RsWork(I)syecr(I Ivec-t)-EtasVecr(I K Ivec)
UsWork(I)eVecr(I Ivec)+EtasVecr(] K Ivec-1)
IF I=] THEN 16600
R=R+Subdia(I-1)eecr(I-1 6 Ivec-1)
UsU+Subdia(l~-1)eVecr(I-1,Ivec)
Lul+f
IF L>M THEN 166B60@
FOR J=L TO M
R=R+H(I ,kJ)sVecr(] , Ivec-1)
UsU+H(T ,J)*Vecr(J , Ivec)
NEXT J
U=ReR+U+U
IF B>=U THEN 16690
B=U
NEXT I
IF Iter=1 THEN 16720
IF Previs{=B THEN 15830
FOR I=1t TO N
Worki(I)=Vacr(l Ivec)
Work2(I)syecr(I,Ivec-1)
NEXT I
Previs=8
IF Ns=1 THEN 16870
IF Iter>6 THEN 16890
Iter=lter+l
IF Bound>SQR(S) THEN 153940
Ns=}
GOTO 15940
FOR I=1 TO N
Vecr(] Ivec)=Worki(I)
Vecr(1 lvec-1)=Work2(])
NEXT I
Indic(Ivec-1)=2
Indic(Ivec )=2
SUBEND!
DEF FNLinS(X1)

X=INT(X1+.5)
IF «=Q THEN RETURN CHRS(13)

hJ

+ " -
A cal fiskdrRal

.
ala

e I_‘:J'_:f_'f:-'; e
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1693@ Eol$sCHRS('I)HRCHRECTD)
15349 [F ¥ @ THEN Enr1$=CHRE(1D)
16358 ALLOCATE RE[Xxe_EN(E2LE /]
15360 RE=""

1637@ FOR I=1 TQ x

15580 R$=R$L4ECLS

16390 NEXT [

17000 RETURN RS

17@1@ FNEND!

305
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SAl Nl S A 00 N A A DML P,

10!
z0
30
42
S0
60
79
89
99
100
119
120
130
140
150
16Q
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
.30
33@
340
250
360
370
380
399
420
410
420
430
440
459
460
479
489

430

500

510
!
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SRR RR R R R R R N R R R R RN R RN RN RN R RE R EE N R R RN ARE
Program name: HIPCNCA ’

t
|
| This program performs an out-of-plane normal coordinate analysis (NCA) on
| free base phthalocyanine. The NCA 1s conducted using the FG5 matri. ~methsg,
I The out-of-plane motion 1s modeled using the 1nternal ccorginates Jescribed
1 1n chapter 7 of this dissertation. This particular program calculates tne
I Au vibrations. The Blu, 82g, and 839 vibrations can be calculated by
) replacing the data statements with those appropriate for the specific
I vibration symmetry. The data statements for the Bitu, B2g, and Big

! vibrations are 1ncluded at the end of this program.
NN RN RN N R N N NN N RN NN NN RN

|
QPTION BASE 1

PRINTER IS 1
!

Matrices used:

1

|

'

! A(s)=Energy (FG) matrix.

I Evr(e)=Rea] eigenvalue matrix.
| Evi(e)=sImaginary eigenvalue matrix.

! Vecr(e)=Real eigenvector matrix.

| Veci(e)=Imaginary aiganvector matrix.

! Indic(#*)=Matrix diagonalization indicator matrix.

| F(e+)=Potential energy (F) matrix.

| G(es)=Kinetic enargy (G) matrix,

I Vib(#)=V1brational frequency matrix

| Fpert(e)=Perturbhation matrix for vibrational mode fitting.

|
DIM A(30,30) ,Evr(30),Evi(30),Vecr(30,30) ,Veci(30,39),Ind1c(30),F(30,30),6(30
) ,V1b(30)
OIM Fpert(32,2)
OUTPUT 21CHRS$(255)8"K"
Amp=1 | Amplification factor for vibrational fitting routine.
Oevsi | Default printer set to the screen display.
N=23 ! Number of symmetry coordinates used 1n the NCA,
'
N R R R AR R R R R RN RN RN RN N RN R RN R RN NN R RN NN RN RN NN
| Selacts those coordinates not needed 1n a particular symmetry in

| the F and G matrices.
L T T T T T O T T S T O S O A IO S R B B B

)
Yi=19
Y229
Y3=0
Y4a=Q
YS=0
YE=Q
Y7=0Q
YB8=0Q

B A A A

[ o & & A4 3 7 0 5, ny-



L

FromimTnTe Ta Fa Bl Vg W Wy Wy Ty U W, SN W, W N P W N,

[ T T U T T T T T T T T Y O O Y A A Y I

L T T T T T T T T T T T T T T T T T A T T T I T O O O A A I

LI T T T T T T T T I T T T T T T T I O O O

LR S T T T T TR T T T T T T o T T T O T T T T T T I L I B O B

RN T R T T N T T T T AR T T T T T T T T T T T T T I O L O O L B
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520 Y8=Q

530 Yie=0

540 1

550

S6Q@ ! Reads in force field into F matrix from data statements.
570 1

S80 ! R=Row.

€92 ' C=Column.

6@¢ ' Sd=Flag - @ to add, ' to subract.
BiQ | Fell=Force constant 1.

620 ! Fel2=Force constant 2.

B30 !

640 !

650 READ R

66@ IF R=9989 THEN 870

670 READ C,5d,Fell ,Fel2

E8® IF Sd=0 THEN Fel=Fell+Fe]2

690 IF Sd=1 THEN Fel=Feli1-Fel?2

700 !

710

720

T30 vURLER LR Rttt
740 |

750 IF Y1=R OR Y1=C THEN Fel=0

760 1F Y2=R QR Y2=C THEN Fel=0

770 IF Y3=R OR Y3=C THEN Fel=0

780 1F Y4=R OR Y4=C THEN Fel=0

790 IF YS=R OR YS=C THEN Fel=Q

800 1F Yb=R OR YE=C THEN Fel=0

810 IF Y7=R OR Y7sC THEN Fel=0

820 IF Y8=R OR YB8=C THEN Fel=0

830 IF Y9=R OR Y9=C THEN Fel=0

840 IF Y10=R OR Y1Q=C THEN Fel=0

850 F(R,C)=Fel

860@ 6070 B50

870 READ Fins$

880 PRINT Fin$

890 PRINT

900 !

910

920 ' Reads 1n 6 matrix elements from data statements,
930 !

940 ! R=Row.

85@¢ t+ C=Column.

960 ' Sd=Flag - @ to add, | to subtract.
970 ' Gelli=b matrix element 1.

568Q ' Gell2=G matrix element Z.

930

1200

181¢ READ F

1@2¢ IF Re=38330 THEN 1230

1022 REAl ( ,Sc,Bell Gell

V42 1T So=l THEN Gei=bell+Gel?

1@SC I® Sc=' THEN Gel=0ell-Gell

Qe

1ese

1052 ' [e.etes row and columns 1n G matry-

which are nct reeped,




F‘I'LM AR AR RTAMN LR NN

309

]QS@ TR T S T R T O T I U I T U O T T T T T T T T T O T T T O Y O I O A O A I B A O
1100

111@ IF Y1=R QR Y1=C THEN Gel=0Q

1120 IF Y2=R QR Y2=C THEN Gel=Q

1132 IF Y3=R QR YZ=C THEN Gel=0Q

114@Q IF Y4=R QR Y4=(C THEN Oel=D

1158 IF YS5=R CR YS=C THEN Gel=0Q

1160 I~ YE=R DR YE=[ THEN Gel=D

1178 1F Y7=R OR Y7=C THEN Gels=Q

1180 IF Y8=R QR v8=C THEN Gel=Q

119@ IF Y9=R QR YQ9=C THEN bGel=Q

1202 IF Y10=R OR Y1Q=C THEN Gel=0

1218 G(R ,C)=Gel

1220 6G0TO 1010

123@ READ Fin$

1240 PRINT Fin$

1250 PRIMT

1260 !

1270 VU R0 b i R v
1280 | Generates symmetric F and 6 matrices.

1290 'V T e R ety
1200 !

1312 FOR R=1 TO N

1320 FOR C=R TO N

1330 F(C ,R)=F(R,C)

1340 6(C ,R)=G6(R,C)

1350 NEXT C

1360 NEXT R

1370 !

139¢ | Removes 2ero rows and columns from F and 6 matrices and reduces the:r
1420 ' dimensions.

1418 YL b R R T e S R e R
1420

1430 FOR C=1 TO N

1440 Sum=Q

1450 FOR R=1 TO N

1460 Sum=B(R,C)+Sum

1470 NEXT R

1489 IF Sum<>@ THEN 1690

1490 FOR Z=C TO N

1500 FOR R=1 7O N

1510 IF Z=N THEN F(R,2)=Q

1520 IF 7=N THEN B(R,2)=0

1530 IF Z=N THEN 1562

1540 F(R,2)=F(R,2+1)

1550 6(R,Z)=BG(R, Z+1)

1S6@ NEXT R

15790 NE¥T 7

1S8¢ FOF Z=C 70 N

1E9Q9 FOR F=1 TO N

1BR2 IF I=N ThEN F/ 7 F=Q
1810 1F I=n TMEN G I ,F =0
eI IR I=h TeEL TESQ
1820 7 IR eR ey R

164C & 7 F el [et &

1E3Q N&+7 F

oA \""."\-':‘\."‘."'.’x".'.'.". -
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166@ NEXT 2

1870 N=asN-1

1859 =070 1423

1830 NE<T C

1720

]—"a R T T T T T T T T T T T T T S T AP S

1722 » Multiplies the F ang 5 matrices to yiald the FG matry. éor

730 ' diagonalization.

LT ¥, T T T S T O O o B B o T T o B L L e A
175@

176@ FOQR R=) TO N

1770 FOR C=t TO N

1780 Sum=0

1790 FOR El=! TQO N

1800 Sum=G(R,EL)eF(E]L ,C)+Sum

1810 NEXT El

182@ A(R ,C)=Sum

1830 NEXT C ]
1840 NEXT R

1850

ISBO [ T I T T T T T T T T T T T T T T T L T O N A A I O

1870 ' Call subprogram Eigen to diagonalize the F6 matrix.
]880 III|II|III|IIIIIIIIIIIIIIlIIlllllIIlllQll!lllII'IIIII!IIIIIIII|III||||||III
1890 ¢

1980 CALL Eigen(N A(e*) Evr(e) Evi(e) Vacr(es) Veci(e), Indic(e))
1910 BEEP

1929 !

]930 L T T T T L I T T I T T T T T T T I A I A O I A I N I I R R I R R N I N I B A
1340 ' Shell sorts the eigenvalues and eigenvectors.

