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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 5olvated 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 2 Pc) 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 inter-molecular vibrational structures and the

geometrles/symmetries present in the clusters. These studies reveal that the

majority of the intermolecular vibronic transitions observed involve vdW

bending and torsional motion parallel to the solute pi cloud. Furthermore,

the clusters behave rigidly with regard to internal rotation of the cluster

subunits and the clusters posses unique equilibrium geometries.
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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 H2 Pc 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 transitions are also induced by solvation in both the

H Pc and MgPc clusters.
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ABSTRACT OF DISSERTATION

5%

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 (HI2Pc)

and magnesium phthalocyanlne (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 observe-d
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involve vdW bending and torsional motion parallel to the solute n 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 H2Pc 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

iv I



ACKNOWLEDGMENTS

I would like to extend my thanks to a number of people whose

assistance and support have proved invaluable in making graduate school

a worthwhile experience for me. Uppermost of those who have spurred by

interest In the details of molecular spectroscopy is Elliot R.

Bernstein. I am deeply indebted to Elliot for his constant

encouragement and generous advice In my research. His clear Insight and

helpful discussions were often the only reasons why explanations for

several of the effects discussed in this manuscript were pursued.

I am grateful to the members of my Graduate Advisory Committee

for taking the time to participate in my research endeavors.

I would like to thank Dr. Joseph Wanna and Dr. Mark Schauer for

teaching me the "tricks of the trade". Without them this dissertation

would not be nearly as impressive.

I am extremely grateful to Lt. Col. Chester Dymek, the staff at

Frank J. Seller Research Laboratory, and the people behind the United

States Air Force Academy Faculty Program for making it possible for me

4o pursue my education in conjunction with my Air Force career.

Most of all, I would like to thank my lovely wife Lisa, my son

Joe Jr., and my daughter Deanna. I am deeply indebted to them for the

sacrifices they made and for their encouragement and emotional support

during this period of endeavor in my life.

V

t=4



9i~~''- A, WIN~ ww x 'L~~- iWj~W r~w. ~V~~ ~~

To

Ida M. Menapace,

Janet J. Juranek, and

John E. Juranek Sr.,

With Love ... Joe

'Vi

NA.



TABLE OF CONTENTS

CHAPTER ONE -- Introductory Comments and Overview ............... I

CHAPTER TWO -- The Vibronic Structure of Solute,/Solvent
van der Waals Clusters ........................... 14

CHAPTER THREE The Intermolecular Torsional Structure in

Solute/Solvent van der Waals Clusters:
Renzene/Methane, 'Deuteromethane, and

/Carbon Tetrafluoride ............................ 73

CHAPTER FOUR Hydrogen Bonded and Non-Hydrogen Bonded
van der Waals Clusters: Comparison between
Clusters of Pyrazine, Pyrimidine, and Benzene
with Various Solvents ............................ 100

CHAPTER FIVE -- Supersonic Molecular Jet Studies of
Pyrazine and Pyrimidine limers ................... 101 .

CHAPTER SIX Supersonic Molecular Jet Studies of
Phthalocyanines and Their van der Waals
Clusters with Small Molecules .................... 102

CHAPTER SEVEN -- Unpublished Results .............................. 152

CHAPTER EIGHT -- Future Experiments and Conclusions ............... 194

APPENDIX ONE -- Hydrogen Bonded and Non-Hydrogen Bonded
van der Waals Clusters: Comparison between
Clusters of Pyrazine, Pyrimidine, and Benzene
with Various Solvents............................ 206

APPENDIX TWO -- Supersonic Molecular Jet Studies of
Pyrazine and Pyrimidine Dimers ................... 218

APPENDIX THREE -- ECCEMP2 .......................................... 227

APPENDIX FOUR VDWNCA ........................................... 272

APPENDIX FIVE -- HPCNCA ........................................... 306

APPENDIX SIX - 3DHRRA ........................................... 33 1

V-i

vii"'



CHAPTER ONE

INTRODUCTORY COMMENTS AND OVERVIEW

Introduction.

The material contained in this dissertation is largely presented

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

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 dissertation to establish aj

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 thpor,,tical and

experimental studies of solutelsolvent cluster systems similar to the,

%-. %".. - -. '. C,.. .. .-. 'N-.-.<.... '



presented in this dissertation. The primary motivation in these

proposed experiments is to provide for continued research on (:luster

systems using the models, procedures, and experimental set-ups currPnt ly

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 phtha]o

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 ('lust, .-

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

aromatic molecules such as benzerie, pyrazine, and pyrimidine solvated

% %
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with small hydrocarbon solvents such as methane, ethane, and propane,

and hydrogen bonding 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 between the cluster

constituents also complements the spectroscopic 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 detailed

information on cluster geometry/symmetry and to elucidate the Intri-

cacies of the potential established between 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 normal coordinate analysis in which the clusters are

treated as "giant molecules" whose motion is governed by a force fild

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 elgenvector normal modes

for the vdW motion occurring in benzene(Ar)1 , /(CH 4 )1 , /(H20)1, and

/(NH3) I . and s-tetrazine(Ar)1 are calculated. The results of these

calculations are then used to assign the vdW motions observed 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 S1 - S 0 vibronic transition of the clusters are completely assigned

based upon these calculations.

A number of approximate "diatomic molecule" models are also

considered In this study to analyze the vdW structure in benzene(Ar)1.

The cluster vdW modes are modeled using three methods: 1) a Taylor

series expansion of the intermolecular potential along the vdW

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 intermoleciihir

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 on 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

A- electronic states. Second, the majority of the observed vdW vibronic

transitions observed in the cluster spectra are those involving vdW

bending and torsional motions parallel to the aromatic x 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 x 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

A- 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. In this regard the

-o-- . o O o o. . . . . . o . .. -.......-.... .- ... . . .
• ".. -" .' ".'. .- .- ' ". "- ," .' '..-.'..- '.. '- % . ... . ... . "..5 . ,.5- '. ... . ' ':'. ..... . ..' N A- , '.'.
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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 torsional structure in benzene(CH 4)1 ,

benzene(CD 4)1 , and benzene(CF4 )1. 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. 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 an internally rigid molecule regime. Under-

standing the vdW torsional motion is particularly interesting in these

systems as the limiting 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  S0 intermolecular vibronic structures are then charac-

terized hy 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)1 ,

benzene(CD4 )1, and benzene(CF4 )1 systems, several interesting results

are obtained. First, 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-lying elgenstates 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 ron-

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: Comparison

between Clusters of Pyrazine, Pyrimdne, and Benzene with Various

Solvents - The study of the solvation of pyrazine, pyrimJdine, and

benzene by both 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

2I
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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 potential/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 spectroscopic 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

e. the types of Interactions responsible for the spectral shifts.

In these studies we find that the clusters fall Into two general

categories: 1) a conventional set containing the aromatic solute/

hydrocarbon solvent clusters; and 2) benzene, pyrimidine, pyrazine

ammonia and benzene water clusters. The aromatic solute/hydrocarbon

"V 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

k. also similar. The presence of the nitrogen atoms in the aromatic ring

of the pyrazine and pyrimidine solutes 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 solvent cluster systems, on the other

hand, possess vibronic spectra which are all unique and surprisingly

.. - -
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erratic. In these clusters the spectral shifts range from -100 to

500 cm- 1 , the vdW vibronic motion in the systems range from nonexistent

to intense, the vdW modes are in some cases highly perturbing to the

solute vihronic 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 pyrimJ-

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 x cloud and the solvent moiety

as the benzene(H 20)1 spectral shift Is hypsochromic whereas the

benzene(NH 3)1 spectral shift is bathychromic.

Supersonic Molecular Jet Stiodies 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 condensed phase

structure, dynamics, 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 responsible for dimer formation and what types of

p
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diner geometries are most prohablp in an isolated environment free from

the extraneous perturbations present in liquid 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 diners are observed. On the basis of what we have learned from the

study of the simple solute/solvent clusters, we are able to analyze the

diner systems using cluster ionization energy, vibronic structure, spec-

tral shift, and modeling of the intermolecular potential between the

cluster subunJts. The interplay of the spectroscopic data and the

calculations allows us to obtain a consistent set of geometries for the

diners 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 in the supersonic Pxpansion. The calculations also predict

a parallel stacked/900 rotated diner which Is not observed. This

species most likely forms an excimer in the excited state with a short

lifetime and a large red shifted and broad spectrum. The major dis-

tinction between the two observed 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.

In the pyrimidine dimer, the calculations yield four planar

hydrogen bonded species and a parallel stacked/displaced species. The

observed dimer vibronic 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

0o

%
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'4 dimer geometries responsible for the observed spectra. Additionally, we

find that the dimer spectral shifts depend upon the specific cluster

geometry. A bathychromic shift is associated with the parallel stacked/

displaced dimer and hypsochromic shifts are associated 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/900 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 dJmer 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 spectroscopy 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 - In these studies, free base phthalo-

cyanine (H2Pc) and magnesium phthalocyanine (MgPc) clustered with

solvents such as small hydrocarbons (CnH2n+2 (n=J, 2, 3)), hydrogen

bonding solvents (H2 0, MeOH, EtOH), and CO2 are analyzed in an isolated

ultrarold 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 solvatlon properties of the macrocycles in a con-

trolled and well-defined environment. In this regard, supersonic

molecular jet investigations on the H2Pc 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 phthalocyanlne 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 H2Pc 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 tile

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 H2Pc to

Z:!- 2-. .*'.°% % -%%'-. . .° .:--:.-;-. . • . -. - " -
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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 H2Pc/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 H2Pc and MgPc/alcohol 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, Qx 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.

p%



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-

retically and experimentally because of their 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.1 These characteristics set the vdW

cluster apart as a distinct phase of matter to be explored and

understood.

The electronic-vibrational spectroscopy of aromatic molecules

like benzene 2- 4 and s-tetrazine 5 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, espepu

ially in the area of the clusters' low frequency vdW vibrational modes.

These modes are of considerable interest since they represent the pr,,

cursors of a variety of condensed phase elgenstates such as phonons in

ra, ' .' * '- . .' ,' '.' - -S.v.,*.... . - ... .
- - • . . " t , .. . . a - ," 9 .% - r
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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 (if-

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 bends1'6'7 in the atom-molecule

clusters to full quantitative treatment of both the vdW bends and

stretch1 6 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 br mudeled.

specifically those which involve the vdW stretch. Experimental evid:iice

of the theory's limitation1 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

6

J, L-- .- - -
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describes adequately either their energetics or mode nature in molecule-

molecule clusters.

In previous publications,8 we have used theoretical calculations

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)1 , s-tetrazine(Ar)1, benzene(CH 4)1 , benzene(H20)1 , and

benzene(NH3 )1. The calculations are performed using a self-

consistent pairwise atom-atom intermolecular potential developed by

*" Scheraga, et al. 9 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 2'3 and other laboratories.5 Consequently, a number of

spectral reassignments are suggested. Vibronic selection rules govern-

ing the vdW cluster S1 . S0 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-

mined via normal coordinate analysis of the entire vdW cluster.10  In

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)1 . 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

6 .6,7
R.1 and 4) a semi-classical energy level fit to the0



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 bending

(bx and by) degrees of freedom which are essentially translations of the

components of the vdW molecules with respect to one another. Torsional

modes (tx, ty, tz), on the other hand, could In principle be modeled by

a free/hindered rotor formalism.1 1' 12 A one-dimensional "free rotor"

description has been applied to the symmetry axis (z) torsional motion

of benzene and toluene (CH4 )I, (CD4 )1 and (CF4 )1 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. ty. tz) simultaneously. Similar
Y,'

difficulties are experienced in fitting the experimentally observed 0

spectra. An account of these studies will be submitted for publicatir.

in the near future.

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

lowing questions: 1) if parametric calculations involving cluster

'.'. ..' . "". I '.V.- "?'2 . .A. . .f "-. .. -.............. . ......- .- '..
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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)1 vdW vibronic

spectrum are obtained employing the experimental apparatus and pro-

cedures similar to those used previously to study vdW clusters.8 The

benzene(Ar)l S1 - So 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/yAO pumped LDS 698 dye laser whose

output is frequency doubled and then mixed with the Nd+ 3/YAG 1.064 gAm

fundamental is used to probe the 61 region of the benzene(Ar)1 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 10
- 6

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

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 approximation1 1 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 yields 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.1 1

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-1 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 and

the intermolecular F matrix is designated as '. The Fm atrix 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 etgenvalues and elgenvectors 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

n m Ak k 1 332. Oqiqj
U(rij) = E____ - (1 - + ) +

i=I J=l rij rij Drij 2.1

2.

__--- - ko 6HB] U(rij)NB + U(rIj)MC Urij)HB
.r ij rij .

, ,'' ,e . r e , e .,,. .. .e..- e . -j g%- .€. ... , e"e" t " •• .". - -.. •..- ,-%. -
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The potential function contains a general nonbonding potential (NB), a

monopole charge potential (KC), 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 r i's are the atom-atom distances between atom i

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

coordinates in which the intermolecular force field is diagonal. The

second derivative of Equation 2.1 with respect to rij gives the force

constant of the atom-atom interaction as,

n m 12'13'Akl 6.7 ,Ckl)

Kj(rij) = 14 x

m rij rj rj

2.2

2*332.Oq qj _. 1 -3 'l 10-11-

( I - _ _ __+ 3 14 H~~~
Drj r ij

in which the Ki'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 cof

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.9

Three additional models are employed to study the benzene(Ar) l

vdW cluster as a test case. [n 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

Nr9-
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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) 1 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 series expansion

about the equilibrium Intermolecular distance, R. in the form,

(dR/ 2 AdR 2 /

R=R 0  R=R 0

2.3

R(4 R+ (d U) R+
6 dR ]  24 dR4

R=R 0  R=Ro

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 variable. The second-order poly-

nomial fit coefficient determines the effective harmonic force constant

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

motion is given by 1 2
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24

u (kef . 2.4
2 7rc

with
keff 2(second-order coefficient)

R =Ro

1 1 1

-I M.2u m1  m2

Mrn solute mass m2 = solvent mass

The third and fourth order polynomial fit coefficients represent an

anharmonic correction term to the energy. From perturbation theory, the
U'2

correction can be written to first order as1
2

3h 25g h
'OeXe = 32r4 2 2c ?Bt2 2 -

32 eje~ ' c (8 jr2O e  J)
Gee

with 2.5

g = (third-order coefficient) = RU)

R=Ro
4

j = (fourth-order coefficient) 
(d

24 dR /

R=R 0

Higher order terms are neglected in the anharmonic corrections since

We >> w X >> 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 2.5 or if one is interested in a more

"exact" reproduction of the potential curves in the vicinity of the

dissociat ion limit.

-a.
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The second model considered involves fitting the one-dimensional

potential energy curves, derived in the same manner as previously dis-

cussed, to a Morse function of the form,
15

U(R) = De(e- 2 (R-Ro) - 2e- (R-Ro)) 2.6

The energy levels and anharmonic corrections are evaluated using

112

we = 2.7

2

\271 cp,

Ofexe 2 2.8

The last model used involves an energy level fit based upon the

* semi-classical JWKB method.13  In this model, the energy levels are

determined from the quantizatlon of the action integral according to the

Bohr-Sommerfeld restrictions. The governing equation is

I = (2g) - '1 2 
f [E - Ueff(R)] 1 dR = h(v + 1/2) 2.9

Energy level determination Is accomplished by numerical integration of

(2.9) taking Ueff(R) as the one-dlmensional intermolecular vdW potential

in a tenth order polynomial form. The path of integration is taken over-

one complete motion cycle with the boundary conditions established by

the intermolecular potential at a specific energy E.

The three "diatomic molecule" models are similar to the linear

oscillator model described by Leutwyler et al. 16  In all of the approxi

mations, the atom--molecule systems are assumed to be composed of thr.f,

uncoupled linear oscillators. The potential surface in these degrees ()t

freedom ('an thereby be modeled by one-dimensional potential functions.

10
"

I'-
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The models presented here differ from that present in ref. 16 in the

respect that the linear oscillator model16 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)1 .

Figure 2.1 and Table 2.1 present the benzene(Ar) l vdW cluster

2u  Aig spectrum recorded in the region between 38561 cm- 1 and

38710 cm- 1 using 1-color TOFMS. The cluster 61 is "red shifted" by
0

21 cm- 1 with respect to the benzene 61. The bathychromic shift is

indicative of the greater binding energy in the cluster S1 state rela-

tive to the cluster So state. Three vibronic features are observed to

the blue of the cluster 61. No features are observed in the symmetry

"forbidden" benzene 00 region; therefore, the cluster must have at least

a three-fold axis of symmetry.

Figure 2.2 and Table 2.2 contain the calculatlonal results of the

ground state configuration and vdW modes of benzene(Ar)1 . 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

(six-fold) axis. The ground state cluster binding energy is calculated

at 287 cm- 1 which makes the excited state binding energy 308 cm - 1  'r11,

calculated intermolecular distance of 3.44 A compares well with that of
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Figure 2.1

Mass selective S1  S0 spectrum and calculated ground state vdW modes of

benzene(Ar)1 . Energy scale Is relative to benzene(Ar)1 61 transition

(38587.6 cm-1 ). Nozzle backing conditions: Po 100 psig, To = 300 K.

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

vdW spectal features in benzene(Ar)) 61 region and calculated ground
state vdW modes (refer to Figure 2.1).

Energy Relative to Calculated Ground a
Cluster 61 (cm- ) State Energy (cm-1 Assignment a

0 (38587.6) 61
0

11 (bxy)

30.0 61b 2
Soxyo

39.7 40 (s 6ORo

61.8 61b 4
Soxyo

a) vdW mode representations as per Figure 2.2.

S / " ''LW ' ,, _,,_,P ,/ 4 ,' . , P ." v 2 , ,' .' 4 , 4 " ," . " - ' * - - ' ' " " ' "" ' ," ' " " " " " k
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BENZENE-ARGON

(a) (b)

OB.E.'287cm - 1 40cm1

". -Y " ' " Y

Sz stretch (o)

(c) (d)
z z•Z

II

.x y
iK

bx bend (e ) by bend(el)

Figure 2.2

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

elgenvector vdW modes (b)-(d) for benzene(Ar)1 . Cluster symmetry is C6v

with an equilibrium Intermolecular distance of 3.44 A. Eigenvectors are

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

Calculated ground state vdW mode energies for benzene(Ar)1 .

Model sz(cm- 1 ) a hxy(cm-]) a

Taylor Series 40.88 (1.51) 9.80 (.03)

Morse Fit 39.47 (1.36) 10.54 (.10)

JWKB 40.05 (1.43) 9.71 (.02)

Normal
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.

p
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1
3.45 4 .2 A obtained from rotational analysis, 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)1 are 40 cm - 1 and 11 cm - 1 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, sz(a) and 10 cm -1 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)1 .

Figure 2.5 presents the results of the ground state config-

uration and vdW mode analysis of s-tetrazine(Ar)1 . 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(l)

Figure 2.3

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

Coordinate system Is as shown In Figure 2.2. Translation is along z the

axis with x and y coordinates at equilibrium intermolecular distance

values. Translation Is displayed relative to equilibrium Intermolecular

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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0
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0. W •,

LO_

•1 . . .
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X(Y) -TRANSLATION(A)

Figrure 2.4

x(y)-direction (two-fold degenerate vdW bend) potential energy mapping

of benzene(Ar) 1 . Coordinate system Is as shown in Figure 2.2. Transla-

tion Is along x(y) axis with z and y(x) coordinates at equilibrium

IntermolecuJar distance values. Translation Is displayed relative to

equilibrium intermolecular distance 3.44 A. (6-12) potential energ-y

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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s-TETRAZINE-ARGON
c2V

(a) (b)

BE"-295cm'1  41cm'1

x
s z stretch (ad)

(c) (d)
Z Z

12cm4  
* 9cm"1

bx bend (b2 ) by bend (b 1)

FJure 2.5

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

eigenvector vdW modes (b)-(d) for s-tetrazine(Ar)1 . Cluster symmetry

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

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

displacement).
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energy possessing C2 v symmetry, Figure 2.5. In this geometry, the argon

atom lies 3.45 A above the s-tetrazine molecular plane along the z (two-

fold) axis, The calculated ground state cluster binding energy is

295 cm -1. The calculated intermolecular distance of 3.45 A compares ex-

tremely well with the intermolecular distance of 3.45 A obtained from

rotational analysis. The calculated binding energy of 295 cm- 1 also

lies within the experimental limits of 254 < Do < 332 cm- 1.5 Again,

the calculations and experiment are in exact agreement.

The normal coordinate analysis eigenvalues are 41.0 cm- 1 for the

vdW stretching mode sz(a,), 9 cm- 1 for the vdW bending mode by(bl), and

12 cm - for the vdW bending mode bx(b 2). 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 parallel to the molecular plane. As in the

benzene(Ar)1 analysis, these results are consistent with group theo-

retical arguments.

C. Benzene(CH 4 )1 "

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.) 1 are in

good agreement with previous reports from this laboratory using an

exponential-six and Lennard-Jones potential form.2 In this geomerry,

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

molecular pl tnri on 'he principle z (three-fold) axis. The cluster

ground state binding energy is 540 cm - 1 . The normal coordinate analysis

reveals six vdW vibrations, two being two-fold degenerate. The ground

state vibrational energies are 82 cm for the vdW stretch sz(al)

,,"I . , + I l I :w• I + + + i . + " r " • - +'" "+ "'"" .".- " -o ' .* % - + % "",=% " .
'U , +. ..
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BENZENE- METHANE (a)I C3v

K '-

o B8.-.540cm "1

IX W
SUcM' s, streth( I) 28Cm "1

Yz

16cm'l ,2% bxbend(.) 16cm1l

(f) (g)

89 cm'l 89cm'1

t trirslon()) 4

Fifure 2.6I- Calculated ground state minimum energy configuration (a) and egenvalue/

elgenvector vdW modes (b)-(g) for benzene(CH4)1. Cluster symmetry

is C3v with an equilibrium Intermolecular distance of 3.47 A. Elgen-

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

displacement).
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16 m - for the vdW bends bxy(e), and 28 cm-1 and 89 cm-1 for the vdW

torsions t (a ) and ty(e), respectively. The eigenvector normal modes,

Figure 2.6, transform as the translational and rotational representa-

tions of the C3v 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(H 20) .

The calculated benzene(H20)1 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-1, 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 C's cluster

geometry. Their corresponding eigenvalties and eigenvectors are shown ini

Figure 2.7. The six vdW modes consist of a vdW stretch at 159 c(m 1 two

vdW bends at 14 cm- I and 18 cm - 1 , and three vdW torsions at 40 cm 50

cm-1 and 156 cm-I. The eitenvector normal modes transform as the

translational and rotational representations of the ( peint )Yroiup: tit

vdW stretch transforms as a z translation; the vdW bends transforim is

and y translations: and the vdW torsions transform as RX . Ry,. and

R rotat ions.z
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(a)
BENZENE-WATER

Cs B.Es 5 0 4cm l

(b) " Y (c)

z .- "  Z

159cm'1 ,_ 40cm- 1
SzUtch (a)

.. tztorsion(") y

(d) (.5

1c6 18cm 1

b. Ky'da .

z Z
50cm| t ftorsion(5) ,6cm 1

xI

igure 2.7

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

elgenvector vdW modes (b)-(g) for benzene(H20)1. Cluster symmetry is C.

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. Herizene(NH 3 ) 1 .

Configurational calculations on the benzene(NH3 )1 cluster

reveal two minimum energy geometries similar to those obtained pre-

viously.3 One cluster geometry possesses C3v symmetry with a binding

energy of 711 cm- I while the other possesses Cs symmetry and a binding

energy of 608 cm-1. In the C3v cluster, Figure 2.8, the NH3 center-of-

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

(three-fold) axis. In the C. 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 C3v cluster ground state normal modes transform in the

same manner as those of benzene(CH 4)1. In the C. cluster, the ground

state normal modes transform similar to those of benzene(H20)1 .

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 S1 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.4 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 SI electronic stats

Comparisons between calculation and experiment are made using

group theoretical arguments based on the select ion rules governing the
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Figure 2.8

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

elgenvector vdW modes (b)-(g) for benzene(NH3 )1. Cluster symmetry

is C3v with an equilibrium intermolecular distance of 3.23 A. Elgen-

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

dispiacement).
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(a)

BENZENE -AMMONIA z
Cs BE."608cm1

(b) (c)

Z z
112cm" :f7 Ss tretch (') 44cm-1

t torsion WM )
ox -. xo°.

(d) (6)
z z

15cm l bx bendib") 2 Icm' l

If) (q)
Z z

48c l . t ttOrsion (o) ' 12 5 c m - l

t Y tori-yGO

Figure 2.9,

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

eJgenvector vdW modes (b)-(g) for benzene(NH 3)1. Cluster symmetry is Cs

with an equilibrium intermolecular distance of 3,29 A. Eigenvectors are

normalized and displayed at 2x magnification (2 A total displacement).

° , o , . * , . . . . . .



42

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 is

explicit. In this case, a standard Herzberg-Teller (HT) expansion and

adiabatic wave functions are used 14 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 1) 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

( -- Q6qvdw 2.10
(aQ $8aqvd

W ) 6 Q e q d ~ ~ d

in which Q6 is the cluster D6 vibrational mode and qvdW 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 case's are

considered in order to assign and understand the observed cluster,

vibronic spectra.
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A. Benzene(Ar)1 '

Comparison of the calculated ground state vdW vibrations of

benzene(Ar)1 and the experimental 1B2 u  IAg 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)1 S1 - So transi-

tion under C6v symmetry, one should expect to observe totally symmetric

combination bands of the vdW stretch built upon the cluster 61 The

selection rule for these combination bands is Av = 0, +-, +-2 ... Also,

one should expect to observe nontotally symmetric vdW bend combinations

with the 61 with the selection rule being Av = 0, t2, ±4 ... These
0

selection rules hold for both Case I and Case 1I type spectra and imply

that the vdW modes do not enter into the vibronic intensity borrowing

mechanism.

The calculated vdW stretching mode at 40 cm -1 compares quite well

with the experimental vibronic feature at 39.7 cm-1 to the blue of the

benzene(Ar), 6~1 Thus, this feature is assigned to the benzene(Ar)1 vdW

stretch/cluster 61 combination band 61 1)o based upon the Av = 0,

±1, *2 ... selection rule.

For vdW bending modes, only odd overtones are expected to be

observed as pointed out above. The experimentally observed features at

30.9 cm I and 61.8 cm - 1 to the blue of the cluster 61 correspond to

overtone features of the vdW bends; using the Av = 0, +-2, -4 ...

selection rule, the former feature is the first overtone of the vdW

bends and the latter is the third. Considering the 30.9 cm - 1 feature as

the first overtone places the symmetry forbidden bend fundamental it

about 15.5 cm - 1. This energy lies close to the calculated two-fold

-A~- "-A~ l.P?. J. -P



degenerate ground state vdW bend at 11 cm Thus, these two spectral

features are assigned to the benzene(Ar) 1 vdw bends first and third
1 1ob n t o a d l b , , 1  ,~ ,;1 x. 1 .

overtone/cluster 61 combination bands. .b 1 ) 2nd i" h
0 1 0o xy (e )0

Ramifications of Herzberg-Teller vibronic coupling in the

benzene(Ar) 1 cluster are obvious. From the derived vibronic selection

rules and experimental observation, the benzene(Ar)1 cluster spectrum is

best assigned based upon benzene Herzberg-Teller coupling (i.e., the 61
'0

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 observed15 C6v

cluster symmetry is verified by the vdW vibronic structure.

B. s-Tetrazine(Ar)1 .

The selection rules governing the s-tetrazlne(Ar)1 vdW

vibronic transitions under C2 v symmetry arise from Case I Franck-

Condon arguments. The totally symmetric vdW stretch should be observed

to the blue of the cluster 0 following a .v .1, ±2, ... selection

rule. The vdW bends should only be observed in odd overtones (Av = 0,

12, _4 ...) built on the allowed s-tetrazine 00 transition. As in the
0

benzene(Ar) 1 cluster, no Case It distinction can be made for s-tetra-

zine(Ar)1 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

mode at 44 cm -1 to the blue of the cluster 0 o by Levy et al. 5 Other vdW

features at 66 cm- I and 108 cm --I to the blue of the cluster 00 are
0)

observet, hut 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 tftrazine(Ar)1  B I>. B3u
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s- TETRAZINE-ARGON

To

54

TArO S zb d

b sz

0 50 100

i

Figure 2. 10

Schematic IB3u IAg spectrum (from ref. 5) and calculated ground state

vdW modes of s-tetrazine(Ar)1 . Energy scale is relative to s-tetra-

zine(Ar)1 00 transition (18104.9 cm-1 ). Relative feature intensities10

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).
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TABLE 2.3I

vdW spectral features in s-tetrazine(Ar) 1 00 rvgion
(s-tetrazine BU 1A ) and calculated ground state vfJW modes (re-fer to
Figure 2.10).

Energy Relative to Calculated Ground1bb
Cluster 00 (cm 1) State Energy (cm )Assignmentb

0 (18104.9) 9(,)00

12 (ba)

66 2 or s lb 266szo xo zo YO

208 s b or s lb 4~

zo,7. X0 z 0y

a) Observed and assigned in Reference 5.

b) vdW mode representations as per Figure 2.5.

c) From Reference 5.

% I
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vdW vibronic spectrum. The experimentally assigned vdW stretch at 44

corsonst1te4 c acu0e
cm- I to the blue of the cluster 00 corresponds to the 41 cm 1

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 00 probably corresponds to a0 1 breb2 2

vdW stretch/vdW bend overtone combination band, sz(a,) o b )(b 2  or

s(al)l by(bl)2; the feature at 108 cm- 1 probably corresponds to the next

allowed bend overtone/stretch combination band s(al) bx(b2)4 or s(al1

by(bl)4. 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(CH 4 )1.

In a previous analysis of the benzene(CH 4)1 cluster.
2 three

major vdW vibronic features were reported in the cluster 61 region:

m 
0

these features were assigned to a bend fundamental (27.3 cm- 1), a

stretch fundamental (32.3 cm- 1 ), and a stretch overtone (51.4 cm- 1).

The assignments were made based upon the assumptions described in the

Introduction.

Considering the HT transition moment matrix elements and assuming

a Case I type spectrum, the selection rules for the benzene(CH4 )1 vdW

vibronic transitions are Av = 0, ±1, ±2, ... for the vdW stretch and Av

0, ±2, ±4, ... for the vdW bends and torsions when In combination with

the cluster 61
0'

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

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

symmetry of C3 v, or they can be derived by considering the cluster

o.

p
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symmetry w! C6v. The latter situation arises since the methane center-

of-mass is calculated at 3.47 A above the benzene molecular plane. At

this distance, the methane could be viewed as a sphere above the benzene

molecular plane and, hence, the use of the C6v point group to represent

the vdW mode symmetries could be warranted.

In C3v symmetry Case II, the selection rules for vdW mode com-

binations with the cluster 61 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 60 region. In

C6v symmetry, Case II, the selection rules for the vdW mode combinations

with the cluster 61 are Av = 0, ±1, ±2, ... for the vdW stretch s (a,)

and torsion tz(a 2 ) 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 tz are capable of vibronic

coupling for the 61 transition.

00Comparison of the experimental 6 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- l to the

blue of the cluster 61 corresponds to the tz torsion calculated at 28

cm -1 Thus, this feature and its observed overtones at 51.4 cm - and13 1 61z6

73.5 cm- 1 are reassigned to 61 vdW torsion combination bands 61 t(a2I,

6o tz(a 2 )2, and 61 tz(a2 )3, using the C3v Case II or C6v Case II Av = 0

t1, ±2, ... selection rule. The Av = 0, ±1, ±2, ... selection rule

suggests that for the benzene(CH 4)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 tz torsion progression implies that the vdW modes are
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BENZENE-METHANE
60'

b2 t2

xy

bxy tz Sz txy

40 80

cm-'

Figure 2.11

* Mass selective S1 . S0 spectrum (ref. 2) and calculated ground state vdW

modes of benzene(CH4)1 . Energy scale is relative to benzene(CH4)1 61

transition (38567.6 cm-1). Feature positions and assignments as per

Table 2.4 and Figure 2.6.

%i
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TABLE 2. 4

vdW spectral features in benzene(CH4 ) 61 region and calculated ground

state vdW modes (refer to Figure 2.11).

Energy Relative to Calculated Ground
Cluster 61 (cM- 1) a State Energy (cm

- 1) b Assignment b
0

0 (38567.6) 
6

16.1 16 (bxy) 6oh yo

27.3 28 (t ) 61t I
o zo

32.3 
61b 2
o xyo

48.4 61b 3
Soxyo

51.4 
61t2
o zo

64.6 6oh 4
o xyo

73.5 
6 t 3
0 ZO

82 (s7

89 (txy)

a) From Reference 2 and unpublished spectra.

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 - ! to the blue of the cluster 61

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

m bxy (e) calculated at 16 cm - I
. This identification is based

0 ode. 610 
e 2

upon the observation of a feature at 64.6 cm -1 which corresponds to the

third overtone of the bends. Furthermore, weak intensity features are

observed at about 16.1 cm- 1 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 llerzberg-Teller vibronic coupling

scheme. The cluster symmetry and, hence, spectroscopy are thereby also

best described using the calculated C3 v point group in conjunction with

Herzberg-Teller coupling rather than the approximate C6 v point group.

Based upon this, the features at 32.3 cm- I and 64.6 cm-1 are reassigned

to vdW bend overtone combinations with the cluster 61: 61 bxy (e)2 and
0' 0 xy 0

61 bxy(e) using the C3v selection rule Av = 0, t1, ±2, ... The
01 xye) 0 ~ 3yvad6~byeo

features are assigned in Table 2.4 and Figure 2.11. The weak features

at 16.1 cm - 1 and 48.4 cm - I are assigned to 61 b (e)o and 63 b(e)3

Based upon the relative intensities displayed in the spectrum, vdW

vibronic coupling is an important factor In the intensity of this pro-

gression invclving the e symmetry bending modes.

Neither the vdW stretch sz(al) nor the two-fold degenerate

torsions txy(e) are observed in the 6. spectrum. This could be due to

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

both calculated to be at relatively high energies (ca. 82 cm' and

... - .--. ' . . . .-.. ti ..-..................
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89 cm -1, respectively). Moreover, these modes could be participating in
VP since the total energy 6 sz(a,)o or 61 t (e)1 is close to that of,

0 z 0xy o

if not above, the cluster's S1 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 20)1.

The S1 - s vibronic spectrum of benzene(H20)1 previously

observed In this laboratory 3 possesses two unique spectral regions

located around the cluster 00 and 61 containing vdW vibronic features.
0 0

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

C. symmetry and Case I considerations leads to the selection rules

Av = 0, ±1, ±2, ... for the vdW s z stretch, by bend, and tx torsion and

Av = 0, ±2, ±4, ... for the b bend, t and t torsions. Under Case 1I

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(H2 0)l in both cluster 0o and 61

regions are reproduced in Figure 2.12 along with the calculated ground

state vdW mode energies. The observed feature at 5.2 cm - 1 (4.8 cm - 1 ) to

the blue of the cluster 00 (61 transition corresponds to the vdW b

bend fundamental calculated at 14 cm- 1. The observed feature at 16.2

cm I (15.8 cm -1 ) to the blue of the cluster 0o (61) transition rorres-

ponds to the calculated totally symmetric vdW b bend at 18 cm- 1. Addi-
y

tionally, the observed features at 34.6 cm- 1 (34.6 cm- 1) and 49 cm 1

(48.4 cm- 1) to the blue of the cluster 00 (61) transition are associated

with the t (a") and tx(a') torsion fundamentals calculated at 40 cm 1

a,
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BENZENE-WATER
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, I
y t

cm-I

Figure 2.12

Mass selective SI  S spectra (ref. 3) and calculated ground state vdW

modes of benzene(H20)1. Energy scale Is relative to benzene(Ff20)l 0o

Feature positions and assignments as per Table 2.5 and Figure 2.7. 37

and ty vdW modes are not shown.

y
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and 50 cm - 1, 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(H20)1 spectra using the Cs point group

representations corroborates the calculated cluster geometry. Treating

the cluster in approximate high symmetries, such as C2v, 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 C. symmetry arguments suggest that the

water constituent is likely located above the benzene molecular plane.

Neither the vdW sz 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- 1 and
156 cm-1, respectively). Moreover, in the 61 region, these modes could

be participating In VP since the total energy of the system at these
levels (486.8 + 159 cm-1 for the stretch; 486.8 + 156 cm-1 for t) is

close to, if not above, the cluster binding energy (ca. = 500 cm -1 ).

The decrease in the hypsochromic shift and the shift of intensity

maximum In the vdW manifold in going from the cluster 00 to the 6 may
0 0

also be indicative of the VP process.

W.V. - *, * 4 ~ .* - ' . S CW. e- P.. . .- . . - -. .-
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TABLE 2.5

vdW spectral features In benzene(H2 0)l 00 and 60

2 0 0 region and calculated
ground state vdW modes (refer to Figure 2.12).

Energy Relative to a
Clus er (0 cm) Calculated Ground
or 6 (cm ) State Energy (cm- 1 ) b Assignment b

0 (38168.6) 00

5.2 14 (bx b

16.2 18 (by) 1
y yo

21.4 bxoby1

25 b 2b I
xo yo

31.9 h 2

yo

34.6 40 (tz) tzo

39.4 t zb 1
zo xo

45.7 O

1%49 50 (tx) 1x

50.8 t zb I
ZO yo

67.4 t b 1
xo yo

70.3 tzo

99.5 t 2
xn

103.5 t 3
zo

156 (t
y

- 159 (sz )

0 (38655.4) 61
0

4.8 14 (b) 61b I
o xo

15.8 18 (by) 61b 1

* . * . - " .. . . ' - : 5 0 YO
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TABLE 2.5 (Continued)

25.5 61b 2bI
o X0 yo

30.3 61b 2
0YO

34.6 40 (t) 61t I
z o zo

39.6 61t lb 1
0 zo xo

48.8 50 (tX) 61t 1
o X0

60.5 61b 4
o YO

97.8 61t 2
0 X

101.0 61t. 3
o zo

156 (t Y)

159 (sz)

a) From Reference 3.

b) vdW mode representations as per Figure 2.7.

I'7
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E. Benzene(NH3 )1 •

Benzene(NH 3)1 clusters recently observed in this laboratory
3

yield spectra in both the cluster 00 and 6o 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 00 spectrum while both10

cluster geometries contribute to the 61 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(NH 3 )1 C. symmetry cluster follows the same vdW vi-

bronic selection rules as derived for the benzene(H20)1 cluster. In

this symmetry, the selection rules for Case I are Av 0 0, ±1, ±2,

for the vdW stretch, b bend, and tx torsion and Av = 0, ±2, ±4, ... for
y

the bx bend, ty and tz torsions. In Case II the selection rule is Av =

0, ±1, ±2, ... for all six vdW modes. Furthermore, the calculated

cluster geometries are qualitatively similar. Hence, their 00 spectra
0

should be qualitatively similar: this is borne out in both experimental

results and vibrational mode calculations.

The benzene(NH3)1 C3v symmetry cluster follows the same

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

selection rules are either Av = 0, ±1, t2, ... for the vdW stretch and

Av 0 t2, ±4, ... for the vdW bends and torsions (Case I) or

Av = 0, ±1, ±2, ... for all six vdW modes (Case II).

The calculated ground state vibrational energies and the observed

cluster 00 and 61 vibronic spectra are compared in Figure 2.13. Diuv to

0 •"
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BENZENE -AMMONIA

IS 

a

OCi6

c~v3v

V6 8.0 20

cm- 1

Figure 2.13

Mass selective S1 S0 spectra (ref. 3) and calculated ground state vdW

nodes of benzene(NH3 )1. Energy scale Is relative to benzene(NH3 ) 1 0.0

and 61, transitions for C5 cluster (38021.1 cm- 1 and 38514.7 m1

respectively). Feature positions and assignments as per Table 2.6 and

Figure 2.8 and 2.9. C cluster s9 and tx 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(H20)1 and benzene(CH 4 )1 cluster

spectra.

In the 00 spectrum, the most intense low energy feature is

assigned to the origin of the cluster's S1 +- S transition. The smaller

Intensity features to the red of this feature are thus hot bands which

yield the sequence structure in the 00 region. The observed feature at
0

8.8 cm- 1 to the blue of the cluster 0o corresponds to the nontotally

symmetric vdW bx bend fundamental calculated at 15 cm
-1 . Additionally,

the observed features at 15.0 cm - , 45.1 cm - , 54.2 cm 1 , 99.6 cm - , and

127.7 cm - 1 correspond to the calculated b bend (21 cm- 1 ), tz torsiony

(44 cm-1 ), tx torsion (48 cm-
1 ), stretch (112 cm- 1), and ty torsion

(125 cm- 1). The occurrence of the nontotally symmetric fundamentals

suggests that the vdW modes participate in vibronic coupling (Case I)

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 61 spectrum, the most intense low energy feature is

assigned to the cluster 61 vibronic origin. This assignment bears a

00resemblance to the benzene(H20) ! 6o spectrum In the respect that the 60

features for both clusters are red shifted relative to that observed at

the S S origins (ca. 25 cm- 1 for benzene(NH3)1 and 35 cm - for

benzene(H 20)1 .

Table 2.6 presents the Cs symmetry geometry assignments in the 60p 0

region. The assignments are made using the vdW fundamentals identified

%
"p . - . - . - . . - . - . - . - . . = - - . - . - . - . . . . . .
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TABLE 2.6

vdW spectral features in benzene(NH3)1 0 and 61 region and calculated

ground state vdW modes (refer to Figure 2.13).

Energy Relative to a

Cluster 0 1(cm
-I) Calculated Ground b c

or 60 (cm State Energy (cmb- Assignment

-39.2 by2

-36.7

-33.4 bb 0
o 1l

-31.3 b yb I
Y2 xo

-29.6
o 0

-26.7 bxlby1
bo

-19.2 yl

- 6.7 b 0

-3.8

0

8.8 15 (bx ) h
x 0

15.0 21 (b) byo

17.9 b 2

X01 1

24.2 b ob
3

26.7 
b 3

29.0 b 2
yo

32.1 b 2hy

34.2 b4
XG

37.6 b 1hy '

41.7

45.1 44 (t ) I
7. z'



61

J TABLE 2.8 (Continued)

590.9

54.2 4 t)tXO

99. t i

70.4 to yo

75.5 t lb 2

77. 20

70.1 tx lb I

12

101.5 t It I

107.2zox

114.3 Rb 2

19.3 tO YO h

1018 xn Zn o

ZO XO y

n xo

-14.39b

zo xO

itb lb

122.7 1z 0Y

~I
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TABLE 2.6 (Continued)

26.2 
61b 3

29.5 
61b 2

32.0 
61b 2b I

34.4 61h 4

37.3 61b 2b I
0) YO X0)

45.1 44 (tz ) 61t 1
o zo

48.7

53.7 61t b 1

55.3 48 (tx) 61t I
0 XC)

58.6 61t 1b 1
o zo yo

61.0 61t b 2
o ZO X0)
61 1 1

64.7 0 XO X1

68.8 6ot b I
o x0 YO

72.9 [0 (38587.6)] 61(C~v)

74.6 61t lb 274 6 o xo xo

79.5 61t lb 1
Soxo xo yo

83.3 61t b 2

87.9 19 (bxy) 6ob o(C3v)xy~ 0xyo 3

98.7 112 (sz) 61 1WRZO

100.4 61 1 1
otxotzo

103.9 6obxy 2 (c3v)

107.1 61s lh 1o0zxozx

11.96
1t it lb

0 I- yo

123.4 61S b lb I
0 Zn x0 yo
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TABLE 2.6 (Continued)

125.9 44 (tz ) 6otzo(C3 v)

97 (sz)

152 (txy)

a) From Reference 3.

b) vdW mode representations as per Figure 2.8 and 2.9.

c) C3v cluster 61 contributions tabulated relative to Cs ciuter 610
origin as in igure 2.13.

V

N.

.;_. -. .,,:-",...-.-..-, .-x ,- " --" "" -.• " " " " " --, " -•- -" " "--- ""-. -- ." -""?.''Ii
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in the o0" spectrum and Av = 0, 1, ±2, selection rule for all six

vdW modes (Case Ii).

The contribution of the C3v symmetry benzene(NH 3 )1 clustfer to the

spectrum is observed starting with the feature at 72.9 cm 1 to the01

blue of the 0cluster 6. Assignment of this feature to the C3v

cluster 61 is based upon the observation that no Intense features are
0

seen in either the henzene(NH3)1 00 or the benzene(H20)1 61 spectra at

this energy. The observed feature at 15 cm- 1 to the blue of the C3v

cluster 61 corresponds to the two-fold degenerate vdW b bends at0 xy

19 cm 1  The observed feature at 53 cm- 1 to the blue of the C3v cluster

61 is associated with the calculated tz torsion at 44 cm
- 1. As in the

0

benzene(CH4 )1 case, the observation of the bxY and tz fundamentals

implies that the vdW modes participate in the vibronic coupling mechan-

ism (Case II) and that the Av = 0, ±1, t2 ... vibronic selection rule

applies for all vdW modes. Based upon this, the best assignments for

the C3v cluster vdW vibronics are tabulated in Table 2.6.
6

F. Morse R Model.

Calculations of the ground state vdW mndes of benzene(Ar)1

are also conducted using a model described by .Jortner et al. 1 6,7 This

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 relatiurship betwf, ,n the cluster

equilibrium intermolecular distance R and the Morse potential parameter

€. The relation is derived by equating the second derivative ot

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

%p
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potential function. This derivation yields the relation 6 which
R 0

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

Morse fit methods.

Substituting R and the calculated ground state cluster
0

binding energy into Equation 2.7 yields a vdW stretching mode energy

of 47 cm - 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 = R relation results in an inade-
0

quate reproduction of the potential curve, especially in the critical
region near the equilibrium intermolecular distance. At Ro l the R

0

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- 1 /A2 versus 1312 cm- 1 /A2 ) and, therefore, over-

estimates the stretching mode energy. Additional calculations using the

potential data described in ref. I and the above approximate model also

result in an inadequate potential curve reproduction, Figure 2.15. The

potential curvature at R. using the R 6 fit is overestimated by about
0

37% with respect to the corresponding curvature calculated via potential

energy mapping (2322 cm-1/A 2 versus 1695 cm l/A2). in this case, the

vdW stretching mode is calculated at 55 cm - 1

The failure of the model under both data sets suggests that the

model itself is inadequate in this application. The model fails in th

0

which the molecule -atom Lennard Jones paramete-rs have been (ieter' m tnd

directly. Applying this approximate model to a case in which the pot,ii

tial function is reprtsentedI by pairwise atom-atom i)otvntials do s 1,(t

take into arcount the differin ! (ontribut ions of each interact ion to th.

"" . :";":" -:.':, :..-,..:-' -".'." '.. -' - - "-- • . -', - '- .. "." - . -.- "-" "- • "- .'---.
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0

Ng
0.
0-

c0
Wez
W

0'o-

------ ...... . 4

Z-TRANSLATION(s)

Fi.ure 2.15

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

= Morse fit. Translation is relative to equilibrium intermolecular
0

distance, 3.5 A. (6-12) potential energy mapping using data set frnm

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

are represented by - with (e = 46.68 cma- and weXe = 1.81 cm- =6

Morse fit potential energy curve Is represented by ---. Morse
0

fit vibrational mode constants are we = 54.84 cm - 1 and ("eX = 1.90 CM - 1

e o
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potential energy and the equilibrium intermolecular distance. In 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 .ortner's data set yield a single cluster geometry of

C8v 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

395 cm - . This binding energy is 108 cm greater than that calculated

using Scheraga's data set. The binding energy of 287 cm-I calculated

using Scheraga's data set is probably more accurate since the

benzene(Ar)I ground state binding energy should be very similar to that

calculated for s-tetrazine(Ar)1 . In the latter case, the calculated

ground state binding energy of 295 cm- 1 compares well with that observed

experimentally, 254 < Do < 332 cm 1 . Furthermore, generating Lennard-

.Jones parameters using the data set of ref. I yields a binding energy of

359 cm- 1 for s-tetrazine(Ar)I which is clearly not as accurate as the

binding energy reported in this work. The difficulty is due to the

consolidation 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.4

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 yield 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.

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 mode

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 potential. 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 parallel to the aromatic n 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-

molecular interaction is small and is dominated by long-range dispersive

attractions and short-range exchange repulsions. These two features
4

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.1  Second, the interaction potential surface only changes

slightly, if at all, upon electronic excitation of the cluster (hromu

phore. Thus, small spectral shifts of the chromophore electronic

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 geometr ies it'

interesting since they give insight into the nucleation processes and

solwation geometry occurring in both gas and condensed phase systems

1-,urth. the small binding energy of the complex and the low freqrni y

. it tional modes are important since they play an essential r,,III

.4

I
4

, .......................,......-...-.-,-....,
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intramolecular vibrational redistribution (IVR) and vibrational predis-

sociation (VP) cluster dynamic energy transfer processes.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.3 ,5

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 x *

vibronic spectra of the clusters in their respective benzene constituent

6 regions.

The calculated results include the geometry, the binding energ,y

and the full eigenvalue/eigenvector intermolecular vibrational strut ture

for the electronic ground state of each clust,,r The intermole(ul;ir

ground state vibrational strut ture is modeled by two) met hois I .ii

intermolecular normal -oordinatt ia Iys 1 4iY A I wh , h i,.t vrml-re ii

i nt ermiIei ila r vdW modle f und,imentas ti inie r .i h-r*,i ni ' ii I - t . i m 1

I r(i till f ) ,1 three d lime 4r i' )rnl, ti dvrI - i'
,  

1i ' i I% I

O R, jtr wh I r in i' ' tr to j, to, f 1 'I.

, ,,, .r n i ri s * T

J) ')I # n t 't I I I ' h ti.,

fI

L''.' L+ ' t' '



ramifications of Herzberg-Teller (K-T) coupling for the observation of

forbidden" vibronic transitions.

The motivation for studying these sytms conen h lcd

tion of the vdW torsional structure. Two limiting cases can be proposed

in regard to the torsional structure of ben(CH 4)1. hen(CD4)1 , and

ben(CF4)1. In one case, the clusters possess free internal rotationP

between the cluster solute and solvent. The cluster solvent (CH4 ' CD4,

orC4) 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

avainst the herizene frame with a residence time long enough to give rise

to 'vibra~tion l ike" motion in a rigid molecule regime.

it' Hdat ion of the \vd(W tors ions is of part icular interest in
he se -As t F us sii(e t*the ;aforementlone'1 li m it inrg cases pose ques tions

r-Var dilly it)$ it tjjjl phy9;( H9 overingk the twrsionial Structure 1) In1

tI h jtn r So1 5 4 friee litter riat r tit i zIon het wevii I he lu s te r 4111uit 4-

M' .f m*'* *. . I I' I , f
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mixed with the Nd, 3 /YAG 1.064 Mm fundamental is used to probe the

clusters' S S transition in the isolated benzene 61 region

1 u I 0
(B B 1A ; r it). Subsequent ionization of the clusters is accom-2u 1g

plished using a R590 dye laser whose output is frequency doubled and

mixed with the Nd+3 /YAG 1.064 Mm fundamental. The ionization laser

output is set at 45112 cm- . 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. Apparatus chamber pressure is

maintained at or below 5 x 10-6 torr during the experiments.

Theoretical Considerat ions.

The NCAs are conduct ed using the same methods ;s der !hed iii our

previous publ ication on vdW (l(ister vilyromin stri(-turf, '  For hei ( ( 1

the c'al'Iculat c luster groundi sti;lt e yfeome . ' f,,i f 0.i d ri1rd bl irdtid

a'riengvy arre t .rkei -is thoqe of tierWI H 1 1~ n) I v t he *a 4e 4 ir e h a nI Ir
'fih.* 1q,jter urn~'[ hy~~~ . .r sh() jtis if hit r os IHti NHI A { h i tiariA, , I. K h~n~I a ,

lI5'P? ' iirir h.I ,ri vei4um t iritt ir,.I ruI' .'? .' are' ii i, I 1 i

I I '' s t *J 11 0. V .. 14l 0.l t t I / I ll I ' ' ' ' , II I I ' f ,,

V. y.

* 0 ' S
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cluster solvent rotates freely in three dimensions against a fixed

cluster solute framework. Application of a specified perturbation field

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 (C, 77, .) on the

c'luster solvent as shown In Figure 3 1 Both systems have their ,riljii'n

,it t hi' illc lIi ' r center of mass ot' t he 4 1l ts[t v r -o v'II vnt ' mo l., ito I

f I X uur , ))(( i ii, t F 'yst '- i' hosrioll SmII h (ht I tI f I ( I p .i ,", v 1 , ' . , '.

hi ' I t Ixi s of I hi' i ', v#'I t I ;" 1 010- I't
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of thfe rotat ional coordinat's. Since a solvent rotatio)n is l)eriodic

over 360 degrees, the potetit ial can be expressed by an even f'nut ion

Fourier series written as
7

V(q) = Vo0 2 + A cos(p(l) 3.1
p

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

the potential dimensionality and the n.,,.ber 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

terms in the series "fine tune" the potential shape. Since the coef-

ficients A in these term s are assumed to be small, the series can he
p

truncated at its first cosine term without sacrificing the general

poJtent ial shape. Doing thi-; Vie his the nathemat lcaiJ)y convenient pi) f #,)

t ia I forn

J
) ' IiW , I,. .. , ,Ify I t . , ! { I T ),, r I * 'I,,,r f Y,. ?~, , ' I., ' " . ' I '

*, '4) t, I , € 't I' ) '' " * " ' * 4 4 ' * 1
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potential magnitude depends upon the relative displacements of all three

rotational coordinates as,

q = 20 + 2x + 3.3

Inserting Equation 3.3 into Equation 3.2 yields the three dimensional

potential function used in the calculations:

Vo
V(8, 0, x) - [1 - cos(20 + 2 + 3.4

2

in which Vo 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 .1, k and m. Under zero field

conditions, these wavefunctions are solutions to the spherical top

Schrodinger equation,
8

$1
- .I,? I I F o j k i> ,

, Ili -', rIV , I o rre-4rion d i ti , tw, , I|'hI)E tf t .he I I i I '

, , , tl I t, . t r ,, he, i ,.t f t ur .tf uth f ], I ' i lIi..fl '.ll l "

.. ...'i.
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IJ ' - .' I .
Ik' - k" = 2 3.8

Im' - m"J = 1. 3.9

W-I

Diagonal matrix elements contain only the zero fiel. spherical top

energies and a V0 /2 potential term.

The resulting matrix is diagonalized for a selected value of V0

yielding elgenvalues 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 )1

and hen(CDi) 1 are calculated since their respective rotational constants

are large enough that the coupling of the rotational levels does not

require an extremely large basis set to Insure convergence. Matrix

elements are determined via numerical integration using a nonadaptive

integration routine. The matrix is predlagonalized into a tridiagonal

f orm using orthogonal similarity transformations9 and diagonalized using

in I m1,I I it 01. met hod 0 The rotat ional constants used for methane inl

fi., if .l mit hMtFh . ,-- 2 'm 1 11d 2 t , m fr. .. t i "' I

Ila

1A
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difference between S1 and So for ben(CD4) 1 is nearly identical to that

of ben(CH 4)1. Ten pronounced intermolecular vibronic features are

observed to the "blue" of the cluster 61. As in the case of the

00beni(OH4) 1 cluster, no features are observed in the symmetry forbidden

benzene 00 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(CH 4)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 - I  Using the cluster "red shift" of 41.2 cm-I, the

excited state binding energy Is calculated to be 581 cm -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-1 for the vdW stretch sz(a,), 15 cm for the bends b (e).z x y

and 20 cm -1 (tY(a2)) and 64 cm- 1 (txy(e)) for the vdW torsions. The

iigpnvector normal modes (Figure 3.3) transform in an ideit i'al fishin

to those calculated for ben(CH 4 ). The vdW str'tihin g mode trarisf'irm.

is the t llsJat 1([ i fit the ('l11ste ' c ) st itll lnt- Iwtly 1 )M ifti i li t f ht-

,icmicn the / (three hbud) i s s The, vIW hicriit 11 .ci4-,'r i ' 1 M,

t lln ,if I ) 'f , J 'r , 1 'icr ' I r lrc J I e .rc.. ' . 'l' ' ' ;

, I' I'
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The 3 ) tRRA r1srl ts are also included in Table 3.1 for the lowest

eigenstates in the torsional manifold. The torsional mode structure is

calculated for Vo = 300 cm -l and 8 - 2.6 cm - . This perturbation

results in a reasonable fit for the torsional features observed experi-

mentally. The torsional "zero point energy" is 75 cm
- 1. Two distinct

torsional manifolds result from the calculations: one manifold has

eigenvalues grouped quartically (nearly four-fold degenerate located at

approximately 21 cm - 1 , 46 cm - 1 . and 75 cm - 1 above the zero point energy)

and the other manifold has eigenvalues grouped octally (nearly eight-

fold degenerate located at approximately 68 cm
- 1 above the torsional

zero point energy).

For comparison, the observed vibronic features for ben(CH4) 1

are reproduced in Table 3.1 along with the results of the NCA and the

3D-HRRA. The NCA results for ben(CH 4 )1 are those reported previously.
3

The 3D-HRRA torsional structure is calculated for Vo = 300 cm - 1 and

B = 5.2 cm - 1 . 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 : y isotopic substitution and have the same electronic

,t rc-tore .Ndditionally, using the same potent ial harrier of elet -

Ii(?i ( r iirr for hoth (HI, and CD, jkr]sv'rs providtes a 'he'k on the

I Jil rv )I the model In predict inn the torsioniti mode ,-;1 tjct I0,,t' t tit-

,. , H I t!, ,/t 'T' \ is ,it, (R

. . o
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B Ren((CF 4 )1 .

Figure :3 1 and Table 3.2 present the hen(,F 4)) cluster

spectrum recorded using 2-color TOPNS in the region hetween 38578.6 cm - 1

and :38702.6 ,m I Unlike the ben(C04 ) I and ben(CH4 ) I cluster 61transi-

tions. the ben(CF 4 )1 cluster 61 is blue shifted by 6.1 cm- 1 with respect
'0

to the benzene 60. The small hypsochromic shift indicates that the

binding energies in the So 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 abruptly at

about 50 em -1 above the cnluster 61 origin. No cluster spectrum Is0

observed in the forbidden benzene 0o region Indicating that the cluster0

possesses at least a three-fold rotation axis. This result is not

unexpected since the same observation is made for the ben(CH 4 )1 and

ben(CD4 )1 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 C3v

point group symmetry with the CF4 center-of-mass at 3.43 A above the

benzene molectilar plane along the three-fold axis. The cluster ground

state binding energy is 1064 cm-1.

The NCA reveals six vdW vibrations. Their ground state vibra-

tional energies are 69 cm - 1 for the vdW stretch sz(al), 11 cm - 1 for the

vdW hends hxy(e), and 13 cm - I (tz(a 2 )) and 36 rm
- 1 (txy(e)) for the vdW

torsions The eigenvector normal modes transform as the translational

and rotalional reprpsentations of the C~, point group as indicated and

in the same manner as those for ben(CHK) 1 and ben(CD 4 )1.

.5

w5

.5.

*5* . .. .
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6o1

BEN(CF 4 )
I41

2

iti

bxy tz txy Sz

-20 2'0 4'0 6'0 8 0 0

cm-

Figure 3.4

Two-color TOFNS S1 . S0 spectrum and calculated ground state vdW modes

(NCA) of ben(CF4)1. Energy scale is relative to ben(CF4)! 61 transition

(38614.7 cm- 1). Feature positions and assignments as per Table 3.2 and

Figure 3.5.
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TABLE 3.2

vdW spectral features in ben(CF 1  61 region and calculated
ground state vdW modes (releroto Figure 3.4).

Observed a NCA a Assignment b

0(38614.7) 0 61
0

61 b1
15.7 11 (bxy) 0

17.4 13 (tz) 61tz1

z 0 zo

32.3 61b 2
0 xyo

35.4 61t 2
6o zo

39.5 36 (txy) 61 t I
0 XYo

69 {s z )

a) Energies are reported in cm- 1 relative to the 61 cluster origin.
0 st 0

b) vdW mode representations as per Figure 3.4.

4.

,.
a.

.4,l

,- 4.. . :'..:;,'¢ , .' . ,., -,,1-, . - x ,.,, . ... ,.... ..- , .. ,, . . ....... . ., .

• ,a. ~l I d i i l I : : ' " = r '
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(a)

BEN(CF4)
c~v 41 BE. 1064 cm-

((c)

-xZ

69ce rtSrStrtCh(a 1 ) 13cm'

t torsion(a2

(d) )

b bnd(*)

36cm1I 41 ttorsion (a) 36cm'

t 1 torsion(o)

Figure 3.5

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

*value/elgenvector normal modes (b) - (g) for ben(CF 4 )1. Cluster

symmetry is C3 v with an equilibrium intermolecular distance of 3.43 A.

Elgenvectors are normalized and displayed at 2x magnification (2 A total

displacement).
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In comparing the calculated ground state, vdW vibrat ki 0i I Nt i i

ture and experimental vdW vibronic structure, we asstime thAt the inler

molecular potential surfaces of I.he clusters studied are ident ical in

both the S, and SO electronic states. Additionally. we utilie the

group theoretical arguments developed in our previous publication1 on

vdW cluster vibronic structure to assign and understand the observed

-' cluster spectra.

A. Ben(CD4 )1 •

The calculated ground state vdW vibrations (N.A) of hen(CD 4 )1

and the experimental vibronic spectrum is shown in Figure 3.2 and Table

3.1. As previouslythe assignments are made by direct comparison

between the calculations and the experimental vibronic spectra. The

intense feature at 22.5 cm -1 to the blue of the cluster 61 corresponds
0

to the tz torsion calculated at 20 cm - 1 . Thus this feature and Its

observed overtones at 48.4 cm - 1 , 70.5 cm - 1 , and 100 cm1- are assigned to
! vdW combination bands 61t(a)l , 6 1 t )2  61 t ( , nd 6 1 ta 4

0 ozt2o 0z(a2 o oz o an2 oz(a2)

The features at 32 cm - 1 and 62.7 c I1 to the blue of the cluster 6 o
0

correspond to the first and third overtones of the two-fold degenerate

vdW bending modes whose fundamental is calculated at 15 cm - 1 . They are
!' (e 2  1b (e 4

assigned to the 61 combination bands 6nbxy(e) , and 6 (e4 resper0 n 0x y e 0oP.pe
tively. The feature at 58.1 cm - 1 to the blue of the cluster 61 is

0

assigned to a two-fold degenerate ty vdW torsions/cluster 61 corm-

bination band, 61- (e)'1 The t torsion fundamental is calculated at
0xy "0 xy

64 cm - 1 . With this assignment and that of the t torsion, the featurez
at 84 cm - 1 is assigned to the 61t 1(e

) I
t a  Iombination band. The

OP xy e 0 (a2)0  obntn

vdW stretch Is calculated at 75 cm -1  This mode is identified in the

*7,'

-I -"..' -? ' ?, > ' . : -"L '.L, " -" -.,' ' ' ,T 5 -.-.- --- '> ' ,. . , , '-,, Y -" - ' -'-- L .. .'> - "', , . , ,



F liister v thronic -.ipect riUm at 72 9 rm to t he blue of the luster iti

origin rind is thus .Issiviled ats 61 s (a tinder this scheme, we d,5i i

the features at 93.3 co I and 97.5 , I as 6 1 )Sz (a I(e), 1 and

(a Iio bi t ionl bands

The tors onal structure resulting from the 3D-HRRA for hen(CD,1 ,)

(Table 3.1), confirms the torsional assignments made using the NCA. The

quart ically grouped torsi onal levels at 21 cm 46 cm and 75 cm

correspond to those associated with the tz torsion and its overtones in

the cluster spectrum at 22.5 cm- 1, 48.4 cm - 1 and 70.5 cm - 1. The octally

grouped torsional levels at 68 cm- 1 correspond to the txy torsion

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. If the barrier between these minima is infinitely

high, penetration of the local wavefunctinns through the barrier separ-

- ating the potential minima does not take place, In this case, each

-, 'well" contains elgenstates corresponding to intermolecular torsions

which occur with small amplitude about each potential well 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 exampIp, a f(on

%S degenerate torsional eigenistate actually has a four fold structural

degeneracy. etc

9-'



r'uii n~ider rl the j tloal situation in which t he potentilI barrier"

is f ini te, tunneling occurs and the "structural " degeneracy is I it #-d

via inti-ract ion of the loctal wavefunct ions through the potent i iI

barrier. The eigenstate splitting due to this tunneling may. or may

not, he observed depending on the experimental resolution and the

relative difference between the eigenstate energy and the barrier

he ght. 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 cm -1 .

At moderate barriers (about 300 cm- ), 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 configuration. The potential energy barrier

separating one minimum from the others in the potential surface is large

and may he of the order of the cluster binding energy.

The vibronic structure in both the ben(CH 4) l and ben(C'D1 ),

spectra suggests that the systems are more or less rigid. None of the

ohserved vibronic state energies follow a free rotor formalism for which

the enervy level structure is described by Equation 3.2. If the systems

hlohaved nonri gidly, the free rotor eigenst at,,s wonld lie at approxi

mately 2.6.1(,.l ) cm I and 5.2,1(.1+1) cm 1 for hen(C(l 1 ) I  and ben(U:H,), .

rf'spf 't ively, and a .J 11 selection rule would govern the transitl,,n,;

I

* ~ ~ .-
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In the btn(,H )I atnd ben(CD4 ) 1 systems, the tz torsional mode

shifts by 17.6 % upon deuterium substitution of the cluster solvent.

Both the NCA and 3D-HRRA models predict it 28.6% frequency shift for t.,.

while the free rotor model would predict a 50% frequency shift for tz

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(CH 4 )1 and ben(CD 4 )1 cluster potential wells

and that the clusters can be considered to be rigid.

The negligible isotopic red shift in the b bends also suggestsxy

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

deuteration of the cluster solvent. The ben(CH 4 )1 stretch should then

be at about 80 cm - 1 In the vibronic spectrum based upon the observed

stretch in the ben(CD 4 )1 system. (The ben(CH4)1 stretch is calculated

by the NCA to be at 82 cm
- 1

The ben(CD4 )1 cluster spectrum is also substantially richer than

the ben(CH4) 1 spectrum In the respect that both the vdW stretch and t,,

torsions are observed along with well developed tz torsion and bend

progressions. This is probably due to more favorable Franck-Condon

factors in the ben(CI)4 )1 case resulting from the isotopir substifut in

As is the case for ben(CH1 )]. H-T coupling influences the

vibronic intensities (selection rules) in the hen1CP4 )] spectrum. The

26 2
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nontotally symmetric modes tz, txy and b all appear in the spectrum

with ,v = 0. tl. ±2, t3 ... selection rules as can be seen in Figure

3.2 and Table 3.1.

B. Ben(CF,)1 .

Comparison of the calculated ground state vdW vibrations

(NCA) of ben(CF 4 )1 and the experimental cluster spectrum is presented in

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

of the ben(CF4)1 6 corresponds to the tz torsion calculated at 13 cm- I

Thus, this feature and its first overtone at 35.4 cm - 1 are assigned to

the 60 vdW combination bands 60 tz(a2 )0 and 6otz(a2)o . The shoulder

feature at 15.7 cm-1 to the blue of the cluster 61 corresponds to the

vdW two-fold degenerate b., bend fundamental calculated at 11 cm-1.NY1

Taking this feature as the combination band 61b (e)o leads to the

assignment of the b bend first overtone 61b (e)2 at 32.3 cm-
assgnmnt 0 xy 0e2 a 23c

Finally, the spectral feature at 39.5 cm- I in the ben(CF 4 )1 spectrum

corresponds to the txy torsion calculated at 36 cm- 1. Thus, the feature

is assigned to the combination band 6
1t (e)1
0oxy 0'

The ben(CP1 )l spectrum, like the ben(CD4 ), and ben(CH4)1 spectra,

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

CF4 Is small (ca. 0.18 cm-1 ), the free rotor energy level structure

should appear at about .37 cm-1 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 S1 - So excitation of the ben(CF4 )1 cluster involves very

little change in cluster geometry. In this spectrum, the progression
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int u-s it i 's decrease dramat ica I l at enerp gifs vre ater t hart the ftl
I)

cluster origin. In the lowest two vdW mode progressions, the jitlln

sities decrease approximately 13% between the mode fundament as a rd th

first overtones. Furthermore, the high energy vdW stretch calculated ,it

69 cm - I is not observed. At these high energies, the Franck Condon

factors must be very small.

The observation of the nontotally symmetric vdW bxy bends and the

tz 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(CD 4 )1 cases, H-T coupling becomes apparent in the low lying vdW

modes of the ben(CF4 )1 system. In fact, the interelectronic state

mixing Is substantial In the ben(CF 4 )1 system and can be demonstrated by

the observation of the well defined bend fundamental at 15.7 cm -1 and by

the observation of the txy torsion fundamental (39.5 cm-1). Both of

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  0 vibronic spectra of ben(CD 4 )1 and

ben(CP4 )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 intermol,

cular motion present In the systems is oscillatory. Through comparisnn

of these spectra with those of ben(CH4 )1 previously studied in this

• " ;""-'"- - -... '- - ."- " ".' '"" "'.- - '- - " .".- "• '.r*, - ' " -. "- ,,'.- . ." . . , .v
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The rigidity- of the clusters is further demonst rdted Iny thf-enr~ .j

cal treatment of the intermolecular mot ion. Both the NCA and 'tI[ HRRA

models indicate that the intermolecular torsional mot ion is os(illajtih

and that the mot ion is constrained by an orientationally dependent

intermolecular potential. Detaiiled analysis of the intermolecular

interaction reveals that the torsional motion is governed by a three

diioensional potential possessing torsional barriers on the order of thre

cluster binding energy. At this barrier magnitude, torsional tunnel ing

in the lower Port ions 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

uinderstanding the physics governing the spectrosr'opic properties of the

clusters. The observation of nontotally symmetric intermolecular mode

fundamentals and combination bands in the vibronic spectra suggest thatr

Interelectronic state mixing (H-T coupling) is an Important factor in

the overall intensity mechanism governing the transitions. Addition

ailly, the interelectronic state mixing is most important for the low-

l y ing intermolecular bend inig and torsional modes.

Both the NCA and the 3D-HRRA adequately modelI the int ermo i ( ii it

modes in the systems studied; however, the NCA is the more useful hevr.
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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

phase.I These investigations have increased our understanding of the

intra- and intermolecular energetics and dynamics present in the solute/

solvent systems as well as the nucleation and growth of small

clusters.2- 1 1 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

-12

commercial dyeing and painting processes.12 The unique electrical pro

perties of Pc's serve as building blocks in a number of important tech-

nical applications involving electronic devices. For example, thin film

II

.. _ .J.. ..-...-..- . -. ... •. ".- .. . . . -... . - . - ... . . ',
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sandwich photovoltaic cells containing Pc's have been fabricated which

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

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

perties.
1

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 BF3 , NO2 , 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

occurs.1 7 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 biologically active systems such as

green plants and bacteria.18  Studying the interactions between Pc's and

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

, . ,'/,i , ,, ,. -.', € ; ','...................................................."..-."-..-.-.'-'.
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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 H2 Pc and

MgPc clustered with hydrocarbon solvents (CH4 , C2 H6 , and C3H8 ), hydrogen

bonding solvents (H20, MeOH, EtOH), and CO2 along with the calculated

modeling of selected cluster characteristics. The spectroscopic results

include the n* - x fluorescence excitation (FE) spectra of the clusters

near the Pc 00 transition. The calculated results include the ground

state geometry and the binding energy for each of the cluster systems

studied. The H2 Pc cluster spectra and calculated geometries and binding

energies are compared with those obtained for the MgPc clusters.

Differences and similarities between the H2Pc(MgPc) clusters and the

0, 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 pl;ine

normal coordinate analysis for Pc are discussed and compared to both P"

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 described;2 -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 H2 Pc 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 H2 Pc 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

"boat" facilitates access to the nozzle backing region while the no//I,,

is in the vacuum chamber and is heated. It all,)ws for eas)' insp, t i('11

of the sample during and after an experiment without nozzle removal or

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

Industries) I located around the expansion and backing regions. The

S..-.- ---....... - -' .
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High temperature continuous supersonic molIecular jet nozzle (see text).
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heaters are capable of maintaining the nozzle at temperature up to

6500 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 H2 Pc, MgPc, and their respective solvent

clusters are obtained using a Nd+3 IYAG pumped DCM (Exciton) dye laser.

Dye laser output Is 46-60 mJ/pulse in the vicinity of the H2 Pc and MgPc

0o transitions. Total excited state fluorescence is collected using a

f/l.2 5 cm lens focused at 5-8 mm in front of the nozzle throat and

detected by a water cooled RCA C31034 photomultiplier tube. The photo-

multiplier tube output Is amplified lOx 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 optoga]-

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 H2 Pc and MgPc solid samples are heated to 380-6400 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 H2 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 0 The H2 Pc and MgPc

structures used in the calculations are obtained from crystal structure

data.2 1 The atom-atom potential for magnesium is approximated using

experimentally determined polarizabilities2 2 , interatomic distance 2 3 ,

and the Slater-Kirkwood approximation2 4 . Atomic partial charges

employed to model the monopole charge interaction are taken from ex-

tended Huckel2 5 calculations. The hydrocarbon and water structures are

those previously used in studying benzene and N-heterocycle

clusters.8-10 The CO2 , MeOH, and EtOH structures are taken from ref.

26, 27, and 28, respectively.

The out-of-plane normal coordinate analysis for H2 Pc is conducted

using the FG matrix method of Wilson et. al.2 9 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 1 In this gross approxi-

mation, all H2Pc bond torsions force constants are assumed to be the

same as the C--C torsions in benzene. All bond wag force constants are

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

U. - . -.,,> \* % - ,... .... .- t
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describing the nuclear motion is symmetry factored into four species

sets (Blu, Au, B2 g, and B3g) under the D2h point group. The factored

equations are individually diagonalized to yield 15 Blu, 13 AU , 13 B2g,

and 14 8 3g out-of-plane frequency eigenvalues and eigenvector normal

modes. (See Table 6.1).

Results.

A. Isolated Ultracold Molecular FE Spectra of H2 Pc and MgPc.

Figure 6.2 presents the FE spectrum of the H2 Pc S 1  0

transition (Qx band) in the vicinity of the 00. The spectrum is taken

at 200 psig helium backing pressure (Po), a nozzle expansion region

temperature (Te) of 5700C, and a nozzle backing region temperature (Tb)

of 460 0 C. The general nature of the spectrum has been previously

described.3 2 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 00 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 S 1 .S o transition (Q band) in the

vicinity of the 00 Is shown in Figure 6.3. The spectrum is taken using
0

Po = 120 psig helium, Te = 6300 C. and Tb = 3970 C. Table 6.3 lists the

energies of the vibronic transitions observed in this portion of the

spectrum.

B. Hydrocarbon Clusters: CH4. C2 H6 . and C3 H8

The H2 Pc/hydrocarbon cluster FE spectra observed in the

vicinity of the H2 Pc 00 are presented In Figure 6.4. The energies of

'V~~~ ~~~~~ 0 ., , . ~ ** ~ . . . .*.

INA 'h ~ % p., ~ . .. ' ...
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TABLE 6.1

Calculated out-of-plane mode frequencies for H.)Pc.

Calculated D2h observed overtonea
Mode Energy Symmetry Enerfy Mode

(cm 1) Species (cm ) Designation

14.8 B lu 31.2 (15.6) A

24.5 B iu 51.8 (25.9) B

84.0 B lu 163.7 (81.9) C

33.1 Au 71.4 (35.7) D

71.7 A u 141.7 (70.9) E

38.6 Bg 85.4 (42.7) or 100.6 (50.3) F

72.1 B 2g 176 (88) or 203.1 (101.6) G

38.2 B 3g 85.4 (42.7) or 100.6 (50.3) H

71.4 B 3g 176 (88) or' 203.1 (101.6) .

a) Values in parentheses are forbidden fundamental mode energies
inferred from overtone transitions.
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TABLE 6.2

observed vibronic transitions in the vicinity of' the H2)Pc 00.
0'

Energy IWavelength Energy Relative
(vac. cm ) (vac. A)to 00 (cm) Assignment a

15131.8 6608.6 0 00
0

15163.0 6595.0 31.2 A

15183.6 6586.1 51.8 B2

0

15193.9 6581.6 62.0 A4

0
15203.2 6577.6 71.4D0

20
15215.6 6572.2 83.8 A20 + B2

2 2
15217.2 6571.5 85.4 F0or H20

15225.8 6567.8 93.9 (b)

15228.0 6566.9 96.2 Al + C1
0 o

15232.4 6564.9 100.6 F2or H

15258.7 6553.6 126.9 (b)

15273.5 6547.3 141.7 E2
0

15290.5 6540.0 158.7 126.9 + A2
0

15295.5 6537.9 163.7 C20

15307.8 6532.6 176 G2or J
0 0

a) Assignments based on normal coordinate analysis results
(see Table 6.1).

h) Modes possibly due to in-plane motion.
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0: Magnesium Phtholocyanine

15600 15780

Figure 6.3

FE spectrum of' 00 region of MgPc taken at Te = 630 0C, Tb = 3970C, and
0

P0 120 psig He. Peak assignments are given In Table 6.3.
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TABLE 6. 3

Observed vibronic transitions in the vicinity of the MgPc 0r0

Energy Wavelength Energy Relativea
(vac. cm 1 (vac. A) to 00 (cm ) Assignment a

0-

00 %
15612.1 6404.5 0 0

15643.0 6392.6 30.9 A 2

0

15666.7 6383.0 54 6 B2

0

15673.2 6380.3 61 1 A4
0

15704.4 6367.6 92 3 F2 or H2

o 0

15709.0 6365.8 96 9 (b)

15714.6 6363.5 102 5 F2 or H2

15742.1 6352.4 130 0

15750.1 6349.2 138 0 E2

0

15778.0 6337.9 165.9

15783.5 6335.7 171.4

15786.0 6334.7 173.9 (b)

a) Assignments based on normal coordinate analysis results

(see Table 6.1).

b) Modes are due to in-plane motion.

N%

-k
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H2 PC Cn H 2n+2
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7C

-40 0 60

Feure 6.4

FE spectra of H2Pc/CnH2 n+2 clusters in the vicinity of the H2 Pc 0o. The

H2 Pc(CH 4 )1 spectrum (A) is taken at T e = 5400C, Th 
= 4 3 00 C. PO = 200

psig He, and .1% CH4 . The H2 Pc(C 2 H6 )1 spectrum (B) Is taken at Te =

540 0 C, Tb = 430 0 C, Po = 160 psig He. and .1% C2 H6. The H 2 Pc(C 3 H8 )1

spectrum (C) is taken at Te = 5800C. Tb = 4350 C. Po = 160 psig He,

-and .I C3 H8 . 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% solvent

concentration, no cluster transitions are observed, above about .3%, the

cluster spectra appear broad and featureless to the red of the H2 Pc 0o.

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 H2Pc/hydrocarbon

clusters are shown in Figure 6.5. The cluster binding energies and

solute/solvent center-of-mass coordinates are listed in Table 6.5. For

H2Pc(C2 H6 )1 , a geometry nearly isoenergetic with geometry II is calcu-

lated but not shown. The geometry is largely the same as 11 but has the

C2H6 long axis rotated by 900 about the H2Pc symmetry z axis with

respect to geometry II. The geometry has a binding energy of 1564 cm- .

For H2Pc(C3H8 )1 , two additional cluster geometries are calculated and

not shown. Geometry Ill Is similar to geometry 1I in that the solvent

C2 axis lies perpendicular to the H2Pc molecular plane; however, the

C31 8 Is Inverted in this geometry with respect to geometry I. The

cluster binding energy is 1975 cm- 1. Geometry IV is nearly isoenergetic

with geometry I. The geometry is largely the same as II but has the

C3H 8 rotated by 900 about the H2Pc symmetry z axis. This geometry has it

binding energy of 2202 cm

LS
i ~.. ~ ~ .-
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TABLE 6.4

H Pc/Hydrocarbon cluster transitions in the vicinity of' H PC 00.

Cluster Energy
00 Rela- Relative

0
Energy tive to H PC to Cluster

Species (vac. cm 0 0 (cmu' 00 (cm-,) Assignment

H Pc(CH4) 15117.2 -14.6 0 00
2 4)l 0

15148.5 31.3A2

15163.5 51.3 B2

H Pc(c H6) 15105.9 -25.9 0 1 00

15121.5 15.6 A0

15138.6 32.7A2

00

15113.0 -18.8 0 11 00

15144.3 31.3 A2

0

15113.2 14.8 A10

00

15106.7 -25.1 0 11 o

15122.4 15.7 AO0

15138.1 31.4 A
0
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C. H,0. MeOH. and EtOH Clusters with H2 Pc and MgPc.

Figures 6.6 and 6.7 and Table 6.6 present the H2 , MeOH, Lind

EtOH, solute/solvent cluster spectra observed in the vicinity of their

respective H2 Pc and MgPc O0 transitions. The H2 Pc cluster spectra are02

observed using Po = 150 psig helium, Te = 570 0C, and Tb 135 0C. The

MgPc cluster spectra are observed using P0 = 135 psig helium,

Te = 630 0 C. and Tb = 180 0 C.

The ground state geometries calculated for the above mentioned

cluster series are shown In Figures 6.8 and 6.9. The cluster binding

energies and geometry specifics are listed in Table 6.5. For

*H2 Pc(EtOH) 1 , a geometry similar to geometry I Is calculated but not

shown. The cluster binding energy is 2053 cm - 1. This geometry has the

EtOH rotated by 900 about the H2 Pc symmetry z axis with respect to 1.

D. CO2 Clusters of R2 Pc and MgPc.

The H2 Pc/CO2 and MgPc/CO2 FE spectra observed in the vicinity

of the cluster chromophore 00 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 CO2 concentration are varied. As in

the H 2Pc/hydrocarbon cluster experiments, no new or additional sharp

cluster transitions are observed under these conditions. The ground

state cluster geometries for H2 Pc(c02 ) 1 and MgPc(C0 2 ) l are shown in

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

Discussion.

Before an -lyzing the individual cluster systems in dOtail. we

will discuss the low frequency out-of plane vibrational motion of

isolated tl 2 Pc and MgPc. Elucidation of the out-of-lplane motin in thes,

molecules is essential to the understanding of the cluster spectra and

%
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H Pc -ROH
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-80 0cm - I ,?

Figure 6.6

FE spectra of H2Pc/ROH clusters in the vicinity of the H2 Pc 00. The

spectra are obtained using Te = 5700 C, Tb = 4350C, and Po = 150 psig

He. Traces (A), (B), and (C) correspond to H2Pc(H20)1, H2Pc(MeOH)1, and

H 2Pc(EtOH)I , respectively. Peak assignments are given in Table 6.6.

.
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MgPc-ROH

)A

f B

C
0 I 00

Flure 6.7

FE spectra of MgPc/ROH cliisters in the vicinity of the MgPc 00° Traces

(A), (B), and (C) correspond to MgPc(H 2 0)1 , MgPc(MeOH),, and MgPc(EtOH) I.

respectively. The spectra are taken at Te = 630 0C, Tb = 4 8 0 C, and

Po = 135 pslg He. Peak assignments are given in Table 6.6. The arrows

indicate cluster transitions.