1958 | Sorted i1n 1ncreasing order with respect to eigenvalue.
IQGO L S O T O T T O O A I O O O O T T T T T T S T T T T T T T T T T T T T T T O O A I A
1970

1980 Pass=N

1990 Paas=INT(Pass/2)

2000 1F Pass=@ THEN 2220

2010 FOR St=1 TO Pass

2020 11=5t

2030 J =St+Pass

2040 Sw=Q

205Q IF Eve(l1)<=Evr(J3) THEN 2150

2060 Sw=!

2079 Avr=Evr(]1}:)

2080 Evr(lii=Evr(]})

209@ Evr(l]))=Ave

<100 FOR R=1 TO N

2110 AvesVacr(R,I1)

2120 Vecr(R,l1)=Vecr(R J))

2130 Vecr(R , Jj)=fAve

2140 NEXT R

2150 li=J)

c16Q J=J)+Pass

2170 IF Jj N+1 THEN 2050

2180 IF Sw=d THEN 200

21930 6070 2020

2208 NEXT St

2219 G070 1930

<220 IF Pertflge=! THEN 4490

T
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'ﬂ*la‘4v!|,yiifb|il\\l\Illlt\KIIVI||||||l1|l‘leI!\l\llll\r\l\(wl\
’ -t329 e irts tre NIA rec ts -n tre scresn Or ON 3 [ACeT DM intEér,
1

I A R \1{1\'0"'.!‘7]11\“‘l'l‘"‘.l‘\nw!\\)

2219 FRINT "Au Vibraticral Modes for Free Base Phthalocyanine’

bade/ =1, T T T T T T T T T T L L O I O B B O O

2360 ' Prints the F matri«.
2737 O T T U O T T T T [ O T T T T T T T TS T N T T 2 T T T T S T T Y T Y I IO Y I

«

Ehalt et Il )
~
o~
[~}
]
Pl
—
Z
=

2420 L=INT(N/8)+1
<430 E=8
g 2440 7=\
] 2450 FOR B=) TO L
2460 IF Ba_ THEN E=N
2470 FOR C=Z TO E
2480Q PRINT USING 2490:C
2499 IMAGE XX ,000 ,XXXXX . 8
2500 NEXT C
25190 PRINT
2S20 FOR R=1 TO N
' 2530 J=2
f 2540 FOR C=Z TO €
2550 IF J»=fE THEN PRINT USING 256Q:F(R,C)
2560 IMAGE DO0.0DOOO
2570 IF J>=E THEN 2600
2580Q PRINT USING 253Q:F(R,C)
<5990 IMAGE DD.000DD ,xX .8
2600 J=Jj+!
2610 IF J>E THEN J=Z
2620 NEXT C
2630 NEXT R
264Q PRINT
L 2650 PRINT
26BQ I=7+8
' 267Q E=E+8
2580 NEXT 8
JE3Q PRINT
2700 PRINT
2T
Do, N T T T T T T S T O T I O I I T T S O T S S A S O S S I S VRS B S Foe
3 ITI0 ' Frints the 5 matric,
:"AeAII‘I-\)I!;‘lIl‘vlloll».l||1IIIIIII'Ililll‘04‘||'|\’-“)v“\“l

t¢:4".".".,
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2780 PRINT
2790 L=INT(N/B)+}

<800 E=3

2310 2=

2820 FOR B=1 TQO L

2830 IF B=L THEN E=N

2849 FCR C=Z TQ €

2850 PRINT USING 2880:C

2860 IMAGE xx ,DDD ,XXXXX , %
2870 NEXT C

288@ PRINT

<890 FOR R=1 TO N

2900 J=1

2919 FOR C=Z TQ E

292Q 1F J>=E THEN PRINT USING 293Q:G(R,C)
2930 IMAGE DD.DDDDD

2940 IF J>=g THEN 2970

2950 PRINT USING 2960:6(R,C)
2960 IMAGE D0.00DDD ,xx .8
2970 J=J+)

2980 IF J>E THEN J=Z

2990 NEXT C

3000 NEXT R

3019 PRINT

3020 PRINT

3030 I=2+8

3040 E=E+8

3958 NEXT B

3060 PRINT

307@ PRINT

3080 !

3@30 LI T T T O T S O O O I T O T 0 O S A A A A O A A I O A O O O O A I O O O I O I IR I I A

3100 ' Prints the 6 matrix row/column sums,
3\]0 L T T T T T T T T T L T T T T T T T T T S A O T O A O 2O I O O O

- ——— -

3150 PRINT

316Q@ FOR C=y TO N

3170 Sum=0

3180 FOR Ret TO N

3199 Sum=Sum+5(R,C)

3200 NEXT R

3219 PRINT USING 3220:C,5um
3220 IMAGE 0ODOD,"." ,x,SD.110E

3230 NEXT C

3240 PRINT

325@ PRINT

3260

/4 N T O O T O A O O O S O O O S O 2 B O O O O O O O I I D O S B B O A I Y I A S S B B O O SN
3280 ' Prints the vibrational freguencies,

B 2% . L T T T T T O T I T O T O O O O O O I I B B O O I O Y D O O AR O IR RV A O AR BRI

1300 ¢

3310 PRINT "----o~cmcomocmeeoeee Normal Coordinate Analysis Results ----------

v ~'- J I ' .. -— L I S S - .t LI B "
i AN '\ SO e e e e e e e e
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313
3330 PRINT
3340 PRINT “"Vibrational Eigenvalues: Numbers 1 TO"iNs"i1n cm=~}"
I35@ PRINT
2360 FOR R=1 TO N
2370 IF Evr(R)>=0 THEN Vab(R)=(Evr(R)/1000+1 . E+B8¢5.0Q2E+23)",5/2/P1/Z.E+10Q
2280 IF Evr(R)<Q@ THEN Vib(R)=~(ABS(Evr(R))/ 100041 . E+8¢6.02E+23)".5/2/P1/3.E+10
2290 PRINT USING 340Q0:R,Vib(R)
74Q@ IMAGE DDDOD,".",1X,DDDDD.DDD
3419 NEXT R
3420 1F Dev=71Q0 THEN 2450
2430 DISP "Press Continue To Proceed”
2440 PAUSE
3450 DISP
3460 FOR C=1 TO N
2470 PRINT
3480 PRINT
24990 J=)
2500 FOR R=1 TO N
2510 IF R>1 THEN 3590
3820 !
3o 1 BT N A T L T A O O OO A O
3540 ' Prints the eigenvector normal modes. .
K13 AR R N N N N N N N RN RN R
3560 !
2879 PRINT "Vibrational Eigenvector for Eigenvalue”iCi":"1Vib(Cli“em-1"
3580 PRINT
359Q IF Vecr(R,C)>=@ THEN Mot=1Q@e«Vecr(R,()"2
3600 IF Vecr(R,C)<@ THEN Mot=-100eVecr(R,C)"2
3610 IF J>=8 THEN PRINT USING 3820i1Mot
3620 IMAGE DDDD.ODD
3630 IF J>=8 THEN 3660@
3640 PRINT USING 3650:i1Mot
3650 IMAGE DDDD.DDD,2X .8
3660 JsJ+)
3670 1IF J>8 THEN J=1
3680 NEXT R
3690 PRINT
3700 1F Dev=710 THEN 3730
3718 DISP "Press Continue To Proceed”
3720 PAUSE
3730 NEXT C
3740 OUTPUT 2:CHRS(255)8*K"
275@ Qs="Q-
3760 INPUT “Do you want to fit vibrations” ,Q$
2770 IF Q%="Y" THEN 3970
3780 IF Q%< :"N" AND Q$<>"Y" THEN 3750
3780 Qs="Q"
3800 INPUT "Do you want a paper print” Q$
285Q 1F Q%='VY" THEN Dev=710Q
2820 IF Cs="N" THEN Dev=!
ZETC IF Q% "Y" AND Q% "N" THEN 2790
JeaQ =070 282
Jece
:EECK T3 T T T T O O S O S O T O O T S S T S T T O O T O O U O I T L T I L
2e7e Ferforee 3 vibratioral freguency fit to observed vibratiors. F:if
IBIC ¢« pe-formexz ucing perturbation theory. The approach assumes that tre =
IES2 ¢ matris 1t correczt ang refines the F matri. using tre e:g8rvelicTs utti.
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3300
39
3339
3820
3949
2359
3360
3970
3989
2930
4000
4010
4029
4030
4040
4059
4069
4070
4089
40399
4100
4110
4120
4130
4140
4150
4160
4170
4180
1000
4190

314

I a eigenvalue fi1t 1s obtained.
R R T R N N R T T I O A O O T T O S O B O B O B O B R A N S O AR R R

!

||Illlll'l"lll"l"lxl‘lI‘llllll'll“(]l||l|ll'];'l]1“|||‘I1||:||' N R
I Prints the sigenvalues to be seiected 1n tre fittirg rcutire,

T T R I O N T T T T T T T T T T S T T T T T T T T T O L e T B S R S B
1

PRINT “Vibrational Eigenvalues: Numbers ) to";Nj"1n zm-1"

PRINT
FOR R=1 TO N

PRINT USING 4010:R,Vi1b(R)

IMAGE 0ODOO,"." ,1x,00DD0.0D0D

NEXT R
PRINT

R=0

1

RN N N RN RN NN R AR R AN RN RN
| Selects the eigenvalues to be used in fit and i1nputs the values which

) are to be fit to.
RN RN R A RN N N RN RN RN RN RN NS RN RN

)

INPUT "Eigenvalue Number(s) to be Fit: [CONT] to End",R

IF R=Q THEN 4210

IF R>N THEN 4040

Fpert(R,62)=1

PRINT "Eigenvalue”i1Ri1" is to be fit"

INPUT “"Enter the NEW Eigenvalue” ,Fpert(R,1)

PRINT "New:"iFpert(R,1)3" 0ld:";Vib(R)

IF Fpert(R,1)>=0 THEN Fpert(R,!)s(Fpert(R,1)s2+P[«3 E+10)"2/6.02E+23/1 ,E+8»

IF Fpert(R,1)<Q THEN Fpert(R,1)=-(ABS(Fpert(R,1))22+P]¢3 . E+10)°2/6.02E+23/1

.E+Be1200

4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4320
4349
4350
4360
4370
4380
4390
4400
4419
4420
4439
4440

ot _-_..;'.\‘. \_._-_.\..:.._ e

AT AN ST AN AN NS N N N N T e

GOTO 4040
PRINT
FOR P=1 TO N

IF Fpert(P ,2)=Q THEN 435Q
i

SRR N R N R R N NN NN NN N
! Refines force constants using eigenvectors.
)Jlllll’llll!!lll!!llllllll!_lll!lllllIIIIIIIIIIllllllllll|lllll|llllll||Hi
|

FOR R=1 TO N

FOR C=1 TO N

IF R<>C THEN 4330
F(R,C)=F(R,C)+(Fpert(P 1 )-Evr(P))eYecr(R ,P)sYecr(( ,P)sAmp
NEXT C

NEXT R

NEXT P

Pertflg=1

1

L e e
! Returns execution to part of program where F and 5 matrices are

! multiplied and the FG matrix 1s diagonalized.
L T T T T O T T T T T T T T T T S T T T A T T O AR AR B O [

GOTO 1760
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4450
4430
1472
1489
4430
4520
4510
4522
E+10Q
4530
4540
4550
4560
4570
4580
4590
4500
4610
E+10Q
4620
4630
4640
4650
4860
4670
4680
4590
4700
4710
4720
4730
4740
4750
4760
4770
4780
4730
4800
4810
4820
4830
4840
4850
4860
4870
4880
4899
4920
4910
4320
4930
4349
4950
4360
4379
4980
4930

RN R O O e O T T O S O I IO T A O O O A O B O R A B A T O I A A A T B
| Campares calculated and sought eigenvalues, and 1f less tran .J!

| wavenumbers difference e2x«15ts, the routine 15 termirated.
Ill!|||IlillllllllIlll|lIlllllllillIlll!|||rl|||(l\lll;,\“‘:.r
FOR R=1 TO N

IF Fpert(R,2)=Q THEN 4580

IF Fpert(R,1)3=0 THEN Pert=(Fpert(R, 1)/1000¢} . E+2+5 Q2E+22, .5/ F
IF Fpert(R,1)<Q THEN Pert=-(ABS(Fpert(R,1))/1000+1.E~5+5. ﬁ::‘:->

1)
v om
- +

L. D

(SRR

IF Evr(R) =@ THEN Chk=(Evr(R)/1002+1.E+8+6.Q2E+23}". 5/2/97’3 E+1

IF Evr(R)<® THEN Chk=-(ABS(Evr(R))/1000Qe1 E+8s5.02E+23)" .5/ /PI/J E+19
PRINT "Sought:";Fert;” Present: " ;Chk

NEXT R

PRINT

FOR R=1 TO N

IF Fpert(R,2)=0 THEN 4650
IF Fpert(R,1) =@ THEN Pert=(Fpert(R,1)/100Q¢! .E+8¢8,.02E+23)".5/2/P1/3.E+1Q
IF Fpert(R,1)<Q@ THEN Pert=-(ABS(Fpert(R,1))/1000+1 . E+85.02E+23)"~.5/2/P1/3.

IF Evr(R)>=@ THEN Chk=(Evr(R)/1000¢1 .E+8¢6.02E+23)".5/2/P1/3.E+1Q@
IF Evr(R)<@ THEN Chk=-(ABS(Evr(R))/1000@*! E+85.02E+23)".5/2/P1/3.E+!1Q

IF ABS(Pert-Chk)>.Q1 THEN 4210
NEXT R
Pertflg=0
6070 2280

)

RN RN RN N NN A A NN NN RN NN
I F matrix elaments.