• " " % % * ° " -, , ", " ." .." . .... . . . .... .. . . .-. .-. . . . .. . .o .- -, - .. - - . . 1
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TABLE 6.6

H2Pc(H 20) , HPc(MeOH)1 , H2Pc(EtOH)1 , MgPc(H 20)1, MgPc(MeOH)1 ,
and MgPclEtOn)1 cluster transitions in the vicinities of the

0chrumophore 00.

Cluster 00 Energy
0

Relative to Relative
Energy to H Pc/MgPc to Cluster

Species (vac. cm- o0 cm) 00 (cm- ) Assignment
0 0

H2PC (H20)1  15060.6 -71.2 0 0o
2 2 0

15076.3 15.7 A1
0

15091.8 31.2 A2

15108.2 47.6 A3

15115.7 55.1 B2
0

H2Pc(MeOH)1  15049.8 -82.0 0 00

15066.1 16.3 Al
0

15081.2 31.4 A2
0

H2Pc(EtOH)1  15040.9 -90.9 0 1 00
2 0

15035.3 a 15.8 Al

15051.7 a 32.2 A2
" 0

15048.5 -83.3 0 II 00
0

15064.6 16.1 Al

15080.2 31.7 A'

MgPc(H 20)I 15658.7 46.6 0 00

15672.6 13.9 Ao

15683. 0

15687.8 29.1 A2

15696.4 37.7 Fo o

15715.8 57.1 12

0

IP
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TABLE 6.6 (Continued)

Cluster 00 Energy
0

Relative to Relative

Energy - to H2Pc/MgPc to Cluster

Species (vac. cm ) 0 (cm - ,) 0o (cm - ,) Assignment

15660.4 48.3 0 00

0
15674.6 14.2 Ao

15690.2 29.8 A2
0

15701.0 40.6 Fo or Ho

15717.3 56.9 B2

MgPc(MeOH)1  15658.4 46.3 0 00
0

15672.5 14.1 A0

15687.9 29.8 A2

15696.8 38.4 F1 or H1
• 0

15713.7 55.3 B2

15660.4 48.3 0 00

15674.8 14.4 A1

15690.3 29.9 A2

15701.2 40.8 Fo or
40

15717.8 57.4 B2

MgPc(EtOH)1  15661.7 49.6 0 00
0

15676.3 14.6 AI)

15684.7

15700.6 38.9 F1 or I0
0 0C

15714.6 52.9 R2
• ° 0

a) Weak features (Figure 6.6) - assignment must be considered tentativ-

, " '- -t - .- ." '.'d- k -", " I " " ': . ..... . . . . ". .
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XI

Figure 6.8

Calculated minimum energy geometries for H2Pc(H20)j (A), H2Pc(MeOH),

(B), and H2Pc(EtOH)j (C). The cluster binding energies and solute/

solvent center-of--mass coordinates are given in Table 6.5.

............
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.:
%'" H 2 Pc-00 2

A

MgPC-C0 2

B
I I I I

0 60
C - I

Figure 6.10

FE spectra of H2Pc(C02 )1, and MgPc(C02)1 in the vicinities of the

cluster chromophore 00 transItions. The H2Pc(C0 2 )1 spectrum (A) is0

taken at Te = 500oC, Tb = 485 0C, Po = 150 psig He, and .2% CO2. The

MgPc(C02)1 spectrum (B) is taken at Te = 443 0 C, Tb = 412 0 C, Po = 150

psig He and .2% CO2. Peak assignments are given In Table 6.7. The

arrows Indicate cluster transitions.

:',i,*_V, .' V .". . *.' .'. . . .. ',' - . - - . * - -. ,. " .. ".... . . . . . . . . . . . . .
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TABLE 6.7

H2Pc(C02 )1 an)d Mgpc(C0 2)1 clustf-r transitions ini the
vicinity of the chromophore 0

Cluster O Energy
0

Relative to Relative
Enrg_ to H2Pc'Mgpc to Cluster

Species (vac. cm ) 00 00(mAsgmn

0 0

H Pc(C02) 15145.8 14.0 0 00

15161.2 15.4 Al
0

15176.5 30.7 A2
0

MgPc(C02) 15630.0 17.9 a 000

15649.9 19.9 Al
0

15664.6 34.6

15634.7 22.6 a 0 00

0

15667.0 32 3

a) Transitions correspond to same cluster species (see text)



1* - w - - *RS1 PER V-

129

Flur fil

Cacltd mnm m eeg emtis o ScC2,()adM~ 
(O)

(B. Tecutrbnigeege ad.ne-fms oriae r

gie i a le65



130

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 H2Pc. 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 in Figure 6.2

and Table 6.2.

Three Blu fundamentals are calculated at 14.8, 24.5 and 84.0 cm

In the isolated H2 Pc spectrum, these vibrations are observed as sym-

metric overtones at 31.2 (A2), 51.8 (32), 62.0 (A4), and 163.7 (C 2 ) cm - 1.

The symmetry forbidden fundamentals are thus located at 15.6, 25.9 and

81.9 cm- 1 using a harmonic oscillator assumption. Two Au modes calcu-

lated at 33.1 and 71.7 cm - 1 correspond to the forbidden out-of-plane
-,

fundamentals at 35.7 and 70.9 cm - 1 which are observed as overtones at

71.4 (D2), and 141.7 (E2 ) cm - 1 . The two B2g (B3g) modes calculated at

38.6 (38.2) and 72.1 (71.4) cm - 1 correspond to the fundamentals of the

observed overtone transitions at 85.4 and 100.6 (F2 or H2) cm 1 and at
176 and 20. (G 2m

I ad

(G or J2 ) cm-1 . 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

of the H 2Pc S1 manifold. These five modes involve large amplitude

displacements of the four Isoindole groups comprising fL2Pc. The quali-

tative forms of the motion can be described by the two sets of

P%
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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 Blu

vibration calculated at 14.8 cm-1 corresponds to (a) type motion in

which a set of opposite isoindole groups tilts out of the molecular

plane in one direction and other set of opposite isoindole groups tilts

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

lated at 24.5 cm - 1 is similar to the 14.8 cm- 1 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 -1 ) 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 looks like "ruffling" of the molecular skeleton. The B2g mode

(38.6 cm -1 ) 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 B3g mode (38.2 cm -1 ) 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 B3 g mode with respect to the motion in the B2g mode.

Chromophore out-of-plane fundamental and/or overtone transitions

are observed in the vicinity of the cluster origins (vide infra) for AI

of the H2 Pc and MgPc systems discussed below. The observation of the

P0
- *.% ,*.% * .
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r luster 'hromophore out-of plane fundament a Is i n the c 1 uster spect ra c

be rationalized using the results of the above normal coordinate analv

sis and group theoretical arguments: 7 1lusters have reduced symmo, ry

with respect to the isolated chromophore H2 Pc or MgPc but nearly iden-

tical chromophore molecular vibrations. For example. in the IlPc(H2 0) .

the symmetry is reduced from D2h to, at most, C2v (see Figure 6.81.

Under this reduced symmetry, the forbidden Blu fundamental vibrations in

isolated H2Pc correlate to Al vibrations in C2v. 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.1 0'1 1 Based on these previous studies, we can estimate that the

lowest energy vdW modes for the H2 Pc and MgPcIsoivent systems are ca.

50 cm - 1. Thus, features between cluster origins and ca. *50 cm - 1 are

most likely not vdW vibronic modes of the clusters. Moreover, these

same studies demonstrate that high energy vdW modes (> 50 cm - 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 HPc or MgPc

moiety. Second, the cluster origins are assigned to be the lowest

e.n,r gy (luster transitions observed. Third, the riuster 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 S0 and S 1 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 H2Pc and MgPc.

The H2 Pc'methane spectrum, Figure 6.4a and Table 6.4,

exhibits a cluster transition at 14.6 cm- 1 to the red of the H2 Pc 0o.

This transition Is assigned to the 00 of a single H2Pc/methane species.

As discussed above, features 31.3 and 51.3 cm-1 to the blue of the

cluster 00 correspond to cluster chromophore out-of-plane symmetric
0

overtones, A" and B2. Both transitions are shifted by -14.6 cm with

respect to their corresponding transitions In the isolated HtPc spec-

trum. The Al transition is not observed as it may be weak and/or within

the linewidth of the H2Pc isolated molecule 00
0'

The cluster transitions are most likely due to H2Pc(CH 4)I since

no new additional sharp transitions are observed when either the CH4

concentration or the backing pressure is increased. Increasing the ('114

concentration and/or backing pressure should yield higher order

clusters. From prior experience with other solute/solvent cluster

systems,2-9 higher order clusters typically yield more than one set of

cluster transitions. Additive shifts are also observed in most cases

resulting from Inhomogeneous nucleation processes in which solvent mole

cules bind symmetrically to opposite sides of the chromophore molercul;ar

plane.

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

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

I ".' d" -'"; -'% "." - 4 - - - , - , , - .- -,- - - -.-. .- - • . . . . . . . , . . . . .
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versus small solvent dimer binding energy. In 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-

soclation. 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 H2Pc(CH 4 )1 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 CH4 cluster subunit is situated above the H2Pc plane and

is coordinated to the x-cloud of the aromatic ring. The cluster

geometry is interesting In the respect that the cluster solvent uniquely

lies nearly over the H2Pc core: none of the several potential cluster

sites located over each of the H2Pc closed ring subunits is apparently a

true local minimum. One can envision three distinct cluster sites on

the H2Pc moiety: 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-

ficlently deep to accommodate bound state geometries. The observed

%-..5
a * ~ 5 ~ .' % . 5 . . X,%

-'.-5 , _. .- , 5,,_,-a,. , _ , .. .,." , , . . . . . , ,.. . -. S, S ", . . 5-5'.. " '- '.;_ -'
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cluster origin at -.14.6 cm - 1 from the H2Pc o 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 - I to the red of the HRPC 0

0"
0

Two weak transitions to the blue of the H2Pc 0o correspond to cluster
2 0ul pnte w lse

chromophore out-of-plane vibrations Abuilt upon the two cluster

origins. The transition at -10.3 corresponds to the fundamental of the

out-of-plane cluster chromophore vibration Al (15.6 cm-1 ) built upon the

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

the cluster origin at -18.8 cm - 1 is not observed as it may be weak

and/or within the linewidth of the H2Pc 00.

These cluster manifolds most likely correspond to H2Pc(C2H6)1

clusters since, as In the H2Pc(CH 4)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-

uated above and below the H2Pc plane. The same arguments used to

rationalize the predominance of 1:1 clusters in the H2Pc(CH4)I case are

applicable to this system as well.

The two H2Pc(C 2H6)1 cluster geometries shown in Figure 6.5b

support the assignment of two cluster geometries. Both geometries have

the C2H6 situated over the center of the H2Pc core as found for

H2Pc(CH4)1. Geometry I should yield a larger spectral shift than geo-

metry 1I based upon polarizability arguments previously discussed for

single ring cluster systems.2 ,8 Briefly, the species with the larger

sppctral shift is associated with the solute/solvent relative orienta

tion for which the direction of the large solvent polarizability is

2
"i'
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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 cm - 1 to the red of the H2 Pc 0o. As mentioned in the Results

Section, two specific solvent orientations are consistent with the

qualitative solute/solvent geometry of calculated H2Pc(C2116 )1 configura-

tion II (see fig 6.5b). One would not expect a spectroscopic difference

between the two geometries as they differ by a 900 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-

itles and n-cloud overlap.

The H2Pc/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(C3 H8 )1

cluster origins appear at 33.4 and 25.1 cm- 1 to the red of the H2Pc 0)

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-1 , the Al occurs at 14.8 cm- 1

to the blue of the cluster 00. For the cluster manifold beginning at -
4, 0

25.1 cm I, the A] and A2 occur at 15.7 and 31.4 cm I to the blue of the

cluster 00
0'

Geometries similar to those shown In Figure 6.5c could be assoc-

iated with the two observed cluster manifolds. Different spectral

shifts for the two geometries most likely result from difference in

7--cloud solvation. The propane solvent interacts less with the fl2Pc

,T-cloud in geometry 1I than in geometry I sin((, th, ( ) axis of the

cluster solvent (direction of small polarizability) is perpendicular (o

the H2Pc molecular plane in geometry II but parallel to the plane in

%d
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geometry 1. A geometry similar to I could thus be responsible for the

cluster manifold beginning at -33.4 cm - 1 and a geometry similar to 11

could be associated with the manifold beginning at -25.1 cm

The H2 Pc(C2 H6 ) 1 and the H2 Pc(C3Hs)1 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.2 19 - 1 1  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 00 transition if the three-
0

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 H2Pc/

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 x-cloud overlap. The observation of the Blu funda-

mental at 15 cm - 1 serves as evidence supporting this notion as molecular

displacement along this coordinate appears to yield favorable Franck-

Condon factors. The A transition is also observed In all the other

H2 Pc 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 H2 Pc/hydrocarbon cluster series is similar to the

benzene and N-heterocycle'hydrocarbon cluster series previously

studied.2 8,10,11 The H2Pc!hydrocarbon clusters S, 1  So transitions till

exhibit bathychromic shifts with respect to the cluster chromophore

%.
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transition. The direction of the shifts is the same as that observed in

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

-r-cloud expands and becomes more diffuse. The ,--cloud can thus partici-

pate more effectively in intermolecular bonding. The net result is

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

S1 state relative to the S state.

As in the single ring cluster systems, the H2Pchydrocarbon

cluster spectral shifts and calculated binding energies increase with

increasing solvent size and 7-cloud overlap. The shifts also depend

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

spectral shifts for the H 2 Pc/hydrocarbon series are about a factor of

two smaller than those 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 r-cloud overlap between the solute and the solvents

at the H2 Pc core site. The conjugated ,--electron path in H2Pc 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 o"erlap

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

large size and extensive delocalization of the solute 7r-cloud may also

be contributing factors since they minimize electron density changes at

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

,7*-orbital.

The cluster geometries calculated for the H2Pc,hydrocarbon

series compare well with the geometries calculated, and in some cases

%%
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,xpl i no it;,] ly 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 centers.

The one major difference between the H2 Pc'hydrocarbon cluster

spectra and the benzene'hydrocarbon cluster spectra is the absence of

observable intermolecular vdW mode intensity in the H2 Pc cluster

spectra. The lowest energy vdW motion (bending) is expected to be

observed at about 50 cm 1 to the blue of the cluster origins based upon

calculational modeling of intermolecular mode energetics.10' 11 The vdW

stretch is expected to occur at about 100 cm - 1 above the cluster origin.

The absence of Av z *1 vdW mode transitions in the H2 Pc clusters may be

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

ization of the H2 Pc ,-cloud yields little change in the electron density

at the cluster site when a single electron is promoted from a r- to a

It*-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 (, v 0 0) giving rise to cluster origins and cluster

chromophore vibrations only. These arguments probably hold for all the

cluster systems investigated in this stiidy ais well.

B. 1)O, MeOH, and EtOH Clusters of H2 Pc and MgPc.

H2 Pc clustered with H2 0, Figure 6.6a and Table 6.6, yields a

spectrum exhibiting a single cluster vibronic manifold with an origin

71.2 cm I to the red of the F 2 Pc 0. The single cluster (chromophore?7e0

j- -,
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vibronic manifold suggests that one H2 Pc'H 2 0 species is responsible for

the observed spectrum. The spectrum is assigned to H2 Pc(H 2 0)1 based

upon the same arguments developed for the H2 Pc/hydrocarbon clusters.

The assignment is supported by the ground state configuration calcula-

tions for which a single geometry is obtained, Figure 8a. In this

geometry, the H20 is situated over the H2 Pc core. The transitions at

15.7, 31.2, and 47.6 cm - 1 to the blue of the cluster 00 correspond H2 Pc

out-of-plane vibrations Al, A2 and A3 . The feature at 55.1 cm - 1 to the0' 0 0

blue of the cluster 00 corresponds to the Bo cluster chromophore

transition.

Clustering H2Pc with MeOH yields a cluster spectrum, Figure 6.6b

and Table 6.6, associated with H2 Pc(MeOH)l which has an origin 82.0 cm-1

0to the red of the H2Pc 0o. The cluster chromophore out-of-plane vibra-

tions Al and Ag are observed at 16.3 and 31.4 cm -1 to the blue of the

cluster 00 The assignment of a single cluster manifold is supported b
0"

the single calculated ground state geometry obtained (Figure 6.8b).

H2 Pc 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 H2 Pc(EtOH)j species. The first cluster

origin is at 90.9 cm - 1 to the red of the H2 Pc 00 and the second cluster
0

manifold begins at 83.3 cm -1 to the red of the H2Pc 0o. The cluster
Ag0

chromophore vibrations A] and A2 can be identified in these manifolds at

16.1 and 31.7 cm - 1 .

The two H2 Pc(EtOH) 1 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

H2 Pc n-cloud than in geometry 11 and, therefore, geometry I should

%I
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exhibit a larger spectral shift. Thus a geometry s imilr (l I H ,

associated with the cluster whose origin is at 90 9 m Ind i I

similar to 11 could be associated with the cluster whose or Iv'i <. 0

0
-83.3 cm with respect to the H2 Pc 0o.

The H2 Pc/H 20, /MeOH, and 'EtOH cluster spectra suggest that the-

solvent OH group is intimately involved In the intermolecular intert

tion. The red shifts for all three clusters are similar and larger than

those observed in the H2 Pc/hydrocarbon systems. The MeOH and EtOH

cluster shifts are larger than that observed in the H20 cluster sugges

ting that the shifts are dependent upon the combined effects of the OH

group and the hydrophobic portions of the cluster solvents. If, 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

H2 Pc, 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 H2 Pc Inner ring nitrogens have large electron density 19 ,3 3 which cm

enhance the hydrogen bonding of solvent OH groups. Since the observod

chromophore transition is n* - n, a large red shift can be expected.

The MgPc(H 2 0) 1, (MeOH) 1 , (EtOH) 1 cluster spectra, Figure 6 7 rtI

Table 6.6. are very similar to one another. The MgPc(H 2 0) 1 sp,.t rlim

be assigned as arising from two different cluster manifolds with mririn

-. ' . o ' ' % ' ' "O' ' . • . ' . % " ,° . . . ..
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0,It W1 i .1id 18 3 m 1 to the blue of the MgPr 0(,. Cluster chromophore

mit of plane vihrations ire ,observed for both manifolds. The and the

00A ire observe d at 1 1 ' I 1 2) u:m I and 29. 1 (29.8) cm- I to the blue of

2 -I
the origins Bo transitions are observed at 57.1 (56.9) cm -

. The
0I

4gP,-c)e'OH l I ind MPrIEtOH) I spectra are similarly assigned.

the MgPc(ROH) 1 series differs from the H2 Pc(ROH)1 series in three

.ispects First. the MgPc(ROH)1 spectra exhibit hypsochromic shifts with

respect to the isolated MgPc spectrum. The direction of the spectral

shifts indicate that the solute and solvents interact more strongly in

S than in S1  The major difference between the two solute systems

studied is the phthalocyano core environment; the pyrrole hydrogens in

H2 Pc are replaced by a magnesium in NgPc. 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 vdW

interactions to actual complexation in which the solvent donates an

electron pair to the solute via the central metal atom. 19 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

Pc molecular plane,3 4 cluster formation would drastically perturb the

chromophore electronic environment and yield relatively large spectral

shifts. Observation of weak vdW Interactions between MgPc and H20,

EtOH. and phenol in the IR region leads to similar conclusions.35

Second. the spectral shifts in the MgPc(ROHt) 1 series are vir-

tually identical. This observation suggests that the OH group is

• .. .. ... ... . -. . ...- ,- . ... ,; .:. .;-....... ..; -., ; ..;, ,x..-.--.--, ,.: .-,-..- .-.,........
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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)1 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 S1 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 (Eu in D4h) may thus split into Q. and Qy bands (B2u and B3u in

D2h); the splitting is small, however, due to the small perturbation

caused by vdW clustering. Similar removal of degeneracies occurs for

benzene clusters,2'9'10 and for ground state vibrations of MgPc!H20,

/EtOH, and /phenol systems.
3 5

C. CO2 Clusters of H2Pc and MgPc.

H2Pc clustered with CO2 , Figure 6.10a and Table 6.7, yields a

spectrum with a single cluster origin blue shifted by 14 cm- 1 with
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respect to the isolated H2Pc 00. The cluster manifold is assigned to a

H2 Pc(C02 )1 species. Cluster chromophore out-of-plane vibrations Al
2 -0

(15.4 cm -1 ) and A2 (30.7 cm 1) built upon the cluster origin are also
0

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 CO2 moiety is situated over the H2Pc

core.

The H2Pc(C0 2 )1 spectrum is different than the other H2Pc clusters

studied in that it is the only system exhibiting a hypsochromic shift.

The exact nature of the Interaction responsible for the spectral shift

in this system is not known and more work on CO2 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 Interact

through n-n interactions. Upon excitation the diffuse nature of the

solute ;t* state reduces the Interaction between the x systems and

results in a loss in S1 binding energy relative to So.

MgPc clustered with C02 , 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)1 systems. The

cluster origins are blue shifted by 17.9 and 22.6 cm-1 with respect to

the NgPc o. As In F2Pc(C02 )1 , well defined cluster chromophore

vibronic transitions are observed. The Al and A2 transitions built un

the origin at 17.9 cm - 1 occur at 19.9 and 31.1 cm- 1 to the blue of this

e-.. .. _ ,-..
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1 2and

origin. The Al and A2 transitions built upon the 22.6 cm I origin occur

at 21.1 and 32.3 cm-1 to the blue of the origin. The existence of a

single MgPc(C02)1 species responsible for the cluster transitions is

supported by the ground state configuration calculation shown in Figure

6.11b.

The MgPc(C0 2 )1 cluster spectrum differs from that of the other

4MgPc clusters studied in that the magnitude of the hypsochromic shift is

smaller for MgPc(C0 2)1 . This difference can possibly be attributed to

the difference In the major mode of interaction between the solute and

solvent. In MgPc(C02)1 , the major Interaction may be due to the same

type of x-cloud interaction as suggested for the H2Pc(CO 2)1 Interaction

as the spectral shifts are comparable for the two systems. If the

solvent oxygen/solute magnesium interaction were the major contributor,

one could expect a larger hypsochromic shift comparable to those found

for the MgPc(ROH) 1 systems.

Summary and Conclusions.

FE spectroscopy is used to probe the optical spectra of vdW

clusters of H2Pc and MgPc In the vicinity of the cluster 00 transitions.
2 0

A continuous supersonic molecular jet capable of operating at tempera

tures up to 6500 C is employed to generate the ultracold 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 H2Pc 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 H2Pc 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 H2Pc and MgPc clusters, the H20, 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 H2Pc

and solvent ROH moieties;

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 ||2Pc and MgP'

s-ystems. Intensity due to this motion arises from the reduction of th,.

chromophore symmetry in the clusters. The perttirbation may be large

enough to cause the cluster chromophore geometry to change in a) attemnipt

to maximize it-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, Qx and

Qy"

d '

p
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CHAPTER SEVEN

UNPUBLISHED RESULTS

This chapter discusses the results of an out-of-plane normal

coordinate analysis on HPc and the results of the 2-color TOFMS experi-

ments on H2Pc and MgPc. These results are presented to establish an up-
2m

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 H2Pc.

Out-of-plane fundamental and/or overtone vibronic transitions are

observed in the vicinity of the 00transitions in the H PC and MgPc

spectra as well as in all the H2 Pc 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 H2 Pc. This

normal coordinate analysis is used to determine the nature of the

molecular motion occurring in both the H2Pc(MgPc) molecule and

H2Pc(MgPc) cluster spectra.

The out-of-plane normal coordinate analysis on HPc is conducted

using the FG matrix methods described by Wilson et al.' These methods

essentially involve expressing the secular equation of N-3 coupled

harmonic oscillators describing the out-of-plane motion in matrix form

9 °

. ,.
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and solving for its N-3 non-zero eigenvalues and eigenvectors. To

simplify the calculations, the molecular symmetry of H2Pc is utilized to

symmetry (block) factor the potential energy (F) and kinetic energy (G)

, matrices to yield "submatrices" each of which describes a particular

Nspecies 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 H2Pc 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 representations under the D2h point

group:

rvib = 15 Bu 13 Au+ 13 B2g + 14 B

Two types of internal coordinates are used to describe the H2Pr

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 bond,,d

to additional atoms (I and 4) by bonds not colinear with the bond

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

connecting bond define two planes. Nuclear deformation may thus be

,xpressed by the anprle defined as the dihedral angle between the' tw')

.-

"- -*.-5 ' " -'"*' -." - -" -" - . ' " " . . " -. - - . " " " -, - . . - .'. ' ' - - " ".S "--
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planes. The displacement of the atoms in this internal coordinate for

atoms 1-4 bonded in sequence is expressed by the following s vo-tors.

7.1a S. 2

r12 sin ¢

r2 3  r12 COS ¢2 e 1 2 'e 2 3  cos 03  e13 "32

r23 r1 2 sin 2 sin 02 r2 3 sin 03 sin 3

7.1c s =  [{14)(23)] S.
,3 72

7.ld s, = [(14)(23)] s

for which the terms in square brackets are permutation operators Equa

tions 7.1c and 7.1d thereby state that the S _ nd s vectors i-in b

obtained by permutation of atoms 1 and 4. and 2 and 3 in the expresin-.

for 9 and §.1 Z" "

The out-of-plane wagging coordinate. Figurp 7 1( i 'if, fIef d 'I

an atom for which three coplanar bonds are color ilient rhe lfirt .',

angle r is formed by atoms 2. 3. and 4 The sv; (to s d1 r tiV. ,

atomic displacements in this internal coordinatp arp

1

7.2a 7

sift¢
7.2b s =

7.2b 
r 2 r 42 sin 0,

G 4 ' . ' o -, . , - . , - - . .. .
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TABLE 7.1

Kinetic Energy ()Matrix Elements for H2Pc Out-of-Plane Notion ~

Matrix Elemept Matrix Element Matrix Element
(A-g/mol) -£(A-g/mol) -1 (A-g/moi) -1

Glalal) .56689 G(blbl) .56689 G(clcI) .56689
G(albl) -.45351 G(blb2) .22676 G(c~c2) .22676
G(a~b2) -.45351 UtbicI) -.45351 G~cidI) -.45351
G(alcl) .22676 G(bic2) -.11338 G(clel) - .21223
0(aIc2) .22676 G(bldI) .22676 G(cje2) -.18273
G(aldl) -.11338 G(blel) .08058 G(clfI) .09890
Ofalol) .47094 G(ble2) .05107 U(cltZ) .04945
G(alo2) -.47094 G(bifl) -.04945 G(clol) .26002
Ofalpl) -.26002 G(bil) -.47094 G(clo2) -.04909
G(a~p2) .26002 G(b~o2) .26002 G(clPl) -.47094
G(altI) .04909 O(blpi) .47094 G(cIP2) .04909
G(a~t2) -.04909 G(blp2) -.04909 G(cltl) .39084

WWblI) -.22615 G(clt2) -.20143
G(blt2) .03674 G(clul) -.07794
0(blul) .03897 G(clu2) .03897

9G(dl) .56689 GOe1e1) .32338 G(tfir) .33332
G(dlel) .26331 G(ele2) .10262 G(flt2) -.27330
G(dle2) .26331 WWIl() -.26292 O(tlglI) .29100
O(difl) -.09890 G(elf2) .10302 G(t'1g2) -.21386
G(djf2) -.09890 G(elglJ -.25421 0(tlhl) -.09307
G(diol) -.04909 G(eig2) .05108 G'f~h2) .05879
G(dlo2) .04909 G(*1h1) .09148 Giflp.) -.04283
G(dli) .26002 G(elpl) .06978 O(flti) .17404
G(d~p2) -.26002 G(vlp2) -.04423 G(t~t2) .00738
G(dltl) -.37849 G(Oltl) -.27633 G(flul) -.29377
G(dlt2) .37849 W(,1t) .16750 G(tlu2) - 18.581
G(dlul) .07794 G(e1u1) .28850
G(dIu2) - .07794 G(eiu2) .00059

G(glgl) .76450 G(hlhI) .76450 0(1111) 56689
G(glg2) -.06129 G(hlh4) - 06129 G(I1J1) -4539,1

G(glhl) -.59954 G(hlm3) 018G(11J2) 45351
GfgIm4) .09148 G(hlm4) -.25421 G(I1k1) 22676
G(gIn3) .089G(hln3) -.21468 G(11k2) 22676
G(g~n4) -.09307 G(hln4) 29100 GI1111) 113,18

*G(gI92) .04786 G(hi@2) -25909 G(iIql) 47094
*Gfgltl) .10364 WIt) -.04667 G(11q2) 47094

G(glul) -.48542 G(hIuI) 25929 G(IlrI) -26002

G(glu2) -,04284 Gjhjv4) - 10364 Gilr2) 26002
G~glv4) 04667 G(hiw3) 04284 (IlIlVIl 04909)
G(glw4) - 25929 G(hlw4) 48542 6s(11v2) 04909Y

.............................
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TABLE 7.1 (Contlnued)

Matrix Element Matrix Element Matrix Element
(A-g/mol) -1I (A-g/uol) - (A-g/mol) -1

Ci(J1J1) .56689 G(klkl) .56689 G(1111) .56689
GJJJ2) .22876 G(klk2) .22676 G(llfl) .26331
G(Jlkl) -.45351 G(klll) -.45351 (1102) .26331
G(J~k2) -.11338 GOlnm) -.21223 Gf unI) - 09890
G(Jlml) .08058 Gfkln1) .09690 G(l1n2) - 09890
GjIlm2) .05107 G(kIn2) .04945 G(ll) - 04909
G(JlnI) -.04945 G(klql) .26002 G(11q2) 04909
O(Jlqi) -.47094 G(klqZ) -.04909 G(lIIJ 26002
Gfjlq2) .26002 G(klrl) -.47094 (illIrI) - 26002
G(JlrI) .47094 G(klr2) .04909 G111i) - 37649
G(J~r2) -.04909 G(klvl) .390"4 ((v2) .37849
G(JlvI) -.22615 0(kWv) -.20143 GOfIul) 07794
G(J~v2) .03674 Gfklwi) -.07794 0(11*2) -.07794
G(JIwI) .03697 G(klw2) .03697

G(.mlm) .32338 G(ninI) .33332 Ofolol) 1 40434
G(amam) .10262 G(nin2) -.27330 G(01o2) - 28030
Gfutni) -.26292 G(nr) -.04263 0(olpl) - 28030
G(mln2) .10302 0(nial) .31472 ((dpi) 04252
G(mirI) .06978 G(nlvI) .17404 (atI) 04252
G(mlr2) - .04423 ((nIv2) .00738
0(31.1) -.19027 fl~nlwl) - 29377
(mvi) -.27663 G(nIw2) -.16501
G(mlvZ) .18750
G((mlv) 285
G(mIw2) 00059

G(pipI) 1 40434 (3(qlql) 1 40434 's(rlr1! 1 40414
((pitl) - 25090 G(qlq2) - 28030 Ofrivi1 250114
G(p~t2) 03182 G(qlrI) - 28030 GIriv2) 113182
G(plul) 03375 G(qlr2) 04252 Girtil) 37

G(qlvl) 04252

G(vlai) 1 5546 0(titil 38645 Giulta1 4V'
Ofulvi) 03210 G(tlt21 16585 GIu1u? l~4
G(9192) 03210 Gftiull 18867 GIU14 1 4' 1
G1isI) 21009 G~tlu2) 02525
G(sua2 21009

(3tvIvI) 38645 G(WIWI) 42178
Q(~v Iv21 16565 G;(wiv2l 02994
G(~vv11 18667
(;vlw2) 02525

a) Only those rlpmonts necessary to generot. the u matri i- .'PtUa ,
%yueetry coordinates ors, showna

4~ a - a
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The f Iements of the F matrix in terms of the bond torsion tnd

out-of-plane wagging coordinates, Table 7.2, are simply exprPssed as

vailfnce force- constants F, for whic h t and t' corr'-spond to the two

internal coordinates in question. For the purpose of this calrul,it ion.

the F matrix (lments are taken as the diagonal fore corstait ' (IPM r ib

Ing the out of plane motion of' benzene I In this zipproximation. all

H )Pc bo d t(r ion forceo, 1 '(1St ,llll s ;fI ;j ssumed t o be t he i, lv is t hl)';,

corresponding to tle, C C( torsions in henzene The out of plane wagg Ifi

force ronst ants ir-e issomed i)toph the same ;is those vottr#'spooilin tog

benz.ene out of plane C H wars All off diatgonal tforIe constants ire

t,ikei ;is 7prI) Th14 forfe I ield 9 hem' ven thoo h not qant it t ve1

i ti wI I I l li )w f(or the hl tlid t ltln If thle g rner i oatlre of t hv

' I t o e e I 11o. m I II I I i 1 ('4 t wo I I 1 0e 1 II oI hI 't 0. t I r 4.01116,11 1 1

(1
t  

tit p't I I 11 1 aI-'. II ( I * f V. t ,I\IhteI' *hq tI If tiu 1 ti- I i' I t I

i t r i 9 i i il t, i I t ' f v a g 4 . t T

tIr ? tit" i i I ts:-t f i f i'I I II f vI

I lI r I t

tm
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TABLE 7.2

Potential Energy (E) Matrix elements far N2Pc Out-ot-Plane Motion a

Matrix Elemept Matrix Eleme~t Matrix Elemt
(mdyn-A/rad )(odyn-A/rad A (d-Ard

p(als)) 1190 P(blbI) .19 (Ccli) .1190

P(dldl) 1190 7(ele1) .1100 F(fir1) 19

7(C111) 1190 P(hihl) .1190 Mill1) .1190

P(J1J1) '190 F(klk1) 11907111) .1190

F(9181) 1190 P(nini) 1190 F(0101) 33

7(pipl) 3237 F(qlql) 3237 7(rlrl) 3237

F(911) 3237 P(titt) 3231 P(ulu11 3237

F(vIvlI 1237 7(WINl) 3237

a1 Only thoa* vlementa neceery to genoete the !- metrix In terms or
tysimetry nordinstes are shown~

%7p
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TABLE 7.3

Normalized Symmetry Coordinates for 112Pc in Terms of Bond
Torsion and Out-of-Plane Wagging Coordinates.

Blj: B-1/2(bl-b2+b3-b4) 82 g: B=1/2(bl-b2-b3+b4)
C-1/2(cl-c2+c3-c4) C-sl/2(Cl-c2-c3+c4)
E-1/2(el-e2+e3-e4) E=i/2(el-e2-e3+e4)
F=1/2(fI-t2+f3-f4) Pul/2(fI-f2-f3+f4)
G-1/2(gl-g2+g3-g4) G-1/2(gl-g2-g3+g4)
H-1/2(hl-h2+h3-h4) H-1/2(hl-h2-h3+h4)

K-l/2(kl-k2+k3-k4) J-1/2(jl.j2-j3-j4)
M-1/2(ml--m2+m3-m4) K-1/2(kl+k2-k3-k4)
N-i/2(nI-n2e-n3-n4) L-1/42(11-12)
O-l/2(ol+o2+o3+o4) M-1/2(ml+m2-m3-m4)
P-l/2(pl+p2+p3+4p) N-1/2(nl+n2-n3-n4)
Q-1/2(ql+q2+q3.q4) O-1/2(ol+02-03-04)
R'ml/2(rl~r2+r3.r4) P-1/2(plp2-p3-p4)
S-1/42(sl+s2 Q-I/2(ql-q2-q3+q4)
T-1/2(tl+t2+t3.t4) R-1/2(rl-r2-r3+r4)
L-1/2(ul+u2+u3+u4) T-1/2(tl~t2-t3-t4)
V-1/2(vl+v2+v3+v4) U-I/2(ul+u2-u3-u4)
W-1/2(wl~w2.w3.w4) V-1/2(vI-v2-v34v4)

W-1/2(vwl-w2-w3.w4)

A B -1/42(Ib2b3b4 B3g: A-1/42(al-W2

C-1/2(cI~c2+c3.c4) C-1/2(cl~c2+c3.c4)

G-1/2(gI~g2.g3.gf4) G-1 '2(gI+Z2-g3-g4)
1-1/2(hl~h2.h3.h4) H-1/2(hI~h2-h3-h4)
1-1/42(11.12 .- 1'2(JIJ2 13-J4)
J1-l'2(jl.J2.j3.j4) K=1'2(kl k2 k3+k4)
K-I/2(kl.Ic2.k3-k4) M-1'2(ml-m2-m3'4-4
L-11d2(11+12) N-Ii2(nI-n2 n3-n4)
M4-112(ml~m24m3+44) 0=~1 2(o) o2 o3*o4)
M-1/2(n1-n2-n3#n4) P-1'2(pl p2 p3*p4)
0-I Vol o2+o3 o4) Q'1 2(ql~q2 q3 (14)
P-1 2(p) p2-pl p4) P't 2(r1~r2 rl r4)
Q-1 21q) q2+q3 q4) S-I '2(31 q2)
R-I 2(r) r24r3 r4) T I 2Mt t2 t3*t4)
T I 2 t I t2-t3 t4 I I 2(ul ku2 u3*u4 I

I' ) 21ul Q -i ii u4 I 1 2(v) v,2 vi \4
V-I 21v1 V2-vi V41 W-1 '21WI-N2 W3 W4)

WI2(wi W2-wl w41
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TABLE 7.4

Observed and calculated frequencies and tentative assignments
of the out-of-plane vibrations in H2Pc.

Mode Cal Obsd a Mode Calc Obsd a
(cm-) (cm- 1 ) (cm- 1) (cm- 1 )

Blu 1 14.8 15.6 B2g 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
11 739.6 725 39 889.0
12 777.5 775 40 968.1
13 962.7 945 41 1148.3
14 967.8 945
15 1014.4

Au 16 33.1 35.7 B3g 42 38.2 42.7/50.3
17 71.7 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
25 884.5 51 740.7
26 891.8 52 887.2
27 1146.1 53 962.7
28 11468. 54 1013.2

55 1046.3

a) From Chapter 6 and References 5--7.

. : , , ,, '".' ... .- . .. -...- ... . .: ... . . . .
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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 Sl and So

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.

Th . 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 I) macrocycle ring

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

wagging motion types.

The 0-100 cm-1 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 I.

2. 29, and 42 possess potential energy distributions (PED's) ranging,

from 40-70% in these coordinates. From the HPc vibronic spectrum

presented in (hapter ,. thes, modes are observed ais symmetric over

tones at 3 1 (l I H( }. 85 1( ( OO).) )21 8 :J 1r ). arnd

100 f; M )1 ,cm 1 (12' or 2,( w2 i .1 ii I

Men I a I t i ont at I - 7 )- m 7 m

I1 -

MOO .11I tllS t Ins t i ~ Iu7(fl .1 l 71 im 4.. ti

,! .. -t%. . i. ' v o(f A s io 'sr\e i (! i n iie t ri
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TABLE 7.5

Out-or-Plane Elgenvector Normal Modes Calculated for H2PC.

Mode Elgenvector in Terms of Symmetry Coordinates a

Bu1 -.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 B4-.1407 C'-.2406 E-.3954 F-.2622 G-.2505 H
+.1249 J-.1249 K-.2630 M+.4325 N-.1782 T-.3704 U

+.1546 V4-.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-.2686 K-. 1022 N-.3632 T+.2143 V

6 -.2158 B+.2158 C+-2602 E-.4307 F+.3443 G-.3574 H
-.2686 J+.2686 K+.2611 M-.4326 N

7 +.4007 B-.4007 C+.1469 F+.1347 G+.2009 H-.4019 J1
+.4019 K-. 1001 N-.1467 P+.1469 R-.3105 T+.3080 V

8 +-3543 B-.3543 C-.1204 F+.3123 G-.3064 H+.3398J
-.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 F+.2272 G-.1518 H* 7619 0- 4266 P- 2761
+.1549 R-.1440 U

11 2943 0+ 1455 P 8353 Q 4128 R

12 -.2613 E+ 4334 F- 5,511 G, 3,120 H -2:11 () 246Q

-A401 T .4163 1. 1263 W

13 -2919 J- 2919 K, 1121 [1 Jo2S *Q 7437 R- 2462
1314 V

1.1 * 040 H - 3040 F 1(),4 L 0- -6 1 J ' l 1 I R

11) 1864 ; :1679) H 215 M. 7 S ~ I' 91t

* 111 V 2999 W
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TABLE 7.5 (Continued)

Mode Elgenvector In Terms of Symmetry Coordinates a

Al 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

17 +.1385 A-.2577 C+.2891 D-.4917 E*.1849 F-.1825 G
-.1825 H+.1385 1- 2577 K .2891 L-.4917 M+ 1849 N
+.1189 U+.1189 W

18 +.1640 A-.2530 C+ 2932 D-.3954 E*,1482 F- 3436 G
'.3436 H-. 1640 [ 2530 K-.2932 L+.3954 -. 1482 N

-.1435 U+.1435 W

19 - 4671 A. 4560 B- 1114 D-.4671 1+ 4560 J- 1114 L

+-1435 0+.1435 Q+ 1147 U+.1147 W

20 • 4538 A- 4675 B+ 1189 C. 1184 E- 4538 1* 4674 .J
- 1189 K- 1184 4- 1480 0' 1480 Q

21 1059 A- 2007 B- 3027 C* 2501 D- 1274 E- 2660 .
, 2660 H- 1059 1* 2007 J- 3027 K+ 2501 L- 1274 M

1197 P- 1197 R 4232 U- 4232 W

22 2790 C. 2637 D. 1224 F- 44S7 (6 4457 H. 27QO K"
2637 L. 1224 M 2217 P- 2217 R 2228 T 1-26 t

* 2228 V- 1726 W

2 2202 C' 2154 D- 039 F I2,I F 2202 K. 21',4
1039 M 1141 N 1946 P 1936 R 2859 T. ',.

2859 V- 2103 W

2115 F. 464' ,, - 4 H. - M-.
I I d 121 P . I A 4 T 2'' : 4 14 , '4 c . ,

* 2 ( I  
24F * 'l . '4*:,: k, 3" . .

4200 ' 2914% ' 3 1 1 0.

* 21 , V , . ,

.1 14 - . " .

'I i t.

* 9. \ ' , 4 , 4

'.9.. .• "- . N* , . •
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TABLE 7.5 (Continued)

Mode Elgenvector in Terms of Symmetry Coordinates a

B2g 29 +.1179 B-.1179 C+.7966 G+.2358 H-.1072 K+.1191 L
-.2328 M+.2209 T+.3514 U+.1308 W

30 +.1944 E-.3189 F+.1762 1-.3289 K+.3688 L-.6348 M

+.2386 N-.2474 U+.1803 W

31 +.4865 B-.4865 C+.2356 E-.3831 F-.1991 G-.2474 H

+.4174 T-.1334 U

32 -.2591 B+.2591 C+.2861 E-.4743 F+.3997 G-.3046 H
-. 1695 1+.2071 K-.2518 L+.2789 M-.1045 N-.1103 T

+.2327 W

33 +.1522 B-.1522 C+.1101 F+.1459 H-.6255 1+.6320 J

-.1268 K-.1341 N+.1997 Q .1220 W

34 +.5224 B-.5224 C+.2598 G+.1907 I-.2203 J+.1214 K

-.2029 P-.4420 T+.1149 W

35 +.1951 E-.3237 F+.1469 G-.5439 H+.1498 J-.3424 K

-.3102 L-.1786 R-.1474 T+.1811 U-.1829 V-.4103 W

36 1769 E- 2934 F-.1897 G+.2833 K-.2768 L-.3744 M

+ 1406 N-.1104 Q+-4846 R+.2496 U4-.3592 V-.2422 W

17 1404 G- 1394 H+ 8457 0 .4460 P+.1139 R

18 . 2411 E- 3999 F-.5561 G- 4052 H, 1672 0- 1267 y

2127 R- 1237 T 3913 U- 1936 W

1417 G- 1652 H- 1397 1 3067 K- 3357 L- 282' M

1061 N- 5692 Q- 1794 R 4R6 V- 1822 W

V 3071 H 1071 4 ( )F)7 6 ,141 P I 70 T

F, 4 1 2Mk 14 24 K- 21 2 '1 - 14 -4-1
4 ',4 k V1) 14

.4 , . 4 . IJ
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TABLE 7.5 (Continued)

Mode Eigenvector in Terms of Symmetry Coordinates a

45 +.1615 A-.2996 C.-2421 D-.2706 E*-1013 F 2789 (;

+.4128 H-.3138 ,J .3138 K .2646 M- 4396 N- 21',9 I

-.1479 V

46 +.6131 A-.6148 B+.1105 C+.1002 D 1202 E- 1396 G
+.1985 J-.1985 K .1148 N-.1941 0-+1218 T 1240 V

47 +.2509 A-.2843 B+.1431 C+.1198 E-.2690 H- 49891
+.4985 K+.1890 R+.1240 U .4040 V

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

49 +.2737 C-.2640 D-.2379 E-.2581 G+,4123 H- 1837 4

+.3052 N+.3212 P+.1O07 R-.3008 S+.2819 T .1333 V
-.3401

50 +.1284 C-.1271 D-.2979 E+.1118 F+.4455 G-.3629 H

-.1031 N+.1451 0+.4155 P-.2352 Q-.1579 R+.2259 S
+.2291 T-.3401 U+.1628 W

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

52 -.1411 A+.3139 C-.3430 D-.2800 E+.1051 F+.1211 G
-.5828 0-.3970 P+.3518 T-.1677 U

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

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

55 +.3167 A-.4127 B+.3424 C-.2172 D-.1148 E+.5470 0
-.4583 P+.1911 T

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

L-
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dominat es. From the eigenvector normal mode forms, the C-H vibrat ions

are, for the most part, uncoupled from the H.)PC ring modes as the out

of-plane wagging coordinates o-r account for between 71 and 97% of the

PED's responsible, for- the motions, The infrared spectrum of H.,-c



171

>osssese )btlnts at 7.25, 775, and 945 cm I which can be attributed to

Blu type out-of-plane C If wagging. The normal coordinate analysis

reveals C-H wagging mode frequencies in this vicinity at 735.3 (mode 10),

739 fC (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 I (mode 15) with a PED of 49% in the s internal coordinate, but it

has been assigned to a band observed in the vicinity of 700 cm
- 16' 7

based upon isotopic substitution. Intramolecular hydrogen bonding

between the imino hydrogens and adjacent core nitrogen atoms may

arccount for the large difference between the calculated and observed'

assigned modes. However, mode 9 calculated at 608.3 cm - 1 is near the

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

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

pyrrole torsion coordinate, m. Performing the normal coordinate

analysis tising deuterons at the pyrrole nitrogens results In mode 9

rf-d shifting to 536.3 cm 1 ()H'-)D 1.13) and mode 15 red shifting to

9116 cm I (uH',JD = 1.11). These results suggest that the mode respon-

sible tor the band observed at 711 cm I could be due to highly coupled

mot ion 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 '1 region.

SPMMARY AND CONCLUSIONS:

An out-of-plane normal coordinate analysis is conducted on t12PC

to characterize the large amplitude low frequency motion present in both

the isolated H 2Pc and MgPe moieties as well as their respective vdW

clusters with small solvents (see Chapter (). The out-of-plane normal

J.
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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. In

the comparison, observed vibronic symmetric overtone transitions and

infrared active Blu 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 H2Pc 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 employe6 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.10 - 12 One possible explanation for

Ihe nontunability is that the molecules are vibrationally/rotatlonally

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.

%%
a. ' " 'e . . - .,". . .-.. t. ' .' ,. .,'-.' s ,- 

" ,
" .- j. .'.% -€ %



1 73

In the existing apparatus. 1 2 Figure 7.3. the supersonic expan-

sion is sampled using a compound angle conical skimmer. 1 3 The sampled

portion of the supersonic expansion then travels about 50 cm 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 T1 , the centerline static pressure

P1, and the centerline static density p, of the expansion before the

skimmer can be described by
14

.4a T I  + _ M IT o
2

7.4b T1  =(l+-1 M2) T-1

p0

I) Po
-l

7.4Ic Pl= r- ,o

as a function of centerline Mach number MI. nozzle backing region stag,-

nation temperature TO' stagnation pressure P0. stagnat ion density pf,.

and y = CrP/C v 5,'3 for monatomic carrier gases. The centerline Mach



OVBP

GV

DP

Figure 7.3
A.

Supersonic molecular jet apparatus. I - FE chamber. OVBP - oil vapor

booster pump. N - nozzle. S - skimmer. PMT - photomultlplier tube. TI -

2 inch tubing. T2 - 3 1/2 inch tubing. GV - 3 inch gate valve. II -

TOFKS chamber. FT - flight tube. [A - Ionization area. DP - diffusion

pump.

IV
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for which x is the centerline downstream distance and D I s t he ;uper-

sonic nozzle throat diameter. Since the vacuum chamber pressiure is

finite, acceleration of the expansion will cease at a terminal Mach

number which can be determined using Equation 7.4a and1

• .I

7.6 -

0 0

for which P is the vacuum 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 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 M t = 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 by'5

11

7.7 
-- = --

% Po



e,.?wi.1n 20 p)ri t I I mm Ih .I , o id ' itly le is thdi t h r posit Il of tie

fi111 t fdis tb he .1 cot- to11 I W i It4 itimp e ulow 1istrc'1 ' r il l i 77I

F ig gire- 7 4 preseits the centerl ine temperiturre profi les for-

supersonic expansions beg iilli, at To 773 K and TO  298 K as a

function of downstream distance x calculated using Equations 7.4 and 7.5

with the centerline 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 (To = 298 K). Thus, H2 Pc 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-

15,16
tional temperatures equilibrate near the translational temperature.

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 Lo 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

-" " '"--"



IO

4

6

79%;q7TIN

I- 8
-J

z
0 4

C,)
* 2 T,773K

To =298K

10 20 30
DOWNSTREAM DISTANCE (mm)

Figure 7.4

Downstream distance versus centerline translational temperature for

supersonic expansions beginning at 773 K and 298 K.

I

I.



178

respect to the f low direct ion. The (enterlin, rlownstre m tr:tns la ialotl

temperature T2 , static pressure P2 , and static density P) :rel

(IL. MT sin2 e Lis)n(LI +

7.8b P2 =  M' sin' 6 Pl

(rl s1 

7.8c P2 s Pl
\2 (T-l) M sin 2  p

for which M1 is the Mach number just upstream of the shock wave and e 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

flow as It passes through the shock wave. The most severe case is at

= 900 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 e = 100. the downstream temperature is

a factor of 13 greater than the upstream temperature.

Bier and Hagena have shown, by Schlieren photographs, the types

of possible skimmer interferences present in the expansion. 1 7 At ldrp,,
$

nozzle/skimmer distances, the shock wave system in the expanding je1 g,,

is similar to that depicted in Figure 7.6a. for which the supersonic

flow is contained in oblique and normal shock (Mach disk) waves. In

%
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Shock wave system In a supersonic molecular jet expansion In the pres-

ence of a skimmer downstream of the nozzle throat.
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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

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 (an bfI, th)u)m1't

of as a sequence of collisional energy transt'er, processes tp the molt,
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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 H2 Pc

versus 30 for benzene); in particular, many of these modes are of low

frequency. H2 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 l' ,lk

lie at about 400 cm - 1 . Either or both of these two factors may

'ontribut , to the molecular heating of thet mit rnro yclIs.
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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"1 8

The diameter of the skimmer orifice dictates the gas throughput

of the skimmer.19 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 emax which can be negotialf d

by a supersonic flow without shock wave detachment is given by 14

'NO ,..,.. ' -.. ' -. ' , .'. .. , , , -' .- '..-..', . - . . . - - + .. , ,. . _-.
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I f+l 1 ~-- 7+1 ,12\

7.9 sln 2 a = 4 2 16

as a function of Mach number N1 at the skimmer orifice. The maximum

flow deflection angle is related to the maximum exterior skimming angle

6  and skimmer Mach number by
14

~max

7.10 k = I - I tan emax
tan 6max 20 M2 sin2 max

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 460. 410 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 350 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.14'19'2 0 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

relationship 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 H2Pc taken using the three skimmers are

shown in Figure 7.8. The spectra are taken using 428 0C nozzle backing

region temperature, 560 0C nozzle tip temperature, 25 mm nozzle/skimmer

distance, and 2.5 psig argon nozzle backing pressure. On 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 H2Pc 0o and A2 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- 1 wide and peaks at about

16 cm to the red of the H2Pc 00 Similar sequence structure is also
" 2

observed to the red of the Ao . Assuming a 10% decrease in vibrational

frequency between the ground and excited states for H2Pc, a vibrational

temperature of about 150 K can be estimated from the observed sequence

structure.

These experiments identify the skimmer as being the major soiirrt

of Interference in the supersonic expansion. In particular, the ob-

servations suggest that the downstream oblique shock system is respoii-

sible for the molecular heating since the interference decreases with
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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

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 mentioned above, the Intensity of the downstream oblique

shock wave depends upon the static pressure in the vacuum chamber

directly downstream of the skimmer. In 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

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

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

observed.

Other vacuum systems 21 which utilize skimmers to sample the

supersonic expansion differ In design from our existing apparatus.

I. .*..'.o......-. .o.So ....- >. * ' -
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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-

quate 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 ovetll

shorter nozzle,'TOFMS ionization area distance which should increase th,

molecular density at the ionization area by a factor of 25001X, foi,

which X is the nozzle!TOFMS ionization area distance in cm.

2* % .
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Proposed supersonic molecular jet apparatus. I - FE chamber. OVBP-

oil vapor booster pump. N - nozzle. S - skimmer. P T - photomulti-

plier tube. F - 16 inch Flange. II - TOFS chamber. FT 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

H2 Pc and MgPc yielded negative results. Both helium and argon carrier

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-

cular heating of the H2 Pc and MgPc moieties by shock waves in the

vicinity of the skimmer used to sample the supersonic expansion. New

skimmers were designed to minimize the shock wave effects on the super-

sonic flow. "Quasi" cold 2-color TOFMS spectra of H2 Pc were obtained

using these skimmers. Experiments identified the skimmer as being the

major source of interference in the molecular expansion. In particular,

the observations suggest that a downstream (Chamber II) oblique shock

system is responsible for the molecular heating. Through identification

of key apparatus design factors which should minimize the downstream

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

and to minimize skimmer choking and boundary layer effects in the post-

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 H2P('.

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 is(

lated environment. For example in the H2Pc and MgPc cluster studies,

major differences exist between the two cluster solutes in that the 11.,',

clusters exhibit enhanced stabilization in the S1 state relative to the

SO state whereas the MgPc clusters exhibit enhanced stabilization in t ,,
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SO 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 ]one 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 phthalocyanlne

(ZnPc). The fluorescence quantum yield for ZnPc is about .3 which is

comparable to those for H2Pc (.7) and MgPc (.6).1 This quantum yield 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

H2Pc 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

modeling studies on Pc's containing cadmium, sodium, and lithium.

5- ' , .. : . - . ,. . .' ' ,..- - ' -, - ,..-.- - .,., .- -..------.- j
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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. Facrocycles which can be Initially studied in this

class include free base tetrabenzoporphyrin (H2TBP), magnesium tetraben-

zoporphyrin (MgTBP), and zinc tetrabenzoporphyrin 2 (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 H2TBP,

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

yields (.46 for H2TBP, .55 for NfgTBP, and .35 for ZnTBP)1 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

• " . .#. * o ' -*b .' . . . •. %. .. = -. , *****% % % '. % "*% % '•"% - -%."- % -% , •* =%
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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 nx 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? Furthermore, these studies

may yield information on differ,,c':; 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

? P 1 . 1 .. p .p " ' . .1 .* F 4.** or,
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also important in the understanding of the vibrational structure present

in biologically significant systems. In 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 H2Pc 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 H2Pc 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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7 7 Solute/Solvent Interaction in Clusters - The MgPc(CO2 )1 and

H2Pc(CO2 ), clusters presented in Chapter 6 exhibit vibronic spectra with

distinctive spectral shifts. The H2Pc(CO2 )1 cluster is the only cluster

observed with HPc which possesses a hypsochromic shift upon excitation

to the S state. The MgPc(C02 ), cluster also exhibits a hypsochromic

shift comparable to that observed in H2Pc(CO2)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 7-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 discusstd

II
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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 (-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.

V' , . .. % . , ,,'.. ,-:. .. .,., ..... . - ., . ,, . ., . . , . .,
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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 H2Pc 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. In these studies, we found that the preferred benzene

solvation site is located over the aromatic 7 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 yield 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 gf-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-heterocycie/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.

.1

.1
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The single rlng/solvent clusters also exhibit spectra and calcu-

lated geometries consistent with the notion that the intermolecular

potential is primarily composed of solute'solvent ' cloud interactions.

In this regard, the preferred solvation sites on the cluster solutes are

located over the aromatic 7 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 H2Pc/MgPc S, manifolds. The correlation also makes possible the

identification of specific species/geometries responsible for the
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cluster vibronic spectra observed in the vicinities of the chromophore

Q band origins.

In the cluster studies, we find that the H2Pc,/hydrocarbon cluster

experimental and theoretical results parallel those observed for the

benzene and N-heterocycle/hydrocarbon clusters. The cluster geometries

favor forms for which solvent/solute ;T 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 H2Pc 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 S1 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.

Lm
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APPENDIX ONE

HYDROGEN BONDED AND NON-HYDROGEN BONDED VAN DER WAALS

CLUSTERS: COMPARISON RETWFEN CLUSTERS OF PYRAZINE, PYRIMIDINE,

AND BENZENE WITH VARIOUS SOLVENTS
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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 Chemistry, Condensed Vatter Sciences Laboratory. Colorado State Univenity. Fort Collins.

Colorado 80323

(Received 13 December 1985; accepted I May 1986)

Solute-solvent clusters of pyrazine, pyrimidine, and benzene (solutes) and C. H1. 2 (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 "OFMS). Spectral shifts, van der
Waahl (vdW) modes, dissociation energies, and vdW mode-solute mode vibronic couplinp are
characterized for most of the observed clusters. Based on these data and previous results for
hydrocarbon systems, cluster geometries can be suggested. Lennard-Jones potential (6-12- I )
calculations are also performed for these clusters and in adl instances for which comparisos can

be readily made, calculated and experimentally estimated geometries and binding energies agree
completely. Clusters of N-heterocyclic solutes and H2 0 are not observed experimentally.
Systematics and trends among the clusters reported herein and those previously reported are
discussed and analyzed.

I. INTRODUCTIOW important for the solute-solvent coordination. Expanding

Supersonic molecular jet spectrocopy h made on these studie we are now exploring solute--sol-

bie the study of a wide variety of wealdy bound. solute-sol- vent clusters with N-heterocyclic solutes (e.g.. pyrazine and
vat van der Wsals (vdW) clusters in the gas phase. Cluster pynmadine) and alkane solvents and N-heterocyclic solutes

ivestigatons have enhanced our understanding of tntra- with hydrogen bonding solvents (e.g., water and ammonia).

and intermolecular interactions and potsetiala. vibrational The tial relx of this effort for pyrazne and methane.

energy dynamics and chemical reactions. structural proper- t a propane clusters has already appeared.'

ties o(small aggregates of solute and solvent moecules, and In this paper we discuss the two-color TOFMS study of

nucleation and growth of small clusters. Clusters can also be pyrumidine clustered with CH. and C2H, pyrazine and pyn- %
considered as model systems for condensed phase behavior. mdine clustered with NHi, and benzene clusters with HO

Moreover, these vdW systems can be thought of as an impor- and NH. The pynumdine--lkar clusters are presented for

tant new state of matter in which the statc and dynamic comparison with the previously published' pyranne-alkane

properties of small aggregates of weakly coupled molecules data The effect of the ring nitrogen atoms on the cluster

can be studied geometry can thereby be evaluated. The pyraznne and pyn-

vdW clusters, after being produced in a supersonic jet midine ammonia clusters reveal the role of hydrogen bond-
expansion, can be probed by three distinct techniques: flu- ing interactions in simple clusters. Benzene-water and -am-
orescence excitation (FE). dispersed emission (DE), and monia clusters serve as an example of clusters with these %.

two-color time-of-flight mass spectroscopy (two-color more complicated solvent systems (i.e.. two possible interac-

TOFMS). The latter technique is employed most often in tion potentials) interacting with aromatic hydrocarbons.

our studies ofclustes because it gives uique cluster identifi- Theoretical and ezpenment studies of such a series of sys-
cation, brackets the cluster binding energies, and elucidates tems should eventually lead to a fuller understanding of so-
cluster vibrational energy dynamics and vibratonal predis- lute-solvent coordination structure, dynamics, and the hy-

sociation. drogen bonding interaction,

In the post few years. we have reported several studies of Although extensive efforts were made and a wide var-
vdW clusters using the three spectroscopic techniques men- iety of experimental conditions explored, pyrazine and pyn-
tioned above.'-' Cluster geometry, binding energy, nuclea- midine clusters with water were not observed. Both FE and
tion and growth dynamtcs, and limits on the vibrational en- two-color TOFMS detection techniques were emplo) ed. A
ergy dynamics and vibrational predissociation times have broad feature (roughly 50 cm -' FWHM ) was observed in

been determined. The vdW solute-solvent clusters invests- FE at 580 cm-' to the blue of pyrazinr OC transition for

gated initially are for the most part restricted to aromatic pyrazine and water expanded with helium No ,ienal. how-
hydrocarbon solutes (e.g., benzene and toluene) and small ever, was observed at the pyrazine water -nass channel for
alkane solvents (CH,.C21H6 and CH.) in which only one two-color TOFMS. We must thus conclude that the p? i-

type of interaction, that is one potential form, is found to be zine and the pynmidine water clusters have not been
served. Either the excited nir* state of the cluster is dissocia-
itve or internal conversion or intersystem crossing is so rapid

SuppoId in p-r by sniat from ONR and the Phiip Morn Corpona- for these clusters that the lifetime of the nn'* state is greatly
tin. reduced ( -0. 1 ps). Pyrimidine-fluonnated alcohol clusters

J Chem Phyl. IS(4), I August 19" 0021.gO6e116179S-IS02, 10 i' 19geArin.caninstituteof Physcs
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also exhibit broad features and reduced lifetimes." taken into the second chamber through a skimmer FE and
Hydrogen bonding interactions are known to play an DE expenments are carned out in 'he first chamber.

important role in intra- and intermolecular interactions im- The two independent lasers used in the two-color
portant for secondary and tertiary molecular structure. mo- TOFMS experiments are Nd '/YAG pulsed lasers the dou-
lecular dynamics, and ionic and molecular solvation. Hy- bled output of which pumps two dye lasers. The dye laser
drogen bonding interactions have received attention in output can be mixed with the 1 .064m Nd* '/YAG funda-
previous supersonic molecular jet spectroscopic studies: mental, frequency mixed and doubled, or just doubled using
These systems include phenol clustered with various proton various nonlinear KDP crystals. The laser output can be
accepting molecules.' indole and 2-aninopyndine clustered extended from greater than 4.5 to - 0 215/ sm. One laser is
with various solvents," benzoic acid dimers." s-tetrazmne employed to excite the cluster to its first excited n r" or -rr*
dimers. ' 1.4-dihydroxyanthraqutnone, " and methylsalicy- electronic state and the second laser then ionizes this cluster
late." In most instances blue-shfted cluster spectra are starting from the S, vibronic manifold. The maximum toni-
found due to the cluster stabilization of the ground state and zation energy achievable with this second laser is roughly
destabilization of the excited state." 46 500 cm -

In this and our other cluster studies, the experimental The solute or cluster chromophore is typically placed in
data are supplemented by potential energy Lennard-Jones an in line trap or filter cup directly behind the pulsed valve.
(L) atom-atom (6-12-1 ) calculations of cluster structure, Water is placed in a trap before the valve and solute; the
binding energy, and internal motion. The calculations and helium carer gas passes over both materals and into the
the potental are discussed thoroughly in our previous stud- valve. Gaseous solvents are premtxed with the helium car-
ies.' The LJ calculations produce identical geometries but rier gas in a holding tank (-2000 pu) at concentrations
slightly lower binding energies than the exp-6 potential form varying from 2.0 to 0. 1 moL/mol%.
used in earlier calculations.-6 The L hydrogen bonding The LJ potential function (6-12-1) with the additional
(U-HB) potential form prove to be more versatile than the HB form is described in detail in a previous publication.'
exp-6 form since many more constants for different types of Table I contains a list of the previously unreported constants
atom-atom interacuons have been independently reported employed with this potential form. Pyrazine and pyrimidine
for the U potentiaL " None of the potential parameters ea- structures used in the calculations are obtained from Ref. 19.
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, to- TABLE 1. pairmeteri for the ene-gy expremio in the computer modeling.
tational structure of a number of simple clusters ha been

obeerved under molecular jet conditions: s-tetrazine and io- E, - 1.16)f iOx q,9/2r, + A / - CI (JU)
dine with He and Ar" and aniline with Ne and At. 's The ___ ) C(_-
resolution available to us at present is 0.08 cm-'; at this m mol
resolution only rotational envelopes are observable which do Amie-ronilatic

not lend themselves readily to a unique interpretation of N-N .312x 0' I 403 X 10'
cluster structure. We calculate that 0.005 cm-' resolution N-C 1.725 x 10' I 575< 10'
would be required to resolve rotational structure for N-H 2.523x 10' 4 527,< OS

C.H.N 2(NH,), etc.. under the restriction o(a rigid geome- H-. 2.749) 10' 5 217 K V
H-H 3.872 x 10P I 590 X to

try. We are thus for the present forced to employ lea direct H-N I 99o tO' 4 527× lo
methods to obtain cluster geometry. Assignment of the spec- Water.aromatic
tra is accomplished through the dermination of ionization O-N 7 U,<s 1o' 1 021 X 10'

0-C q 868 IxO 1 30 1
"

energies. spectral shift relative intensities, (molecular) 0-H 1.363x 10' 3 162 x o'
symmetry forbidden cluster tralnsitons, and potential calcu- H-C 3.160 x 10' 5217, 10'
lations. The understanding of these more complex systems H-H 4 537 x l~s  I 590 I0'

rests heavily on the previous data obtained for other clus- H-N 2.297 1 t0' 4 527 1O

ters'' For all systems discussed in this paper, complete E, = I 16x I0'q.q,/rp +,4 -/'-' B ,', (HB)
agreement between spectroscopic data, calculations, and re- 4 ,(cm-A)0 8( in -,A,.
suits for previously analyz.ed solute-solvent clusters is \mo mot

found.
H N I S5ox 1O' 2 882 10'

q
II. EXPERIMENTAL PROCEDURES NH,: N - 0438

H -0146
The expenmental apparatus and procedures are similar H,O: 0 -0 34

to those used previously for the study of vdW clusters. The H 0 17
vacuum system consists of two chambers with a pulsed noz- C,H,N,: N -0 182
zle and mass detection system in the second chamber. A C 009i

H 0skimmer separates the pulsed nozzle and the time-of-flight CH, C - 00074
mass spectrometer. The first chamber contains either a H .00074
pulsed or cw nozzle, the molecular beam from which can be _

J Chem Ptys . Vol. 85. No. 4. 15 August 1986
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also exhibit broad features and reduced lifetimes.' taken into the second chamber through a skimmer. FE and
Hydrogen bonding interactions are known to play an DE expenments are carried out in the first chamber.

important role in intra- and intermolecular interactions in- The two independent lasers used in the two-color

portant for secondary and tertiary molecular structure, mo- TOFMS experiments are Nd '/YAG pulsed lasers the dou-
lecular dynamics, and ionic and molecular solvation. Hy- bled output of which pumps two dye lasers. The dye laser
drogen bonding interactions have received attention in output can be mixed with the 1.064/am Nd -'/YAG funda-
previous supersonic molecular jet spectroscopic studies: mental, frequency mixed and doubled. orjust doubled using
These systems include phenol clustered with various proton various nonlinear KDP crystals. The laser output can be
accepting molecules, indole and 2-aminopyridine clustered extended from greater than 4.5 to -0.21 5m. One laser is
with various solvents,'o benzoic acid dimers,m s-tetrazine employed to excite the cluster to its first excited n'* or ir*
dimers. 2 1.4-dihydroxyanthraqunone, " and methylsalicy- electronic state and the second laser then ionizes this cluster
late. 4 In most instances blue-shifted cluster spectra are starting from the S, vibronic manifold. The maximum ioni-
found due to the cluster stabilization of the ground state and zation energy achievable with this second laser is roughly
destabilization of the excited state.'" 46 500 cm

In this and our other cluster studies, the experimental The solute or cluster chromophore is typically placed in
data are supplemented by potential energy Lennard-Jones an in-line trap or filter cup directly behind the pulsed valve.
(LJ) atom-atom (6-12-1) calculations of cluster structure, Water is placed in a trap before the valve and solute;, the
binding energy, and internal motion. The calculations and helium carrier gas passes over both materials and into the
the potential are discussed thoroughly in our previ.,is stud- valve. Gaseous solvents are premixed with the helium car-
ies.' The J calculations produce identical geometries but rier gas in a holding tank ( -2000 psi) at concentrations
slightly lower binding energies than the exp-6 potential form varying from 2.0 to 0.1 moVmol%.

used in earlier calculations.1' The J hydrogen bonding The LJ potential function (6-12-1) with the additional
(U-HB) potential form proves to be more versatile than the HB form is described in detail in a previous publication.'
exp-6 form since many more constants for different types of Table I contains a list of the previously unreported constants
atom-atom interactions have been independently reported employed with this potential form. Pyrazine and pynmidine
for the U potential. None of the potential parameters em. stnctures used in the calculations are obtained from Ref. 19.
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- TABLE I. Pamter for the mneir exphIen m the computer modeling.

tational structure of a number of simple clusters hu been
observed under molecular jet conditions: s-tetrazne and io- £ , t.16x 10' q,q,/2, + A,/M4' - CI/r (U)

dine with He and Ai" and aniline with Ne and Ar.*' The ,4( _ ) c__._2
resolution available to us at present is 0.08 cm -'; at this .md
resolution only rotational envelopes are observable which do Ammevmsuc

not lend themselves readily to a unique interpretation of N-N 1.312× 10' 1.403 x10

cluster strctume We calculate that 0.005 - I resolution N-C 1.728X 10' 1.575 x 10'

would be required to resolve rotational structure for N-H 2.523x 10' 4.527x t'

C4H4 N2 (NH 5 , etc., under the restriction of a rigid geome. H-C 2.749X 10' 5.217X 10'
H-H 3.872 x l06 1.59ox 10,

try. We are thus for the present forced to employ less direct H-N 1.99ox to' 4.527x 10
methods to obtain cluster geometry. Assignment of the spec- water-aromatic
tra is accomplished through the determination of ionization O-N 7 4X tO' 1 021 x too-C 9.$61X tO' l13Oxi10O"

energies, spectral shift relative intensities, (molecular) O-H .363 x 10' 3.162 x10'

symmetry forbidden cluster transitions, and potential calcu- H-C 3.16Ox 10' 5.217 (1o'

lations. The understanding of these more complex systems H-H 4.537 x i0. 1 590 10'

rests heavily on the previous data obtained for other clus- H-N 2.297x 10' 4,527:< 10'

ters.m' For all systems discussed in this paper, complete E, - 1.16x 10 qqi2, 4 A'r.'
- 

B/'o (HB)

agreement between spectroscopic data, calculations, and re- ,4.(cm-'A"' ( cm-, ;°
sults for previously analyzed solute-solvent clusters is A 'mot/ moti

found.
H-. N 1+15ox to' 2.882x 10

q
II. EXPERIMENTAL PROCEDURES NH,: N -0438

H -0.146
The experimental apparatus and procedures are similar H,0! 0 -034

to those used previously for the study of vdW clusters. The H +0 I 7
vacuum system consists of two chambers with a pulsed noz- C,H.N.: N - 0.182

zle and mas detection system in the second chamber. A C .0.091H 0 .
skimmer separates the pulsed nozzle and the time-of-fight CA-: C -0,074
mas spectrometer. The first chamber contains either a H 40,0074
pulsed or cw nozzle, the molecular beam from which can be

J Chei. Phys., Vol. 6, No. 4. IS Augut 1956
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M.RESULTS

This section contains the expenmental and calcula- fPYRIMIDINE(CH
tional results for the vanous clusters investigated. We first 41
present pynmidine with methane and ethane for compansoti
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 corn-
parison with the .V-heterocyclic systems. Based on previous
expenence with a number of different clusters' we have PYRIMIDINE (C H)
not made an extensive expenmental study of the binding
energies of these clusters. We rely on the calculations which
have always fallen within the range bracketed by the experi-
mental two-color TOFMS data. Preliminary checks made
on both pyrazine and pynmidine clusters are in agreement
with the calculations. Vibrational vdW modes observed in -10 - 50 0
the spectra will not be assigned in this publication. Future RELATIVE ENERGY (Cm-i)
publications will assign them as bends, stretches, torsions. FI1.Tocotunoflilimasptr woc TOM)oy-
and combinations utilizing a normal coordinate caua miduse (CH.). and pyninudine (CH.), to the repo.s of the pyrmmiduse on-
tional analysis." gin (3107 30 s ).

A. Pyvl AMldnimthae

Figure I and Table It present the data for the pyrumidine
(H.) 1and (CH. ) , complexes taken near the pynimadine ()g kane systems and in complete accord with the above experi-

transition (31 073.0 cm ). The cluster of pyrnuine mental ftndings (see Fig. 2). Calculations for pynmidine
(CH.), has a spectral shift of - 56.6 cm' and a low fre- (CH.),clusters yield only one geomietry for which thefmeth-
quency modesat 4.5 cm, 'from this origin. These spetra ar ane is coordinated ith the aromatic r system of the pynma-
obtained by two-color TOFMS. Hints of other vdW moe dine ring. The calculated bindiing energy for this cluster is
can also be seen in the trace in Fig. I but we are hesitant to 514cm - '.The methane-carbon atoto is above the ring at 3.5
report such weak transitions. Pyrimidine (CH,) , spectra A and is shifted - 0. 1 A from. the rng center toward the
clearly show two clusters, similar to previously reported nitrogen atomis. The three hydrogen atoms of methane that
clusters for other aromatic systems.'-' The feature at point down toward the nng are eqidistant from the ring at
- 112.1 cm-' in Fig. I is assigned as the OC transition oftfli 3.1 A; two of these hydrogens point directly at the ring itro-

isotropic (symmetric), additive shift cluster and the feature gen atoms. Again in agreement with the main experimental
at - 47.2 cm -' is attributed to the OC transition of the aniso- observations for these clusters the calculations for pynmi-
tropic (asymmetric) cluster with both methanes on the same dine (CHi.) 2 clusters yield two distinct geometrical arrange-
side of the aromatic ring. Note that without both mass an ments. The isotropic cluster has a calculated binding energy
energy resolution, the spectra of pyrimidine (C.) and of 1029 cm and the anistrojpic cluster has a calculated
(CH4) 2 would not be resolved and the clusters could not be binding energy of 879 cm
separated and uniquely idenitied. A vdW mode at 5.1 cmt
from the isotropic cluster origin is obseirved. a.vbndt~an

Potential energy calculations using UI potentials for The pynmiudine (C ,Ha),spectrum is quite complicated.
these clusters generate geotmetriesand binding energies comn- consisting of a number of low intensity features and an in-
parable to those previously reported for other aromatic-al- tense feature at - 60. 7cm 'with respect to the pynmidine

TABLE If Observed peaks in tie specra of pyrnrmbdne-methause clustem

Energy relative Energy relative
Energy io pynsmidine (C to cluster at

Ss. (vac cmi (cm* (cml Assignment'

C.H.N,CH.), 31016A - 566 0
310209 - 52 45

CM.:(M., 0909- 112i 0 A

309660 - 1070 5 1
31025 8 - 472 0 aniso (39

'The - 112.1 cm 'shift is associaied with two mei hance added symmetically saove and below the py nmi-
dine ring (isotropic I, as shown in Fig 2 The - 47 2cm 'shift is auociaied with the ansiropic configura-
tion,. as shown in Fig. 2.
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PYRIMIDINE (C 'MYI PYRIMIDINE(C H4) 2

-514 cm-# -1029 cnl -979 CM-1 015 0i

FIG. 2. Minimum energ configurations &nd biing enerlpes for pynm.-
dine(CH.), and pynadn (CH.) 2 a obandusng the UpotntW ca. RELATIVE ENERGY (cm1

cuazo dacne nthe ex
FIG. 3. Two-color TOFMISofpyrimidilne (Cjit.), in the repon of the pyn-
midlin ongu.

origin (see Fig. 3). We might expect that little vdW vibronic
intensity would be observed, based on pyrwzne and other
pynimidine clusters. In order to begin to interpret ths tea tive band intensities: apparently these modes present a bott-
turea we must consult the vapor phase room temperature leneck for vibrational cooling.
pyrimidine monomer spectrum.2 'In these reports% features As can be seen in Fig. 4, three different configurations
at - 156 and + 22 cmn are assigedas the 16a Iand 16b 1 are calculated to be stable for the pyrimidine (CilH,), clus-
sequence bands, respectively. The feature that appears in ter. Configuration I has the long axis of ethane perpendicu-
Fig. 3 at - 39.1 cm-' may be assigned as the 16b ' sequence lar to the plane of the pyrimidine ring. Configurations [Iland
band ofthe pyrimidine (C2H6,), cluster built on th intns III have the ethane molecule long axis more or less parallel

-60.7 cm-' cluster origin. If this identification is CO to the plane of the ring;, for configuration UI, the axis of eth-
then tie clusters of pyrimidine (C2H.5), are hot ( T , _-260 ane lies between a nitrogen and a carbon and for configura-
K) and the features in Fig. 3 and Table 11 at - 153.5, tion III this axis lies between two carbon atoms. In each

-"9.3, - 86.9, and - 75.4 cm-' may well be hot bands instance a CH3 group li-ts more or less over the ring center.
associated with the cluster origins at - 71.4, - 60.7, and

V. - 52.7 cm-'. Apparently the cluster formation process for C. PyrlmIdlnnmola
V..pyrimidine ethane tends to warm the cluster. Table III SUM- The pyrimidine (NH 3), two-color TOFMS spectrum in

mrarzes these results. the range 300 to 500 cm-' to the blue of the pyrimidine
Supersonic expansion of pyrimidine apparently does not origin is presented in Fig. 5. The three features are associated

.1',produce the expected cooling for vibrational modes 16b, and with the Og transitions of the pyrimidine (NH,), clusters.
S. Mal. Vibrational temperatures for the 16b, mode have been The lack of significant vdW vibrational mode intensity indi-

reported to be in excess of 200 K. Ito and co-workers 14 have cates that the ground and excited state vdW potentials are
also observed the 16b transition for pyrimidine clustered nearly identical. The large cluster blue shift implies a strong

Swith argon and nitrogen. In the present work, changes in hydrogen bonding interaction between the pyrimidine and
backing pressure from 10 to 120 psil do not change the rela- the ammonia. The spectrum of Fig. 5 is taken with an ioniza-

TABLE Ill. Observed peaks ihe spectra of pyrimudin.-ethane clusue,

Energy relative Energy relative
to pynmjdine CC to cluster 09 Tentative

SPeee Energy (cal1 (cm -assignment

C.H.N,(CAI), 309195 - ISI.S
5*.30973.7 -993

30986.1 -86.9
30991'6 - 75'A

S.31001.6 - 714 0 1 0:
I, I2M2.3 -60.7 0 if N
31020.3 - 52.7 0 Ill 0:
31033.9 - 39A 21.6 11 l6b

J. Chemt. Pliys.. Val. UB. No 4. 15 August 1966
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PYRIMIDINE (C2H6)g PYRIMIDINE(NH3

-566CM-' -669 cmn-' -676 cm-

FIG. 4. Minimum energy conftgurations and bunding energies for pyrima-

dine (CHI) as obtained using aU potential calculation.

tion energy of 45 110 cm 1; lowering the ionization energy .300 -35 -40 '450 -500
to -42 000 cm -' the two nearly degenerate features at RLTV NRY(m1
+ 367 cm ' decrease in intensity much more rapidly thEanV NEG (m'

the feature at + 496 cm -'. Table IV gives the energies and FIG. 5. Two-color TOFMS o( pyrnidush (NH,), in the region 30-SOD
*assignments for the pyrimidine (NH,), clusters. Based on cmf -to the blue o(tbepyrnadineorigin.Aniser is shown ofthe firu two

the idea that the three features in this spectrum are associat- fetureslt with an expanded scale.

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 monia hydrogen atoms pointing down toward the ir cloud.
to a different (more hydrogen bonded) geometry. The two closest hydrogen atoms of the ammonia in this con-

Three different configurations are calculated for the figuration are 2.7 A from the pyritnidine plane. In configurat
pyrimidine (NH, cluster using the UJ-HB potential form tion 11, the ammonia nitrogen atom is 3.2 A above the ring
(see Table I and Ref. 7). Two of these configurations have plane and points in the general direction of the ring N atoms.
the ammonia above the pynimidine plane and the third con- The closest two ammonia hydrogen atoms to the ring are at
figuration has the NH, molecule not above the ring. These 2.7 A. This cluster has a somewhat lower binding energy
clusters are presented in Fig. 6 along with the calculated than cluster 1 (667 vs 689 cm ') . In the third pynmidine
cluster binding energies. Configuration I has the ammonia (NH,) ,configuration, the ammonia molecule does not re-
N-atom 3.2 A above the pyrimidine ring with the three am- side over the pynimidine ring: the NH, has a N-H bond in

TABLE IV. Pyrimidine (NH,),.

Energy relative Energy relative to
Energy to corresponding corresponding pynriedine-
I vac. cm 1 pynmisiine feature (cman ammonia feature (cm -1 Assignment

31 l3781 305.2 -60.9
314391 366.1 0 I Or,
31 44i0 368.0 0 11 0P
31 483.7 412.7 46,6
31520.0 4470 60.9
3153352 4.62.2 6. I
315361.3 488.3 12212
3I1568.9 4959 0 ill 0,
31 579 3 506.3 10.4
3161iD1 5371I 41 2
316851 612.1 116.1
32 046 3606 0 164a,
320501 3668 0 11 6a,
320972 3551 0 1 6b~
32 108 2
32121 5 379 5 0 1I W,
321626
31 761 492,1 0 11I 6a"
32 224 7 482 7 1) 1II66h

J1 Chem Prhys . Vol 65. No 4,1 5 Auguat 1988
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PYRIMIOINE - AMMONIA
PYPAZINE N H

I 69cm-I

II -667 cm-' 6,

• *50 -10 150

III -537 cm-1 RELATIVE ENERGY (cm-i)

FIG. 7. Two-oolorTOFMSofpyrazw, (NH,), at the onp. lCa and ea
FIG. 6. Minimum enerW configursaona and binding mrp. ie p relpOe rashow. The clusiaawa o (0Cu - a }. It lcI to the blue
dine (NH3)1 as obtaned using a U plus ItB potntuds calcuiatim. of th y n oigin.

the plane of the pyrimidine ring with the H atom pointing to tou o ammon hydge. atom of t
one of the pyrimidine nitrogens, 2.23 A from it. The to w ammonia hydroe the inrge pan theall
monia nitrogen is displaced in the xy pane by 3.3 and . ammonia molecule is 3.2 Ain above the ring plane with all
along the x axis and y axis. respectively, as shown in Fig. 6, three hydrogens pointing toward the ning. This geometry s
configuration II. This configuration has a calculated bind- depicted in Fig. 8. The calculated binding energy of the clus-
ing energy of 537 cm '. teris677cm.