RN RN RN R R RN NN RN RN RN RN R NN R R RN RN RN
i

DATA 1,1,0,.119,0 | Row/Column A,
DATA 2,2,0,.119,0 | Row/Column B.
DATA 3.,3,0,.119,0 ' Row/Column C.
OATA 4 4.,0,.119,0 ! Row/Column 0.
DATA 5,5,0,.119,0 ! Row/Column E,
DATA 6,6,0,.119,0 ' Row/Column F.
DATA 7,7,0,.113,0 ' Row/Column 6.
DATA 8,8,0,.119,0 ' Row/Column H.
DATA 9,9,0,.119,2 ! Row/Column I.
DATA 10,10,0,.119,0 ' Row/Column J.
DATA 11,11,0,.119,8 ! Row/Column K.
DATA 12,12,0,.119,8 ! Row/Column L.
DATA 13,13,0,.119,08 ' Row/Column M.
DATA 14,14,0,.119,0 ' Row/Column N,
DATA 15,15,0,.3237.,2 ' Row/Column 0.
DATA 16,16,0,.3237,0 ' Row/Column P,
DATA 17,17,0,.3237.0 ' Row/Column Q.
DATA 18,18,0,.3237.,0 ' Row/Column R.
ODATA 19,19,0,.3237,0 ' Row/Column S,
DATA 20,00,0,.3237.,0 ! Row/Column T,
DATA 21,21,2,.3237,0 ' Row/Column U,
DATA 22, 22.0,.3237.,0 ' Row/Coiumn V.
DATA 23,23,0,.3237.0 ¢ Row/Column W.
DATA 9399

DATA F Matrix Loaded

1

L T T T T T T T T T T T T O T A R T A B
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3
p
]
b
b
. .
4 5000 ' 5 matri« elemenrts,
q 3212 T T T U SN N Y TN O T Y T I O T T O B A B O O A S O A A O
I Pt B
: S22 w»luqulllPou/columngA||lxlllll|III|l1||(4:i|:‘|'!!|11,-::<l|;.:,.
3 2243 CATA 1 ' D ,.565833424226.,0
E €252 CATA 1,2.0,-.320682347477,-.300683347477
3280 CATA 1 3.Q,.163341673723,.16803416737Z3
" 5970 CATA 1.4.0,-.1'3273684807,0
I 5280 DATA !,15,:,.333@@6752504,-.333@06782504
5Q8@ CATA 1 ,18,1,-.'329608756535,.183860876595
R 5190 DATA 1 ,20.,!,.3347149926857 ,-.03471439306857 ‘
K 5119 ittt tiirriit Row/Column 8 1t bairbi vt rr v bbb bbby
' S1290 DATA 2,2,0,.566893424036,.226757369615 h
[ 5130 DATA 2.3.0.-.453514739229,-. 113378684807
b 5149 DATA 2,4.0,.320683347478, 0
I S15@ DATA 2,5,2,.0805797038531,.0510728876983
‘ S16@0 OATA 2,5,0,-. a494507775459 o
: 5170 OATA 2,15,1,-.470942679895,.26001854527
h 5188 D0ATA 2, \E,‘, 470942679895 - 049094t105454
: 51899 DATA 2,20,1 ,-.226146200577,.036738760833¢ |
b S200 DATA 2,21 .1, 038967705!59‘ "] .
p 219 1ttty Row/Column C 10T bbb G0 b b bbb e bbb b bbby \
5220 DATA 3.3,0,.5668934240@36,.226757363615
S23@ DATA X .4.,0,- 641365696954 )
5240 DATA 3.,5,0, 232295405 ,-.18272547925
5250 DATA 3 S,O, @98901#552938 .0494507276469
S260 DATA 3,15,1,.26001854527,-.084909441056454
5270 DATA 3,186,1 -.470942579895,.049094410565‘
5280 DATA 3,20,1,.390842340703 ,-.201434300966
5280 DATA 3,21,1,-.077935‘!03188,.0389677051534
S300 Pttt e 111 Row/Column D MYttt bbbttt ittt ettt isntttr
5310 DATA 4 ,4,0,,.566893424036,0
5320 DATA 4,5,0,.186184880494,,186184880494
5330 DATA & 8,0,- 9699338897075 ,-.0699338837975
5340 DATA 4,15,1 ,-.93471439906857,.0347143906857
5350 DATA 4,16,1,.183860876595,-.18386@876535
5360 DATA 4,20,! -.257530505722,.28783@505722 .
5370 DATA 4,21,!, 055108657131 ,-.05510865713!
380 11 ttibirbit) Row/Column E VEURT I L0 bbb bt bbb bbby
5390 O0ATA §5.,5,0, 3‘33772836¢,.10262392793
S400 DATA S,6,0,-.262922216048,.103016745283 :
5410 DATA 5,7 0,— 254211554548 ,.02510773809801
5420 DATA 5,8,0,.0914781725126, 0 .
S43@ ODATA S5,16,1, 0837840705852,- 0442304181914 ¥
5442 DATA 5,20,1 -.278334047244,.167501525475
5450 ODATA 5,21,1,.28849914471,.000594132862558
S460 Pirtirnrinnt Row/Column F it r vt vttara b ntifirg ettt
5470 O0OATA 6,6,0,.2323213927988,-.273298586424
5480 OATA 6,7,0,.290935674509 ,-.214876283361
S432 O0OATA 6 8,0,- 9933065914028 ,.0587868211474 4
5500 OATA 6,16,1,-.0428255863778,0 .
5510 DATA §,20,1,.174036720164,.00737992933753 K
5528 DATA §,21,1, "9377409833,-.185808381849 .
5532 |llll||||l|i| Row/Column G 1THTHL I LT L i bbby v it .
5540 DATA 7.7,0,.758457398141 ,-.0612867423647 ,
S55@ QDATA 7 8,0,- S:QSAIGOLASE @ ’
856@ O0ATA 7,13.0, @9147817"5! § itritt 1 AND 4
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5573 O0ATA 7,14,0,.0587868211474 ,-.0320653514228 1'''¢ 2 AND 4
5559 DATA 7,13,1,0,.0576822132445

5332 DATA 7,10,1,.1038353171I8.2

3890 OATA 7,211 ,-.425418S45328,-.0423370%61158

S6:9 LDATA 7,22,1,0,.04667048Q1634 111t 1 AND 4

2520 DATA 7,23,1,0,-.289233Q054322 11t 1 ANG 4

Sg2Q Tttt Row/Column M fat et it virtindt

S640 DATA 8,8,0,.764497388141 ,~.0612867423647 11 1 ARG S
5650 DJATA 8,13,0,.0510773809802 ,-.254211554548 1111 2 AND 4
S66@ ODATA 8,14,0,-.0148768283361,.290335674509 +/'t1 3 AND 4
5670 DATA 8,19,1,0,-.2664Q4054536

S68@ DATA 8,20,1,-.04E6704801684 .,

569@ DATA 8,21,1,.259293054322 .2

S700 DATA B8,22,1,0,-.103635317135 1141 1 AND 4

5710 OATA 8,23,1,.2428370361158,.485418546828 '+111 3 AND 4
720 trtittlettit! Row/Columm I 10000y bbbt bbb bbbt

5730 DATA 9,9,0,.566893424036,0
5740 DATA 3,10,0,-.320683347477 ,-,.320683347477
5750 O0ATA 9,11,2,.160341673739,.160341673739

S76@ DATA 9,12,0,-.113378684807.,0

5770 DATA 9,17,1,.333006762504 ,-.333206762504

5780 DATA 9,18,!,-.18386@876595,.183860876595

5790 DATA 8,22,1,.2347149306857,-.0347149306857

S80@ i1yttt Row/Column J PEUEY TR LU RN LR e
5812 DATA 192,192,0,.566893424036,.2267573639815

5820 D0ATA 10,11,0,-.453514739229,-.113378684807

5838 O0OATA 19Q,12,0,.320683347478,0
5840 DATA 10,13,0,.0805737038531,.0510728876983
5850 DATA 10,14 ,0,-.2454507276469,0

5860 DATA 10,17,1,-.470942679895,.26001854527
5878 DATA 10,18,1,.470342679895,-.0490944106454
5880 D0ATA 10,22,1,-.226146200577,.08367387608336
5890 OATA 10,23,1,.0389677Q515534,0

SSOQ i vitiiatiit) Row/Column K IR b EE RN TV C e i i et i
59190 DATA 11,11,0,.566893424036,.2267573683615
5920 OATA t1,12,0,-.6413666945954 .0

S930 DATA 11,13,0,-.212232295405,-.18272547325
53949 DATA 11 ,14,0,.0989014552938,.04945072764869
53950 O0ATA t1,17,1,.26001854527,-.0490944106454
53960 O0ATA 11,18,1,-.4703426739835,.0490944106454

5970 DATA 11 ,22,1,.390842340703,-.201434900366

5380 OATA 11,231 ,-.0778354103188,.0389677051594

59992 Pretireras bl Row/Column L It i b b bbb bbb it p by
500@ DATA 12,12,0,.5668334240356,0

6019 DATA 12,13,0,.186184880494,.186184880494

6029 DOATA 12,14 0,-.0693338897075,-.069933883707S

6030 OATA 12,17,1,-.0347149906857,.0247143906857

5042 DATA 12 18,1 ,.1838608876595,~,183860876535

650 DATA 12 ,22,1,-.2676305935722,.267630505722

6068 0QATA 12 22,1 .05510@8657131 ,-.0551086571318

£F3°7Q trras ittt Row/Column MEET T LI bbb L L0 b bt b c bt ey

5088 O0OATA 13,13,0,.32327728364,.192623582793

BQ90 OCOATA 13 ,14,0,-.262922216048,.103016745283
6100 DATA 13,18,1,,0697840705662,-.0442304181314
5110 CATA 12 79,1 -.269084%168499,0

6123 DATA 13,22,1,-.076234047244,,167531525476
6:20 OATA 12,03,1,.28849514471,.000594122862558




“ 6340

6140
65150
6159
5170
3 5180Q
§190
6200
6210
6220
229
s 5240
6250
6260
6270
6280
6230
6300
6310
g32@
6330

65350
6350

b 6370
4 6380
) 6390

6400

6410
6420
65430
6440
6450
6460
5470
6480
64390
65500
6510
6520
6530
6540
6550
§560
657¢
5582
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[ R B A | Row/Column [ L T I I O O I O I O O B IR I R A B O
DATA 14,14 ,0,.333321393988,-.273298586424

DATA 14,181 ,-.0428255863778,0

DATA 14,191 ,,445083571317,0

DATA 14,22 ,1,.174036720164,.00737992993753

DATA 14,23 ,1,-.29377409633,-.185808381849

Frireir by b Row/Column Q vt err it et ot bbb v b b bvndnri sl
DATA 15,15,1,1.4043443166,~-.280237304107

DATA 1S5,16,1 ,-.280297304107,.0425170068027

DATA 15,20,1,.0425170068027,9

FLUitbi it Row/Column P o Tttaddt it evtibtiand
DATA 16,16,1,1.4043443166,0

DATA 16,20,1,-.250962933117,.03181687001907

0ATA 16,21,1,.0337470225852,0

Preetitittitt Row/Column Q HiVv bbbyt
DATA 17,17,1,1.4043443166,-.2802397304107

DATA 17,18,1,-.280297304107,.0425170068027

DATA 17,22,1,.0425170068027,0

Pt Row/Column R THERCTIEES Ittt ittty

DATA 18,18,1,1.4043443166,0

DATA 18,22,1,-.250862983117,.03181670013907

DATA 18,23,1,.0337470225952,0

PEBLIRIVILI1YY Row/Column S UhE 0 bbbt b gt eyt

DATA 19,19,1,1,.55488461455,0

DATA 19,22,0,.022697123287,.022697123287

DATA 19,23,0,-.148555354853 ,-. 148555354853

PITEEETENEEY) Row/Column T S U bai bbb vt bbb i b b i i itningd

DATA 20,20,1,.386448961524 ,-.16585112319

DATA 20,21,1,~.188670742999,.0252538685337

PELETEEI 1y Row/Column U 11EEEIEREIT R LRty ittt entsietiiy
DATA 21,21 ,1,.421776560@109,.0299414965537

DATA 21,23,1,0,.0409343591762 11111 1 AND 4

PEEreit b Row/Column V THETEEIEEE TR nET it epettititrireirny

DATA 22,22,1,.386448961524 ,-.16585112319

DATA 22,23,1,-.188670742999,.0252538685337

VELLLAEITI1 1) Row/Column W T E 00 bt b et bbb bbb i i i
DATA 23,23,1,.421776566109,.0299414965597

DATA 99393

DATA 6 Matrix Loaded

END

!