E Beznw --amImnla
0. Pyralnammonla The origin and 6 transitions of the C6 H5(NH,), clus-

The pyrazine (NH,), spectra in the (C, 10a,' , and 6ao ter are observedin two-color TOFMS. One can immediately
regions are presented in Fig. 7. One first notices the signifi- conclude that at least one configuration of this cluster does
cant difference between these data and those of pyrimidine not retain the benzene threefold axis. The spectra are traced
(NH,),. The spectra all strongly suggest that only one con- in.Fig. 9. The spectra for both transitions are far more corn-
figuration is present for the pyrazine (NH,), system. The plicated than any other cluster previously reported from our
intense feature in the (C spectrum is the cluster origin at laboratory. Regions with similar structure can be found in
+ 117cm from the pyrazine(O transition. The remaining the 0C and 64 spectra; in particular, the regions around
features of this spectrum are vdW vibrational modes of the + 20, - 20 and - 60 cm-' in each spectra bear some re-
cluster. They will be analyzed in a future publication."' Ta- semblance to one another. Nonetheless, features appearing
ble V gives the energies and the features observed in the spec- in one spectrum do not appear in the other, and therefore at
trum. In this case, the ground and excited state potential least two clusters of different geometry are probably respon-
surfaces must be significantly different. sible for the 64 transition. The o. transition could arise from

The cluster I0O transition is quite different from the one reduced symmetry cluster. Since very little a priori spec-
cluster oG or 6a.1 transitions. From this one concludes that troscopic analysis seems possible in this situation at the pres-
strong vdW-internal mode coupling exists for the tOa out of ent time, great stock must be placed in the calculations.
plane ring mode." The vdW overtones and combination Two different configurations are calculated for the
bands extend to more than 180 cm -' from the laO cluster C6 H6 (NH,), cluster and both of them have the NH, mole-
origin feature. This is particularly striking in comparison cule placed over the ring. Configuration I in Fig. 10 pre-
with the 6a ' vibronic band. serves the benzene C, axis and configuration 11 does not. The

Only one configuration is calculated for the pyrazine high symmetry cluster has the N atom 3.3 A from the nng
(NH,), cluster using the L plus HB potential function, in plane and the three H atoms of NH, are 2.9 A above the nng
agreement with expectations from the spectra. The am- plane. Configuration I has the N atom 3.3 A above the plane

moria molecule hydrogen bonds to the ring nitrogens, and slightly shifted from the ring center. Two H atoms ofthe

J Chem. Phys.. Vol. 85, No. 4. 15 August 1986
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TABLE V Pyrazine (NH,),.

Energy relative Energy relative to
Energy to corresponding corresponding pyrazine-
var. Cm -1 pyrazine feature (cm I imnionia cluster I cim - Assignment

30%673 91 3 - 25,7
309"3 0 1170 0
31000.8 1249 78
310195 143 5 2165
31036.5 160.5 43 5
31043.6 1876 50.6
31045.4 1694 52.4
310673 091.3 74.3
31070.0 194,0 '70
310774 .101.4 844
31 059.9 213.9 96.9
31 093.7 217.7 100.7
310992 '23.2 106.2
31378.7 119.7 0 0a
31354.9 125.9 6.2
31400.3 141.5 21.5
31 403.7 144.7 25.0
31 424.3 165.3 45.6
31 441. 182.8 63.1
31 461.3 202.3 (42.6)'
31 467.5 205.5 (993)
31 5075 248.5 125.5
31 313.7 254.7 135.0
31 3395 280.5 160.5
31 559.7 3100.7 141.0
31 580.2 12035 0 6 a;
31 590.5 131.1 10.6
31 624.5 165.1 44.6

*May be ausociated with othier pyritzne, feature.

NH, point towards C-C bonds and one points away from the F. Brmn-water
ring plane. T1he NH, H-atoms in this configuration are at 2.9 The C. 6 4(H20)l cluster CC and 6 are presented in Fig.
(two of them) and 4.3 A from the ring. The calculated bind- 11. They are strikingly different from those of CH,(NH,),
ing energies of these two configurations are given tn Fig. 10. (Fig. 9) but bear a strong resemblance to the pyrazine
Configuration Ialone mustgenerate the(9 spectrum in Fig. (NH 3), spectra displayed in Fig. 7. as well as spectra of

9. 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 publication.20 Table VI gives

PYRAZINE - AMMONIA

FIG 8 Minimumi energy conflgu-
ration and binding energy for pyra- loll
tine (NH.) as obtaidusing a L '

HB forn potential calculation,''

-677 cm-' adt Ixstos

J Chm P~s Vi8S.No 4 15 August I@
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BENZENE -AMMONIA C (O

1 -711 11 -608 6

FIG. 10. Minimum energy configurations and binding energin for benzxene
(NHI) I s obtaned using a U potential calculation.

these features and their energies. The 6, spectrum of *50 -100 -150
C4,H 6 (H20), has adifferent shift ( + 50vs + 5cus -') and RELATIVE ENERGY (cm-il
a different general pattern than the 00.. In addition. the 6,
origin is split by roughly I cm -' Considerable vibronic cou. FIG. 11. Two-colior TOFMS of benzenie (H,O), ini the rego of benizene
pling must occur between the in plane carbon-carbon origin CC and (.j4. An expanded icalinert is ibown of(tbe 6 origin of the
stretch 6' and the vdW modes. The C4,H. 1(H20), cluster Cluster.
two-color TOFMS spectra are observed only at a higher ton-
ization energy than required to observe the 6, spectrum of
bare CH4. The C,,. H20), spectra depicted in Fig. I I are thwaehyrgntosmat30 abvteri.Te
taken with an ionization laser energy of 4 480 cm 1 corn- tewtrhdoe tm r t30Aaoeten h
pared to 36 100 cm - 'for the benzene monomer. The ioniza- calculated water benzene binding energy is 505 cm-
tion energy for the benzene water cluster is 3300 cm - high- IV. DISCUSSION
er than that of the benzene monomer.

Only one geometry is calculated for the C,,,H(H 20)1  Cluster geometry is determined through analysis of two-
cluster employing the Li potential. The configuration and color TOFMS data for individual clusters and through cal-
binding energy are given in Fig. 12. The oxygen atom of culations of cluster geometry and binding energies using an
water is roughly centered over the ring at 3.2 A above it and augmented U potential. Calculated binding energies have

TABLE V1 Benzene (HO),.

Energy relative Energy relative to
Energy to corrmpiong corresponding benzene-
( ac. Cm -I benzene fa~ure (Cm - *ater feature (Cot I Awirimeni

391686 946 0
391739 899 5 3
38185 5 101 S (64
39 1910 1070 22:4

438 20 3 1213 36 7
38 2216 1376 530
31 24 5 159 5 149
38 2749 (90 9 0613

(8 6554 484 0
1(6568 498

38381' -6 i

2' '8)
1807 (3 4

38: '62 1 (55 1 106 0

'Shift taken it h ft, at 49 1

-Ch~em Pnyo Vol 85 No 4 '5A.u" I986
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BE NZEN E - WATER vibronic origins, The cluster spectrum is red shifted, indicat-

ing that the excited state cluster is more tightly bound than
the ground state cluster by roughly 60 cm -'. The overall
appearance of the spectrum is similar to that of pyrazine
methane.'

The additive shift features in the spectrum of pynmidine

(CH.), are attributed to the isotropic ( symmetrical) geom-
etry with a methane molecule on either side of the pynmi-
dine ring. The feature at - 47.2 cm - in the pynmidine
(CH) 2 spectrum is attnbuted to the anisotropic configura-
tion with both CH4 molecules on the same side of the ring. In
this asymmetric geometry, one methane is more or less
above the ring, and responsible for most of the CH,-mr-cloud
interactions. and the other methane molecule is off the ring
interacting pnmardy with the first methane, contributing
little to the cluster spectral shift

The overall behavior of this cluster system with regard
- 505 cm - to geometry, binding energy, and cluster population in the

beam is very similar to that found for benzene, toluene, and

FIG. 12. Minimum energy configurui md binuing energy for bename pyrazme methane species. -

(HO), u obaned uming a U potental cakulaim.

, Pk. d -. thamm
The pyrimidine (C 2 H6) cluster is similar to the pyra-

always been roughly bracketed by the expertmentally ob- zine (C2H.), cluster:' both clusters have !hree geometrical
servable range defined by two solute molecule vibrations configurations and each configuration of the two clusters
(e.g., 520 to 850 cm -' for the 1:1 complex).'-' has a sUilar binding energy. These configurations are also

Before discussing the details of the clusters obseived, similar to those of the benzene (C2HI), cluster with the ex-
some general remarks are in order. First, one should take ception that, in the N-heterocyclic systems, two parallel on-
note of the great apparent differences between the spectra of entations of the C 2K- long axms with respect to the ring plane
the various clusters studied: pyrazne and pyrimidine hydro- are now possible.
carbon spectra show little vdW vibronic structure but in- The identification of calculated geometries with the
tense origins; the pyrazine (NH , ), spectrum displays elabo- three distinct spectroscopic features is ofcourse tentative but
rate and well developed vibronic progressions with a + 117 can be pursued in the spirit of the arguments and correla-
cm ' cluster shift for a single cluster; the pyriudine tions employed with the benzene and pyrazine systems.
(NH,) , spectra consist only ofintense origins for three large Referring to Figs. 3and4,thefetureat -71.4cm-' canbe
shift ( + 366, + 368. + 4% cm - ) conflg tiom with no associated with configuration I, the intense feature at

dW vibronic development; thebenzene (NH,), spectra are - 60.7 cm -  
can be associated with configuration II and

red shifted, and too complex to interpret without further the - 52.7 cm -' feature is assoctted with configuration
calculations; and the benzene (H 2 O), spectra are blue shift- II. The lack of vdW vibronic structure for these transitions
ed with extensive vdW structure. Second, and perhaps even must be due to the simlanty between the ground and excited
more astonishing, the U-HB (where appropriate) potential state potentials for the clusters.
calculations parallel and reinforce these differences in all
cases. That is, for example, the calculations suggest one hy- C. Pyrimdln.-ammonia
drogen-bonded confliguration for pyrazine (NH) , but three The pynumidine (NH , ), clusters have a unique spec-
hydrogen-bonded configurations for pynrmidine (NH,),, in trun which can only be interpreted as due to three distinct
agreement with the straightforward ntefprmton of the configurations with no vdW mode progression intensity fol-
spectra. Third, the binding energies of the clusters seem rea- lowing the well defined ongins. Calculations. as pointed out
tively insensitive to the detailed configuration of the cluster, previously, give exactly these conclusions and identification
Fourth. spectral shifts are found to be a sensitive function f of origins in the spectrum with configurations seems

the detailed geometry of the cluster. Prominty to the r sys- straightforward. Configurations I and if of Fig. 6 are asso-
tern is important for cluster red shifts, while hydrogen bond- ciated with the features at 366 and 368 cm 'in Fig. 5 These
ing yields in general cluster blue shifts with respect to the two configurations are quite similar and have less hydrogen
solute monomer oriin, bonding interaction than the more blue-shifted single feature

at 496 cm -'. The large spectral blue shifts of - 365 and
A. Pyrmdn-methan-500 cm must anse from the strong hydrogen bonding

In the pynmidine (CH.), cluster the CH. molecule is interactions. While none of these observations seem parttcu-
situated above the pyrimidine ring coordinated to the ir larly sinking in and of itself, in comparison with the p ra-

cloud ofthearomatic ring. The cluster hasasimplespectrum zine (NH,), and benzene (NH,), results, they are surpn-
with little vdW vibronic intensity following the pynmidine ing; these will be discussed below.

J Chwn PI'y, Vo 85. NO. 4. iS August 196
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0. Pyrain.-.mmonis in a manner nearly identical to that found in the calculations

The pyrazine (NH,), cluster spectrum is completely presnted in Fig. 12.

diffierent from that of pyrimidine (NH,),. The cluster o Is V OCUIN
shifted -1- 117 cm 'from the pyruine lP, only one cluster V OCUIN
geometry is present. and a rather extensive vdW vibronic The clusters studied in this work fall into two broad

structure is built upon the origin. The fiao' spectrum is quite categories: a conventional set containing pynmidine h ' dro.
similar. Two intense vdW vibronic transitions are associated carbon clusters, the spectra of which are quite similar to

with these cluster transitions. The 10a,' vibration region of those of other aromatic and pyrazine hydrocarbon s . stems.
the pyrazine (NH,) ,cluster, on the other hand, looks quite and benzene. pynmidine. and pyrazine ammonia and ben-
different from these other features and vibronic interactions zene water clusters, the spectra of which are all unique and

between the out of plane Mat carbon-carbon mode and the surprisingly erratic. In the latter grouping, spectral cluster
vdW modes are quite evident in the overall vibronic intensity shifts range from - 100 to +e- 500 cm -'. vdW vibronic

pattern in the I oa, region. spectra range from nonexistent to intense, vdW modes can
Calculations predict only one configuration for this be highly perturbing to the solute vibronic structure and en-

cluster system. The fact that the potential energy calcula- ergy, and the number of cluster configurations vanes from
tions can accurately parallel the spectral data for pyrimidine one to three in an apparently arbitrary fashion. These differ-
and pyrazine ammonia clusters which are clearly so differ- ecfl0s notwithstanding, the Liennard-Jones (6-12- 1) poten-
ent, gives us a high degree of confidence in the calculationall tial, augmented appropriately with hydrogen bonding inter-

process, the binding energies, and the potential form accura- actions ( 10- 12) as reoutred, always gives geometry and
cy. binding energy results that are in complete agreement with

the spectra as far as the comparison can be made (i.e.. sym-
E Senzen.-ammonia mnetry, numbers of configuaratins, red and blue shifts with

Assignment of the benzene (H),spectra has not bee regard to hydrogen bonding, etc) . The atom-atom UJ poten-
tial form has been chosen for these calculations because a

attempted as yet because the spectra are too complicated. large number of parameters for diferent types of atoms are
We present them only as part of the general picture indicat- available in the literature.
ing what spectra of relatively simple clusters of such systems The benzene (NH 1 ), and (H 20)1 spectra are quite dif-
can be like. The benzene (NH,), clusters yield much more ferent from one another. The shifts for these two clusters and
complicated spectra than either pyrazine or pyrimidine their geometries seem to emphasize the importance of hy-
(NH 1) , clusters do. In the benzene (NH 1 ), cluster, strong drogen bonding in the benzene (H,0) , cluster.
vdW vibronic interactions must be important for the cluster Pyrazine and pyrnidine water'clusters are not found in
transition intensity.thsstdealhuhtehaebeexnivyivsig-

Both calculated configurations (Fig. 10) contribute to e.these luers a eg t obsrvedhp beneesvluivstirt

the 6, transition but only configuration If generates the l ecd. Thstalters are isoitiosve, buemrehlkel because ofei

specrum Not to, tat bth onfiuraion mos liely rapid excited state intersystem crossing and/or internal con-
generate a red shift. version.
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terdingcapabitatis esf lidwthe repecte to the route ahem Phgys Ct16 INlae. P19h4, s) C ohet . H51 Abe4, N £9km

of benzene. The calculated binding energy is probably - 50 1533 (19951 91
cm low for this cluster because the (34 transition at0u plus 'D : oiinlKce~ Ci ly 5 14
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Supersonic molecular jet studies of the pyrazine and pyrimidine dimersa
J. Wanna, J. A. Menapace, and E. R. Bernstein
Department of'Chemlstry. Condensed Watter Sciences Laboratory. Colorado State Universit. Fort Colhns,

Colorado 80523

(Received 13 December 1985; accepted 8 April 1986)

Mass selected optical spectra for the first excited singlet ne states of the pyrazine and pyrimidine

dimers are presented. The species are created in a pulsed supersonic jet expansion. The spectra are

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
these dimers are carred out employing a Lennard-Jones (6-12- I ) and hydrogen bonding
( 10-12-I ) potential. In the case of pyrazine, calculations and experiments agree that both parallel
planar hydrogen bonded and perpendicular dimers are present in the expansion. The calculations
also predict a parallel stacked and 9WY rotated pyrazmne dimer which is not observed. This latter
species most likely forms an excumer 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
consistent with these configurations, in agreement with the calculations. No perpendicular
configuration is calculated for the pyrimidine dimer and no spectroscopic features require
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
tetrazine dimer. Three calculated geometries are obtained for the tetrazine dimer: a parallel
stacked and 9W" 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.

4. 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.2 Spectroscopic data and

sonts. They can serve as model systems for condensed phase potential energy calculations have been analyzed to arrve at
structure, dynamics, and nucleation and growth. Vibration- a set of consistent geometries for these dimers. The benzene
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 geometries.
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 CP, obser-
flexible molecules. Finally, these small clusters can be treat- vation of only one feature, respectively, for (CH.).A
ed as a new, weakly coupled state of matter appropriate in its (CDs),, and Cj, 5C6 D, at the cluster 00, 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,'-6 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
because many different clusters [e.g., dimer, trimers, been reported. Rotationally resolved fluorescence excitation
dimers (He)., etc. I 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 acid6 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 pynmidine isolated molecules at a

Dimers of benzene, toluene, and benzene-toluene have resolution of 0.08 cm- '. Unfortunately, this is insufficient
been studied in our laboratory using the 2-color TOFMS resolution to obtain rotationally resolved 2-color TOFMS of
technique.' Coupled with the experimental findings, a po- the pyrazine and pyrimidine dimers. Computer simulations.
tential energy calculation of the structure and binding ener- based on a reasonable symmetric top algorithm, predict a

resolution of at least 0.005 cm -' (150 MHz) is needed to

S Supported in ptn by grants from ONR and the Philip Morrs Corpora- observe rotational structure for the dimers. assuming the%
lion. are ngid.
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In addition to the experimental spectroscopic methods cause it is simple. reasonably accurate, and in general is well
used to study these dimers. potential energy calculationlsuti- suited to the purpose of roughly predicting the unresol.ed
lizing a Lennard-Jones (UL; 6-12-1) potential are performed dimer structure. Both molecules ar- nearly symmetric tops
to yield minimum energy geometries and binding energies. (rzO.9). The formof theequationg ind methods emplo~ed
This potential form is replaced with a U-hydrogen bonding are given by Herzberg." The rotational temperature
(HB: 10-12-1) form for the appropriate set of atoms. The achieved in our system is -2 K. The rotational constants
calculation and parameters employed are discussed and pre- used in the dimer rotational spectra calculations are found
sented in an earlier publication.' These potentials. with liter- from the calculated Ui geometries. The molecular geome-
ature parameter values, give the same results as the exp-6 tries can be found in Ref. 12 for pyrazine and Ref. 13 for
with dipole-dipole. dipole-quadrupole, and quadrupole- pyrimidine. J
quadrupole terms for the benzene, toluene, and benzene-to-
luene (and pyrazuie and pynmidine) dimers. The major ad- Ill. RESULTS
vantage of the LI form presently used in our studies is that A. Pyrmulne dimer
more atomic parameters are available in the literature" and
experimental multipole moments are not required for eh is The spectrum of the pyrazine dimer at the 0 transition
system. ispresented in Fig. I at two ionization energies, both of

Dimer geometry is deternmned through analysis of ex- which are lower than the minimum ionization (second pho-
perimental (e.g., shift, ionization energies. orgi identifia ton) energy of 44 000( cm - 1required to observe the 2-color
tion. vibronic analyses, etc.) and calculational results. TOFMS of the pyrazine monomer. Lowering the ionization

energy from 43 1S2 to42 185 cm -Causes three of the dimer
11. EXPERIMENTAL PROCEDURES 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
A pulsed valve supersonic molecular jet system is used nature and appearance of these features, the + 12 and + 26

to generate the dimers. The pulsed valve is mounted in the cm -' peaks are quite likely vibrations built on the - I1I
mass spectroscopy chamber of a two chambered vaccum sys- cmn -I origin of a given configuration cluster. The intense
tern. Since the duty cycle of the valve is roughly 10-', the 10 features that remain at the lower ionization energy are found
in. diffusion pump on the chamber and the 6 inl. difusionl at - 26.3, - 5.8, + 34. 1, and 50. 7 cm - '. From this van-
pump on the TOFMS flight tube adequately handle the gs~ ation of ionization energy one can determine that at least two
load and maintain the chamber pressure below 2 x 106 configurations of the pyrazine dimer are present in the su-
Torr. The system is described in previous publications.'-
The beam passes through a skimmer and then into the ioni-
zation region of a TOFMVS. Two separatety tunable lasersIl
provide the photons for the So-S, trauisition and the
S,-cluster ion transition. PYRAZINE 01IMER

Rotationally resolved 2-color TOFMS are obtained
through pressure tuning of the grating box of the pump
(So-.St) dye laser oscillator cavity. The output of this lase 1 0: Ei=43182 cmn-l
is narrowed by an etalon placed between the dye cell and the
grating in the oscillator cavity. The doubled output from this
dye lase is 0.08 cm -in width. The lase can be scanned
over roughly 20 cm 'for a N2 presure variation Of 10 to
1500 Torf. 2

Pyrazine and pyrimidine are obtained firoms 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. E,' 4218 5 cmn-i

The U 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-

A' = 3.2897 x 10' kcal Aii/mol. In order to check the UJ

potential form, in particular for the pyrimidine dimer, Uj
plus multipolar (i.e., dipole-dipole. dipole-quadrupole. and __________________

quadrupole-q uadru pole) potential calculations are also per- -50 0 50
formed.' The pynimidine dipole and quadrupole moments' 0

are taken to be - 2.97X10-" esu cm and - 1.91 x 10- -6 RELATIVE ENERGY (crrr')
esu cm2. respectively. FIG I rwo.colof TOFM(S of the pyrwzne dinner in the region ofilth ps r3.

Calculations are also reported which simulate the rota- zinc onpn ai two different ionization energies. top trace at an tonizjiton
energyof43 182cm 'and the lower traccat an ionizaion energy 11-4_ :N5cionall structure of pyrazine and pyrimidine monomers and c, -' Thcpyraneonginai lO8l6cm- tiesatOcem '.)nthc% aleuiihe

dimers. A symmetric top model is employed for this fit be- figure.
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personic jet ex~pansion. The pyrazine-d, dimer 0' spectrum

quite striking and reinforces our identification of origin; and
sdW vibrunic features. The features that .anish at lower
ionization energy are found at - 11-5. 11.5. 25.5. and 64.1
cm -with respect to the pyrazine-d, 0' transition (31 030.4
cm ' ). These should be compared with the numbers in Ta-
ble 1. The features that remain with lower ionization energy
are iocated at - 26.9. - 6.5. 3 1.0. and 45.9 cm.

The spectra of the pyrazine dimer at other pyrazine vi-
bronic origins are presented, along with the Or,' spectrum for
comparison, in Fig. 3. The feature at roughly -+- 61 cm - in
this figure ( +i- 34.1 cm in Fig. 1) is clearly an additional
origin. The energy values and Shifts for these features are
presented in Table 1. Since the pyrazie dimer is still observed 12
at 10a,'. its binding energy is greater than 800 cm-'. No
other features. appearing in ihe dimer mass channel. are
found within - 400cm-'of the pyrazine0,' transition. The
spectra of the pyrazine-d.dimer at these other vbronic mon-
omer origins are again very siiar to those of the pyrazine- a
h, dimer. We concluded from these spectra (not presented)
that the third origin for the deuterated dimer lies at 31.0
cm' from the 0, of the deuterated monomer. 0*I0100

Utilizing a Lennard-Jones potential function with a hy- EAIEEN '(n-

drogen bonding form, three configurations for the pyrazine FIG. 3. Two-color TOFMS of the pyruile darner in the 3g, 10ia,. and ba
dimer are calculated. Two of these configurations, a planar relpons. These spectra are itakeni at high ( -43 2CE cm- 'ionization en-

hydrogen bonded form and a perpendicular form, are dis- gy
played in Fig. 4. A parallel, stacked and 90 rotated structure

PYRAZINE-d DIMER PRZN IE

0: E 1 '43598 cm-'

1 -716 cm-1

Ei s42293 cm-1

I-854 cm-1

-506 0 50

RELATIVE ENERGY (cm-')

FtG( ' Tw.oioor TOFNM5 of the P,,razine-d. Jimer in the region 4 the
p~razine-d, origin Two different ionization energies are presented The
psraiine.-i, monomner origin lies at ),rm on the wile of the figure Corn FIG 4 Minimum enerri .oniguraiions and hinding eciire% r ii
pare to Fig Ifor the pyrazine-h, dither dirrmm s itined itih a LJ pluis FIB priienial ~odi'
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is also found. The binding energies for the former two config- P Y RIMIDINE DIME R
urations are presented in the figure. In the planar geometry

the ring centers are at 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. Pyrmidilne dim'r

Three segments of the pynmidine dimer 2-color
TOFMS spectrum in the 0g 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 +296cm-' areeach associated with -1478 cm-'
different geometries. The grouping of features in the + 170
cm' region must be associated with more than one dimer FIG. 6. Minimum energy eonhfiguration and binding energy for the stacked

configuration. as these eight sharp, relatively intense fea- pynmidife dimer as obtained with a U plus HB potenuai calculation.

tures are clearly not vdW vibronic progressions built on a
single CC origin. The minimum ionization energy for the pyr- 0.6 A along the CH-CH line from the molecular center; the

imidine monomer is near 44 090 cm- ' above the ', (n*) interplane separation is 3.3 A. The calculated binding energy

excited state at 31073 cm- '. As can be seen from Fig. 5, for this dimer is 1478 cm '.

features in two of the three regions displayed disappear as The planar configurations are displayed in Fig. 7. Con-

the ionization energy is lowered from 44 363 to 42 320 figuration I has a center to center distance of 5.5 A, two

cm- '. N-H hydrogen bonds (2.3 A separation), and a calculated

Calculations using a [J-HB potential function yield binding energy of 709 cm -'. Configurations II. Ill, and IV

four planar configurations, a parallel stacked head-to-tail also display some hydrogen bonding but to a lesser extent

displaced configuration, and a parallel stacked undisplaced than that displayed in configuration I. In these latter three

configuration with the two pyrimidine molecules rotated 90" cases, the less "acidic" hydrogens, not between the two N
with respect to each other. The latter configuration most atoms, are involved in the "hydrogen bonds": the pyrimi-
likely does not contribute to the observed dimer spectrum dine molecule center to center distance is - 6.0 A and the
since it will probably form an excimer. No perpendicular calculated binding energies range from 400 to 430 cm-'

geometry is calculated even with the U-HB potential aug- substantially less than the binding energy for configuration
mented with multipolar terms. Figures 6 and 7 give those I. Configuration 11 hastwo N-H hydrogen bondseachof2.9

calculated geometries for the pyrimidine dimer which can A. Configurations III and IV have a nitrogen atom of one
produce the observed spectral features. The parallel dis- pyrimidine equidistant from two hydrogens of the other pyr-

placed geometry shown in Fig. 6 is head-to-tail displaced by imidine with an apparent hydrogen bond distance of 2.9 A.
Planar configurations in which two nitrogens are facing each
other are not stable.

PYRIMIDINE DIMER

/

~Ld~ L"-709 cm-' / -402 cm-'

Ei, 42320 cm-1

_____IV

"E*50 O"200 "296 -422 cm- -429 cm-'

RELATIVE ENERGY (cm-')

FIG. 5. Three segments of the 2-color TOFMS spectra of the pynmidine
darner at two ionization energies, top trace at an ionization energy of 44 363
cm -'and the lower trace at an ionization energy of 42 320 cm - '. The ener- FIG.7 Minimum energy configurations and binding energies for the rianar
gy scale is relative to the pynmidine monomer ( , pynmidine dimers as obtained with a L plus HB potential calculation
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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 (.v-0.08
cm -'). The spectra are presented in Fig. 8. These well re- PYRAZINE O

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 in Fig. 9. In order to make the fit
look reasonable, a 0. 1 cm -' Gaussian linewidth was incor-
porated in the calculated spectrum.

Considenng that a symmetrc top equation is used for , 6 ,
the fit, the agreement between the calculated and expenmen- CM-1
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
pyrazine dimer is not evident at this laser linewidth. Similar
conclusions arise from the spectra of the benzene dimer (see PYRIMIDINE 0:

Fig. 11). Computer simulations of the pyrazine dimer spec-
trum (based on the symmetnc top calculations), show that a
-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
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 on-
gins do not appear different at this resolution. The calculated
contours are found using rotational constants of C W
A " = 0.0611, B* = 0.0157, and C* = 0.0141 cm-' for the FIG.9.Simuaed rota spwtraofthepyrnn din eonpns

perpendicular dimer and A =0.0381, B -0.0153, and
C =0.0112 cm' for the parallel planar dimer.

IV. DISCUSSION

A. Pyrazine dimer

In the foltlowing paragraphs, only the pyrazine-h4 dimer
results will be discussed in detail. The similarity between the

PYRAZINE 0: pyrazine-h4 and -d, dimer results obviates the need for dis-
30875.5 cnr 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
42 185 cm -' causes three features to disappear: two of these
are assigned as vibrations built on a single origin (see Table I
and Fig. 1). Further reduction of the ionization energy to

PYRIMIDINE O: 41 721 cm results in no observed TOFMS spectrum for
the pyrazine dimer. At least two different geometries of the

31073 cm-' pyrazine dimer are therefore present in the beam. The dimer
with the higher ionization energy is probably a symmetrical
dimer with two symmetry equivalent molecules because
only one origin is associated with the high ionization energy

spectrum.
Different geometries will possess different ionization

energies depending on the involvement of the ir clouds in the
. i "O -i -. overall dimer interaction. For example, a planar hydrogen

cm. bonded dimer would probably have a poor ion "solvation'"

FIG 8 Two-color rOFMS rotaional ipectra of the orgins o( pyntine or stabilization and might therefore have a higher ionization
top) and pynmadine (bottom) monomers, energy. This geometry would in addition have only one spec-
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TABLE I. Pyrazine dimer.

PYRAZINE Energy relative Energy relative
to corresponding to corresponding

DIMER Energy pyrazine feature pyrazine dimer
(vac. cm - tcm ') feature (cm )Assignments'

30 849.5 - 26.5 0 11 base 11

30865.0 - 110 0 IJa
30 870.2 - 5 8 20.7

30879.1 3 1 296
30888.0 12.0 230

7. m ,30 8914 15.4 41

7.1 Cft~ 30898.7 22.7 492

30902.3 26.3 37 3
39910.1 34.1 0 It stem 0

30914.0 38.0 3.9

30918.2 42.2 8.1

30926.7 50.7 16.6

31228.5 -30.5 0 11 base 10
31238.5 - 20.5 0 1 10a
31 245.4 -13.6
31 254.8 -4.2
31 289.4 30.4 0 II stem 1000
31 297.6 38.6
31 314.4 55.4
31433.3 -26.4 0 II base 6a,
31445.1 - 14.6 0 164.
31456.8 -2.9

cm- 0.5 31467.1 8.1
31481.7 22.0

FIG. 10. Two-color TOFMS rotational spectrum of the pyraine dimer onl- 31 488.9 29.2
a (top) and computer sulated rotauonal spectra of the pyrauie dimer 31493.2 33.5 0 11 stem 6.

oragi (bottomi. The orgin is at 30 849.5 cm-' ( - 26.5 cm- ogin in 31 507.9 48.2
Fig I). The FWHM is rouglhly 2 cm -'. The 30 865.0 -cm origi looks 31565.7 106.0
nearly identical to this one at the expermental resolusom.

3f 677.9 -21.1 0 If base I0a4

troscopic origin. A perpendicular geometry dimer would, on 31 686.1 - 12.9 0 1 lOa4

the other hand. probably evidence two features and a lower S M
ionization energy due to the ir-cloud involvement of the
"horizontal" pyraztne in the stabilization of the ion.

The calculations give three general geometries for the Table I gives the assignment of the dimer spectra. mhe
pyrazine dimer: a parallel planar, a perpendicular, and a par- planar geometry (I) is assigned to the origin at - II cm-

stacked on W rotated geometry. The latter geometry is (Fig. 1) since this single origin feature is associated with the
not slcused in 9" rt bemet l e r eo metant higher ionization energy. The other two origins at - 26.5not discussed in this work because it likely is not important at I 41c (i.I ihrsett h yasemn

for any of the spectroscopic observations presented earlier. and + 34.1 cm (Fig. I) with respect to the pyrazme mon-

The remaining two configurations give rise to three separate Omer origin are sniped to the perpendicular dimer because

spectra: one for the parallel planar geometry (I) and two for hey both show the same low ionzation energy. The base
the perpendicular geometry (bae Ila and stem lib). (Ila) is associated with the red shifted origin and the stem

(lib) is associated with the blue shifted origin. This latter
correlation between spectra and calculated structures is

BENZENE DIMER 0: based on the argument presented in previous publications':
relating solvent cluster shifts and n-cloud involvement in the
solute-solvent interaction: the larger the red shift, the more

direct is the interaction between the system and the sol% ent
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 Mi (out.
of-plane C-C bend) vibrational modes show strong interac-
tion with the van der Waals modes (Fig. 3).

5.9 cm- B. Pyrimidine dlmer

FIG II Two-color TOFMS of the benzene dimereO transion t 0&08 The ionization energy for the pynmidine dimer s% i!em

on 'resolution Mostofihe-featurein thistracearenoseandareno( isagainanimportant pieceofinformatton used to helpdetr

reproducible mine the number of different configurations tesponsible tor

J Chem Phym.. Vol 65. No 2, 15 July 1986
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S-TETRAZINE IMER The parallel planar hydrogen bonded configuration I is
assigned to the large blue shift, low ionization energy fea-
ture, and the parallel stacked displaced geometry is assigned
to the large red shifted, high ionization energy feature. On
the other hand, the parallel planar pyrazine dimer is as-
signed to the feature with the higher ionization 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 moiety of
the pynmidine system becomes the positive end of the mo-

-659 mr, -955 cm-1 - 1331 cm-' lecular ion which is in turn well solvated in the parallel
FIG. 12. Minimum energy configuratons and binding energies for the t- planar dimer thus lowering the ionization energy, and that
tranne duser as obtained with a U plus HB potential cakulation. the loss of electron density in the N-C-N regon in the n -*

excited state reduces the hydrogen bond energy thus increas-
ing the energy of the excited S, state and causing a dimer

the observed spectra and, perhaps, their geometry. Lowering blue shift. Similar arguments can be rendered to rationalize a
the ionization by 2 043 cm-' to42 320cm - causes the fea. negligible shift for the pyrazine system. We caution, how-
ture at - 168 cm-' to disappear, the features at - + 175 ever, that all such qualitative reasoning is subject to verifica-
c -'nearly to disappear. and the feature at + 296 cm 1to tion by more rigorous quantum mechanical calculations.cm To enur tharl our disapear andnt can produre other6c 't
reduce in intensity. In addition. dimer spectral shifts can also Torensure teat our .f-B potential can produce other
be employed to associate calculated geometries with spectro- perpendicular dier configurations, we have calculated the
scopic features: red shifted origins can be assigned to parallel geometries expected for the tetrazne system. The tetrazne
stacked geometries, and blue shifted origins to planar hydro- diper has been studied by Levy and o-workeir who have
gen bonded forms. Perpendicular geometries can be respon- reported two geometries: a parallel planar configuration and
sible for both red and blue shifts depending on which mole- a perpendicular conflguratiou. These experiments involve
cule of the dimer is involved' rotationally resolved fluorescence excitation spectra. Our

J-HB potential calculations suggest one parallel calculations generate three geometries for this dimer: a par-
stacked head-to-tail displaced, one parallel stacked rotated, allel planar configuration, a parallel, stacked and 90 rotated
and four parallel planar configurations for the pyrimidine configuration, and a perpendicular configuration. as shown
dimer. No perpendicular geometry can be calculated using in Fig. 12. The calculated perpendicular configuration has
LJ-HE or a multipolar form.". All calculations give nearly one hydrogen of the stem tetrazine pointing towards an N-N
identical geometries and binding energies for the parallel
planar and stacked configurations.

Thefeaturesat - 168 cm- is suggested to be due to the TETRAZINE DIMER
parallel stacked and displaced head-to-tail geometry. One
would expect this strtcture to have only one spectroscopi-
cally observed CC transition and a substantial red shift. The
remaining features in the spectra, due to their significant
blue shift, must be attributed to pln hydrogen bonded
dimet. The feature at + 296 c- 1 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- A
ration also has the monomers closest to each other (5.5 A A,,
compared to 6.0 A in the others). These factors suggest that
configuration I gives rise to the most blue shifted feature in
the spectra. The remaining three configurations 11, 111, and 0.4 0.2 0 -0.2 -0.4
IV must generate the features in the + 175 cm-' region. cm-1
Configuration II is a symmetrical dimer and will account for
one feature while configurations III and IV each will ac- FIG. 13. Calculated rotational contours of the parallel polarized transitionof the perpendicular tetrazine dimer centered at I 272 0cm - (0cm icount for two features since the pyrimidines in these last two the figure). The upper trace is calculated using the rotational constantso ,b-
configurations are not symmetry equivalent. Assigning tained from the perpendicular configuration reported in Ref 3(a} Thelo.
these features to configurations II. Ill. and IV is a difficult er trace is calculated using the rotational constants obtained from the per.
task without further information: five of the eight major fea- pendcular configuration reported in this work A svmmetinc top modelassumed for both calculations and the intensities used are thoxe if Relures in this region can, however, be associated with origins 3(a) The rotational constants employed are gwen in the text, in the sm-of configurations II, Il1, and IV. meic top approximation B" = + B - C" )/2.

J. Chem. "t.. Vol. 5. No. . 15 July Igas
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bond of the base tetrazine. In this configuration the plane of Dimer spectral shifts are expected to follow the rules
the stem tetrazine bisects the two N-1N bonds of the base deterned previously for solute-solvent clusters: the major
tetrazine. Levy's published perpendicular configuraton"" red shift mechanism is r-system coordinatton or oserlap
has one hydrogen of the two C-H bonds of the stemn tetrazine between the two molecules and the major blue shift mecha- .
pointing toward one C-H bond of the base tetrazine and the nism is hydrogen bonding. Ionization energies can be ration-
plane of the stem tetrazine passing through the two C-H alized in accordance with the general notions of ion solva-
bonds of the base tetrazine. Rotational constants reported by tion by either the ir system in the case of pyrazine or the
Levy and obtained from a rotational analysis of the perpen- N-C-N hydrogen bonding region in the case of py nmidine
dicular configuration for parallel polarization are Calculations are also presented for the tetrazine dimers
A =0.072 87 cm-', 8' 0.017 22 cm-', and to compare parallel planar and perpendicular spectroscopi.
C =0.0 16 49 cm-'. Rotational constants obtained from cally assigned geometries and our calculations. Calculations
our calculated perpendicular configuration are predict, and experiments suggest, perpendicular geometnes
A'= 0.064 58 cm-', B'= 0.0 1644 cm-~', and for toluene, benzene-toluene, pyrazine, and tetrazine but

C 0.0 18 466. These two sets of rotational constants ren- not for benzene. Moreover, calculations predict, and expert.
der reasonably similar spectra. as can be seen in Fig. 13. tnents are consistent with, the absence of perpendicular geo-

metries for the pyrinsidine dimer. Perhaps one of the most
V. CONCLUSION remar kable results of this study is the rather large number of

The analysis of the structure and properties of the pya different, roughly equal binding energy configurations
zinc and pyrimidine dimers is based on an interpretation of found for the N-heterocyclic aromatic dimers in general. %45
ionization energy dependence, van der Wails vibronic struc- .
ture. dimer spectral shift and potential energy calculations%
with UJ-HE and multipolar forms. %4

Variation of the ionizing laser energy allows diffierent X. S. I, M. Schu. "~ E. . Detstu 1. Chem. Phy, 81. 4871
configuration dimers of a particular species to be identified. (1984).
The pyrazine (h, and d,) dimer has two identified geomne- 2M. Schauerand L I. Dernstan. J. Chem. Plays. 8Z 3722 (1985).
tries based on ionization energy dependence and vibrortic '(a). C. A. Haynain. D. V. Brumbaugha. and D. H. Le"y. J. Chemn. Piiy.

79, 1581 (1983); (ba). L. Yoqng. C. A. Hayuam and 0. H, Levy. ibid. 79,analysis. Given the dimer spectral shifts and calculations, 152(13)
these have been associated with a planar parallel hydrogen 'Y. D. Park and D. H. L&vy. J. Chem. Plays. 1t. 5527 (1964).
bonded configuration and a perpendicular configuration. A 'D. V. Sinufliugh, C. A. Haynam~ and D. K. Levy. J1. Cheim Phys. 73,

thir gemety, pana stcke androttedW, i cacultpd 5380 (1980).thid gomeryplaarstakedandrotte 90, i cacult 6 *D .E ol and J. K. McVey, J. Clai. Thy,. 7& 4349 (1983).but not observed probably due to excimer formation. 'Y rh~om& ff. Abe, N, Makam in~d Mt. lM,. Phys. Chern. S. 5186
The pyrnmidine dinters absorb in three spectral regions. (1964).

The lowest energy feature is thought to be the calculated 'J. Waum ad F. R. ernatean J. Cain. Plain. K4927 (1966).
head-to-tail parallel stacked displaced geometry, the highest '(a)1. F. A. Moniany. L. M. Carruther. R. F. Mc~uire, and H. A. Scher-

a916 J. Plays. Chem. 78. 1595 (1974); (b) 0. Nemetby. M. S. Potle andenergy feature is assigned as a parallel planar strongly hy- H. A. Sceas ibid. 37.,1883 (1933).
drogen bonded form in which the most electropositive H "F. Mulder, 0. Van Dijk. and C Hwazioon Mat. Plays. 31. 577 (1979),
atoms are involved in the hydrogen bonding. The features at "0. Herzberg. Mfolcule, Spectra and Molecular Structu,, II. infrared
+ 175 cm-' are attributed to different planar configura- and Raman Specra, of Poalyalomic Moleculia (Van Nostrad Reinhold.

New York. 1945), Chaps. I and IV.tions which are only weakly hydrogen bonded through the "P J. Wheadey, Acta Crystallogr. it. 182 (1957).
less acidic hydrogens on the rip. 'P.1. Wheatley, Acui Crystallop. i3. 80 (1960).
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20 P-gram name: ECCEMP2
Z0

40 This program calculates cluster, binding energy and geometr/ 'js5ng an e-cr,
SO cal atom-atom Lennaro-Jone5 Potential. The potential includes 6-1: generai
60 non-bonding, 10-12 general hydrogen bonding , and I monopole charge terms.
70 The program will perform calculations on clusters cumoosed of up to three
80 molecules (suounits).

1001 Geometry and binding energy optimization is accomplished by analyzing the
110 forces and torques on the clu3ter subunits which result from the intermcle
12@ cular potential between the cluster subunits. The molecules are translated
130 in three dimensions and rotated about the their centers-of-mass in three
140 dimensions in response to the forces and torques. Binding energy and
1S0@ geometry optimization is achieved by simultaneously manipulating the six
160 degrees of freedom until the forces and torques are zerot that is, until
170 minimum energy and optimal geometry are obtained.
18e
190 1 This program also calculates the intermolecular force field for van der
200 Waals vibrational mode modeling which can be conducted using the VOWNCA
210 program. The ECCEMPZ program will determine the intermolecular force
220 field for clusters containing up to 25 atoms total (solute+solvent).
238 111111111 11ll 11111 111111l 11 11111ili 1l 111111l |Itl llili 1lli1ll iiiIIlI iill

240
258 OPTION BASE I
260 PRINTER IS I
270 OUTPUT 2;CHRS(2S5)&"K'
280 DEG
290
300 111 11 111 I ll lll III III; 1l11 I lIlI I IlI III

310 Coordinate matrices for atoms composing cluster subunits.
320
330 Co(*)aCarbon coordinates.

340 Hh(*)oHydrogen coordinates.
356 Nn(o)-Nitrogen coordinates.

360 Oo(*)aOxygen coordinates.
370 Zn(t)-User defined coordinates.
380 (*)=(subunitatom $.atom type,coordinates and charges and hydrogen

390 bonding flags).
400 tII llllll11 i I 1 11 l1 1 l1 lll Ill II I li9i i l I I I I , I I

410
420 DIM Co(3,44,SS),Hh(3,44,S,),Nn(3,1255),Oo(3,,,5 *n, K,5,5I

430
440 III ll II g I l lllllll l ll l l Ill ll l i l II l , l l l I i 'l L

450 1 N(o)=Number of atoms in cluster subunit, (*)-(subunt,atometz:- tce
460 1 LJpar(*o)non-bonding parameter matrix.(*)=(atom,atcm te. aiac...*.5
472 1 and electrons and intermolecular distances).
480 1 Fdir(o)-Force matrix. (f)-(subunit,componentforce and cirecti:-
490 1 indicator end last move direction indicator).
O@I Mdir(o)=Moment(torque) matriA. (*)-(subunit,compconent .ome-,t ard .'ez.,

510 indicator and last direction indicator).
520 Tx(*),Ty(* ),Tz(9*-Translation matrices. (*)=(suuniti.

-....- .... ........... -. -.... ...................
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530 a r P(* ::(*)-Rotation matrices. (*)(subunit .

540 C,:()-.enter-of-m5 matri.. (-.e=sunufit,cocrnirates).

S50 1 stepk * )Rotation step matrix. * -( u tu lt C11rect :-,.
560 TSteo(*)*TransIat1On step matriA. (*JI 5uput:, reC r. .
S7 Tl(-,'Temporary translation step matri-. (* ' su~uni t ,oe::.

P 1I(*)-Temporary rotation step matrl. .. =. it, reCtl:m.

610 DIM Nf3,5,5 ,Ljpar(SS5.3)0
620 DIM ~i(333 Mi~333
630 DIM T (3).Ty(3),Tz(3),Rx(3) ,Ry(3),Rz(3)
640 DIM Co(3,3),Rstep(3,3),TsteO(3,3).TI(3,3).RI(3,3)
650 GCLEAR
660 Look?7 Default graphics display limits set at 7 angstroms.
670 Sol-? I Default flag which draws solute and solvents.

680 Do I Effective dielectric constant for monopole charge interaction.

690 BEEP
700 Q-O'
710 INPUT -Do you want expanded graphics',O$

720 IF OS-'Y THEN DUMP DEVICE IS 710,EXPANDED
730 IF QI=-N" THEN DUMP DEVICE IS 710
740 IF QSO Y" AND QGUN" THEN 700

7S0 PRINT
760 PRINT "
770 PRINT . Empirical vdW Cluster
780 PRINT . Configuration Energy
790 PRINT " Minimization Program (ECCEMP)

800 PRINT "
810 PRINT "
820 PRINT " Version ECCEMP/2

830 PRINT "o by
840 PRINT ". Joseph A. Menapace

8S0 PRINT e 5 October 1986
860 PRINT ".

870 PRINT "*
880 PRINT " Developed from ECEPP/2

890 PRINT " G 8. Nemethy, M.S. Pottle, and H.A. Scheraga
900 PRINT " J. Phys. Chem. 87, 1883 (1983)

910 PRINT "

920 PRINT
930
940 hIlu l l i | ll l l l lll i lllllllllI 1l11111111 1lt1 I III) lII 1111l 1 l l iiii~

950 Main Menu:

960
970 In Coef - Inputs non-bonding parameters from disc storage file LJPARAM or
980 a file created by the user. Subroutine used - Inputcf.
990 1
10001 In Coord - Inputs a cluster coordinate file from disc storage or from
10101 the keyboard. Subroutine used - Inputco.

I1,201
1030' Energy - Calculates the cluster binding energy at any geometry. Subroutine

10401 used - Energy.
730501 1
1060' Minimize - Performs cluster geometry and binding energy optimization.

1070 1 Subroutine used - Minimize.

1080 1 O
1090 I Move - Translates and rotates cluster subunits in three dimensions.

- . ' '- - - - € -% ' -""- ." -".' " .- " " ." -' ." ." -' ." "Z '_.' ._' "" ._''_ " ' " ' w v 9"
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1100 1 Subroutin~e used - H4and.

II1Z Draw - Draws tre cluster geometry in four persoe~tives. Su:ztr
113O I 'ued - Draw.

1140
150O NCA - Generates the intermolecular force field for the jnter'oecaa,'

!160 Inormal coordinate analysis performed oy YJCW.NCA. Sjoroutire usel - r-igen.

1170
1180 1 Quit - Stops the subroutines and returns execution to the Main Menu.
1190 Subroutine used - Quit.
1200
1210 IStar Con - Stores the Cluster coordinates In User defined storage files.
1220 ISubroutine used - File.

1240

12S0 ON KEY 0 LABEL "In Coef" .3 GOSUB Inputcf
1250 ON KEY I LABEL "In Coord" .3 GOSUB Inputco
1270 ON KEY 2 LABEL "Energy" ,3 GOSUB Energy
1280 ON KEY 3 LABEL "Minimize' .3 SOTO minimize
1290 ON KEY 4 LABEL "Move" .3 GOSUB Hand
1300 ON KEY 5 LABEL "Oraw"*3 GOSUB Drew
1310 ON KEY 6 LABEL 'NCA".3 GOSUB Eigen
1320 ON KEY 9 LABEL "Quit",23 GOTO Quit
1330 ON KEY 7 LABEL 'Stor Con",3 SOSUB File
1340 BEEP
1350 SOTO 1350
1360

1380 Subroutine: Inputcf
1390
1400 IInputs non-bonding parameter data file from disc storage or from
1410 1 keyboard. Parameters are stored in Ljpar(.). Parameters include polariza-
1420 1 bilities, number of electrons, and intermolecular distances for the atoms
1430 1 in question.

1450
1460 Inputcf: PRINTER IS 1I
1470 OUTPUT 2;CHR$(2SS)&"K";
1480 SOTO 1500
1490 CAT
1500 QI*"G"
1510 INPUT "Do you want to start another COEFICIENT data file' OGS
1520 IF 0$-"N* THEN 1830
1530 IF QS(>"Y* THEN 1500
1540 ON ERROR SOTO 1490
1550

1570 1 This routine allows the user to enter and update data from the 'eyboart.

5S90
1600 INPUT "What is your N E W COEFICIENT file name?",CoefS
1610 CREATE BOAT Coefl : INTERNAL- ,7S,8
1620 OFF ERPOR
1630 GOSUB Atommenu
1640 INPUT "Select the atom.",AtomIS
)650 GOSLJB Attpm.enu

1660 INPUT "Select the atom type.",Attpf$
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1670 GOSU6 Atcmnumber5
1530 I Atzml=@ ,p Att:1-0 T14EN OISP "GAO SELECTION I "

60 IF Atom1-O OR Attpl=0 THEN WAIT 2
700 IF Atomi=O OR Atto1=O THEN l620
171Z :NPUT "Enter the atom-atom polarl:abiiity ( 10 :4 cr 3. , ' At.:l -T

I )
1720 INPUT "Enter the atom-atom effective electron number.",LjrarfAtcm ,Attlll,'

730 INPUT "Enter tne atom-atom bond distance (Angstroms).",LjparkAtoml,Atto 3"

1740 QS='Q"
1750 INPUT "Are you done 7 " .0

1760 IF QS-"Y THEN 1790
1770 IF Q10"N" THEN 1740
1780 GOTO 1630
1790 ASSIGN @Coef TO Coefi
1800 OUTPUT @CoeftLjpar(*)
1810 ASSIGN @Coef TO *
1820 GOTO 1910
1830

18S0 I This routine inputs LJPARAM or user defined non-bonding parameter file
1860 1 from disc storage and displays it on the screen.
1870 ll l l l !! l i ¢ '

1880 1
1890 ON ERROR GOTO 1490
1900 INPUT "What is your COEFICIENT data file name?"Coef$
1940 OUTPUT ZCHRI(25S)&'K";
192% PRINT "Your COEFICIENT data file name is',Coef$
1930 PRINT
1940 ASSIGN SCoef TO Coef$
1950 ENTER @CoefiLjpar(9)
1960 ASSIGN VCoef TO *
1970 OFF ERROR
1980 PRINT USING 1990
1990 IMAGE "Atom",SX,"Type,6X,"Polar",4X,"Elect,4X,"ODist"
2000 PRINT USING 2010
2010 IMAGE 18X,-(O"24)",IZX,'(Ang)"
2020 PRINT USING 2030
2030 IMAGE IBX,'(cm "3)"
2040 PRI'T "

2050 PRINT
2060 FOR Atoml; TO S
2070 FOR Attpl-1 TO 5S
2080 GOSUB Atomnames
2090 IF Ljpar(Atoml,Attpl.1)-0 THEN 2120
2100 PRINT USING Zll;OAtomlS,AttplS,Ljpar(Atoml.Attpl,1),Ljoar(Atoml,Attp ,>,Lj
par(AtomlAttpl,3)
2110 IMAGE 2A,6X,SA,GX,2D.20,4X,2D.20,4X,2.2D
2120 NEXT Attpl
2130 NEXT Atoml
Z140 DISP "Here are your coeficients."
ZIS0 WAIT I
2160 I

2180 1 This routine allows for parameter changes and/or additions.

2200 '

2210 Q%"

% % %
*~*.*\".*%2"
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2220 INPUT "Do you want to make changes or additions?",Q$

2ZO IF Q$O-N" THEN 2260
2-'40 IF Q$V>"Y" THEN ZZ10
ZZS GOTO 1630

2:60 BEEP
ZZ70 OUTPUT 2;CHR$(ZSS)&K;
2290 RETURN
2290
2300 IlI II Illll111111!ili1llll11lllll111l 1 llll lll 11ii 1111l i ii I I I

2310 I Subroutine: Inputco
23201

2330 i Inputs cluster coordinates, atomic charges, and hydrogen bonding flags
2340 i into coordinate matrices from disc storage or from the keyboard.

2360
2370 Inputco: 1

2380 OUTPUT 2,CHRS( 2SS)&'K"i
2390 GOTO 2410
2400 CAT
2410 Q$-"Q"
2420 INPUT "Do you want to start another COORDINATE file name7",Q$
2430 IF O$-"N" THEN 3890

2440 IF Q$<>*Y" THEN 2410
2450 ON ERROR 6OTO 2400
2460 1
2470 II II IIIIil I lll lIl I l II

2480 1 This routine allows the user to enter the coordinates, charges, and
2490 I hydrogen bonding flags from the keyboard.
2 5 0 0 I I 1 1111 I I I I I I I I I I I * I 1 I I J I I I I I I I I I I lI Il I I I I !I ! I I I l I t 
2510 

2520 INPUT "What is your N E W COORDINATE file name?',Coord$
2530 CREATE BOAT CoordS&':INTERNAL',9400,8

2540 OFF ERROR
2550 INPUT "Enter the total number of molecules.",L

2560 IF L< OR L>3 THEN 2SSO
2S70 INPUT "What ligand are you working on (1 for solute)?'",K
2580 IF K<1 OR K>3 THEN 2570
2S90 INPUT "Center of mass X coordinate?',Cq(K,1)
2600 INPUT "Center of mass Y coordinate",CQ(K,.2)
2610 INPUT "Center of mass Z coordinate?",2q(K,3)

2620 GOSUB Atommenu
2630 INPUT 'What atom coords are you inputting?".Atomi$

Z640 GOSUB Attomenu
2650 INPUT "What is the atom type?',Attpl$

24660 GSUB Atomnumber
2670 IF Atomlse OR Attpl-0 THEN DISP "BAD SELECTION
2680 IF Atoml-0 OR Attpi-0 THEN WAIT 2
2690 IF Atoml-0 OR Attpl-O THEN 2620
2700 INPUT "How many?",N(K,Atoml,Attpl)

2710 FOR J1 TO N(KAtomlAttpl)
2720 OUTPUT 2iCHRS(2S5)&"K"
2730 GOSUB Atomnames
2740 PRINT AttpS. -Atoml$j" Number";J

2750 PRINT
2760
2 7 7 0 I I I III IIii i i iI I i iIii i I II ll I I l l I ,

2780 I Inputs carbon coordinates, charges, and hydrogen bonding flags from :e

-. ,
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2730 eytcard.

:830 IFAol TEPRN

2820 IF Atoml-I THEN INPUT "Enter Y rine

28S0 IF AtomI-I THEN PRINT " C~or rinteL;C~I ,Jt. * -,:

2860 IF Atom)-) THEN INPUT 'Enter Z coord~nate.",Co~j<,J,Attpi ,3
2870 IF Atoml=I THEN PRINT "Z Coordinate ,Co(KJ,AttpI .3)
2880 IF Atomi-I THEN INPUT "Enter atom charge.' ,Co(K,J,Attp) ,4)
2890 IF AtomiI THEN PRINT "Atom Charge';Co(K,J,Attp1 ,4)
2900 OS-"Q"
2910 IF AtomiI THEN INPUT "Is the atom a hydrogen bonder7" .01
2920 IF Atom)-l AND 01-"N" THEN Co(K,J,Attp1 ,5)0
2930 IF Atoml*1 AND QS-"Y" THEN Co(K,J,Attpl ,S)-1
2940 IF Atom)-) AND OSO"Y" AND 050>'N" THEN 2900
2950 IF Atoml-I THEN PRINT "Hydrogen Bonding" aCo(K,J,Attpl .5)
2960 1

2980 1 Inputs hydrogen coordinates, charges, and hydrogen bonding flags from the
2990 k Ieyboard.
3000 I 111 iijl 111 ii IiIiII !111 I!III I

3010
3020 IF Atoml-Z THEN INPUT "Enter X coordinate." ,Hh(K,J,Attpl ,1)
3036 IF AtomlIZ THEN PRINT "X Coordinata"iHh(K,J,Attp1 *1)
3040 IF Atomf-2 THEN INPUT "Ent-- Y coordinate." ,Hh(K,J,Attpl *2)
3050 IF AtomlZ2 THEN PRINT "V Coordinate";Hh(I,J.Attpl ,2)
3060 IF AtomlZ2 THEN INPUT "Enter Z coordinate." ,Hh(K,J,Attpl .3)
3070 IF Atoml-2 THEN PRINT "Z Coordinate"iHh(K,J,Attpl .3)
3080 IF Atomi*Z THEN INPUT "Enter atom charge." ,Hh(K,J,Attpl .4)
3090 IF Atoml-2 THEN PRINT "Atom Charge"I;Hh(K,J.Attpl ,4)
3100 QSM"Q"
3110 IF Atom1Z2 THEN INPUT "Is the atom a hydrogen bonder?" .01
3120 IF Atom1-2 AND Q05"N* THEN Hh(K,J.AttpI .5)-0
3130 IF Atoml-2 AND Q~s.Y' THEN Hh(K,J,Attpl ,5)-I
3140 IF AtomIZ2 AND OS(>"Y" AND OW<>N" THEN 3100
3150 IF Atom1-2 THEN PRINT "Hydrogen Bonding"&Hh(K,J,Attpl ,5)
3160 1

3180 IInputs nitrogen coordinates, charges, and hydrogen bonding flags from th~e
3190 Ikeyboard.

3220 IF Atoml-3 THEN INPUT "Enter X coordinate.' ,Nn(K,J,Attpl ,1)
3230 IF Atoml-3 THEN PRINT "X Coordinate';Nn(K,J,Attp1,1
3240 IF Atoml-3 THEN INPUT "Enter Y coordinate." ,Nn(K,J,ittp1,2)
3250 IF Atoml-3 THEN PRINT "Y Coordinate'iNn(K,J,Attpl ,2)
3260 IF Atoml-3 THEN INPUT 'Enter Z coordinate.",Nn(K,J,Attp1 ,3)
3270 IF Atoml-3 THEN PRINT "Z Coordinate";NnkK,J,Attp1 3)
3280 IF AtomI-3 THEN INPUT "Enter atom charge.",Nn(K,J,Attp!,4)
3290 IF Atoml-3 THEN PRINT "A~tom Charge";NnU.K,J,Attpl .4)
3300 Ose"O"
3310 IF Atoml-3 THEN INPUT "Is the atom a hydrogen bonder''CS

3320 IF Atoml-3 AND OS1'N" THEN Nn(K,J,Atto) ,S)-O
3330 IF Atoml-3 AND 01-"Y' THEN NnU<,J,Attol ,S)-1
3340 IF Atoml*3 AND QS<, 'Y' AND QSZ>,"N" THEN 3300
34350 IF Atoml-3 THEN PRINT "Hydrogen Sonding';Nn(K,J,Attp1, 8)
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'330 Inputs oxygen coordin'ates, cnarge5, 3nd hydrogen .13trg fla;5 ;:zm t~e

Z90 I eyboard.

342Z IF Atoml-4 THEN INPUT "Enter X coordinate." ,Oo(VJAttp1,l
3430 IF Atoml-4 THEN PRINT "X Coordinate".OoU(1,J,Attc)1,1)
3440 IF Atoml-4 THEN INPUT "Enter Y coordinate.' ,Oo(KJ,Attpl,2
3450 IF Atoml-4 THEN PRINT "Y Goordinate'iOo(K,J,Attpl ,2)
3460 IF Atom]-4 THEN INPUT "Enter Z coordinate." ,Oo(K,J,Attpl ,3)
3470 IF Atomi-4 THEN PRINT "Z Coordinate';Oo(KJ,Attpl .3)
3480 IF Atom)-4 THEN INPUT "Enter atom charge." .Oo(K.JAttpi *4)
3490 IF Atomil4 THEN PRINT 'Atom Charge";Oo(K.J,Attpi .4)
3500 O5-"Q"
3S10 IF Atoml-4 THEN INPUT "Is the atom a hydrogen bonder?" .05
3520 IF AtomlI4 AND OW~N' THEN Oo(K.J,Attpi *5)0
3530 IF Atomli4 AND 0$-Y" THEN Oo(K.J.Attpl 5)-i
3540 IF Atoml-4 AND 050"Y" AND OSO'N" THEN 3500
3550 IF Atoml-4 THEN PRINT 'Hydrogen Bonding',Oo(K,J.Attpl .5)
3560
3570 I II I I

3580 I Inputs user defined coordinates, charges, and hydrogen bonding flags from
3590 1the keyboard.
3600 I I III I I I I

3610
36Z0 IF Atomi-S THEN INPUT "Enter X coordinate., Zn(K.J,Attpl *I)
3630 IF Atoml-S THEN PRINT "X Coordinate"iZn(K,J.Attpl *1)
3640 IF Atoml-S THEN INPUT "Enter Y coordinate." ,Zn(K,J,Attpi .2)
3650 IF Atoml-S THEN PRINT "V Coordinete"iZn(K.J,Attpi ,2)
3660 IF AtomlS5 THEN INPUT "Enter Z coordinate.' ,Zn(K,J,Attpl .3)
3670 IF Atoml-5 THEN PRINT 'Z Coordinate"iZn(f(,J.Attpi .3)
3580 IF AtomlIS THEN INPUT "Enter atom Charge." ,Zn(K,J,Attpl .4)
3690 IF Atomi-5 THEN PRINT "Atom Charge"iZn(K,JAttpi ,4)
3700 QS-"Q'
3710 IF Atomi-5 THEN INPUT 'Is the atom a hydrogen bonder?" .05
3720 IF Atom)-S AND 08-NW THEN Zn(K.J.Attpl .5)-S
3730 IF Atomi-S AND G$-Y* THEN Zn(K,J,Attpl .S)1i
3740 IF Atom-S AND O5<>Y' AND 090)"N" THEN 3700
3750 IF Atomi-S THEN PRINT 'Hydrogen Bonding ,Zn(K,J.Attpi .5)
3760 NEXT J
3770 0S-"Q'
3780 INPUT 'Are you done with this molecule?" .05
3790 IF OS-'N* THEN 2620
3800 IF OS<>Y* THEN 3770
3910 0SM"o'
3820 INPUT "Are you done inputting7" .05
3830 IF OS-'N* THEN 2570
3840 IF 0SO"Y" THEN 3810
3850 ASSIGN @Coo*rd TO CoordS
3860 OUTPUT *Coord;L,Cq(*),N(e)Co(e)Hh()Nn(e)Oo..,Zr(.)
3870 ASSIGN OVoord TO
3980 GOTO 3970
3890 ON ERROR GOTO 2400
3900

p ~~~~3910 II IiI II II I I I I III IIIII

90IThis routine inputs a user defined cluster coordinate file frocm
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330 I dic storage and di5Qlays it on the screen.

3 80 INPUT "What 15 your COORCINATE data file naee "C::rl

3370 OUTPUT 2;CHRS(255)&"K";
330 PRINT "Your COORDINATE data file name is',Coordl

2330 ASSIGN @Coord TO Coordi
4000 ENTER §Coord;L,Cq(*),N( ),Co(*),Hh(*),Nn(*),Oo(*),Zn(*)

4010 ASSIGN @Coord TO *

4020 OFF ERROR
4030 FOR K-I TO L

4040 PRINT
4050 IF K-I THEN PRINT "Solute"
4060 IF K>1 THEN PRINT "Ligand ";K-1

4070 PRINT
4080 PRINT "Center of Mass",Cq(K,l>jCq(K,2)jCq(K,3)

4090 PRINT

4100 FOR Atom1-I TO S
4110 FOR Attpl-I TO 5

4120 FOR J-1 TO N(KAtoml,Attpl)

4130 GOSUB Atomnames
4140 IF Atoml-1 THEN PRINT AttplS" tAtoml$JCo(K,J,Attpl,1);Co(K,J,Attp,Z);C

o(1K ,J Attol1 3);
4150 IF Atoml-I THEN PRINT Co(K,J,Attpl,4)iCo(KJ,Attpl,S)
4160 IF Atoml-2 THEN PRINT Attpl$i" ";Atoml$J;Hh(K.J,Attpl,1);Hh(K,J,Attpl,LIH

h(KJAttpl,3);
4170 IF Atoml-2 THEN PRINT Hh(K,j,Attpl,4)lHh(K,J,Attpl,5)

4180 IF Atoml-3 THEN PRINT AttplS;" ";AtomlSJNn(K,J,Attpl,l);Nn(K,J,Attpl,2);N
n(K,JAttpl,3);

4190 IF Atoml-3 THEN PRINT Nn(K,J,Attol ,4);Nn(K,J,Attpl ,5)
4200 IF Atoml-4 THEN PRINT Attpl$S ";Atom1S;JlOo(K,JAttpl1,);Oo(KJ,Attppl,);C

o(KJ Attpl,3);
4210 IF Atoml-4 THEN PRINT Oo(K,J,Attpl,4)hOo(K,JAttpl,5)

4220 IF Atoml-S THEN PRINT Attpl$S" " AtomISJ;Zn(K,J,Attpl,1)Zn(K,J,Attpl,2);Z
n(K,J ,ttoI,3);
4230 IF Atoml-S THEN PRINT Zn(K,JAttpl ,4);Zn(K,J,Attpl ,S)

4240 NEXT J
4250 NEXT Attpl
4260 NEXT Atoml

4270 NEXT K
4280 DISP "Here are your coordinates."
4290 WAIT I
4300 Q$-"Q"
4310

4330 1 This routine allows for coordinate, charge, and hydrogen bonding flag
4340 1 changes and/or additions.

4250

4370 INPUT "Do you want to make changes or additions7 ",G$

4380 IF OS-N" THEN 5390

4390 IF QS<" Y" THEN 4300
4400 OS- Q"

4410 INPUT "Do you want to add or change ENTIRE ligands7 ",QS
4420 IF O-"N" THEN 4450

4430 IF QS "V" THEN 4400
4440 GOTO 2450
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4450 INPUT "Enter Molecule number (1 for solute)." K

4460 IF K'i OR &'3 THEN 44S0

4470 Q$S"Q"
4480 INPUT "'o you want to change the center of M8ss57 ",S

4490 IF 05-"N" THEN 4550

4500 IF QO$>"Y" THEN 4470
4SIO INPUT "Centcr of Mass X coordinate 7 ",Cq(KT)

4520 INPUT "Cente of mass Y coordinate?",Cq(K,2)

4S30 INPUT "Center of mass Z coordinate?",Cq(K,3)

4540 GOTO 4300
4550 2GSLIS Atommenu

4SEq iNPU7 "What atom coordinates?",Atoml$

457? GUSUB Attpmenu
4580 INPUT "What is the atom type?",AttplS
4590 INPUT 'What number is the atom chosen?",J

4600 GOSUS Atomnumbers

4510 IF AtominO OR Attpls0 THEN DISP "SAO SELECTION 1!1'"

4620 IF AtomlmO OR Attpl1O THEN WAIT 2

4630 IF AtomlO OR Attpl-O THEN 4550

4640 OUTPUT 21CHR$(S255)&K";

4650 GOSUB Atomnames
4660 PRINT AttplI" "wAtomlt" Number';J

4670 0S"Q"

4680 INPUT "Do you want to change the charge?",Q5

4590 IF Q0-"N" THEN 4810

4700 IF Q$0<"Y" THEN 4670
4710 IF Atoml-l THEN INPUT "Enter atom charge.",Co(K,JAttpl,4)

4720 IF Atoml= THEN PRINT "Atom Charge"lCo(K,JAttpl.4)

4730 IF Atoml12 THEN INPUT "Enter atom charge.",Hh(K,J,Attpi ,4)

4740 IF Atoml12 THEN PRINT "Atom Charge";Hh(K,J,Attpl,4)

4750 IF Atoml13 THEN INPUT "Enter atom charge.",Nn(K,J,Attpl.4)

4760 IF AtomlI3 THEN PRINT "Atom Charge"oNn(K,JAttpl,4)

4770 IF Atom14 THEN INPUT "Enter atom charge." Oo(KJAttpl.4)

4780 IF Atom1-4 THEN PRINT "Atom Charge";Oo(K,J.Attpl.4)

4790 IF AtomlIS THEN INPUT "Enter atom charge.".Zn(KJ,Attpl,4)

4800 IF Atoml-5 THEN PRINT "Atom Charge*|Zn(KJ.Attpl,4)
4810 Q$5"Q"

4820 INPUT "Do you want to change hydrogen bonding capability'"0.$

4830 IF 05-"N" THEN 4990

4840 IF QS<0Y" THEN 4810
485 0$-"Q'

4860 INPUT "Is the atom a hydrogen border?' ,0
4870 IF 0$-Y" AND Atoml-l THEN Co(K,J,Attpl,S)-1
4880 IF QS."Y" AND AtomliC THEN Hh(K,JAttpI,S)l

4890 IF 0-Y" AND Atoml-3 THEN Nn(K,J,AttplS)-l

4900 IF 05-"Y" AND Atoml-4 THEN Oo(K.JAttpl.5)-i
4910 IF O5'Y" AND Atoml1S THEN Zn(K,J,Attpl,S)-1
4920 IF Qta'Y" THEN 4990

4930 IF 0S<>'N" THEN 48S0
4940 IF Atoml-l THEN Co(KJAttpl,S)-S

4950 IF Atomi-2 THEN Hh(K,,Attpl,S)-0

4960 IF Atomli3 THEN Nn(K,JAttpi,S)-
4970 IF Atomla4 THEN Oo(KJ,Attpi ,5)-@
4980 IF AtomliS THEN Zn(K,J,Attl,S)-S

4990 IF Atoml-l THEN PRINT "Hydrogen Bonding";Co(KJAttpl ,S)

S00 IF AtomliC THEN PRINT "Hydrogen Eonding":Hh(KJ,Attpl ,5)

5010 IF Atomli3 THEN PRINT "Hydrogen Bonding"jNn(KJ,Attpl ,S)

-,- J-
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50ON IF rAtom.l 4 THEN PRINT "Hydrogenl Bonding;Cc( : f~tz-I::
SON0 IF t~tom I =S T -EN PR"J 'Hyar-c ge 5cr:ng~
S040 QS-"Q"
SOSO INPUT "Oo you want to zmnfge the c:)arnn~ates' 1-,
5060 IF Q5'N" THEN 4300
5070 IF QS>Y" THEN S340
SON02 IF Atoml-1 THEN INPUT "Enter X coordinate. *Cctl. 4 t- 2
5050 IF Atom)-l THEN PRINT "X Coordinate ;Co(K,J,vAttp,)
5100 IF Atoml-l THEN INPUT "Enter Y coordinate.",Co(K,J,Attol,,)
S110 IF Atoml-l THEN PRINT "Y Coordinate'iCoU</,J.Attpl ,2)
5120 IF Atoml-) THEN INPUT "Enter Z coordinate.' *Co(K,J,Attl ,3)
5130 IF Atoml-1 THEN PRINT "Z Coordinate-iCo(IKJ,Attol ,3)
5140 IF Atoml-2 THEN INPUT 'Enter X coordinate." ,Hh(K.J,Attpil)
5150 IF Atom1-2 THEN PRINT 'X Coordinate ,Hh(KJ ,Attp) *I)
5160 IF Atom1-2 THEN INPUT "Enter Y coordinate." .Hh(,J,AttpI ,Z)
5170 IF Atoml*2 THEN PRINT "Y Coordinate;jHh(<.J,Attpl .2)
5180 IF Atoml-2 THEN INPUT "Enter Z coordinate." *Hh(K,J,Attpl .3)
5190 IF Atoml-2 THEN PRINT 'Z Coordinate";Hh(K.J,Attp1 ,3)

-' 520 IF Atoml-3 THEN INPUT "Enter X coordinate." ,Nm(K(,J,Attp1 .1
5210 IF Atoml-3 THEN PRINT "X Coordinate" gNn(K.J ,Attpl ,l)
5220 IF Atomln3 THEN INPUT *Enter Y coordinate.' *Nn(KJ,AttpI .2)
5230 IF Atoml-3 THEN PRINT "Y Coordinate";Nn(K.J.AttpI ,2)
5240 IF Atoml-3 THEN INPUT "Enter Z coordinate." ,Nn(K,J*Attpl .3)

-' 250 IF Atoml-3 THEN PRINT *Z Coordinate",Nn(K,J*Attpl .3)
5250 IF Atoml-4 THEN INPUT "Enter X coordinate." ,Oo(K.J.Attpl *1
5270 IF Atopil-4 THEN PRINT "X Coordinate"iOo(K.,Attpl *1)
5280 IF AtoriI4 THEN INPUT "Enter Y coordinate." .Oo(K,J.Attp1 .2)
5290 IF Atoml-4 THEN PRINT "V Coordinate";Oo(K,JAttpl ,Z)
5300 IF Atomls4 THEN INPUT "Enter Z coordinate." .Oo(K.J.Attpl .3)
5310 IF Atomls4 THEN PRINT "Z Coordinate",Oo(KJ.Attp1 .3)
5320 IF AtomlS5 THEN INPUT "Enter X coordinate.',Zn(K.,Attp1 *1)
5330 IF AtomI-S THEN PRINT 'X Coordinate"iZn(K,JAttpl*1)
5340 IF Atoml-S THEN INPUT "Enter Y coordinate." ,Zn(K,J,Attpl .2)
5350 IF Atoml5S THEN PRINT "V Coordinate",Zn(KJ.Attp1 ,2)
5360 IF Atoml-5 THEN INPUT "Enter Z coordinate." ,Zn(K.J.Attpl .3)
5370 IF Atom1=S THEN PRINT "Z Coordinate"iZn(K,J.Attpl .3)
5380 GOTO 4300
5390 ASSIGN SCoord TO CoordS
5400 OUTPUT @CoordtL.Cq(*).N(').Co(e),Hh(*),Nn(.),Oo(.),Zn(*)
5410 ASSIGN @Coord TO*
5420 BEEP
S430 OUTPUT ZiCHRS(255)&"K",

v5440 RETURN
5450

I,.. ~~5460 I I I I I III

5470 Subroutine: Print
* 5480

5490 IPrints the binding energy, forces, moments) torQues), and ccordinates fcr
5500 the optimlized cluster geometry on the paper printer.

5520
5530 Print:
SS540 ALPHA ON
5550 GRAPHICS OFF

-S5560 PRINT
5570 PRINT "Filename: ;,CoordS
5580 PRINT
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SS90 PPI74T

552 F6c- AD --HEN PRINT te

S6 ZIF S THE ND PRINTHE PI~N T "PtnK-I-enadjo

5700 PRINT

5720 FOR K-t1 TO
5730 IF K-1 TOE PNT "Stolute'
5670 IOSU A~lTHEN RINTamesn";

5750 PRINT Atl~ ;tMS

5690 PIT "Center TOE PRINT C(K,ttlqK,)C(KJ,Atp,)C(KJ)tl3
5770 PIN TomITE RN oXJAtl4,oKJAtlS
5710 FO Atomi-2 TE PRN hKJAtl. ;hKJtp Z;hKJAtl*)

5730 FO J-~12 TENKPRoINAT H(,JAtl 4i(KJAtp
580 IFS AtomnamTEN RNsnKJAtl. ;nKJAtl,~~(,.tp,)
5810 PIT At&-3 t THNPIT N(*JAtp 4;N(*JAtp 5
5820 IF Atom1l4 THEN PRINT Oo(K,J,Attpil 1);Oo(K,J,Attpl ,Z&);Oo(K.J.Attpl .3);
5830 IF Atomr'I THEN PRINT Oo(K.J,Attpl *4)iOo(K.J.Attpl .5)
58 IF Atoml5Z THEN PRINT Zn(K.J.Attpl I)iZh(KJ,Attpl,Z);Hh(K,J.Attpl,3);
5850 IF Atom)-S THEN PRINT Zn(K,JAttt)1 4);Zn(K,J.Attpl .5)
5860 NEX Ao3 TE RN nKJAtiIinKJAti2inKJAtt3-
5870 NEX Attl3TE RN nKJAti4tnKJAt)S

5880 NEXT Jtri

*5890 PRINT
5900 NEXT K<
5910 PRINT *Minimum Enev-gy' gE
5926 PRINT
5930 FOR J-1 TO L
5940 IF J-1 THEN PRINT *Solute Forces *i"Fx-';Fdlr(J,1 ,1 );Fy-";Fdir(J.,1 );"F:.

5950 IF 3>1 THEN PRINT "LigandiJ-1lrForces '"Fx"Fdxr(J,l 1 );"Fy=";Fdir(J,2",Ik); 'Fz-";Fdir( J .3 .1 )
5960 IF J-1 THEN PRINT *Solute Moments "NM";Mdir(J,1 *1);11y';Tldir(J,2,1 r?9:

'Mdir( J .3 .1
5970 IF J>1 THEN PRINT "Ligand;iJ-1iMorients ';'"M>,,-;Mdlr(J,1 ,1),M-;drj ,
1);Mz,Mdir(J,3,1)
5980 PRINT
5990 NEXT J
6000 PRINT "Potential Curvature ",K~-;vKy-;vlK-*iv
6010 PRINT
E0620 PRINT
6030 PRINTER IS I
6040 RETURN
6050

6370 ISubroutine: Energy
6080
6Z90 ICalculates the cluster binding energy, forces, and tor-cjes for a

6100 clu.ster geometry. A~15o calculates the intermolecular force field

% %.le - I -d.: -I
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6110 I for VOWNCA.

630

6140 Energy:

6150
6160 II1 I IIIIII IIIIIIIIIIIIIII I1I 1I iii I

6170 Initialization of variables to start routine.

690

6200 E=0 I Cluster binding energy.

6210 EijOI non-bonding term energy.
6220 Eqq-0 Monopole charge term energy.

6230 Ehb-0 Hydrogen bonding term energy.

6240 CvxOI Curvature x-x direction.
6250 Cvy-O Curvature y-y direction.

6260 CvzoO i Curvature z-z direction.
6270 FOR J-1 TO L
6280 FOR Oirl- TO 3

6290 Fdir(J,Dir II )a

6300 hdir(J,Oir1,l)-O

6310 NEXT Dir
6320 NEXT J
6330 Row-i Control variables for intermolecular force field disc storage.
6340 Fg-75 I routine. Force field is stored in file: H2OEIG.

635@
6360 ...... ..... ..... ..... ...... ..... ..... ..... ...... ..... .... I I I I 1 i

6370 1 Summation over all atom-atom interactions between solute and solvents for
6380 i intermolecular potential calculation.
6390 III ! ! ! ! ! ! ! !!!!! I I ! I 1 1! !! ! ! ! ! ! ! ! 1 11 I I !! ! ! !!!!!! I I I II II I

6400 I
6410 FOR Ki-1 TO L

6420 FOR Cl-i TO S
6430 FOR Al-I TO S
6440 FOR J-I TO N(KI,CI,AI)

645@ FOR K2-2 TO L
6460 FOR C2-i TO 5
6470 FOR AZ-i TO S
6480 FOR JZ- TO N(K2,CZ,A2)
6490 IF KZ<-KI THEN 11630
6500 0-0 ! Intermolecular distance initialization for atoms in question.
65i0
6 5 2 0 I ! I ! l I I I I I I I II I I I I I I l Il llI I i I Il llI i I I I I I

6530 Determines coordinates, charges, and hydrogen bonding flags for atoms
6540 involved in atom-atom potential terms.
6 5 5 0 I I I I I I I I I I I I I I I 

l l l l l
I

l l l  l  l l l l l l  l l l
g j I

l l l l
I

6560
6 5 7S I I I I II I . . . . l l l llI I I l l llI I l I l l l l l l I l l l l l l l I l llI i l l l l l l l l l l l l l

6580 Carbon coordinates, charges, and hydrogen bonding flags.
6 5 9 0 I I I I I I I I I I I I I I I I I I I I I I I I I I l l lI l l lI lI l l l l llIlIl l lIl llIlI I

6600

6610 IF Cl-I THEN Coordll=Co(KI,J1,Al,l)
6620 IF ClI THEN Coordl2-Co(Kl ,JiAi,2)
6630 IF Cl-i THEN Coordl3-Co(KI,Jl,Al,3)

6640 IF Cl-I THEN Coordl4-Co(KI ,JI,AI,4)
6650 IF Cl-i THEN CoordlS-Co(Kl,Jl,A1,S)

6660 IF C2- THEN Coord21-Co(K2,J:,A2,1

6670 IF C2-I THEN Coord22-Co(V2,J2,2,.

01.

-p : ' "*; , l " "" ' ' ,Z ,, _ - ' ''_ W' ,''.'-. .'-.' '-€" ," ''-
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6E30 IF C:-, THEN Cjord3C(Z, ,3
6530 IF -1Z) TrEN Coor0Z4=C0(P ,J2-,A2,4)
67Z'0 IF C:=1 THEN Coord2S=Cc(KZ. Z S)2*6

S 7 0 : I I I I I I I III I I I I j I I J I I I I I I I I I I I I I I

670 I Hydrcgen coordinates, ch~arges, and hydrogen bondirg fI~gs.

6760 IF C1=Z THEN Coordi]-Hh(K1 ,J1 ,A1 ,1)
6770 IF CIu2 THEN CoordI2=-Hh(K1 ,J1 ,AI.2)
6780 IF C1-2 THEN Coord13-Hh(K1 ,J1 ,A1 3)
6790 IF C1-2 THEN Coor'l4-Hh(K1 ,J1 ,A! 4)
6800 IF CI-Z THEN Coord1S-Hh(KI *JI,AI .5)
6810 IF C-7-2 THEN Coord21-Hh(K.,JZ,AZ,I
6820 IF C2-21 THEN CoordZ2=Hh(K2 , J',AZ,,)
6830 IF CZ-2 THEN Coord23-Hh(K2,J2.,AZ,3)
6840 IF C212 THEN Coord24-Hh(l<2,J/'.A2,4)
6850 IF C2-2 THEN Coord25SHh(K2,JZAZ,S)
6860
6870 a a aaaa iii a a iaala aa a p aa a aa !! a

6880 1 Nitrogen coordinates, charges, and hydrogen bonding flags.