LI T O O I I R O T O R B A I |

trrrttierty

! Subprogram Eigen is attached at this point in the program. A listing

! of Eigen is given at the end of UDWNCA,
LT T I T T T T O T T T S T T T T T T T T T T T T A I T O A A Y AR

R P T T . .
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319
IQ PR R R A 2 I N T T 2 T T T T T T T T T T T T Y O O O AN
i | F and 6 matrix elements for free base phthalocyanine used to
20 i calculate Blu vibrations in program HZPCNCA,
40 I T T I T A T T T T T T T T O O T T O I T T T O T T O T O A T T T T O O B O RO
50 !
60 (O R T T T T T A T T T O N T T T T T T T T L N T O T T O T O OO BTN
70 I F matrix elements.
8@ L T T O Y T T T T O T T T T T O T T O T O O T T T T T I T T T T IO O T D A
90 !
100 DATA 1,1,0,.119,0 ' Row/Column A,
110 DATA 2,2,0,.118,2 ' Row/Column B.
120 DATA 3,3,0,.119,0 ' Row/Column C.
130 DATA 4,4,0,.119,0 ' Row/Column DO.
140 DATA §,5,0,.119,0 ' Row/Column E.
150 DATA £6,6,0,.119,0 ' Row/Column F,
160 DATA 7,7,08,.119,0 ' Row/Column 6.
170 DATA 8,8,2,.1158,8 ! Row/Column M,
180 DATA 9,9,0,.119,2 ' Row/Column I.
190 DATA 10,10,0,.119,0 ' Row/Column J.
200 DATA 11 11 .,0,.119,0 ' Row/Column K.
210 DATA 12,12,0,.119,@8 ¢ Row/Column M,
220 DATA 12,13.,0,.119,8 ' Row/Column N,
230 DATA 14,14.0,.119,0 ! Row/Column 0.
240 DATA 15,15,0,.3237,0 ' Row/Column P.
250 DATA 16,16,0,.3227,0 ' Row/Column Q.
260 DATA 17,17,0,.3237,0 ' Row/Column R.
27@ DATA 18,18,0,.3237,0 ! Row/Column 5.
280 DATA 19,19,0,.3237,8 ! Row/Column T,
292 DATA 20,20,0,.3237,0 ! Row/Column U.
300 DATA 21,21,0,.3237,0 ' Row/Column V.
310 DATA 22,22,0,.3237,0 ' Row/Column W,
320 DATA 23,2%2,0,.3237,0 !
330 DATA 9998
340 DATA F Matrix Loaded
350 !
360 AR RN A A RN RN RN R R R RN RN RN NN RN NN R R AR N AR R RN RN
370 ! 6 matrix elements.
N 38@ L I T T O T T T T T T I T T T T T T T T T T T T T T O O O A R B R I |
) 380 !
400 Tttt Row/Columm A v bter vt bt bbb errr e b evg et
: 410 DATA 1,1,0,.56689342403E ,0
. 420 DATA 1,2.,0,-.320683347477 ,~-.320683347477
! 430 DATA 1.,3,0,.160241673739,.160341672738
. 440 DATA 1.4.0.-.113378684807,0
k 450 DATA 1 15,1 ,,333006762504 ,-.333006762504
’. 460 DATA 1 ,168,1,-.183860876595,.183860876535
hy 470  DATA 1,20,1,.0347149906857 ,~.0347143906857
# 480 tridvtirtrirtll Row/’Column B [N N T T T T T T T L T T T S T T T O T A B B
; 499 DATA 2,2, ,.565893424036,.226757369615
5 500 DATA :,3,1 -.452514738229,-.112378684807
. €10 [pATA D.4,1,.I20QERI347478,0
Q gI¢ CATA 2,5,1,.@885737Q228C521 ,.051Q@72887E9¢2
3
A )
i
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S20
540
S5e
SEQ
570
580
5350
600
g10
622
E20
540
£50
660
67@
680
€90
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
B850
860
870
880
890
900
910
920
930
940
950
960
570
980
990
1000
1910
1020
1g2e
1949
1050
1069
1¢7e
1¢8Q
128¢

320

DATA 2,6,1,-.0494507276469.,0

DATA 2,15,0,-.470942679885,.26001854527

DATA 2,16,9, 470542879895 -.043503441026454

DATA 2,20,0,-.226146200577,.0367387608396

DATA 2,21,0, 0389877051594 ¢

PUTRI I i Row/Column C VU E L it bbb i e i et e
DATA 3,3,1,.566893424036,.226757369€615

DATA 3.,4,0,-. 64!365694954 0

DATA 3,5,1,-.212232295405,-.18272547928

DATA 3.,6,1, 0999014552938 .0494507276489

DATA 3,15,0,.26001854527 ,-.0490944106454

0ATA 3,16,0,-.470942679895,.0490944106454

DATA 3,20,0,.390842340703 ,-.201434900966

DATA 3,21,0,-.0779354102188,.0383677051594

PITTELII1 1) Row/Column O V8L n bbb eyt
DATA 4,4 .,0,.566893424036,0

DATA 4.,5,0,.186184880494,,186184880494

DATA 4 .6 ,0,-.06883386897075,-.0699338837075

DATA 4,15,1 - 0347149905857 .8347149906857

DATA 4,15 l,.183850878555,-.183850975535

DATA 4,20,1,-.267630505722,.267630505722

DATA 4,21,1, 955108657131 ,-.855108657131

Lietttrii1 il Row/Column E CELEE R e ety
DATA 5.,5,1,.32337728364,.10262392793

DATA S .6, I,- 262922215048 .103016745283

DATA 5,7,1,-.254211554548,,0510773809802

DATA 5,8,1,.0914781725126,0

DATA 5,IS,0,.0897840705562,-.Q44235418!9!4

DATA 5,20,0,-.276324047244,.167501525476

DATA 5,21,0,.28845891447) ,.000594132862558

PLILLIN Ity Row/Columm F b U0 b bbb bt bnrinen
DATA 6,6,1,.333321393988,-.273298586424

DATA 6,7,1,.290995674509 ,-.214876283361

DATA 6,8,1,-.093065914028,.05878E668211474

DATA 6,16,0,-.0428255863778 ,0

DATA 6,20,0,.174036720164 ,.00737992993753

DATA 6,21,0,-.29377409633,-. 185808381849

OATA 7,7,1,.764487398141 ,-.0612867429647

DATA 7.8,1,-.53954100245¢ ,0

DATA 7,13,1,0,.0914781725126 '1111 1 AND 4

DATA 7,14,1,.0587868211474 ,-.@930659514028 /111 3 AND 4
DATA 7,19,0,0,.0676832193445

DATA 7.20,0,.103635317135,0

DATA 7,21,0,-.485418546828 ,~.0428370961158

DATA 7,22,0,0,.0466704801694 11111 1 AND 4

DATA 7,22,0,0,-.259283054222 111ttt 1 AND 4

IRt Row/Column H tHOUE LI L EE i bbb e st ittt
DATA 8,8,1,.764497398141 ,-.0612867429647 114111 1 AND 4

DATA B,13,1,.051@773809802 ,-.254211554548 1 3 AND 4

DATA 8,141 -,2148762B87361,.280995674509 '+t 11 3 AND 4

DATA B,19,0,0,-.366404054586

CA™A €,20,0,-.04E5704B01634,0

DATA E,21,0,.2592583054222,0

CATA 8,22,0,0,-.1Q3E3EZ17135 11t 1 AND 4

DATA E,23,0,.0428270961158,.485418546828 11111 T AND 4

[ T T T T S T I A O OO
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y

]

3

b

[ 1190 DATA 5,9,1,.566893424035,0

111¢ DATA 9,10,1,-.320683347477,-.320683347477

l 1120 DATA 9,11 ,1,.160341673739,.160341672739

1120 DATA 8,12,1,-.113378684807,0

1 1140 DATA 9,17,0,.333006762504 ,-.333006762504
1150 DATA 9,18,0,-.1838608765395,.18386@876535
1160 DATA 9,22,0,.0347149306857,-.0347148806857

Kk 117 [ I A B AR R | ROU/COIUMH J |!|!||!|!|!|l!l!ll!l!ll!ll[lllll‘lllll(llllllll
' 1180 OATA 10,10,1,.566893424036,.226757369615
1198 DATA 10,11,1,-.453514739229,-. 113378664807
4 1200 DATA 10,12,1,.320683347478,0
t 1210 DATA 10,13,1,.0805757038531,.0510728876983
Y 122 DATA 10,14 ,) ,-.0494507276469,0
»

1220 DATA 10,17,0,-.470942679895,.26001854527
1249 DATA 10,18,0,.470942679895,-.0430944106454
1250 DATA 10,22,0,-.226145200577,.0367387608386
1260 DATA 10,23,0,.0383677051534,0

Y 1270 14l Row/Column K FEUEEEE LU E i bbb i
' 1280 DATA 11,11,1,,.566893424036,.226757369615

b 1230 DATA 11,12,1 ,-.641366694954 ,0

4

1300 DATA 11,131 ,-.212232295405,~-,18272547925

1310 DATA 11,14,1,.09890@14552938,.04945072764689

1320 DATA 11,17 ,@,.28001854527 ,~.0480844106454

DATA 11,18,0,~-.470942679895,.0490944106454

DATA 11,22,0,.390842340703,-.201434900966

135¢ ODATA 11,23,0,-.0779354103188,.0289677051594

1360 vttt Row/Column Lo 10ttt n i ipattirtbptinnervnrtyrreeringnd
1370 DOATA 12,12,1,.566893424036 .0

1382 DATA 12,13,1,.186184880494,.185184880494

1390 DATA 12,141 ,-.0699338897075,-.0699338897075

DATA 12,17,0,-.03471499060857,.0347149%06857

1410 DATA 12,18,0,.183860876595,-.183860876595

1420 DATA 12,22,0,-.267630505722,.267630505722

1430 DATA 12,23,0,.055108657131 ,-.0551086571318

1440 Y11 Row/Column M Jh ity irrietonbenprinetbvnntinen
1459 DATA 13,13,1,.32337728364,.10262392793

146@ DATA 13,141 ,-,262922216048,.103016745283

t 1470 DATA 13,18,0,.0697840705662 ,-.0442304181914

1480 ODATA 13,19,0,-.2690845816889,0

1490 DATA 13,22,0,-.276334047244 ,.167501525476

1500 DATA 13,23 ,0,.28849914471,.000594132862558

1S1@ vttt Row/Column N F1EVLE T b E b L0 b B L Rty
152¢ DATA 14,14 ,1,,333321393988 ,-.273298586424

153¢ DATA 14,18,0,-.0428255863778,0

1540 DATA 14,19,0,.445083571317,0

1550 DATA 14,22,0,.174036720164,.00737992993753

DATA 14,22 ,0,-.29277408633 ,-.1858083818493

157@ Prrban ity Row/Column O dHt ittt b bttt ety
1580 DATA 15,15 .0 ,1.4043443166 ,-.280287304107

1592 DATA 15,16,0,-.280297304107,.0425170068027

1E8¢ [CATA 15,202,0,.0425170088027,0

1810 trtir it i Rew/Columm P bttt et ot r byttt iy
1E2C DATA 1E,1E,Q,1.404344218E,0Q

1EC2 [ATA FE 20,0 ,-.25€9E6289Z117,.031€167021827

£42 [DATA 1, 21,@,.@22747Q028%52,0

ESQ Pttt e v Row/Column G vt r i n i n b e

EEZ DATA 17 37 .,0,1.404344Z1EE -, 282287304127
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1670 DATA 17,18,0,-.280257304107,.0425170068027
1E8@ DATA 17,..,0 .0425170068027,0

169Q 111111411111 Row/Column R VibEvU LT EhibLny
1700 DATA 18,18,0,1.4043442166,0

1719 DATA 18,22,0,-.2509629383117,.03181670013907
1720 DATA 18,23,0,.03374702 595.,0

1730 1t Row/Column S VI ETR LN bR intn
1740 DATA 18,19,0,1,55488461455,0

1750 'DATA 19,19,0,1.00086799405,0 IDEUTERATED

1760 DATA 19,..,0 .022697122287,.022697123287

} 1770 DATA 18,27,0,-.148555354853 ,-.148555354853
178@ 1111010001100 Row/Column T (hibia LI
1790 DATA 20,20,0,.386448961524 ,-.16585112319