6510 IF C1-3 THEN Coordll-Nn(KI *J1 *A1 1)
6940 IF C1-3 THEN Coord14ZNn(KI,JI,AI.2)
6930 IF C1-3 THEN CoordI3-Nn(KI *JI,AI .3)
6940 IF C2-3 THEN CoordI4-Nn(K2,J2,A2,4)
6550 IF C2-3 THEN Coord2Nn(K1 ,J ,A1 ,5)
6960 IF C2-3 THEN Coord23-Nn(KZ,JZ.AZ,1)

6990 IF C2-3 THEN CoordZ4-Nn(KZ,J2,A2,4)
7000 IF C2-3 THEN Coord2S-Nn(K2.J2,A2,S)
7010a
7020 9) a i!aa 111ll iaaaaaaaa ! ~aa!aaaa! ! l
7030 1 Oxygen coordinates. charges, and hydrogen bonding flags.
70070 40 I! !II II ! ! I aa aaII a a aa a a! ! I
7050
7060 IF C1-4 THEN Coord1 IOo(Kl .JI,A *I)
7070 IF C1-4 THEN Coord120~o(Kl.J1,AI,2)
7080 IF C1-4 THEN Coordl3-Oo(K1 ,JI ,AI 3)
7090 IF C1-4 THEN Coordl4wOo(K1 ,J1 ,A1 .4)
7100 IF C1-4 THEN CoordlS-Oo(K1 *J1 ,A1 .5)
7110 IF CZ-4 THEN CoordZI-Oo(K2,JZ,A2,I)
7120 IF CZ-4 THEN CoordZZ-0o(KZJZ,A.Z,2)
7130 IF C'-4 THEN Cooard23*Oo(K2,J2,A2",3)
7)40 IF C1-4 THEN Coord24-Oo(K2,J2,A2,4)
7190 IF C'4-4 THEN Coord2S=Oo(K2,J2,A2,S)
7160a
7170 aaaaaaaa1 1 1 aaaa a aaaaaaaaa a aa a aaaaaa a aaaaa a a a i a i l l l

7180 aUser definled atom coordinates, charges, and hydrogen bonding f'lags.
7190 la aa a Iaaaaa aaaaaaaaaaaaaa a aaaaaaaaaa a aaaaaa i aa i I 1 1

7Z00a
7210 IF Cl-S THEN Coord1l*Zn(KI ,Ji ,A1,1)
7220 IF Cl-S THEN Coordl.,ZnaK1.41 ,A1,2)
7230 IF Cl-S THEN Coordl3=Zn(KI .J1 ,I ,3)
7240 IF Cl-S THEN Coord14-Zn(K ,J1 ,AI 4)
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750 ! C)=5 THEN Cdor I5=Zn(K I Jl ,AI 1.5
-O ::-Z=S THEN Cooc:21=Zn( :, JZ,A2,1)

7270 :=:=S TrEN CoordZsZn(: J2 , '2 ,2)
Z30 i= := THEN Coord2'3Zni(U J2,'A2,)

7'90 1P CZ=S THEN Coord24-Zn(KZ.JZ,A2,4)

7:00 IF 0:=S THEN Coora2S-Zn(K2,J,2,5)
7310

7330 1 Calculates atom-atom distances for atoms in question.

7360 O-(Coordl-Coordll )^2+(CoordZ2-Coordl2r^2+(Coord23-Coordi3)-2

7370 Or=O^.S

7380 IF Dr=0 THEN 11600
7390
7400 I II III 111ll l l ll l ll llt ll II!1!!!! 1!11111111111i 11 IIII

7410 1 Calculates unit position vectors in each cartesian direction.
7420 111l11lll11ll11111iII llll lii ! 11! ! I ! l111!!! I 11! II

7430
7440 Dx-(Coord21-Coord11)/Dr
7450 Dy=(Coord2l-Coordl"2)/Dr

7460 0z-(Coord23-Coord13)/Or
7470

7480 ii!ilii i!! I I I ii! i li ii!i !i i i! ! I!! III!!! I I I

7490 1 Calculates moment arm components in each cartesian direction. Moment arms

7500 i are calculated relative to the cluster subunit center-of-mass.

7516

7536 OmxZ-CoordZl-Cq(K2,1)
7S40 Omy2-Coord22-Cq(K2,Z)
7550 Omz2-CoordZ3-Cq(K2,3)
7560 Omxl-Coordll-Cq(K1,1)
7570 Dmyl-Coordl2-Cq(K1, 2)

7580 Dmzl-Coordl3-Cq(KI,3)

7590
7 6 0 0 I I I I I I I I I I I I I I I IIIII I I !I I l l I I I! lI!Il l lIl 

I I 
I l ~ l I I II I t l l i

7610 I Initialization of variables for routine looping.

7 6 2 0 I I I I I I ! l l l I I I I I ! I ! ! ! ! lI ! !I I I l l l l l l l i i i i I

7630 i

7640 Ehb-O

7650 Fhb-O I Force of hydrogen bonding interaction.
7660 Chb-0 I Curvature of hydrogen bonding interaction.
7670 EIj-0

7680 Flj-O I Force of non-bonding interaction.

7690 Clj-e I Curvature of non-bonding interaction.
7700 Eqq-O
7710 Fqq*0 Force of monopole charge interaction.

7720 Cqqv-0 I Curvature of monopole charge interaction.
7730 Ha-0 I Hydrogen bonding repulsive parameter.
7740 Hb=0 I Hydrogen bonding attractive parameter.

7750 Aa-0 i Non-bonding repulsive parameter.
7760 Cc-0 I Non-bonding attractive parameter.
7770 I

7 7 8 0 Il t l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l t l l l l l l t l I I

7790 r Calculates atom-atom non-bondLng parameters using the S1ater-Kir:zc

7900 appro imation.

N %.
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.1A1

730I Coord S-0 OR Cor2- THEN2,2, 85 0 TEN'
. . ' 5 2 : n t.3/2,.4.832 2E i2, *. 5 887E-27/ (9. l95 4E- 22)  .5. .4;: ' E:E >

.. 
:5.5i9.54

7370 Cc-..j::nstL.'uM/LJdeflom

i 7890 Aa-Cc/2*(Ljrad)'6

7300 IF Coor-diS- OR Coord2S-O THEN 850

7910 Ha-O
7920 Hb-g

7930
7 9 4 0 I I I I I I I I I i I I I I I I I I I I I I lIlI I l llII Il lIlI I I II I I l

7950 Selects hydrogen bonding parameters to use in calculations.
7960 t Ill l l l l llll I 1 1tt ll!l l llt I ll ll ll lll'

7970
7 9 8 0 l Il l l l l IiIil l IiI IlI Il lI IIlI l lI IIlI I I I I I l lIl fI II

I
I

l l l 
I

7990 Amin hydrogen/amin nitrogen hydrogen bonding parameters.
8000 I il i lll I Iilil i i i I II II III II lIII IIl II IIi l | ! ! l ! ! l l ! 

l 
i 

l l

8010

8020 IF CI-2 AND AI-2 AND C2-3 AND A2-1 THEN Hb-8244#34.64

8030 IF C1-2 AND AI-2 AND C2-3 AND A2-I THEN Ha-3.2897E+4.349.64
8040 IF Ci-3 AND Al-i AND CZ-2 AND A2-2 THEN Hb-8Z44*349.64

80 IF Ci-3 AND AT-I AND C2-2 AND A2-2 THEN Ha-3.2897E+4*349.64

8060 I
80 70 It l ll l l l ll l l l l ll l l l l t l l t

8080 1 Carb hydrogen/amin nitrogen hydrogen bonding parameters.

8100 ,

8110 IF Ci-2 AND Al-A AND CZ-3 AND A2-i THEN Hb-8244*349.64
8120 IF Ci-2 AND Al-A AND C2-3 AND A2-1 THEN Ha-3.2897E+,4349.64

8130 IF CI-3 AND Al-i AND C2-2 AND A2-4 THEN Hb-8244*349.64

8140 IF C-3 AND Al-I AND C2-2 AND A2-4 THEN Ha-3.2897E+4349.64
8150
8160 11111l 111111111111111(1 11111111111111111l 11l ll ll l l ll ll II tll tIll

8170 1 Amin hydrogen/carb oxygen hydrogen bonding parameters.
8180 lflllllllltt l tl! tlt~ | I lll~ tll ttlllllll llll tlIIlll lIf lIIf IIt

8190 1
8200 IF C1-2 AND At-2 AND CZ-A AND KZ-i THEN Hb-401A'349.64

8210 IF Ci-2 AND Ai-2 AND C2-4 AND A2-I THEN He-I.2040E+4*349.64
8220 IF Cl-4 AND AlaI AND C2-2 AND AZ2 THEN Hb-4014,349.64

9230 IF Cl-A AND Al-I AND C2-2 AND A2-2 THEN Ha-i.2040E4o349.E4
8240 I

S -8 2 5 0 I I I I I 1 I I I I I Il l l l l llI IlIlt l I I I I IlIlI I I I 1 l l

9260 I Hydr hydrogen/carb oxygen hydrogen bonding parameters.
8 70 I I I I II I II II l II III I II I II I II I I I I I I I I I I I I I I I I I I'

8283 I

8290 IF CI-' AND A1-4 AND C2-4 AND A2-i THEN Hb-S783.349.64
8300 :r C1-2 ND AP-4 AND C2-4 AND A2-i THEN Ha-i.3344E 4*349.64
8310 IF Ci-A AND Al-I AND C2-2 AND AZ-A THEN Hb-5793'349.6i
8220 IF CI-4 AND Ali AND C2-2 AND A2-4 THEN Ha=I.3344E+4*349.64
8330 ,
8340 I thll I lllII l I Ili'ii III lilI i

8350 1 Amin hydrogen/hydr oxygen hydrcger bording parameterz.
8 30 I II hll IlIt II l 111111 III IlIf IIIl II lI l llI II 'I I II ,, ,

I
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8E ~ A C:A~ A I A NC Z--4 4NO TH EN :.i94
P730 7 C'=2 AND AI-2 !NO C2=4 AND AZ THEN HS.E.0E 2C49.54

:10 2=4 AND AI-: AND CZ-2 AND A>Z2 TEN Ht=ZSZ4#Z4 .E4
i4*3 -=-C4 AND A1-2 AND 722 AND A2-.2 T EN Ha-S.89E*3*743.64
8420

8440 H Hya hydrogen/hydr oxygen hydrogen bording parameters.
8450 l l I I i i l ii l I lt lli lll ll lliil I l ll illl lilli f fi llI II I r

8460 I

8470 IF CI-2 AND A1-4 AND CZ-4 AND A2-2 THEN Hb-46109349.64
8480 IF C1=2 AND A1-4 AND C2=4 AND A22 THEN HaI.12ZZE+4#349.64
8490 IF C1-4 AND AI-2 AND CZ-2 AND A2-4 THEN Hb=4610*349.64
8500 IF C1-4 AND AI-2 AND C_=2 AND A2-4 THEN Ha-1.122E+4#349.64

8510 I
8 5 2 0 I I I IIi l l l I l I l l l I I I I l I I I Ii l i l i l i | i ~i I I I i I I I I I I I I l I l l

8530 i Calculates hydrogen bonding interaction between atoms in question.

8S50
8560 Ehb-8hb*(Ha/Dr12-Hb/Dr^10)
8S70 Fhb=Bhb(12.Ha/Dr^13-10*Hb/Dr'11)
8580 Chb=Bhb(12.13H/Or14-10.ll.Hb/DrlZ)
8590 IF Ehb<>0 THEN 8730

8600
8610 ttllttlltfllilt11 llll1ll1t1111 ll i I ll1 11l 1l 1 I ll ! l tll I II ti

8620 I Calculates non-bonding interaction between atoms in question.
8 6 3 0 I l l l t lI l t t l tI l tI l lI l l l l llI l l l l l l lI l I l l l l lI I lI l l l l l l I I l I I l l I I

8640 I

8650 EIj=Aa/Dr^1Z-Cc/Dr^6

8660 Flj-Z*A/Or^13-6*Cc/Dr^7
8670 CIj-IZ*13*Aa/0r^14-6.7.Cc/Or^8

8680 I

8 6 9 0 l l lI lI I l l | |I l l I lI l | | | lI lI I I lI lI lI l l I I l Il l l l ! , I l $ I II I I

8700 I Calculates monopole charge interaction between atoms in question.
8 7 1 0 l l l l l l l l l l I I l l l lItIl lI lIl Il l l l l l Il lI l l l l llIl l llI Il l llIl l l l l

8720 |
8730 Eqq-Bcc.Coord14-Coord24/Oo/Or.332.349.64
8740 Fqq-BccCoord14-Coord24/Do/Or^2.332e349.64
8750 Cqqv-Bcc*Coordl4*Coord24*2/o/Dr^3*332349.64

8760 IF EIj-0 AND Ehb-O THEN DISP "NO PARAMETER IN THE POTENTIAL
8770 IF Elj-0 AND Ehb-0 THEN WAIT 2
8780 IF Elj=0 AND Ehb-0 THEN GOTO Quit

8790 1
8 8 0 0 I I t t t t l I I I I Ii l ) l titI I I I I mI I I IIi Il t t ItItt t Iil lIli i t t t i l t li tI u

8810 1 Determines total interaction energy, force, and curvature.
8820 |II)lIl l l i l ltll1i l iillll 1 I I i 1111111

8830
8840 E-E+EIJ+Eqq Ehb
8850 Force-Flj+Fqq+Fhb

8860 IF Cutoff=0 THEN 8900
8870 IF Clj,:0 THEN Clj=0
8880 IF Cqqv<0 THEN CqqvO"

8890 IF ChbeO THEN Chb-O
8300 Curve-Clj+Cqqv+Chb
8910 :F Eigen=0 THEN 11360
8920
8 9 3 0 i lI l I tI I I lI I lI lI l l l l I I l I I I I I I I I I i I I I Il I 11I9930
L ', ". .. " " " ". =. r ' " - -/-.%'. - . .F. -.' -'_ .'. -"• ' ','%- 

- '
-2 -' -'A.
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8940 1Gen~erates intermolecular force field for YDWNCA ard stsre5 the field r,
8O file H2'OEIG. The ;orze f~eim. 13 c~lc'jlatez Liir; tle cet'-al ',:r--

8960 appro.,imation. Th~e cal:ciatior ar-e c:nducteo in !'-e :ats3r~ C:.crZ1-3:e
9970 SY5teM.

8980
8990 I ?"tel=Force constant -atrix' element in file HZOE:3.
9000 1 Forconlntermolecula- force constant for atom inc esin

9020I
9030 I IIIII 111II I I I IIlliI IIi '

9040 1 Force con~stant in x- direction.

9070 ASSIGN V~est TO "H20EIG'
90801 CONTROL @P1est.5.1 Column-I )'Fg+Column
9090 ENTER @OestiMatel
9100 CONTROL @Dest,S.1Column-I )*FgIColumn
9110 For'onCurve*(Ox^2)
9120 OUTPUT @DestiFor-con+Matel
9130 CONTROL @O6st ,Si(Row-1 )*Fg*Column
9140 ENTER @DestiMatel
91S0 CONTROL @Dest,Si(Row-1 )*Fg+Column
9160 Forcon--Curve*(Ox^2)
9170 OUTPUT @Dest;Forcon+Matel
9180 CONTROL *Oest,S;(C0luMn-l )*Fg+Row
9190 ENTER 9S1estiMatel
9200 CONTROL *Oest.5,(Colum.n-1 )*Fg+Row
9210 Forcon--Curveo(Dx )^2
9220 OUTPUT @OestFor-con+Matel
9230 CONTROL @Oest ,St(Row-1 )*Fg+Row
9240 ENTER @OestiMatel
9250 CONTROL @Oest ,Si(Row-1 )*Fg+Row
9250 Forcon-Curve*(Dx^2)
9270
9280 I ' ' ' ! !I III I I IIIIIII II II I I
9290 I Force constant in x-y direction.
9300 I I I
9310
9320 OUTPUT DOestiForcon'Matei
9330 CONTROL *Dest,5.(Column-1 )*Fg+Colum.n+1
9340 ENTER @DestiMatel
9350 CONTROL SOest .So(Column-l )*Fg+Column+l
9360 Forcon-Curve*(Dx*0y)
9370 OUTPUT *OeatiForcon+Matel
9380 CONTROL $Oest ,5.1Coum'n-1 )'Fg+Row+1
9390 ENTER ONestiMatel
9400 CONTROL @Deut ,Si1Column-I )*Fg+Row~i
9410 Forcon--Curvee(O...Dy)
9420 OUTPUT @OestiForcon+Matel
9430 CONTROL @Dest ,5;(Row-I )*Fg+Column+1
9440 ENTER @DestiMatel
9450 CONTROL @Dest ,Si(Row-1 )*FV4Column+1
94E0 For'con--Curve*( Ox*Oy
9470 OUTPUT @OestiForcon+Matel
9480 CONTROL @Dest *S;(Row-I )*Fg+Row+l
9490 ENTER @Oest;Matel
9500 CONTROL @Oest .5.1Row-I )*Fg9'Row+l

%3
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9S4 IFcceconstant rin ~~1direction.

9570 OUTPUT @Dest;Forcon+tMatel
9560 CONTROL @Dest,S;(Column-I )*Fg+Column+2
9590 ENTER @Oest;MateI
9600 CONTROL @Dest ,S;(Columm-t )*Fg+Co~umn+Z
9610 For-con'Curve*ot~Oz)
9620 OUTPUT @DestiFor-con+Matel
9630 CONTROL fOest ,Si(CoIum~n-t )*Fg+Row*2
9540 ENTER 9OestiMatel
9650 CONTROL fOest ,Si(Columin-1 )*Fg+Row*2
9E60 Forcon--Curve*(Ox*Dz)
9670 OUTPUT @OestiForcon*Matel
9680 CONTROL @Oest,5;(Row-I )*Fg4Column+2
9690 ENTER @Oest;Matel
9700 CONTROL @Dest ,Sv(Row-1 )*Fg+Column4Z
9710 Forcon--Curve*(Dx*Oz)
5720 OUTPUT @Desti~orcon+Matel
9730 CONTROL @Oest ,5i(Row-I )*Fg+Row+2
9740 ENTER *DestiMatel
9750 CONTROL @Dest,S;(Row-1 )*Fg4Row+Z
9760 Forcon-Curve*( xO~'z)
9770

%9780 I I II I g j

9790 IFor-ce constant in y-x direction.

9820 OUTPUT ODest;Forcon+Matel
9830 CONTROL *Dest ,5t(Co1umn+l-l )'Fg+Column
9840 ENTER @OestiMatel
9850 CONTROL @Dest ,5t(Co~umn+I-1 )*Fg+Co~um'n
9860 Forcon*Curve*(Oy*Dx)

A "9870 OUTPUT *Oest;Forcon+Matel
9880 CONTROL @Oest ,Si(Colupuvi-l )*Fg+Row
9890 ENTER @DestiMatel
9900 CONTROL @Oest *5w(Colum'n+1-1 )*Fg+Row
9910 Forcon--Curve*(Oy*Ox)
9920 OUTPUT *Oest#Forcon+Matel
9930 CONTROL Sflest ,Si(Row+1-1 )*Fg+Column
9940 ENTER *OestiMatel
9950 CONTROL lOest ,5;(Rowii-? )*Fg+Column
9960 Forcon--Curvee1 Dy*Ox)
9970 OUTPUT @DestiForcon+Matel
9980 CONTROL ODest ,5:(Row*I-1 )*Fg+Row
9990 ENTER @Dest;Matel
10000 CONTROL @Dest ,S;(Row*1-1 )*Fg+Row
10010 Forcon-Curve.(Dy*DA)
10020

10040 1For-ce constant in y-y direction.
105loose II I II IIIIII

10060
10070 OUTPUT @Oest;For-con91ateI
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10080 CONTROL @Oest ,Si(Columfl+II )'Fg+Columin+I
0090 ENTEP @Dest;Matel

70100 CONTROL @Oest,S;(Column+l1 )*F;+-oUlm+I

70710 F~rcor,Curve*(Oy^21

* 7101'0 CONTROL fDest,S(Cour41-I )*Fg+Row*1
10140 ENTER @OestiMatel

* J01S0 CONTROL @Dest ,51(Column+1-l )'Fg*Row.l
10160 Forcon--Curve*(Dy'2)

*10170 OUTPUT @Dest;ForconiMatel
10180 CONTROL @Dest.5;(Row+1-I )*Fg+Column+1
10150 ENTER f~esttMatel
10200 CONTROL @Dest,5;(Row+1-1 leFg+Column+1
102110 Forcon--Curve'(0y^Z)
10220 OUTPUT *OestiForcon+Matei
10'230 CONTROL *Oest ,5g(Row+1-1 )*Fg+Row+l
10240 ENTER f~estiMatel
10250 CONTROL *Oest ,St(Row+1-1 )*Fg4.Row+1
10260 Forcon-Curvee( Oy^Z)
10270 1
1 0280 IIIIII~I 'I! 111IIIIII!I!I' IIII

10290 1 Force constant in y-z direction.

10310
10320 OUTPUT 0OestlForcon+Matel
10330 CONTROL *Oest .5i(Columnel-l )*Fg+Column*2
10340 ENTER ONestiMatel
10350 CONTROL ODest ,Si(Column+1-I )*Fg+Column+Z
10360 Forcon-Curvoo(Dy-Dz)
10370 OUTPUT QDestiForcon+lateI
10380 CONTROL *Oest,5;(Coum'n41-1 )eFg4RowI.

V10350 ENTER @Dest;mateI
10400 CONTROL @West *5;(Colum'n41-1 )*Fg+Row+2
10410 Forcon--Curveo(Dy*Oz)
10420 OUTPUT *OestiForcon+Matgl
10430 CONTROL @West ,5;(Row+l-1 )*Fg+Column+2

*10440 ENTER SNestiMatel
10450 CONTROL @Dest *Si(Row+)-l )*Fg+Column+2
10460 Forcon--Curve*(Oy*Dz)

W 10470 OUTPUT *OestiForcon+Matel
10480 CONTROL @Oest,Si(Row+1-1 )'Fg+Row+2
10490 ENTER 00@3tiMatel

10500 CONTROL @Dest *5s(Row+1-1 )*Fg*Row42
10510 Forcon-Curve-(Oy*Dz)

10540 IForce constant in z-x direction.

10560
10570 OUTPUT @OestiForcon+Mate1
10580 CONTROL fWest ,Si(Column+Z-1 )*Fg+Cojurrn
10590 ENTER @Oestiletel
10600 CONTROL *Oest ,Si(Colutin+2-1 )*Fg+Cojumn
10610 Forcon-Curve*(Dz*Dx)
10620 OUTPUT @OestiFo-con+1 etel
10630 CONTROL 4West ,5I(Column+2-l )*Fg+Row
10640 ENTER @Oest;Matel

I:-4z , ,
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10650 CONTROL Ot,;Chn42).+RI
!0E50 Fzrco-0urve*(Cz:O'
J0670 OUTPUT @OestiForcon+rMatei
10680 CONTROL @0est,Si:Rowji2-')*Fg+0coumn
10690 ENTER @Dest;Matei
10700 CONTROL @Dest,Si(RowC2-l )'glColumn
10710 Forcon--Curve*(D:*Ox )

10720 OUTPUT §Dest;Forcon.Matel
10730 CONTROL @Oest ,5;(Rowi2-1 )*Fgi+Row
10740 ENTER @Dest;Matel
107S0 CONTROL 9Oest .S;(Row+"-1 )*Fge+Row
10760 Forcon-Curve(zOxc)
10770

10790 1 Force constant in x-y direction. i

10520 OUTPUT CDast ;Forcon+Matal
10830 CONTROL CDest ,5;(Column+2-l )*Fg4Colum'n+1
10840 ENTER SDestiMatel
108S0 CONTROL SDest ,5;(Column+2-1 )'Fg+Column+l
10860 Forcon-Curve&( Dz*Dy)
10870 OUTPUT @OestiForcon+Matel
10880 CONTROL *Dest ,Si(Column+Z-1 )#Fg+Row+l
10890 ENTER *DestiMatel
10900 CONTROL @Oest ,51(Column+2-1 )*Fg4Row+1
10910 Forcon--Curve*( Oz*Dy)
10920 OUTPUT *OestiForcon+Matel
10930 CONTROL @Oast ,5:(Row.,2-I )*Fg+Cojumn+I
10940 ENTER @OestiMatel
109S0 CONTROL CDest ,Si(Row+2-1 )oFg+Column+1
10960 Forcon--Curvee( Oz*Dy)%
10970 OUTPUT *OestiForcon+Matel :
10980 CONTROL CDest .Si(Row4Z-1 )'Fg+Row+I
10990 ENTER *Oestiflatel
11000 CONTROL *Dest ,St(Row+Z-1 )*Fg4Row~I
11010 Forcon-Curve*(Oz*Oy)
11020

11040 I Force constant in z-z direction.

11060 1
11070 OUTPUT *OestiForcon4+Mata1
11080 CONTROL S0est ,S;(Column+2-1 )*Fg+Column+2
11090 ENTER SOestiMatel
11100 CONTROL CDest.S,(Column+2-I )Fg'+Column+2
11110 Forcon-Curve*(Dz^2)
11120 OUTPUT @OestiForcon+Matel
11130 CONTROL @Dest,Si(Row*2-I )*Fg-9Coiumn+2
11140 ENTER @Destd;latel
11150 CONTROL *Oest,Si(Row+Z-1 )*Fg*Cojumn+2Z
11160 Forcon--Curve*(Oz'."
11170 OUTPUT CDestiForcon+Matel
11180 CONTROL *Oest,5:i.Column+2-1 )*Fg+Ruw+2
11190 ENTER @DestiMatel
11200 CONTROL SDest ,5.(Column+2.-l )'Fg+Row+2 0
11210 Forcon--Curveo(Oz )^Z
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1 12" OUTPUT @Ge~t;Forcor+Mate1
!!Z_3 C:_ TPOL ~et,;oCl.~R~

IIZ40 ENTER @Oest;Matei
112S0 CONTROL @Dest ,Si(Row-C-1).F;+Row+2'
11260 ForcoCurve&(Oz-:
11:70 OUTPUT @Oest;Forcon+Matel
i11Z80 Column-Column*3

a 1190 IF Column-Last TH~EN Column-Begin
11300
1131011II111II li li 11111 111II 111 I li

1132.0 1 Calculates force and curvature components in the three cartesian
LV N 11330 1 directions.

11350
1 1360 Fdir(K2,l .1 )-Fdir(1<Z,1 ,1 )sForce.Dx
11370 Fdir(K1<2,2.,1)=Fdir(K1<,2-,1 )+Force.Oy
11380 Fdlr(12,3.1 )-Fdir(1<2,3.1 )+Force'Oz
11390 CvxCvx+Curve*Dx^Z
11400 Cvy-Cvy-Curve*Dy^2
11410 Cvz-Cvz4Curve#0z2d
11420 IF K101 THEN Cvx-Cvx+Curve*Ox^Z
11430 IF 1101 THEN Cvy-Cvy4Curve*Dy2l
11440 IF KI(01 THEN Cvz-Cvz+Curve*0z^2
114S0 IF K101 THEN Fdlr(KI.i,l)-Fdr(1<l,l,I)-Force.Ox
11460 IF KI10 THEN Fdlr(K1 .2,1 )Fdir(KI .2.1 )-Force.Oy
11470 IF K101 THEN Fdir(K<l.3,1 )Fdir(KI .3,1 )-Force.Oz
11480 1

11500 I Calculates the moments (torques) about the cartesian axes. Moments are
11510 1 determined relative to the cluster subunit center-of-mass.
11520 !IiIII!IIIIIIiIIIII!l!IIIIIIII~III~II

I1S30 I

11S40 Mdir-(1<,1 .1 )Mdir(<2.1 .1 )+(DmyZ'Force*Dz-Omz2eForce*Dy)
4, IISSO Mdir(K2,2,1 )-Mdir(1<Z,Z,1 )+(Dmz2*Force.Dx-Omx2*Force*Oz)

11560 Mdir(1<2,3, )-Mdiri1<Z,3,1 )+(DmtxZ*Force*Dy-Dmy2eForceeDx)
11570 IF K101 THEN Mdir(K<l.1,1 )Mdir(K1 .1 +(Dmy1.(-Force)*Oz-Dmzl*(-Force)*Dy

11580 IF 1101 THEN Mdir(1<1,2,1)-Mdir(1<1,2.1)+(Dm:1o*(-Force1.Dx-Omx1*(-Force)*Oz

1 1590 IF V101 THEN Mdir(1<1,3,1)-Mdtr(K1.3,1)+(Dmx1.(-Force)*Oy-Dmy1*(-Force)*Dx

11600 NEXT J2
11610 NEXT A2
11620 NEXT C2
11630 NEXT 1<2
11640 Row-Row+3
1650 NEXT JI
1 1660 NEXT Al
1 60NETC
11680 NEXT Cl

11690 ASSIGN @Oest TO*
11700 IF Eigen-1 THEN RETURN

11710 IF Done-i THEN RETURN
11720 IF HandI-0 THEN OUTPUT Z;CHRS(2S51&'I<;
11730

p.. I ~~~17 40 I I I I I I I I I I I I I I I I I I II II

0o'11750 1 Prints thle binding energy, forces, Moments, and curvature on the scree".

1p.

a'.
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1 17eO P INT "Energi ;

11500 F' R J-: TO L

11310 PRINT "Forces on Li r-d ';J-!;" (2 ;,7

11860 PRINT

11840 PRINT "Moments On Ligard ";J-l;" (X,Y,.')"

1850 PRINT Mdor(J,! ,I >;Mdir(J,2,1 );Mclir(J,3,l)

1860 PRINT

11870 NEXT I

11880 PRINT "Potential Curvature (X,YZ)"
11890 PRINT CvxiCvyiCvz
11900 PRINT

11910 RETURN
I 1910
119301 9 0 l l 4 I l l l I I I lI l l I I I I l l l l 4 I l I l l l l l l l l ~ l I l ll4 I I I I I I II I I I I 1 I

11940 I Subroutine: Minimize

11950 I

1190 1 Performs binding energy and geometry optimization by analyzing the

11970 1 forces and moments on cluster subunits.
I 1 8 0 I l l I Il I l lI l l l 4 4 4 I I 4 4 I I I 4 l l 4 4 I 4l l l l l l4 4 lI l4 I 4 l4lI 4 I I 4 4l II4 I I 4

12000 Minimize: PRINTER IS I I
1"010 Eskip-
12020 Passes-O I Initialize number of interations.
12030 Flag2-1

12040 OUTPUT 2jCHR$(2S5)&"K';
12050 GRAPHICS OFF
12060 OFF KEY
12070

12090 1 Optimization Graphics Menu:

12100 1
12110 1 Sketch Y - Activates cluster geometry drawing routine during
12120 1 optimization. Subroutine used - Sketchy.

12130 1

12140 I Sketch N - Deactivates cluster geometry drawing routine during
12150 1 optimization. Subroutine used - Sketchn.
12160

12170 Gclear - Clears the graphics dispay. Subroutine used - Wipe.
12180 1 0
12190 I Solute Y - Draws solute and solvent during optimization. Subroutine

12200 used - Solutey.
12210

12220 Solute N - Draws solvent only during optimization. Subroutine
12230 used - Soluten.
1240

12250 Quit - Stops optimization and returns program to Main Menu. Subroutire
5ed - Quit.
I1260 Subroutine used - Quit.
:Z270

1:280 inc Piz - Se:-eases g-eorucs display limits by I angstrom, Subroutire
)2290 Ised - Incc :.

12310 :ec Piz - i:-e5ses ;r3P'i:s display limits ty I angstrom. Subroutine
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12320 i used - Decpic.
1 2 3 3 0 i i i iI I I I I I I I I I I I I I I I I I I I I I I I I I I i I I I I I i I I I I I i lI 12340
123SO ON KEY 0 LABEL "Sketch Y",3 GOSUB Sketchy
123560 ON KEY 5 LABEL "Sketch N".3 GOSUB Sletcn

12370 ON KEY 2 LABEL "Gcleer".3 GOSUB Wipe
12380 ON KEY 3 LABEL "Solute Y*,3 GOSUB Solutey
12390 ON KEY 8 LABEL "Solute N",3 GOSUB Soluten
12400 ON KEY 9 LABEL "Quit".3 GOTO Quit
12410 ON KEY 1 LABEL "Inc Pic",3 GOSUB Incpic
12420 ON KEY 6 LABEL "Dec Pic",3 GOSUB Oecpic
12430 1

•,I 2440 l!il ! I !! I l l lllltl! 111 9 l111l!! ! I 11! l l I!!! ll I I 1 i1 l i''

12450 I Initialization of variables before optiization.1 2460 II ! ' I I l! ! ll II I Il I I ! ! ! I ll I I I H I I l .I I I ! I;I

12470 I

12480 FOR J-1 TO L
12450 Tx(J)?0

12500 Ty(J)=@
12510 Tz(J)=@
12520 Rx(J)*0
12530 Ry(J)-@
12540 Rz(J)0O

,12S50 FOR Oirlal TO 312560 FOR Oir2-l1 TO 3

12570 Fdir(J,DirlOir2)-@
12580 Mdr(J.Dir1OirZ)I
12590 NEXT Oir2

12600 NEXT Oirl

I2610 NEXT J
12620 FOR J-1 TO L
12630 FOR Dirl-I TO 3
12640 T1(JDirl)-I

12650 Rl(JD rl )-1
2660 Tst6p(J,Oirl )-@

12670 Rstep(J,Dirl)=
12680 NEXT Dirl
12690 NEXT J
12700 Cutoff-0
12710 Bcc-@
12720 Bhb-0

12730 Q5-"0"
12740 INPUT "Do you want to include charge5?",Q$
12750 IF QU-=Y" THEN Bccul
12760 IF Q$-'Y" THEN 12780
12770 IF 0$<>"N" THEN 12730
12780 Q$S-Q"
12790 INPUT "Do you want to include hydrogen bonding?'",Q$
12800 IF 05-"Y" THEN Bhb-1

12810 IF QS-"Y" THEN 12830
12820 IF QS>"N" THEN 12780
12830 OS-"Q
12840 INPUT "Do you want to cut off the negative curvature'",QS
128S0 IF O$-'Y" THEN Cutoff-I

12860 IF QS-"Y" THEN 12880
12870 IF Q$IO"N" THEN 12830

12880 SET TIME 0

',.

I2 2 2 '2 2 '. 2"".2 . -- """' - '. . . . . . .2""''"'''. "- . " - ,' -,' - -- -'--° .
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i2ng GOSUB Energy
29 00

5' 921 Determines force and momert direction charge tetween Ci.r~ent -zwe
I.Z-10 and last move to calculate translation and rotation ste; si:es :r

' 12940 cluster subunits.

i 12960

12970 FOR J-12 TO L
12980 FOR Dirl-I TO 3
1290 IF Fdir(J,Oirl,2)-O THEN 13020
13000 IF ABS(Fdlr(J,Dirl,2)-Fdir(J,Dirl,3))-2 THEN T1(J.Oirl)-T1(J,Oirl)+.2
13010 IF ABS(Fdir(JOirl,2)-Fdir(J,Dirl,3))<>Z THEN T1(J,Oirl)-T1(J,Dir1)-.0S
13020 IF Mdir(J,Dir!,Z)-O THEN 13110
13030 IF A8S(Mdir(J,Dirl,2)-Mdir(J,Dirl,3))-Z THEN RI(J,Oirl)-RI(J,Dirl)+.Z
13040 IF ABS(Mdir(J,Oirl,2)-Mdir(JDirl,3))<>2 THEN R1(J,Dirl)-Rt(J.Oirl)-.05
13050
13060 I iiI ii i 11111li 11 I 1111 u i

13070 1 Determines translation and rotation step sizes. Maximum translation step
13080 1 size is .1 angstroms. Maximum rotation step size is 10 degrees.
13090 ! l l ! l ! ~ ~ l ! l O l ! l ! ! ! ! ! ! ! l ~ l l l l ~ ~ O ! i l l l i

13100 1
13110 IF TI(J,Oirl )<I THEN T1(JODrl )-1
13120 IF RI(J,Dirl)<1 THEN RI(J,Dirl)-1
13130 Tstep(JOlrI)-/I000410(-.54T1(J,Oirl)+.S)
13140 Rstep(JOirl)-1/100"I(-.S*RI(JDirl)+2.S)
13150 Fdir(J,DirI,3)-Fdir(JDr,2)
13160 Mdir(J,Oir, 3)-Mdir(J,Oir.2)
13170 NEXT Dirl
13180 NEXT J
13150 FOR Sw2 TO L
13200 GOSUB Trans
13210 NEXT S
13220 OSUS Energy
13230 Min-@

13240 Passes-Passes+1
13250 FOR J-2 TO L
13260 FOR Dirl-1 TO 3
13270
13280 IIIIInII! IIIIIIIIIIIlIIIlIllIIiiiIIIIII!'rilIlIIII lIIIIII
13290 D Determines current force and moment directions and determines which
13300 1 degrees of freedom are optimized. Optimization is accomplished when
13310 i forces and torques are less that or equal to +/-.01.
1 3 3 2 0 I ! I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 0 I I I I I

13330 1
13340 IF Fdir(J,ODrl,1)>0 THEN Fdir(J,Oirl,2)-I

133S0 IF Fdir(JDirlI)'0 THEN Fdir(J,Dirl,2)--1
13360 IF A8S(Fdir(J,Oir1 ))<-.01 THEN Fdir(J,Oirl,2)=0
13370 IF Fdir(J,Oirl,2)-O THEN MinwMin+I
13380 IF Mdir(J,Oir1,1))0 THEN Mdlr(J,Dirl,2)1
13390 IF Mdir(JOir1,1)<0 THEN Mdir(JD0irl2)-1
13400 IF ABS(Mdir(JOir1,1))<-,01 THEN Mdir(J,Dirl,2)-a
13410 IF Mdir(J,Oir1,2)-0 THEN MinuMin+l
13420 NEXT Dirl
13430 NEXT J
13440 I

-. 13450 III llii l lII l1111 ll1 lIIlI lllI llI I lII I II I l l lli p ~ '.

"1. "".

% d* * ~ * * * 5 5 . p 5 5 p - -.

**55,~ 55 5 5'-. *5 55 5 -,5' - 5~ -. ~ ~ 'i.~ -- ~-:--~- Z%
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3460 o Ceterines if all degrees of freedom are optimized and if so terminates

13470 the routine.

3490
3500 IF Min-6*L-6 THEN 13520

13510 IF Sk-1 THEN GOSUB Draw
13520 IF Min-6*L-6 THEN GOSUB Draw

13530 IF Min-B*L-6 THEN 13SS0
13546 GOTO 12970

13550 BEEP
13560 OISP "Done
13570 Tim-(TIMEDATE MOO 86400)/60

13580 Done-'
13590 Eck-E
13500 Iter-)
13610 HandllI

13620 I

13630 !! IIl II 11111lll ! ! 1111lIl l llIll 1 i !I I I I .I II II %

13640 I Checks final geometry for minimum energy by translating and rotating
13650 I about the minimum energy cluster configuration.
13660 Ilili' ll i' ll lI i ihill ti '1! i I I I I 11 lll l ' i l' lll'! ll| !

13670 i

13680 FOR S-2 TO L

13690 FOR Xxx=l TO 3
13700 Tstep(SXxx)-.00I e

13710 GOSUB 22000
13720

13740 Translation checks in three directions.

13760 1
13770 IF Xxx-I AND E>-Eck THEN PRINT " +X Minimum",

13780 IF Xxx-I AND E<Eck THEN PRINT +X Not Min;,
13790 IF Xxx2 AND E>-Eck THEN PRINT " +Y Minimumi ,

13800 IF Xxxu2 AND E<Eck THEN PRINT * +Y Not Min's
13810 IF Xxx-3 AND E>wEck THEN PRINT " +Z Minimum"

13820 IF Xxx-3 AND E<Eck THEN PRINT " +Z Not Min"
13830 Tstep(S,Xxx)--.002

13840 GOSUB 22000
13850 IF Xxx-l AND E>-Eck THEN PRINT " -X Minimum";
13860 IF Xxx-l AND E<Eck THEN PRINT -X Not Min's
13870 IF Xxx-2 AND E>-Eck THEN PRINT - -Y Minimum"
13880 IF Xxx2 AND E<Eck THEN PRINT -Y Not Min"

13890 IF Xxx-3 AND E>=Eck THEN PRINT -Z Minimum -
13900 IF Xxx-3 AND E<Eck THEN PRINT -Z Not Mn"..

13910 Tstep(SXxx)-.00

13920 GOSUB 22000
13930 Rsteo(S.Xxx).001

13940 GOSUB 22380
13950 I

1 9 0 g i g I I I l l l l l I l l lI l I l l l I IlIlIlI IlIlIi *

13970 1 Rctation checks in three directiors.

1 3 9 8 0 I I I I I I lI l l l l I l llIlI l l I I lI lI I,'

3990
14000 IF X~xxl AND E.Eck THEN PRINT +Rg Minimum'
14010 IF Xxl- AND E Eck THEN PRINT +R- Not Min*
14OZ0 IF Xxx-2 AND E-=Eck THEN PRINT " Ry Mi i um';

e, e . ' W" - -. * ,I.* . . . .- . -. , *.- e %, .*. - .-***-I . . I , . . .
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14030 IF xxx-2 AND E:E:k THEN PRINT " +Ry Not Min";

11040 1F x,=3 AND E'Eck THEN PRINT " R: Mnium"

14050 IF X~x-3 AND EVEck THEN PRINT +F,,: Not Min";

14060 Rstep(S,Xxx)--.002

14070 GOSUB 22380

14080 IF X=-1 AND E>-Eck THEN PRINT " -RA Minimum";

14090 IF Xxg-1 AND E'Eck THEN PRINT -Rx Not Min"i
14100 IF Xxx-2 AND E>=Eck THEN PRINT -Ry Minimum";
14110 IF X.'xx2 AND EEck THEN PRINT -Ry Not Min";

14120 IF Xxx-3 AND E.'-Eck THEN PRINT " -Rz Minimum"
14130 IF Xxx-3 AND E<Eck THEN PRINT " -R: Not Min"
14140 Rstep(S,Xxx)-.001

14150 GOSU8 22380

14160 NEXT Xxx
14170 NEXT S
14180 Done-O

14190 Handl-0
14200 Min-*L-6

14210 Q$-"Q"
14220 1

14240 ! Prepares calculation for paper printout and/or disc storage.