1800 DATA 20,21',0,-.188670742999,.0252538685337

[ B A R I A

LIS T T T I A O A O I

[ A A I N N

181@ 11101011y Row/Column U IR ELE LRt a b h bbb ittt
1820 DATA 21,21,0,.421776560109,.08299414965597

820 DATA 21,22,0,0,.0409343591762 !'/!111 1 AND 4

1840 SRR Row/Column U I EELLTTLE a0t et itar ittt ettt eiqqnnit

1850 DATA 22,22,0,.386448961524 ,-.16585112319

186Q@ DATA 22,23,0,-.1886870742999,.0252538685337

1870 ittt 1 01061 Row/Column W (10 s Tttt R0t eet ittt
1880 DATA 237,23,0,.421776560109,.0299414965597

1890 DATA 9888

1300 DATA 6 Matrix Loaded

1810 END

L O I I N A A A N N A )

T r¥yEX
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AR Cahnbcdindin e . Mt e e DR b R BN B8 a4

10 |||||||||||||||1|||||||||||||||||a||||x|||||||n||||||»1||||n|a|||||nlz||1»
") i F and G matrix elements for free base phthalocyanine used to calculate
3 ' BIg vibrations in gragram HZPCNCA.
4Q |II|IlIl|l||'||!|I||IlllA|Il|IIIIlll!lIll|l|||||11|II||0nl|!1|l\l'rn\<-|\p
59 !
[=1"] ||IlllliIIIIIllll!lllllllHlHlllHllllllIXlslxtn|rllnlrl'xnv:mvlum'ltu
70 I F matrix elements,
80 lII!I|III|I||IIll||||ll|t|I|l||l|l|||i||Il||||||!||l|llll|l|l~|l|||1l:.v1
90 !
100 DATA 1,1.,0,.119,0 ' Row/Column A.
110 DATA 2,2 .0, 119, ' Row/Column 8.
120 DATA 3.3 .0, 119,0 ' Row/Column C. 9
130 DATA 4.,4.0,.119,0 ' Row/Column D. A
140 DATA 5,5,0,.119,0 ! Row/Column E. 1
150 DATA 6,6,0,.113,9 ' Row/Column F. A
160 DATA 7,7,0,.119,@ ! Row/Column G. A
170 OATA 8,8.0,.119,0 ! Row/Column H.
180 DATA 9,9,2,.1139,0 ! Row/Column I.
. 190 DATA 10,19,0,.119,0 ! Row/Column J.
200 DATA 11,11,8,.119,0 ! Row/Column K.
210 DATA 12,12,0,.119,0 | Row/Column L.
220 DATA 13,13,0,.119,0 ! Row/Column M.
230 OATA 14,14.,0,.119,0 ' Row/Column N.
240 DATA 15,15.0,.3237,0 ! Row/Column Q.
250 DATA 16,16,8,.3237.8 ! Row/Column P.
260 DATA 17,17,0,.3237,0 ' Row/Column Q.
270 OATA 18,18,0,.3237,0 ' Row/Column R.
280 ODATA 19,19,0,.3237,0 ¢ Row/Column S.
290 DATA 20,20,0,.3237.,0 ' Row/Column T.
300 DATA 21,21,0,.3237,0 ' Row/Column U.
310 OATA 22,22,0,.3237,0 + Row/Column V.
320 DATA 23,23,0,.3237,0 ! Row/Column w.
330 DATA 9999
340 DATA F Matrix Loaded
2se !
360 |IIllll;llll|lllllll!lll)ll|ll||lll||||||l|||||||H||||l||||||||||||o||||‘
370 ' 6 matrix elements.
380 ll!l)!illllll!l!!!ll!!!!l!l!llnllli||ll||l|l|||l||H||l|||||u1||n||||||r
390 !
400 TIvirrrnent Row/Column A lll|l|l|||li||||n||||||||||||||||l(|l|||||r||‘.
410 DATA 1,1,1,.566893424036,0
420 DATA | ,2.,0,-.320683347477 ,-.320683347477
430 DATA 1,3,0,.160341673739,.160341672739
449 DATA 1,4,1,-.113378684807,0
' 450  DATA 1,15,1,.333006762504 ,- 331005762504
460 DATA 1 ,16,1,~-.183860876595,. 183860876595
470 DATA 1,20,1,.0347149906857,-.0347149906857
480 thirivivitiy Row/Column B L T T T o T I T O T T S T S SO R A T SR A T
499 DATA 2.2,0,.566893424036,.226757363615
t <09 OATA 2,3,0,-.453514739229,-.113378684807
< S1@ DATA 2,4,1,.320683347478,0
’ 520 DATA 2.,5,0,.0805797038531,.0519728876383

R L "..'_, Tt e T . AR L S S T L T A L P IUIANE
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s R _w_w_ -

S30 DATA 2,6,0,-.0494527276469,2

540 DATA 2,!5,1,-.4723426739835,, 26001854527

S5 paTA I, 1E,1,.4T224757399C ,-.2490344126454

559 0A™A 2,20,1,-.22B14B20Q0S77,.dIB7I87EQRISE

579 oAaTA 2,21 .3789877051534 .9

S39 lI|l|llll|IIl Row/Zolumn £ 1t it cn Vot

530 naTa 3 2 Q,.566832424025,.228757263€15 .
600 DATA 2.4 ,1 ,-.641366694354 .2

610 0ATA 3.5, B -.212222285405,-.18272547928

620 DATA 3,5, 0 .2989014552938,.0494507276469

630 DATA 3,!5 . 26001854527 ,-.04%03944106454 d
540 DATA 3,18,1,-.470942679895,.0‘9@944!@5454 :
650 DATA 3,20Q,!,.390842340703,-.201434300966 i
660 DATA 3,21 ,1 ,-.0779354103188,.03896770515934 -
670 PO i tb il Rows/Codumna D (v b1 it b e e bbb b b b bt b b e bbby <
680 DATA 4 4,1 ,.566893424036,0

690 DATA 4.,5,0,.1861684880434,.186184880494 .

700 DATA 4 6,0,-.0699338897075,-.069933889707S N
718 DATA 4 ,15,1,-.0347149906857,.0347149906857 -

720 DATA &,16,1,.18386@876595,-.183860876595 5
730 DATA 4,20,1,-.267630505722,.267630505722 .
740 DATA 4.,21,1,.0551@8657131 ,-.855198657131 -
750 Tttty v b ROU/COluMﬂE L T T T O T T T T T O T T T T T O A Y 4

76@ DATA 5,5,0,.32337728364,.10262392793

77@ DATA 5,6,0,-.262922216048,.103016745283 .
780 DATA 5,7,0,-.254211554548,.0510773809802

79¢ DATA S 8,0,.09!4781725!25.0 .
800 DATA 5,16,1,.0697840705662 ,-.0442304181914 N
810 DATA 5.20.1.-.276334047244 .. 167501525476 .
820 DATA 5.,21,1,.28849914471 ,.000594)32962558 g
83@ |Illl|llIlIIRQw/ColunnFlOIllllIlHlllIlllll|IlIl|||||llllllll!lllltHl -
842 DATA 6,6,0,.333321393988,-.273298586424 .
850 DATA 6,7,0,.290995674509,-.214876283361 -
860 DATA 6,8,0,-.093065914028,.0587868211474 .
87¢ DATA 6,16,1 -.0428255953778,0 i
88@ DATA 6,20,1,.174036720164,.00737992993753 .
899 DATA §,21,1,-.29377409633,-.185808381849

900 llll||IIIIIIRo“/ColunnGlIIIlIIIllIII!IIIIHIIl(Itllll'lllllil!llllllll :
910 DATA 7,7,0,.764437398141 ,-.9612B67429647 Ny
920 DATA 7,8,0,-.599541002456,9 .
930 DATA 7,13,0,0,.0914781725126 1111 | AND & .
940 DATA 7,14,0,-.0587868211474 ,-.0930659514028 ''1t1 3 AND 4 :

95@ DATA 7,19,1,0,.0676832133445
360 OATA 7,20,1,.103635317135,0

Y
970 DATA 7,21,1,-.485418546828,-.0428370961158 ~
980 DATA 7,22,1,0,.04667048016394 1111 Y AND 4 >
990 DATA 7,23,1,0,-.2532930S4322 11111 1 AND 4 -
1200 Tty Row/Column M 1L bbb v bbb e b n ety bbbty (]
1010 DATA 8,8,1,.764497398141 ,-,0612867429647 11111 1 AND 4 )
1020 DATA B8,13,2,-.0510773809802 ,-.254211554548 1117 3 AND 4 >
1030 DATA 8,14 ,0,.214876283361,.290995674509 '+ 111 3 AND & :

1040 DATA 8,19,1,0,-.365404054536 .

1050 O0ATA 8,20,1,-.0466704801694 .0 K

106@ ODATA 8,21 ,1,.259293094322.,9 .

1070 DATA 8,22,1,0,-.103635317135 1114t 1 AND 4 -

1080 DATA 8,23,1,-.0428370961158,.485415546828 1111 3 AND 4

1990 Pttt Row/Column I Tt vty bbby e

P T U - PR RS -
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1190 CATA 3,3,0,.S65893424836,0

111Q QATA 3.1@,0,-.200633237477 -, I10B82247477
1129 DATA 9,1»,a,.1503415‘2*:3,.'aa341573"29
"12Q CATA 9,12,0,-.112278€84807 .2

1149 OATA 9.17,!,.332006762594 ,-. 222006752504
1159 QATA 3,18,1,-.183860876595,. 133560878338
1169 ODATA 3,22.1,.93471493906857 ,-.2247143596857
117e PEav 000 Row/Column J vivpet it
1180 CATA 1Q,10,1,.566893424036,.226757369615
1199 DATA 19,11 1 ,-.453514739229,-.112378684807
1200 DATA 12,131 ,.0805797038531,.05127298876982
1219 UATA 19,14 ,1 ~,0494507276469 .0

1220 DATA 10,17 ,0,-.472942679835,..6001854527
1230 DATA 10,18,0,.470942679895,-.0450944106454
1240 DOATA 10,22,0,-.226146200577,.0367387608396
1258 0ATA 10,23.0,.8383677051594,@

126@ 1111t i1l Row/Column K Vit triaiinrtiii
1270 DATA 11,1} 1 . SB66893424036,.22675736961S
1286 DATA 11,131 ,-.212232295405 ,-.1827254792§
1290 DATA 11,14 ,1,.0989014552938,.0494507276469
1300 DATA 11,17,0,.26001854527 ,-.0430944106454

1310 DATA 11,18,0,-.470942679895,.0490944106454
1320 DATA 1) ,22,0,.390842240703,-.201434900966
1330 DATA 11,23,0,-.0779354103188,.03839677051594
13490 110510010011 Row/Column L VIV L LRIV LRIy
1350 DATA 12,12,0,.566893426036,0

1360 OATA 12,13,0,.186184880494,.186184880494

1370 DATA 12,14,0,-.0699338897075,~-.069933889707%S
1380 DATA 12,17,1 ,-.0347149906857,.0347149906857
1330 OATA 12,18,1,,183860@87659S,~.183860Q876535
1400 DATA 12,22,1,-.2676830505722,.2676305085722
1419 DATA 12,23,1,.055108657131,-.0551086571318
1429 t1iititiiitt Row/Column M t1d it biti e
1430 DATA 13,13,1,.32337728364,.10262392793

1440 DATA 13,14,1 ,-.262922216048,.103016745283
1459 OATA 13,18,0,.0697840705662,-.02442304181914
1460 OATA 13,19,1 ,-.269084316899,2

1470 DATA 13,22,0,-.276334047244,,167501525476
1480 DATA 13,23,0,.28849914471,.000594132862558
1499 i1ttt 0110 Row/Column N 1B d iyttt
1500 OATA 14,14,1 ,333321393988,~.273298586424
1510 DATA 14,18,0,-.0428255863778,0

! 1520 DATA 14,19,1,.445083571317,0
4 1530 OATA 14,22,0,.174036720164,.0073799299375S3
; 1540 DATA 14,23,8,-.29377409633,~,185808381849
. 1550 T1TEIEr i1t bl Row/Column Q t1ibanidtictatvrd
: 1560 DOATA 15,151 ,1,4043443166 ,-.280297304107
' 1S7@ DATA 15,16,1,-.280237304107,.0425170068027
- 1580 OATA 15,20,1,.0425170068027,0
1599 Pifteiitiititl Row/Column Pttt
16Q@ DATA 16,16,1,1.4043443166,0
1610 DOATA 16,20, ,-.250962993117,.0318167001307
1628 O0ATA 16,21,1,.0337470225952 .0
1630 Prirtrviirryy Row/Column Q vt

1640 DATA 17,17 ,0,1.4043443166 ,-,280297204107
165@ DATA 17,18,0,-.280297304107,.0425170068027
166@ O0ATA 17,22,0,.0425170068027,2
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]

b

E 1578 tttretrrai RowsColuma ROTTETTETEETE LR T bbb L v
1239 DATa 13 19 2,1.4043443166,0
1539 CATA '5,22,0.-.2%5098293%i17,,22181670201527
1723 CATa 123,23,2,.0227470225852,0

' 171 st ey Rew/Calumn SO PTEREENLR R R DT e e i

r 1772 DATA 13,19,1,1.55488461455,0

: 1722 OATA i9,22,0,.022697123287,.022637122237

b 1749 [ATA 13,23 .0,-.148555354853,-. 146555354853

l 17592 Pittiin it Row/Column T t0r bt bbby vt it b bbbyt
1760 DATA 20,20,!',.386848951524,-,165851123189

! 1779 DATA 20,21,1,-.188670742399,.0252538685337

L 178Q 1strdditit) Row/Colump U 11ttt ittt bttty

: 17390 DATA 21,21,1,.421776560109,.0293414965597

E 1800 DATA 21,23,1,0,.0409943591762 ''tt1 | AND &
181@ tritvirttiit Row/Column V FETH T CETEEE bR TR E ittt bt ittt otynt
1820 DATA 22,22,0,.386448961524 ,~,18585112319
1830 0OATA 22,23,0,-.188670742999,.0252538685337

: 184@ 1ttt tittiitl Row/Column W tH it bttt it bttt bbbttty
1850 DATA 23,23,0,.421776560109,.0299414965597
186@ DATA S999

z 1870 O0OATA 6 Matrix Loaded
188@ ENO

]

4

J

]

]

]

"

]
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10 EEEEEEEEEEREEEERERR RN A RN N N N N N NN
2 I F and 6 matri« elements for free base phthalocyanine used to calculate
30 ' Blg vibrations i1n WIPCNCA.
40 IIIlllllllllIllIIIlIIlllII!Illlll‘lllllllllllll!lIllll:lill‘ll.llllllwr1|-
S !
50 L T T T T T T T T U T T T T T T T T T T e T T T S T O T I O O A O B
70 ! F matrix elements.
80 LI T T T T O T T T T T T T T T T T T 2 T A T T T A B B R A
99 !
100 DATA 1,1 ,8,.119,0 ' Row/Column A,
1@ DATA 2,2,0,.119,0 ! Row/Column B.
120 DATA 3,3,0,.119,0 ! Row/Column C.
130 DATA 4,4 ,2,.119,8 ' Row/Column O.
140 DATA 5,5,0,.119,0 ! Row/Column E.
150 OATA 6,6,8,.119,0 ! Row/Column F.
16@ OATA 7,7,0,.119,0 ! Row/Column 6.
170 DATA 8,8,0,.119,0 ' Row/Calumn H.
180 DATA 9,9,0,.119,0 | Row/Column I.

("}

190 DATA 10,'0,0,.119,0 ' Row/Column J.
200 DATA 11,11,0,.119,0 ¢ Row/Column K.
219 DATA 12,12,0,.113,0 ! Row/Column L.
220 DATA 13,13,0,.119,0 ' Row/Column M,
230 DATA 14,14.,0,.119,0 ' Row/Column N.

248 DATA 159,15,0,.3237,0 ! Row/Column 0.

250 DATA 16,16,0,.3237,0 ! Row/Column P,

260 DATA 17,17,0,.3237,0 | Row/Column Q.

270 DATA 18,18,0,.3237,0 ! Row/Column R,

280 DATA 19,19,0,.3237,0 ! Row/Column S,

290 DATA 20,20,0,.3237,2 ! Row/Column T,

300 0ATA 21,21,0,.3237,0 ¢ Row/Column U.

310 DATA 22,22,0,.3237,0 ' Row/Column V,

320 DATA 23.,23.0,.3237,0 ! Row/Column W,

330 DATA 9999

340 DATA F Matrix Loaded

359 !

369 NN RN RN RN RN RN R R AR R R R RN R R AR AR R
370 | 6 matrix elements,

780 AR R R R R R R R R RN R R R R RN RN R RN ERERRRRRRREE
390 !

400 PETR I i) Row/Columa A THEL LT EEE LV bt E bR b i b ity ity b

419 DATA 1,1,1,,566893424036,0

420 DATA 1,2,0,-.320683347477 ,-.320683347477
430 DATA 1,3,0,.160341673739,.160341673739

449 DATA 1,4,1,-.113378684807,0

450 0ATA 1,15,1,.333006762504 ,-.333006762504
460 DATA 1,16,1 ,-.183860876595,.183860@876595
470 DATA 1,20,1,.0347145906857 ,-.0347149906857
480 PEETHI0 111 Row/Column B Vb b bbb bbb e vt
430 DATA 2,2,1,.566893424036,.226757369615

500 DATA 2,3,1,-.453514739229,-.113378684807
5190 DATA 2,4,),.320683347478,0

520 DATA 2,5,1,.0805797038531,.051Q0728876983

2
2
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530 DATA 2,6.1,-.0434507276463,0 -
540 DATA 215 .2 ,-.470342679895,.25001854527 -
59 DATA 2.16,2,.470942673895,-.0430344106454 P
S5@  CATA 2.70.0.-.226146200577,.036738762€3365 g
570 DATA 2.21,@,.0389677251594,0 b
589 IlllillilllllRou/ColunncI!Illll([lllllll.llllliltllv‘ill'“I-‘<v:.x. ﬁ
550 CATA I.3,1,.566893424036,.225757369615 ﬁ
§0@ OATA 3.4,1,-.541366634954 0 ﬁ
§10 DATA 3.,5,1,-.212232295405 ,-.18272547925
520 DATA 3 5,1 0989014552938 , . 0494507276469 g
5§30 DOATA 3.15.0,.-6001854527 ,~.0490944 106454 A
540 DATA 3,15, o -.470942679895,.0430344 106454
5§50 DATA 3.20,0,.390842348703,-.201434300966
§6@ DATA 3,21.0,-.0779354103188,.0383677051534
670 Pretrerv bt Rou/C°lunn 0 l'lllllllllllllllllilllllllllllllllillIlll|l|I|
§8@ DOATA 4,4,1,.566893424036,0
6§90 OATA 4.5,0,.186184880494,.1861848680494
709 DATA 4,6,0,- .063933889707S ,-. 0639338837075
719 DATA 4,15,1,~.0347149906857,.2347149306857
72@ OATA 4,16,1,.18386@876595,-. 193860876595
730 OATA 4.20,1,-.267630505722,.267630505722
740 DATA 4,21,1,.055108657131 ,~.055108657131
750 trrerrrrr Rau/ColunnEllll]!]!!)}!!!llllllllllll!lll!!!!!!!!!IlllllIl
760 OATA 5,5,1,.32337728364,.10262392793
770 OATA 5.6,1,-.262922216048,.103016745283
780 DATA 5,7,1,-.254211554548,.0510773809802
799 DATA 5.8,1,.2914781725126,0
80@ DATA 5,15,0..0697840705662,-.0442304181514
818 DATA 5.20.9.-.275334247244 .. 167501525476
820 DATA 5.21.0..28849314471 ,.000534132862558
830 111 iiiiriit) Row/Columm F o4 itiia i itg bbbttt b i i e i
840 DATA 6,6,1,.333321393988,-.273298586424
850 DATA 6,7,1,.290995674509,-.21487628336)
86@ DATA 6,8, ,-.093065914028,.0587868211474
870 DATA 6,16,0,-.0428255863778,0
880 DATA 6,20,0,.174035720164,.00737992993753
890 DATA 6,21.0,-.29377409633,-.185808381849
900 FR0EE i1y Row/Column 6 HHERRLE R LEN LRIVttt bibvisnenenny
910 DATA 7,7,),.764497338141 ,-.0612867429647
320 DATA 7,8,),-.599541002456,0
932  DATA 7,13,1,0..0914731725125 11111 1 AND 4
949 DATA 7,14,1,-.0587868211474 ,-.0930653514028 (1111 3 AND 4

959 DATA 7,19,0, 0 .0676832193445

86@ DATA 7,20,0,.103635317135,0
970 DATA 7,21,0,-.485418546828,-,0428370961158
; 380 DATA 7,22,0,0,.04656704801694 1111} 1 AND 4
‘ 990 DATA 7,23,0,0,-.259293@54322 '111) 1 AND 4
1000 Frveatnnn bt Row/Column M THH LI L0V ER LTI T L E R ey b v bbbttt
1919 DATA 8,8,0,.754437398141 ,-.0612867429647 "'111 1 AND 4
182¢ DATA 8,13,1,-.0510773809802,-.254211554548 111+ 3 AND 4
1030 DATA 8,14 1 .214875283381 .290395674509 1111 3 AND 4
1240 DATA 8,19, 0 9. 35540‘054596
1050 OATA 8,20 0,- 0466704801694 ,0
196@ DATA 8,21 .9,.259233054322 ,0
1078 DATA 8,22,0,0,-.1036835317135 11111 1 AND 4
108¢ DATA 8,23,0,-.0428370961158,.485418546828 1111 3 AND 4
109Q LN T I T I = 7 Y4 o7~ N Y. T (R I T T T L A A B I A S O
O T L S S S S A N R R IR IS SN S .-3
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1180 DATA 9,9,1,.566893424036,0 e
111@ DATA §,10,0,-.320683347477,-.220683347477 e
1129 CATA 9,'1,0,.180341673739,.15934167373
1122 DATA §,12,1,-.113378554807,0 y
1139 CATA 9,17,1,.333006762504 ,~.333006762524 N
1159 [OATA §,18,1,-.183860876535,. 183860876555 e
1160 CATA §,22,1,.03471439306857 ,-.034714990E857 .
1]7@ |||H||11H||R°u/column_jHIIHIIHIIIIHIHHIl|I||4wu(lltnll .... tl -f
11590 DATA 12,12,0,.566893424036,.226757369615 -
1199 DATA 10,11 ,0,-.453514739229,-.113373684807 R
1208 DATA 10,12,1,.220683347478 ,0 -:'
121@ DATA 10,13,0,.0805797038531,.0510728876983 Y
1220 DOATA 10,14 ,0,-.0494507276469,0 N
1230 DATA 10,17,1,-.4709426798985,.26001854527 N
1260 DATA 12,18,1,.470942679895 ,-.0490944 106454 ~
1250 O0ATA 10,22,1,-.226146200577,.0367387608396
1260 DATA 10,23,1,.03839677051594,0
1270 trrintnib i) Row/Column K VHE LR L bbb bbbttt ettty :
1280 DATA 11,11,0,,566893424036,.226757369615 e
1299 DATA 11,12,1,-.641366694954,0 .
1300 DATA 11,13,0,-.212232295405,-.18272547925 T
131@ DATA 11,14 ,0,.0989014552938,.0494507276469 .
1320 DATA 11,17,1,.26001854527,-.0490344106454
1330 DATA 11,18,1,~.470942679895,.0490944106454 s
13490 DATA 11,22,1,.390842340703,-.201434900966 N
1350 DATA 11,23,1,-.0779354103188,.0389677051594 -9
1360 11t ter i) Ro/Column L P URTE N R AN b R e
1370 DATA 12,12,1,.566633426036,0 o
1380 DATA 12,13,0,.185184880494,,186184880494 .
1390 DATA 12,14,0,-.0699338897075.-.0699338897075 .
1400 DATA 12,17,1,-.0347149906857,.0347149906857 o
1410 DATA 12,18,1,.183860876595,-.183860876595 N
1420 DATA 12,22,1,-.267630505722,.267630505722 &2
1430 DATA 12,23,1,.055108657131,-.0551086571318 »j
1440 1V 0100004 ) Row/Column M 1HEE LIV L g it et by tf
1450 DATA 13,13,0,.32337728364,.10262392793 -
1460 DATA 13,14,0,-.262922216048,.103016745283 ~8
1470 DATA 13,18,1,.0697640705662,-.0442304181314 o
1480 DATA 13,19,1,~.2690849168%9,0 S
1490 DATA 13,22,1,-.276334047244,.167501525476 L
1500 DATA 13,23,1,.288439914471,,.000594132862558 o
IS]Q ||||lll|!|l!!Rou/colunnN!!|!|l||||_|_||l|!ll|||||||Il|||l|l||||l!llllll|| _\'_
1520 DATA 14,14,0,.333321393988,-.273298586424
1539 DATA 14,18, ,~.0428255863778,0 o
1540 DATA 14,19,1,.445083571317,0 .
1550 DATA 14,22,1,.174036720164,.00737992993753 S
1560 DATA 14,23,1,-.29377409633,-.185808381849 o)
]570 li!llll!ll!l!RoU/c°1unn0lllllllllllllllll_HllllllllIIIHlIllIIIIIIIIH' _
1580 DATA 15,15,0,1.4043443166 ,-.280237304107 e
1590 DATA 15,16,0,-.280297304107,.0425170068027 N
1600 DATA 15,20,0,.0425170068027,0 {t
181@ vt hrtti1t Row/Column P LEEA LU RN L0 bR bbb bbb )
1620 DATA 16,16.,0,1.4043443166,0 o
1630 DOATA 16,20,0,-.250962993117,.0318167001307 5;
1640 OATA 16,21,0,.0337470225952,0 N
IESQ [ A A A ] RDU/CO].UMHQ | T T S T T T T T T T T T T T T O T O T PR Y
DATA 17,17,1,1.4043443166 ,-.280297304107 .
®
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330
1870 CATA 17,13,1,-.:30237304107,.0425178068627
1523 [CATA 17 221, .Q425172068027,0
18§53ttt Bo/Cojumn BNV R T EE LR e !
1T22 DATA 18,13,1,1.40434435168,0
) 2ATA 18,221 ,-.250962993117,.2318167001327
1723 [ATA 18,23,1,.223747Q225352,0
1733 ot bt Row/Column S B E R n b e b .

174Q [ATA 18,19,0,1,55488461455,0

1759 DATA 19,22,0,.022687123287,.027687123287

176@ DATA 19,13,0,-.148555354853 ,-.148555354853
177@ citet ittt Row/Columa T 10 bt iy
1790 DATA 20,20,0,.386448961524 ,-.16585112319

17390 DATA 20,21,0,-.188670742999,.0252538685337

18@@ t1ratittiitet Row/Column U H TV vt v v b b b b i 0e 0t tqatny
1818 0ATA 21,21,2,.421776560109,.2299414965597

1820 DATA 21,23,0,0,.04093943581762 t11+1 1 AND 4

1830 vttt Row/Column V v Uit i b bt bbb bbb i ittt

1848 DATA 22,22,1,.386448961524 ,-.16585112319

1850 GOATA 22,23,1,-.188670742999,.0252538685337

186@ 11t i1 Row/Column W P E R BRI e e i
1870 DATA 23,23,1,.421776560@109,.0299414965597

1880 DATA 9899

1838 OATA G Matrix Loaded

1880 END
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b o i Cmmmm o s T T T T T T T T T T T T T s e e
oy I C Program: 3DHRRA
o >
h 49 C This program calculates vadW torsional modes for benzene(methane)! type
3 50 ! C clusters. The torsional modes are calculated for a specified
80 ! C torsional barrier height and torsional potential form. The
: 70 ! C torsional modes are treated using rigid rotor
' 80 C symmetric top wavefunctions as a basis set. Under free rotation, these
‘ 30 ! C wavefunctions are sclutions to the spherical top Schrodinger eguation.
109! C Upon application of the torsional potential, the torsicnal mode
110! C eigenvalues are obtained by diagonalizing the energy matrix
[- 1201 C which describes the hindered rotational/librational motion.
b 130! Cmmmmmm e e e e e S e e e e e e e e e e e e e e e e e m——-
] 140! c
. 150 ! PROGRAM 3DHRRA
6@ ' C
170 | Commmmrmmm e m e s e e e e e e e e e e e e e e et mmmcccee— -
180 ¢ C A(+)=Energy matrix to be diagonalized.
199 ' C D(+)=Diagonal alements of tridiagonal matrix, or eigenvalues of
"200 ! C diagonalized matrix.
210 1 C E(s)=Subdiagonal elements of tridiagonal matrix.
220 ¢ C ZAP(#)=Qrthogonal transformation matrix to tridiagonalize A(e),
230 | Commmmmm— e e e e e e e e e e e e e e ceace—~ o=
) 240 ! C
' 250 ! DIMENSION A(E680,680),0(680),E(680),7AP(680)
b 260 ' C
+ 3 270 L e e e o o o e o e e e 2 o e e e e e e e e - -
f 280 ' C ldentifies external functions for integrations subroutine.
b=l B I o e il D e L DL P
00t C
- 310 ! EXTERNAL THINT XINT PHINT
3 320! C
. 330 | Ce=m———mmmcme s e m e m e r s o crcmeccecene e
; 340 ! C Sets up common blocks.
' BEQ | G m oo e
3@ ' C
; 378 COMMON /B1A/A/B2IZAP/1AP/B30D/0/B4E/E/BSF/RJ ,RK ,RM ,CJ ,CK ,CM
; 380Q ! + ,IA,28,2C,20,7E,ZF 26 ,1H FLG)
390+ C
400 | (---=~mmrecmcmcccccce e e r e cncrrncc e e e e ce e c e rccccem—c =~ .
41@ ' C Declares integers.
420 ! (Cremmeccrc e cccc e e e m e rc e mccc e c e m e —t e s e e e — e . e - ———————
430 1+ C
440 INTEGER RE ,CE ,ROWTOT ,ORDER ,EJ ,EIGVLE,SJ,7,FLG!
450 ' C
46@ | (C-m-mmmemeecmc—mece e eemmeeme e e ——ememmememmmemeemememe—mm——————————
470 ' C Determines the order of the energy matrix in terms of J quantum number.
480 ! C Sj=Starting J level.
490 ' C EJ Ending J level.
=1L T S i Tt T e D T
ste ' C
s G20 ¢ SJ-@
1]
]
R T AR 7 T 1 T 1 P10 S G T AT R AN
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530 ! El=7
54Q ! QRCER=Q
S5Q ! DO 19 Z20,EJ
SeQ ! OROER=ORDER+\_°Z+I)'°’
570 ! 19 CONTINUE
580 !
8§30 ! Crrmm=o st e e e e e mee e em e --
60@Q ! Initializes the energQy matrix
10 | Cmmmmm oo s e e e e e et
620 !
830 ! DO 85 I=1 ,0ROER
640 ! 00 86 J=1,]
650 ! ALL,J)1=0.9
656Q ! 86 CONTINUE
670 ! 85 CONTINUE
680 !
B30 | Commmemome oo e s
700 !} Maximum size of energy matrix
A B e e T g g IO
720 !
730 ! ROWTOT=580Q
740 |
7SO ! Commmmm s e
760 | Torsional barrier height in wavenumbers
770 | G m e e e e e e e e e — e =
780 |
790 ! UPERT=SQ0
800 !
B1@ | Cmmmmm e e e e a e
820 ! Effective internal rotational constant for cluster in wavenumbers
BI@ ! Lot e e e emm——e e eea
840 !
8sQ ! ROTCA=2.6025
860 | PI=3.1415%827
870 |
BB8Q ! Commme o et
8g0 ! Determines matrix row alement i1n question
900 ! Cmmm e e e et em
310 !
920 ! 00 | RJ=SJ EJ
330 ¢ D0 2 RM=-R] RJ
940 DO 3 RK=-RJ ,RJ
959 ! RE=Q
960 ! DO 4 7=0,RJ
370 ! RE=RE+(22(7=1)+1)ee2
98@ ! 4 CONTINUE
998 ! RE=RE+RK+RJ+(2eRJ+1 )o(RM+RJ)
1000!
T O e m e e e e e e e e
19201¢ Determines matrix column element 1n guestion
L L et e T U
10401
10591 00 S CJ=SJ,EJ
1060Q! 00 6 CM=-CJ ,CJ
19791 00 7 Ck=-CJ,CJ
1980 CE=Q
1090! 00 8 Zz=0.,CJ
11001 CE=CE+(2e(Z-1)41)0e2
111! 8 CONTINUE
1zen CE=CE+CK+CJI+(2eCI+1)+(CM+CJ)

AN N N e
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11300 C
] 14Q1 Commm=mmmmm s s oo o e T e e m oo —e e oo
1169+ C Irputs diagonal matrix elements into Al»),
118@! C-=-m=--ss-ssscccccmcannmo - T o" bbbttt e
11790
118Q" IF (RE.EQ.CE) A(RE ,CE)=ROTCA*RJ(RJ+1 )+UPERT/Z,
| 1139 IF (CE.GT.RE» GO T0 7
12207 C
12101 (ommmmm e e e e e o T S T e e e —me -
1220t C Selects possible nonzero off-diagonal matrix elements 1n Ale),
123Q@)  Crmmmermmmm e m e e e S T e TS S s e—s—o—e----
1240t C
b 125Q! IF(ABS(RJ-CJ).LE.2.AND.ABS(RK~CK).EQ.2.AND.ABS(RM-CM) EQ.
! 126@! « 1) G0 TO 18
1270! G0 T0 7
128@! C
129Q1 Commmmmrrmr e e e e e e e e oSN eSS e s oo s —mes—no -
1300t C Calculates normalization constants for matrix elements,
{ TR AT LI e et
3 13201 C
4 1331 18 ZA=(2+RJ+1)/8/P1/P1
{ 1349 DO 3 Z=RJ+RM,2,-|
13591 IA=7Ae2
1360 9 CONTINUE
1 13791 IA=SQRT(ZA)
J 13801 18=1
p 13900 D0 19 Z=RJ-RM,2,-1
i 1400! 1B=1Be?
1411 1@ CONTINUE
14201 28=SQRT(ZIB)
1430! IC=i
14401 DO 1t 2=RJ+RK,2,-1
145Q! IC=1ICeZ
14601 11 CONTINUE
L 147@1 2C=SQRT(ZC)
14801 10=1
1499! 00 12 Z=RJ-RK,K2,-1}
1500! ID=7D+Z
4 15101 12 CONTINUE
b 1529! ID=SQRT(ZD)
b 1530! IE=(2+CJi+1)/B/P1/P1
{ 1549 D0 13 Z=CJ+CM,2,-!
15501 lE=ZEeZ
1560! 13 CONTINUE
1570! ZE=SQRT(ZE)
15801 IF=\
] 1590! DO 14 Z=CJ-CM,2,-1
1600! IF=7F 7
1619Q! 14 CONTINUE
1620! IF=SQRT(ZF)
18301 16=1
16401 DO 1S Z=CJ+CK,Kk2,-1
1650! 1G=1G+27
166Q¢ 1S CONTINUE
1670 1G=SQRT( 26)
168Q! IH=1
16901 DO 16 Z=CJ-CK,62,-1
1700! IH=ZHe?
17108 16 CONTINUE

!
E

17201 ZH=SQRT(2ZH)




2200
2310

@
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C
C ---------------------------------------------------------------------
C Integrates over theta, phi, and ch1 coordinates
C

D0 17 FLG!=0,0
c
C ——————————————————————————————————————————————————————————————————————
C Integration over theta coordinate betuween ® and p1
C ----------------------------------------------------------------------
C

P=0

B=PI

EPSABS=1 .E-6
EPSREL=1.E-6

C Subroutine: STIT

c

C This subroutine calculates an approximation result to a given definite
C integral. The function to be integrated 1s named THINT.

C The subroutine is from QUADPACK, a FORTRAN subroutine package for the

C numerical computation of definite | dimensional integrals.

C Authors: Robert Piessens and £lise de Doncker, Appl. Math. and Progr.

C Div. - K.U. Leuven,

C The subroutine name in QUADPACK is QNG.

(L e Lo Lt ———— - -~ - - - -

CALL STIT(THINT P ,B ,EPSABS ,EPSREL ,RESULT ,ABSERR ,NEVAL ,IER)
CADRE 1=RESULT
IF (CAORE!.EG.Q@) GO TC 2@

c
C ......................................................................
€ Integration over chi coordinate batween @ and 2¢pi
C ...... - " - - - - - - - - - - . W - - - -
c

P=Q

B=P]e2

EPSABS=1.E-6
EPSREL=1.E~B

C Call subroutine STIT to integrate over the function XINT,

C- - - . " - - . " - o - - - - - ——

c

CALL STIT(XINT,P,B ,EPSABS EPSREL ,RESULT ,ABSERR ,NEVAL ,IER)
CADRE2=RESULT
IF (CADREZ.EQ.Q) GO 7O 20

c
c ......................................................................
C Integration over phi coordinate between @ and Z2+p:
c ______________________________________________________________________
P=0
B=pPle2

EPSABS=1 ,E-6
EPSREL=1.E-6
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CALL STIT(PHINT P B, 6EP3ABS,EPSREL ,RESULT ,ABSERR NEVAL ,(IER)
CADREI=RESULT

~@ CAGRE=CADRE! «CADREZ «CADRES

IF (ABS(CADRE:.LT.1.E~-6) CADRE=0

I[F (A(RE,CE).NE.Q) A(RE ,CE)=A(RE ,CE'-CADRE«VUFERT/2.

IF (A(RE,CE).EQ.2) A(RE,CE)=CADREe(-1.)*UPERT/Z.

CONTINUE

CONTINUE

CONTINUE

CONTINUE

CONTINUE

CONTINUE

CONTINUE

E1GVLE=ORDER

IF (ORDER.GT.200) EIGVLE=20Q

-~

— Lo g —

- - o - - - - - - - - " - " = " " - - o =

Subroutine: TDIAG

This subroutine reduces a real symmetric matrix to a symmetric
tridiagonal matrix using and accumulating orthogonal similarity
transformations.

The subroutine ts from EISPACK, a collection of FORTRAN subroutines
for eigenanalysis aof matrices.

The program is called TRED2Z in EISPACK.

Authors: Martin, Reinsch, and Wilkinson, Num, Math. 1}, 181-1585(1968).

- - = - - - - R T - - - . > —— > - - - . - . . - - - -

- —— - - - - . - - - " - ——

Subroutine: DIAGIT

This subroutine finds the eigenvalues of a symmetric tridiagonal
matrix by the implicit QL mathod.

This subroutine is from EISPACK.

The subroutine is named IMTQL! in EISPACK.

Authors: Martin and Wilkinson, Num, Math. 12, 377-383(1968). Modified
by DuBrille, Num, Math. 15, 450(1979).

o = -

e " - S > e = A e N A A D e P - = = - - - - — - -

- - — - — 0 D = 4D - - - - = - - - - " - - - - = -

PRINT 90 ,0RDER,VPERT ,ROTCA
90 FORMAT(/// ,1X,"MATRIX ORDER = ' IS, 10X,' POTENTIAL = ' F10.5,
* 1@X,"ROTATIONAL CONSTANT = ' F10.4,/)
PRINT 91 EIGVLE
31 FORMATC(IX,'FIRST ' ,15," EIGENVALUES:®,/)
PRINT 80,(0¢I),I=i EIGVLE)
80 FORMAT (10Q(1X ,F10.4))
PRINT 86 ,EIGVLE
96 FORMAT (///,1X%,'FIRST ' 15," EIGENVALUES RELATIVE 7O Z.P.:' /)
DIFF=D(1)
PRINT 97 (D(I)-DIFF I=} EIGVLE)
97 FORMAT (1Q(1X ,F10.4))
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f
4
4 2332 ¢ 3TQP
: 25949 ! END
285 ' C
2880 | Cmmmmmmmm oo e e o S T e e T T T TS TS TTrssoscs--e—-
Y 237Q ' € Function: THINT
) 2382 ¢ C
b 2390 ' C Part of the symmetric top wavefunction that depends cn treta,
h 3900 ' C Also contains the theta component of the torsional potentiai.
5 J012 ' C This function i1s 1ntegrated tetween the range of @ and p1 by STIT,
' TQTQ | Cmmmmmm e e e e e oo see e
. Je3e ' C
7040 ¢ FUNCTION THINT(X?
. 3050 ! COMMON/BSF/RJ ,RK ,RM,CJ ,CK ,CM,IA,28B,2C,2D,ZE,2F ,26G,IH ,FLG]
>, J060 1! INTEGER FIRSTR,FINR,S,Z ,FIRSTC ,FINC
v J070 ¢+ C
R I o e i e e bt L DD e L L DL
h 3080 ! C Theta componant of the symmetric top wavefunction.
3100 ! Com—=mcmmemrmcr e r e e e e e e e e e m e e e e —c e r e~ e a -
N 3110 ' ©
. 3120 ¢ FR=0
N 3130 FIRSTR=0
N 3140 IF(-1¢(RK+RM).GT.FIRSTR) FIRSTR==¢(RK+RM)
) 3150 ¢ FINR=RJ-RM
3160 ! IF(RJ-RK.LT.FINR) FINR=RJ-RK
> 3178 ! D0 1 S=FIRSTR,FINR
- 3180 ! S1=RJ-RM-S
- 3190 ! S2=RM+RK+2+S
-, J2eQ ! §3=2+RJ-RM-RK-2+S
" 3210 ! Fla-t
‘ 3220 IFCINT(S1/2).EQ.51/2) Fle)
3230 ! F2=C0S(.5+X%)
j 3240 ! IF(ABS(F2).LT.1.E~9) F2=0
ﬁ 3250 IF(FZ.EQ.0.AND.52.EQ.0.) F2=1
~ 3260 ! IF(F2.EQ.Q9.AND.S2.EQ.Q.) 60 TO 2
N 270 F2eF2se52
y 3280 ¢ 2 F3sSIN(.S5eX)
3290 ! IFCABS(F3).LT.1.E~-9) F3=9
N 3300 ¢ IF(F3.EQ.2.AND.S3.EQ.Q) F3=1
- 3310 ! IF(F3.EQ.@.AND.S3.EQ.2) 60 T0 3
:. 3320 F3sF3eeS3
N 3330 ! 3 Il=FleF2eF3
: 3340 ) IIR=1A
- 33509 ! DO &4 ZI=5,2,-t
3360 ! IIR=IIR/Z
» 3370 v 4 CONTINUE
" 3380 ! IIR=11IR*7B
‘ 2350 ¢ 00 S Z=RJ-RM-5,2,-1
y 3400 ! 1IR=12R/1
J 3410 + S CONTINUE
b 3420 ! IZR=2IR*2C
3430 | D0 6 I=RM+RK+S,2,-1
Wl 3449 IZR=1IR/1
’, 3450 1 6 CONTINUE
j 3460 | IIR=1IR+1D
* 3470 ¢ 00 7 I=RJ-RK-5,2,-1
' 3480 ! 1IR=11R/1
3490 ' 7 CONTINUE
p 7500 FRaFR+IZRe1Z
': 3510 ¢+ 1 CONTINUE
v 3520 ! FC=0
y
¢
]
[ ]
&9
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3530 ! FIRSTC=0
3540 ! IF(-1¢(CK+CM.GT.FIRSTC) FIRSTC==1e(CK+CM)
3550 ! FINC=CJ-CM
7560 ! IF(CI-CK.LT.FINC) FINC=CJ-CK
570 ! DO 8 S=FIRSTC ,FINC
3580 ! Si=CJ-CM-S
J590 ¢ S2=CM+CK+2+S
3600 ! 53=2+CJ-CM-CK-2+5
3610 ! Fim=1
3620 ! IFCINT(S1/2).EQ.51/2) Fl=i
3g3e ! F2=C0S(.5eX)
3640 ! IF(ABS(F2).LT.1.E~-9) F2=0
3650 ! IF(F2.EQ.@.AND.S2.€Q.8) FZ=I
3660 IF(F2.EQ.8.AND.52.£Q.9) GO TO 9
3670 | F2=F2eeS52
3680 ' 9 F3=SIN(.Sex)
3690 IF(ABS(F3).LT.1.E-9) F3=Q
3700 IF(F3.EQ.9.AND.S3.EQ.Q) F3=1
3710 IF(F3.EQ.@.AND.S3.EQ.@) 60 TO 10
3720 F3=F3eeS3
3730 ¢+ 10 ll=F1eF2+F3
3740 ¢ IIR=ZE
3750 DO 11 Z=§5,2,-1
3760 IIR=1IR/Z
377@ ! 1) CONTINUE
3780 IIR=1IR+IF
3790 ¢ 0O 12 Z=CJ-CM-S,2,-1
3see IIR=1IR/1
3810 + 12 CONTINUE
3820 IIR=lIR*26
1830 ! D0 13 7=CM+CK+S,2 -1
3840 IIR=IIR/1
3850 ' 13 CONTINUE
3469 ! 1IR=1IIR*IH
3870 00 14 2=CJ-CK-5,2,-1
3880 IIR=IIR/1
3890 ' 14 CONTINUE
3900 ! FCoFC+ZZR*22
3910 ¢+ 8 CONTINUE
2920 ' C
kL B ot e LT e L DL
3942 t C Theta component of the torsional potential
396Q | (--=emm—mmem e e e e em s eese——e— e~
3960 ' C
3970 IF(FL61.EQ.®) THINT=FRsFCeSIN(X)eCOS(2¢X)
3980 ! IF(FLE1.EQ.1) THINT=FReFCeSIN(X)®eSIN(2eX )
3990 IF(FLE1.EQ.2) THINT=FReFCoSIN(X )eSIN(2*X)
49000 ! IF(FLEY.EQ.3) THINT=~1 «FReFCoSIN(X)eCOS(2eX)
4210 RETURN
4020 END
4930 ' C
- Y Y R o e it L L e L L DL P LD Dl Dl l bt
. 4050 ! C Function: XINT
A 4c6Q ' C
; 4070 ' C Part of the symmetric top wavefunction that depoends on chi.
t} 408@ ' C Also contains the chi component of the torsional potential.
' 4099 ' C This function 13 integrated betwueen the range ® and 2#p1 by STIT.
P.- 4100 | ([=m-mmmmmmmmmm oo e e e dmcmmammemm—m———e—ese oo
a 411 ¢ ¢
. 4120 FUNCTION XINT(X)
’:::
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1170
4189
4190
4200
4219
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4230
4240
4250
4260
427@
4280
4290
4300
4310
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4340
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4360
4370
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4390
4400
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COMMMON/BSF/RJ ,RK ,RM ,CJ ,CK ,CM,ZA,2B,2C,Z0,ZE ,ZF 15 ,IH FL3!

e e e e o - =~ = = = = = - e — - — - — e m—-——

e e n o o = e =~ - " T o " = =~ - - = - —-— —————— - ————

- - > - - A " . " - - P =~ = - - - - . - . - . ———

IF (FLG!.EQ.Q) XINT=XINT#CQS(2eX)
IF (FLG1.EQ.1) XINT=XINTeSIN(2eX)
IF (FLG1.EQ.2) XINT=XINTsCOS(2+X)
IF (FL61,EQ.3) XINT=XINTeSIN(2eX)
RETURN

END

- - — Y - - - T - . - - . D - - . - - -

Function: PHINT

Part of the symmetric top wavefunction that depends on phi.
Also contains the phi component of the torsional potential.
This function is integrated between the range of @ and 2¢pi by STIT,

- - - - A = = e - > -~ —— - - - W . - - - - - -

FUNCTION PHINT(X)
COMMON/BSF/RJ ,RK ,RM,CJ ,CK ,CM ,2ZA,28B ,2C,20,2E ,2F 26 ,ZH ,FLGI

- - - - - - - - - " - - - - Y - - - . - - - - -

Phi component of symmetric top wavefunction.

. - - - " . = — - - " - - - - - - -

PHINT=COS(RMeX )eCOS(CMeX )+SIN(RMeX )#SIN(CMeX)

- - D W D TS . S - - T - - - - - - - —— - -~

Phi component of the torsional potential.

- o o . P " P - —— - " - - s - - - - - -

IF (FLG61.EQ.@) PHINT=PHINTCOS(X)?
IF (FL61.EQ.1) PHINT=PHINTCOS(X)
IF (FLG!1.EQ.2) PHRINT=PHINTeSIN(X)
IF (FL61.,EQ.3) PHINT=PHINTeSIN(X)
RETURN

END

- - > - — . ——— " - = - - - - - - - - -

Subroutines STIT, TDIAG, and DIAGIT are attached at this point
in tha program,

- = - " = = = e - - - -
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