1 4 2 5 0 I I ! I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I SI I I I I I I I I I I I

14260
14270 INPUT "Do you want a printout?",Q$

14280 IF Q$-"N" THEN 14520
14290 IF Q$<>"Y" THEN 14210

14300 Q$S-Q"
14310 INPUT "Do you want to store the configuration?',Q$
14320 IF Q$-'Y" THEN GOSUB File

14330 IF Q<>"N" AND QS<>"Y" THEN 14300
14340 PRINTER IS 710

14350 GOSUB Print
14360 PRINTER IS 710

14370 PRINT "Calculation Time (Min:Sac)u";INT(Tim)I,:";INT((Tim-INT(Tim))*60)g"

Iterations-"iPasse
14380 PRINT

14390 QS-'Q"
14400 INPUT "Do you want to change the drawing'",Q$

14410 IF OW"N" THEN 14470
14420 IF $<>"Y" THEN 14390
14430 Flag2=0

14440 GOSUB Draw
14450 Flag2-l

14460 GOTO 14390

14470 DUMP GRAPHICS *710
14480 PRINT
14490 PRINT
14500 PRINT
14510 PRINTER IS 1
14520 FlagZ=O
14530 Min=O

14540 OFF KEY
14550 GOTO 1250
14560
I4 5 7 0 I ! l l I I l l l I I l lI I I I I I I I I I l lI I I I I I I ll l l l l ~ li l l l ~ l '

14S80 I Subroutine: Trans

V

.................. ~ .--. >...-
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14600 1 Translates and rotates the cluster sutuflitg in tl-ee

1 462:0
4620 Trans: I

14640
1 4660 II I II I I III I I

14660 1Determines the force and moment magnitudes.

1 4' 6 70 I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I F

14680
14690 FmagslFdir(S,11V4 'Fdir(S,2.1I)'2+Fdlr(S,3.IV'2^.S
14700 Mmag-(Mdlr(S.1,l)'2+Mdlr(S.2,l)^+Mdir(S3,)2")t.S

r14710 IF Fmags0 THEN 14800
147201

14740 1 Translates the cluster subunit screen parameters.

14760
14770 Tx(S)-Tx(S)+Fdir(S,1 ,2 )'Tstep(S,1 )*A85CFdir(S,I .1 )/Fmag)
14788 Ty(S)-Ty(S)+Fdir(S,Z,2)*Tstep(S,2)OABS(Fdir(5,2,1 )/Fmag)
14790 Tz( S)-Tz( S)+Fdtr( 5,3,2 )*Tstep( 9,3 )'ABS( Fdlr( 9,3,1 )/Fmag)
14800 IF Mrag0O THEN 14890
14810
11 8 0I4B 2 0I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

14830 1 Rotates the cluster subunit screen parameters.
14840 I~II~IIIIIIIII~IIIIIiii~iiii!iiIIIIII

14850
14860 Rx(5)=Rx(5)+Mdir(5,1 ,2).Rstep(S,1 )*A85(Mdir(S,I 1,)/Mmag)
14870 Ry(S)sRy(5)+Mdir(S,2,2')eRstep(S,')ABS(Mdir(S,2,1 )/Mmag)
14880 Rz(S)-Rz(S)+Mdir(S,3,2)*Rstep)(5,3)'A8S(Mdir(5,3,1 )/Mmag)
14890 IF Rx(S)>-360 THEN Rx(S)*Rx(5)-360
14900 IF Rx(S)<--360 THEN Rx(S)-Rx(S)+350
14910 IF Ry(S)>-350 THEN Rx(S)sRx(S)-360
14928 IF RyCS)<-360 THEN RxCS)-Rx(5)4360
14930 IF Rz(S)>-360 THEN Rx(5)-Rx(5)-360
14940 IF Rz(S)<a-360 THEN Rx(S)-Rx(5)+360D
14950 IF Done-I THEN 15088
14950 IF Hand!-! THEN OUTPUT 21CHRS(25E)&"K"t
14970
14980 IiIIi~iIiiiiiiiiiIiIiIiIIIIIIIIIIIIII

14990 1 Prints the translation and rotation of the cluster subunits on the
1500 I screen display.

15030 PRINT "Translation of Ligand"iS-l
15040 PRINT USING "S3D.40"iTx(S)wTy(SMiTz(S)
15050 PRINT "Rotation of Ligand iS-1
15050 PRINT USING "53D.40";Rx(ShtRy(S);Rz(S)
15070 PRINT
15080 IF Fmag-0 THEN 15600
15090

15110 1 Translates the cluster subunit coordinates.

15150 FRC1TO S

-"~ ~ ~~SS FOR A.- .- -. ' '-1 TO 5
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15,60 FOR JP1 TO N(5OC,A-)

Iz0!Z ;7R X=1 TO3

!E:00 Translates carbon atoms.

I123 0 IF C=1 THEN C(,,.)C(.,,)FiSX2Ttt,.E(o-
/Fmag)
15240 1

1 5260 1 Translates ydrogen atoms.

152.90 IF C-2 THEN Hh(S.J ,A,X )Hh(S ,J A.X )+Fdtr(S .X,.)'TsteQ(S ,X )*A8S(Fdir( SXI)
/Fmag)
IS300 I

15320 I Translates nitrogen atoms.

15340
15350 IF C-3 THEN Nn(S,J.A.X)-Nn(5.J,A,X)+Fdir(S.X,2).Tstep(S,X)'AS(Fdr(S,X,)

4 /Fmag)
IS360 I

15370
15380 1Translates otygen atoms.

1 5 3 9 0 I 9 I I 1 I I I I I I I I I 9 I I I I I I I I I I

15400I
15410 IF C-4 THEN Oo(S.J.A.X)-Oo5.J,A,X)+Fd,.r(S,X,2).Tstep(S,X)'ABS(Fdir(S.X,1)
/Fmag)

IS440 I Translates user defined atoms.

15460
15470 IF CsS THEN Zn(54 J ,A,X )Zn(S,J ,A1X )+Fdir(5,X,.2)*Tstep(S,X )eABS(Fdlr(S ,X ,1)
/Fmag)
15480 NEXT X

15490 NEXT J
r.15500 NEXT A

15510 NEXT C

15530k 1540 I Translates the cluster subunit center-of-mass.

15570 FOR XaI TO 3
15580 Cg( S,X )Cql S,X )+Fdir( S ,X,2 )'Ttepl S,X ).AESIFdir( SIX I /rmsg 1

p15590 NEXT X
15500 IF MmagO0 THEN 16990
15510 Munitx-A8S(Mdir(5,l,11/Mmag)
15620 Munity-AES(Mdir(S,2,1 )/Mmag)
15630 Munitz-ABS(Mdir(S,3,l )/Mmag)

15640I
15556S 19 111999999i lOll ~~ ~t Iil'i',

15660 I Rotates the cluster subunits about their certers-:f-=ass.

IS67

PS
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~RC1TD 5
IS-00 F--R A-1 TO 5

:157051 FOR J-1 TO N(S,C,A)
15720 1F C-1 THEN 158Z0
1577-0 1w C-2 THEN 16060

15820 IFC-3=CoTHEN,2)16300
15630F0- TE Co.C(,.,1-C S.3

158660 CoIC S J ,A , )( ( S z 2)+q 2

15880 CoZlCo(S ,J ,A,3)-Cq(S,3)

IS940 Co(S,J,A.3)-Col'COS(Mdir(S,ZZ)eRstep(S,Z)eMunLty)-CoZ*SIN(Mdlr(S.,2, )*Rst
ep( 5,2 )*Muni tA)
15910 Co(S,J,A, )-Col*SIN(Mdir(S,,2Z)*Rstep(SZ)tlunitx)*Co2OCOS(Mdir(S.2.Z)'Rst
ep( 5,2I )*Munxy)
15820 Co(S,J ,A,3)-Co(S,J,A,2)+Cq(S,3)
IS970 Co(S,J,A,3)-Co(S,J,A.3)+Cq(S,3)
15940 Co I Co(S J A, 3)-Cq( S 3
15550 Co2-Co(S,J,A,])-Cq(S.2)
15960 Co(S,J,A, )-ColeCOS(Mdir(S.3,2)Rstep(S,3)Munit)-Co2SIN(ldir(S.3,2).Rst
60( S,3)*Munitz I
15970 Co(5,J,A,2)-Col*SIN(Mdir(S,Z,).Rsteg(S,3).Munitz)+Co2.COS(Mdir(S,2,2).Rst
ep( 5,3 )*Munitz)
15980 Co(S,J,A, )-Co(S,J,A,1 )+Cq(S,1)
15930 Co(S,J,A,2)-Co(S,J,A,I)iCq(S,2)

16060 Col-Ch(S,J,A,2)-Cq(S.2)
16070 Co2HMo(S,J,A,3&)-Cq(S,3)
1560 Co(S,J.A,2)-ColeCOS(Mdir(S.1,2)4Rstep(S,1)*Munitz)-Co2oSiN(MdrIS3, )R5t

16S90 Hh(SJ,A,&)-Co*IN(Mdr(S1,2)Rstep(S,)Munt).Co2.COS(dr(S, ,2*)Ot

16900 Hh( S,J ,A ,2 )-h( S,J ,A ,)+Cq( 5,2)
16990 Hh(S,J,A,2)Hbo(S.J,A,3)+Cq(S,3)

16120 Co1-Hh(S,J ,A,)-CQ(S,3)

16040 Hh(S,J,A,3)-ColeCOS(Mdir(S,2,2).RsteP(S,2)MunityK)-CoC.#SINUMdir(E,,. )-:t
eo( S I2 )*M~unlty
16090 Hh(S,J,A,3)-Cc1*SIN(Mdlr(S,2,2)eRstep(S,2)eMunityK)+Co2*COS(MdI'r( ,:, -5
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610Hm(s,j,A, 2 s-i s:N( Mcr3,3,> 5te(.3)*Munitz:-+Oo2*COS1mdr(S,3. *
ep( S .3 ) -Mun 1t -

16220

162.40 GOTO 16960

16,250

6E270 1 Rotates nitrogen atom~s about molecular center-of-ma5s.

1 6Z90
*16300 Col-Nn(S.J,A,,)-Cq(S,2)

16310 Co2-Nn(S,J ,A,'Z)-Cq(S,3)
16320 Nn(SJ,.)-Col*COS(Mir(S.1 ,)*Rstep(S,1 )*Munitx)-Co2*SIN(Mdlr(S.1 ,2)*Rst
ep(S.I )*Munitx)

% 16330 Nn(S.J,PA,3)Col*SIN(Mdir(S5l ,2)*Rstep(S,l 1eMunitx)+Co2*COS(Mdir(Sl ,2)oRst
CP(S*1 )*Mufl~tx)
16340 Nrn S*J ,A .2 Nn( S,J ,A,.2)+Cq(5S 2)
153S0 Nn(S,J ,A,3)*Nn(S,J .A,3 )*Cq(S,3)
16360 Col-Nm(S.J.A.3)-Cq(S,3)
16370 Col2*Nn(S,J.,A,)-Cq(S,)
15380 Nn(S.J,A,3)-CoI*COS(Mdir(S,2.2)eRstep(S.2).Munity)-Co2.SIN(MdLr(S,2.Z )*Rst
ep( S .2 )*Munity)
16390 Nn(S.J.,.1 )-Col*SIN(Mdir(S,2.2Z)*Rstep(S.2)~unity)+Co2eCOS(Mdu-(S.2,2)*Rst
ep( S Z2 )*Munity)
16400 N(SJ.A,3)-Nn(S,J ,A,3)4Cq(5,3)

16420 Co[-Nn(S,JA.1 )-Cq(S~I)
15430 Co2-Nn( S,J ,AZ2)-CQ( S 2)
16440 Nn(5.J.A,1)-Col*COS(Mdr(S,3.2)Rte(S,3)Munitz)-Co,'eIN(Mdir(S,3.2 ).Rst
ep( S.3 )*Munjtz)
IE1450 Nn(S.J'.)-Col'SIN(Md1r(S.3,Z)*Rstep(S.3)*Munitz)+Co2.*COS(Md~r(S.3,2')*Rst
eO(S.3)*Mur~ltz)
16460 Nn(SJA,1)*Nn(S,J,A.1)+Cq(S.1)
16470 Nn( S.J ,A,.2)-Nn( S,J ,A,.)+Cq(S5.
16480 GOTO 16960
16490

16510 1 Rotates user defined atoms about molecular cente'-of-i-ass.

16530
16540 Col-Zn(SJ,A,Z)-CQ(S.2)
15550 Co2zzn(S,J,A,3)-C:I(S,3j)
1 6S60 'n(S.J.A,.2-Col*CCS(Mdir(S.I, 1.Rstep(Sl )*Munit (-Co2'*SlN(dirIS , qs

16570

16580l Z*Mn(S,,, ZISJI240S

E1660 CcZ1Zn S J I Z-C~jkS I

1661Co2.nSJA~C~S
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1 66N0 Zn 5J e 3 )-Co #OS( Mdr( S Z )5tep( S ,*ufity )-C21SN(Mdir( S ,)*R-t

ep( S.2 )*Munity)

16650 Zn(S ,J ,A.1)-Zn(S ,J ,A .1 ,1(.)

I1660 C~i-Zn(S , 11C( 1
16670 Co2Zn(S,JA,2)-Cq(S,2)
16680 Zn(S,J,A,l)-Co.CQS(Mir(S.3.2)*Rstep(S,3)*Munitz)-Co2"*SIN(Mdlr(S,.2,')'Rst
ep( S.3 )*Munitz)
16650 Zn(S,J,A,2)-Col'SIN(Mdlr(S,3.)*Rstep(S,3).munitz)+Co2*OS(Mdlr(S,3,2)*Rst
ep( S .3 ) *Muni t z)
16700 Zr(S,J,AI)-Zn(S.J,A,1)+Cq(S,1)
16710 Z(, A2Z(, A2)C(.
16720 GOTO 16560
16730
1 6740 ! ! I I I
167SO I Rotates oxygen atoms about molecular center-of-mass.
16760 llI II'I!I I! '!II I''! 'I!I Iii
16770
16780 Co1loa(SJ,A,2)-Cq(S,2)
16790 CoZ-0o(S.J.A,3)-Cq(S,3)
16800 Oo(S,JA,Z)-Col*COS(Mdir(S,1 .2)*Rstep(S,1 )oMunitx)-CoZ*SIN(Mdir(S,1 ,2)'Rst
ep( S,1I )#Munitx )I
16810 Oo(SJ,A.3)-Co1OSIN(Mdir(S,1 .Z)*Rstep(S,l )oMunitx)+Co2eCOS(Mdir(S,l '*Rst
ep( S,1I )*Munitx)
15820 Oo( S.J ,A .2 )o( S.J ,A.2 )+Cq(S .2)
16830 Oo(SJA,3.)-Oo(SJ .A,3)+CQ(S,3)
16840 Co1*0o(SJ.A,3)-Cq(S.3)
16850 CoZnOo(S,J,A,1)-Cq(S,1)
16860 Oo(S.J,A.3)-Co1*COS(Mdir(S.2,2).Rstep(S,2 ).Munity)-CoZ.SIN(Mdir(S.2,2 ).Rst
ep( 5 .2 )*Munity)
16870 Oo(S,J,A,1 )-CoI'SIN(Mdir(S.2,2).RstepiS.2).Munity)+CoZ.COS(Mdir(S.2.2.*Rt
ep( S,2 ).Punity )
16880 0o(S .J .A.3)-0o(S.J .A.3)+Cq(S,3)
16890 Oo(SJ,A.l)0Oo(S.J,A.I)+Cq(S,l)
18900 Col Oo(S J,I1)-Cq(S. I
16910 Co2O0o(S,J.A,2)-Cq(S,2)
16920 Oo(S,J,A,1 )*Col*COS(Mdir(S3)Rstep(S,3).Munitz)-Co2.SIN(Mdr(S,3,2').Rst
ep( S,3)*Munitz)
16930 Oo(S.J.A.2)-ColeSIN(Mdir(S.3,2)eRstep(S,3)Munitz+Co2COS(Mdlr(S.3,21.#Pst
WS 5.3 )*Munitz)
16940 Oo(SJ.A.1 )0o(S,JAl )+Cq(S,I1
169S0 Oo(S ,J.A .2 )0o(S .J .A .)+Cq(5,2')
16960 NEXT J1
16970 NEXT A
16980 NEXT C
16990 RETURN
17000
17010 I 111111111II il l 11111III III

17020 Subroutine: Draw
17030
17040 IDraws the cluster geometry in four perspectives: 3-dimensional , too -e
17050 a nd view, and side view.

17070
P 17080 Draw:
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17090 IF FlagZ~I THEN 17420

17110

17!20
17130 Drawing Menu:
17140 1

17150 I Gclear - Clears the graphics display. Subroutine used - Wipe.

17160 1

17170 1 Solute Y - Draws the solute and solvent. SLbroutine used - Solutey.

17180 1
17190 1 Solute N - Draws the solvent only. Sibreutine used - Soluten.
17200

17210 I Inc Pic - Decreases the graphics display limits by I angstrom.
17220 Subroutine used - Incpic.

17230 1
17240 Dec Pic - Increases the graphics display limits by I angstrom.
17250 I Subroutine used - Oecpic.

17260 1

17270 1 Draw - Draws the cluster geometries.

17280 I

17290 1 No Draw - Stops drawing at any time.

17300 Illill~ l il 1 lillil i 111111 ! I ii I ! I (111111

17310
17320 ON KEY 0 LABEL "6clear",9 GOSUB Wipe
17330 ON KEY I LABEL "Solute Y",9 GOSUB Solutey

17340 ON KEY 6 LABEL "Solute N".9 GOSUB Soluten

17350 ON KEY 2 LABEL "Inc Pic*,9 GOSUB Incpic
17360 ON KEY 7 LABEL "Dec Pic",9 GOSUB Decoic
17370 ON KEY 5 LABEL "Draw -,9 GOTO 17400

17380 ON KEY 9 LABEL "No Draw".9 GOTO 19240
17390 GOTO 17390
17400 GRAPHICS ON

17410 ALPHA OFF

17420 IF Min=L*6-6 THEN GINIT
17430 IF Min=L*6-6 THEN Sol-1

17440 FOR Pic-l TO 4
17450 1

1 7 4 6 0 I lI I I I I l l l l lI I ! l l I l I I I I I I

17470 ! 3 dimensional perspective.

17480 II I I III I I II III I II I II I I III II 1 lI II

17490 1
17500 IF Pic-1 THEN VIEWPORT 0,66.0,SO

17510 IF Pic-I THEN Dwx-tO
17520 IF Pic=I THEN Owz15
17530
17540 IIIlIIIIIIIIlIIIIIIIIlllIlllIIII it I IllIII llI ItIIIIlII llII

17550 I Top view perspective.

1 7 5 6 0 IlIll l l l l l l IlIl l l l lIll lI1 I I I i l l I I I. .

17S70
17580 IF Pic=2 THEN VIEWPORT 66,133,0,50
17590 IF Pic=2 THEN Dwx-O

17600 IF Pic-2 THEN Owz=9O
17610 I
1 7 6 2 0 l l l l I l l l l I l llI l llI l l l l I l I lI I l l llI Il lII I III I I I I,

17630 1 End view perspective.
1 7 6 4 0 l l l l l t l l l l l l l l l l l l l l l l l l l I llIi

17650 I
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1-166Z IF Pjfz' THEN VIEWPORT 0,GE.S0,100
1"570 IF Pz3 7HEN Ow,=-93
17680 IF Pic-3 THEN OwzO0

)7710 ISide view perspective.

17730 1

17740 IF Pic-4 THEN IIEWPORT 66,133 ,S0,i00

1 7750 IF Pic-4 THEN OwA-0
17760 IF Pic-4 THEN Owz-0
17770 SHOW -Look.LOOK.-LocK.Look
17780 FRAME
17790
I 7800 I II

17810 1 Draws cartesian axes on graphics display.
1 7820 I I I I I I I 1 I I I I I I I I I

178301
17840 LINE TYPE 3
178S0 Cf1(1 )--S.Look*COS(Owx)
17860 Cel(Z)-5'*Look'SIN(Dwx)
17870 C?2( I)5-S.ook'COS(Owx)
17880 CeZ(Z)5e*Look*SIN(Owx)
17890 Cr1 (3 -CeI(2 )*SIN(Dwz)
17900 CfZ(3)-Ce2(2)*SIN(Dwz)
17910 MOVE Cf1(I).,Cfl( 3)
17920 DRAW CfZ(1 ),Cf2(3)
17930 CYI(l )-5*Look*SIN(Dwx)
17940 Cel (2 )--S*Look*COS( Dwx)
17950 CfZ(1 )--S*Look*SIN(Dwx)
17980 Ce2( 2 )5.Look*COS( Dwx)
17970 Cf1(3)-CaI(2)*SIN(Dwz)
17980 Cf2(3)-CeZ(2)*SIN(Dwz)
17990 MOVE Cfl(1),Cfl(3)
18000 DRAW Cf2(1 ),CVZ(3)
18010 Cf1(1 )-

. rp 18020 CeI(2)-a
18030 Cf2(1 )-0
18040) CeZ(210O
18050 Cfl(3)--S'Look*COS(Diz)
'18050 CfZ(3)-S*Look*COS(Dwz)
18070 MOVE CfI(H),CtI(3)
18080 DRAW CtZ(1 ) Cf2(3)
18090 LINE TYPE I

- 18100

18120 1 Draws cluster geometry using balls and sticks.
e. 18 130 I I II I I I II

18140 1

18150 FOR X-Sol TO L
18160 FOR C1-1 TO S
18170 FOR Al-i TO S
I8B8 FOR JI-I TO N( K, "'I AI
18190 FOR CZ-l TO 5
19200 FOR A2-1 TO 5
18210 FOR J2-1 TO No',C,'A."
18:20 0-0
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2-2SO D etermines atom's to te connected by bonds.

1,3230 ICarbon atom coordinates.

18310
18320 IF Cl-l THEN Coordll-Co(K.Jl ,A1,l)
18330 IF Cl-i THEN Coordl2-Co(PK,JIl ,2')
18340 IF Cl-I THEN Coordl3-Co(K,jl ,Al ,3)
18350 IF CZ-l THEN Coord2l-Co(K,J2,A2,?)
18360 IF CZ21 THEN Coord2Z-Co(KJ2,A2,2)
18370 IF C2-1 THEN Coord"3-Co(K,JZ.A2*3)
18380

18400 1Hydrogen atom coordinates.

18420 1
18430 IF CI-Z THEN Coordll-Hh,(K,J1,A1,1)
18440 IF C1-2 THEN CoordlZ-Hh(K ,J1 ,A ,2')
18450 IF Cl-2 THEN Coordl3-Hh(K,JI ,A1 ,3)
18460 IF CZ-Z THEN Coord~l-Hh(K.J2,AZ,1)
18470 IF C2-2 THEN Coord22-Hh(K,JZ,A2,Z)
18480 IF CZ-2 THEN CoordZ3-Hh(K,JZ,A2,3)
18490
1 8 5 0 0 . . . . .. . . .. ... ... ...I I I I I I I I I i I I I I I I I I I

18510 INitrogen atom coordinates.

18530 I

18540 IF C1-3 THEN CoordllsNn(K,Ji,A1.1)
18550 IF C1-3 THEN CoordlZ-Nn(KJ1,A1,2)
18560 IF C1-3 THEN Coordl3-N(K.J1.Al,3)
18570 IF CZ-3 THEN Coord2l-Nn(K,J2,A2,l1
18580 IF C2-3 THEN Coord2ZNn(KJ2,A2,2)
18590 IF CZ-3 THEN Coord23-Nn(K,J2,AZ,3)
18600

185ZO0 Oxygen atom coordinates.

18640
18650 IF Cl-4 THEN Coordll-Oo(K,Jl,Al,l)
18660 IF Cl-4 THEN CoordlZ-Oo(K,J1 *Al ,Z1
18670 IF Cl-4 THEN Coordl3O0o(K,J1 ,Al 3)
18680 IF CZ24 THEN Coord2l-Oo(<,J',A2',l)
18690 IF CZ-4 THEN Coord22-Oo(K,J2,I2,Z)
18700 IF CZ-4 THEN Coord23-Oo(K.JZ.A2,3)
18710

187Z0 IUser defined atom coordinates.

19750
18760 IF Cl-S THEN Coordll-Zn(K,Jl,AI,l I
18770 IF Cl-S THEN Coordl2-Zn(K,Jl ,,)
1879a IF Cl-S THEN Coordl3,Zn(K,J1I ,3)
137SO IF CZ-S THEN Coord2l-Zn(K,J.,A2,l)

% N. % N
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18800 IF CZ=S THEN Coord.>2Zn(K ,J2,A2,2.
18810 IF C2S5 THEN Coord3Zn(K,J2Z,1^1,3)
188210 1
18830 J I iI
18840 1 Determines ball 512e5 for specific atom's.

18860
18870 IF 02=1l THEN 517-.3
18880 1F CZ=2 THEN Siz:.18
18890 IF CZ=3 THEN Siz-.Z4
18900 IF C2-4 THEN Siz-.28 

N
18910 IF C2-S THEN Siz-.32
18920 D-(Coord.1l-Coordll)r2+(Coord22'-Coord12)^'2+(Coord2 3-Coordl3)-2
18930 Or-D^.S
18940

18960 1 Deter-mines Z dimensional projections for drawing 3 dimensional
18970 1 representations of clusters.

19000 IF CI-2 THEN GOTO 19190
19010 Cfl( )-Coordll.CS(Dwx)-CoordlZ.SIN(Dwx4
19020 Cel(2)-CoordlleSIN(Dwx)+CoordlZ.COSCDwx)
19030 Cf2(lI)-Coord~l'lCOS(Owx)-Coord22.SIN(Dw%)
19040 Ce2(Z)-Coord2l.SIN(Dwx)+Coord22.C05(Dwx)
19050 Cfl(3)-Cel(2)*SIN(Dwz)4Coordl3eCOS(DwzI
19060 Cf2(3)-Ce2(2)'SIN(Dwz)+CoordZ3*COS(Dwz)
19070 MOVE Cf1()).Cf 1(3)
19080 IF Dr>1.7 THEN 19140
19090 DRAW Cf2(1 ).Cf2(3)
19100 FOR Cir-O TO 360 STEP 30
15110 IF Ciro@ THEN MOVE Cf2(1 )*Siz*SIN(Cir),Cf2(3)+Siz.COS(Cir)
19120 DRAW Cf2(1 )+Siz*SIN(Cxr).CfZ(3V4.SizOCOS(Cir)
19130 NEXT Cir
19140 NEXT J2
19150 NEXT A2
19160 NEXT C2
19170 NEXT J1
19180 NEXT Al
19190 NEXT 01
19200 NEXT K
19210 NEXT Pic
19220 GRAPHICS OFF
19230 ALPHA ON
19240 IF Flag2-1 THEN 19410
19250 OFF KEY
19260

9280 1 Sets UP Main Menu for use after geometry and binoirg energy cptimat:
19290 is complete.

193!0
15320 ON KEY 0 LABE in IC1oef",3 GOSU8 Inputcf
93Z0 ON KEY I LABEL "In Coord' '3 GOSuB Irputco

19340 ON V;EY 2 LABEL' Energy-,2 GOSUB Energy
350S ON W'EY Z LABEL 'Minimize".3 GCTO Mrimize

19360 ON VEY 4 LABEL -Move" .3 GOSUB Hand

ME F I
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19370 ON KEY S LABEL "Craw" ,3 COSUS Oraw

19350 ON KEY 6 LABEL "NCA",3 GOSUB Ei;en
19390 ON KEY 9 LABEL "Quit",3 GOTO Quit
19400 ON KEY 7 LABEL "Stor Con",3 GOEU8 F:1e

19410 RETURN

19420
1 9 4 30 I III I l l i l l I I I I l li l I I I Il i I f l l ~ t I ~ t ( ( ( t

19440 1 Subroutine: Atomname5

19450 1
19460 Assi9n5 atomic symbols and atom types to the atoms composing the
19470 1 clusters. Used in paper print and screen display routines.
1 9 4 8 0I I I I I I 1 1 1 1 1 1 1 1 1 1 1 ! I I I I I II I II I I I I I II i t

19490
19S00 Atomnames: I

19510
1 9 5 2 0 I I $ 1 ! 1 ! 1 ! 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 t I I I I I I I I I I I I I I i i i i ! 1 1 l i i i i i l i i I I

?9530 1 Assigns atomic symbols.
[1 9 5 4 0 I I I I ~l +i I i l ¢i I I I I I I I I I I lI I() @ I { { i = i I I i i ,i i I I I I

19550 1

19560 IF Atoml-1 THEN Atom1$-" C"
19570 IF Atoml-2 THEN AtomlS" H"

1580 IF Atoml 3 THEN Atoml$ " N"
19590 IF Atom)-4 THEN Atoml$-" 0"
19600 IF Atom1-S THEN Atoml$-" Zn"

)9610 IF Atom-11 THEN 19720

19620 IF Atoml-2 THEN 19780
19630 IF Atoml-3 THEN 19840
19640 IF Atoml-4 THEN 19900
19650 IF Atoml-5 THEN 19960
19660 RETURN
19670 1

19690 1 Assigns atom types.
1 9 7 0 0 I I I I I I I I I I II I I I iI I I ! ( ) + )I)) ~ ( 

i l l  
I i I I I I I I I I IlI I I I

19710 1
19720 IF Attpl-l THEN Attpl$-" Alip"
19730 IF Attpl-2 THEN AttplSm" Carb"
19740 IF Attpl-3 THEN Attpl$'" Arom"

19750 IF Attpl-4 THEN Attpl$-" YYYY"
19760 IF Attpl-5 THEN Attpl$-" ZZZZ"

19770 RETURN
19780 IF Attpl-l THEN Attpl$-" Alip"

9790 IF Attpl-2 THEN AttpIS-" Amin"

19800 IF Attpl-3 THEN Attpl$" Arom"
19810 IF Attol-4 THEN Attp1S-" Carb"

19820 IF AttplS- THEN Attpl$-" ZZZZ"
19830 RETURN
19840 IF Attpl-1 THEN Attpl$-" Amin"

1995 IF Attpl=2 THEN AttpIS-" WWWW"

19960 IF Att1=3 THEN Attpl$-" XXXXV
19870 IF Attol=4 THEN AttpIS" YYYY"
19880 IF Attpl-5 THEN Attpl$-" ZZZZ"

19990 PETuRN
19900 IF Attpl=l THEN Attpl$'" Carb"

'9910 IF Attcl=2 THEN Attp$=" Hycr'

19920 F Pttpl=Z THEN AttpIS-" xxx"
19930 IF Attpl-4 THEN Pttpl$-" YYYY"

IL ':f V -§*K~-~L .K
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19940 IF Attpl=S THEN Attpl$=' ZZ:Z"
19950 RETURN

13960 IF Attp)=1 THEN AttplS
= ' jip"

1--970 IF FAtto' THEN AttpI$ = ' WWWW"

19980 IF Attpl=3 THEN Attpl
= '  XXX"

19990 IF Attol=4 THEN Attpl$ = ' YYYY"

20000 IF Attpl=S THEN Attpl$
' ZZZZ"

20010 RETURN
ZOOZO
20030

20040 1 Subroutine: Atomnumbers

20050
20060 Assigns atoms and atom types to numbers for array element
20070 identification.

20080 iI li ii! i i H lisi lI II I I II ! ! ! I I1,1 ,
20090

20100 Atomnumbers:
20110 Atoml-0
20120 Attpl-e

20130
20140 I IIImIIIII m 111111 I I I I ! 'I I I I I I I Ill =llll I !I I II I I I II

20150 A Assign numbers to atoms.

20170 1

20180 IF AtomiSo'C" THEN Atoml-I
20190 IF AtomlS-"H" THEN Atoml-2
20200 IF Atoml$-"N" THEN Atoml-3

20210 IF Atoml$n"O" THEN Atoml-4
20220 IF Atoml$-Z" THEN Atoml-S

20230 IF AtomiS-"C" THEN 20340

20240 IF AtomlS'H" THEN 20400

20250 IF AtomlS-"N" THEN 20460
20260 IF AtomlS-"O THEN 20S20

20270 IF Atom)S-'Z" THEN 20580

20280 RETURN
20290 1
20300 li l1 l111 1lllll 1! 11l l 111ll1l lillll I 1l1l1l l il i' !

20310 1 Assign numbers to atom types.

20320 III III I II l it 111llllll 11l1l II h ul l Il I l I11 111111 I II

20330 1
20340 IF Attp$-"ALIP" THEN Attpl-1
20350 IF AttpI$-'CARB" THEN Attpl-2

20360 IF Attp15-"AROM" THEN Attpl-3

20370 IF AttpIS-"YYYY" THEN Attpl-4

20380 IF Attpl$-"ZZZZ" THEN Attpl)5

20390 RETURN
20400 IF Attpl-"ALIP" THEN Attpl-I

r 20410 IF Attpl$"AMIN" THEN Attpl-2
20420 IF Attpl$-"AROM" THEN Attpl-3
20430 IF AttplS"CARB" TkEN Pttpl=4

20440 IF Attpl$S"ZZZZ" THEN Attpl-S
20450 RETURN
Z0460 IF AttpIS="AMIN" THEN Att:I=)
20470 IF PttplS="WWW' THEN 1ttpl=2
Z0480 IF AttplS-"XXX" THEN Att; =-

P0490 IF Attp1lS"YYYY" THEN Attp!=4

20500 IF Attpl$="ZZZZ" THEN AttpI-S
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20510 RETURN
.520 1F Attpl="CARB" THEN Attpl=l

*Z 1w50 ir AttS'="HYOR" THEN Attpl=2

20540 IF Attp1$-"XXXx THEN Attpli3
20550 IF At:pI$="YYYY" THEN Att)1-4

20560 IF Attpl$S"ZZZZ ' THEN Attpl-5
20570 RETURN

20590 IF AttpI$S"ALIP" THEN Attpl=l
20590 IF AttpI$?"WWWW" THEN Attpl-2

20600 IF Attpl$=-XXX" THEN Attpl-3
20610 IF Attp1$-"YYYY" THEN Attpl-4

20620 IF AttpS-"ZZZZ" THEN Attpl5
20630 RETURN

20640
20650 I HI l H llI 1l11l1l1llll Il !lll I ! ll lll lHi ll l l I 1111 l H r

20660 Subroutine: Atommenu
., 20670

20680 Atom menu for parameter and coordinate input routines.
, 20690 I1111 lllll1 llll1 llllIllIlllll Ill Il Il Il !I l! lllllii llllli III IIIIIIlIII

20700

20710 Atommenu: I Selects atoms
20720 OUTPUT 2jCHR$(2S)&K";
20730 PRINT * Atom Selection'
20740 PRINT "

10750 PRINT
20760 PRINT " C - Carbon"

20770 PRINT
20780 PRINT " H - Hydrogen"
20790 PRINT
20800 PRINT * N - Nitrogen"

20810 PRINT
20820 PRINT " 0 - Oxygen"

20830 PRINT
20840 PRINT * Z - Zinc/Other"

20850 RETURN
20860
20870 I1!!1 1111111111111111111111111111111111111111111 IIII11I I11

20880 Subroutine: Attpmenu
20890

20900 Atom type menu for parameter and coordinate input routines.
20910 II lll i~gIIIIIl ll l IIIl IIIlillll lllll llllll l liI llII 111II~Ili~
20920

20930 Attpmenu: I

20940 OUTPUT 21CHR$(2SS)&K"i
20950 IF AtomIs-C" THEN 21000

20960 IF AtomiS-'H" THEN 21130
20970 IF AtomlS=N" THEN 21260

20990 IF Atomi$-"O" THEN '1390
20990 IF AtomIS- :- THEN "'K20

21000 PRINT " barbon Atom TyCes"

20'0 PQ 11T

21030 rz'.T "L:P - Tetraledral Al:ivat;:

2250 Fr:-T "CAP - Ca xo , Caroyll: zi. :art:-,,iate, o- P-_t :e

2052 >T
21070 P'3RD - Aromati: or C-C ''

d " " " ' ' . ' '' . . - . - - . • . .
-' .' ;,: L 

. . .. . .. . . . .•. .. . . .

-- ..I< - ' . " - - . - . - - - - . - . . . .,... . . . . .. .. .. .2. . . .... . .. . . . . . , , . , . . .. . . . - . . . . . ' . . . .
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ZIZO PPINT
:!9 PQ1r. "YYYY - YYY"
2110 PP:NT

'll PRINT "ZZZ,' - 222

Z11Z0 RE T URN

21130 PR!NT " Hydrogen Atom TYpe5"
21140 PRINT "_ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _
21150 PRINT

21160 PRINT "ALIP - Aliphatic"
21170 PRINT

21180 PRINT "AMIN - Amine or I(Z Degree Amide"
21190 PRINT
21200 PRINT "AROM - Aromatic or Sulfhydryl"
21210 PRINT

21220 PRINT *CARB - Hydroxyl or Carboxylic Acid"
21230 PRINT

21Z40 PRINT ZZZZ - ZZZZ"
21250 RETURN
21260 PRINT " Nitrogen Atom Types"
21270 PRINT _

21280 PRINT

21290 PRINT 'AMIN - Amine or Amide"

21300 PRINT
21310 PRINT "WWWW - WWWW"
Z1320 PRINT

Z1330 PRINT "XXXX - XXXX"
21340 PRINT

21350 PRINT "YYYY - YYYY"
21360 PRINT

21370 PRINT ZZZZ - ZZZZ"
21380 RETURN
21390 PRINT Oxygen Atom Types"

21400 PRINT "

21410 PRINT
21420 PRINT "CARS - Carbonyl or Carboxylic Acid"
21430 PRINT
21440 PRINT "HYDR - Hydroxyl, Carboxylic Acid, or Ester"
21450 PRINT
2.1460 PRINT "XXXX - XXXX"
21470 PRINT

21480 PRINT "YYYY - YYYY"
21490 PRINT
'1500 PRINT "ZZZZ - ZZZZ"
ZIS10 RETuRN
21520 PRINT " Zinc/Other Atcm Tyoe5

2'930 PRINT "

Z 140 PQ:NT
All:; -Ali;Phatic'

. - .s... . . .. -

r *A

.W2
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21660

2!670 ISubroutine: Hand
21680
21690 IAllows user to translate and rotate cluster subunits.

21720 Hand:I
21730 ON ERROR GOTO 21750
21740 OUTPUT 2iCHR6( 255 )&"K;j
21750 INPUT "What molecule are you working on (1 for solute)7" ,S
21760 INPUT "Do you want to rotate or translate 7 ",Rt$
21770 Handl
21780 IF RtS-"R" THEN 22250
21790 IF Rt$-"T" THEN 21860
21800 IF RtS0"T' AND Rt50"R* THEN 21760
21810
2 1820 !' I !' ! ! I IIIIIIII IIIIIIIII I IIII II1 ' I I '
21830 Cluster subunit translation routine.

21850
21860 INPUT "What direct ion for translation?" ,DtS
21870 IF DtS'X"' THEN Xxx-1
21880 IF DtS-"Y" THEN Xxx2Z
21890 IF OtSa"Z* THEN Xxx.'3
21900 IF DtSQ>"X" AND Dt$<)"Y* AND DtS(>"Z" THEN 21860
21910 INPUT 'What interval?" .Tstep(S.XX)
21920 INPUT "How many iteratioris?",Iter
21930 Eskip-0
21940 OS-*"
21550 INPUT "Do you want to calculate the energy?" .05
21560 IF 08-"Y" THEN Eskip-I
21970 IF QS-"V" THEN 21990
21980 IF QS<>"N" THEN 21540
21950 OFF ERROR
22000 FOR Gal TO Iter
22010 Fmag-l
22020 Mmag-I
22030 FOR J-1 TO L
22040 FOR Xx-? TO 3
22050 FOR Y-1 TO 3
22060 Fdir( J XxY)-@
22070 Mdir(J3,Xx .Y )0
22080 NEXT Y
22050 NEXT Xx
22100 NEXT 3
22110 Fdir(S,Xxx,1)-l
22120 Fdir( S,Xx2)-1
22130 GOSUB 14710
22140 IF Eskip-0 THEN 22160
22150 GOSUB Energy
22160 IF Done-1 THEN 22190
22770 GOSUB Draw
22180 NEXT G
22190 GOTO 122S70

22200
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2220 1 Cluster subunit rotation routine.

22250 INPUT "What als of rotation?'",Ots

-2260 If OtS-'X' THEN XA. =l
22270 IF Dt$="Y" THEN Xxx2

22280 IF DtS"Z" THEN Xxx-3

22290 IF OtS>"X" AND Ot$>"V" AND DtS<>'Z" THEN 22250

22300 INPUT "What interval ?".Rstep(S,Xx)

22310 INPUT "How many iterations?",Iter
22320 Eskip=0

22330 Q$-"Q"
22340 INPUT "Do you want to calculate the energy?.",Q$
22350 IF Q$-"Y" THEN Esk1-1

22360 IF Q$-"Y" THEN 22380
22370 IF Q50"N" THEN 22330

22380 FOR 6-1 TO Iter

22390 Fmag-1
22400 Mmag-l
22410 FOR J-1 TO L

22420 FOR Xx-1 TO 3
22430 FOR Y-1 TO 3
22440 Fdir(J,Xx,Y-0
22450 Mdir(3,Xx,Y)-O
22460 NEXT Y

22470 NEXT Xx
22480 NEXT J
22490 Mdir(SXxx1 )-1
22500 Mdir(S,Xxx,2)-1
22510 GOSUB 14710
22520 IF Eskip-0 THEN 22540

22530 60SUB Energy

22540 IF Done-I THEN 22570
22550 GOSUB Draw
22560 NEXT 6

22570 Handl-O
22580 RETURN

225 0 0
22600 I I .''I!!!' I '! I If II I I I I II l l ft ~ f! t fl fIf i I III ll.'

22610 Subroutine: Eigen

22620 ,

22630 Sets up the parameters for calculation and storage of the intermolecular

22640 force field for use in VDWNCA.

.2660 I

22670 Eigen: "

22680 OUTPUT 2;CHR$(255)&"K"i
22690 PRINT "Place in storage disc containing H20EIG or a disc with space to c-e

ate H2OEIG."
22700 PRINT
22710 PRINT "To create a new H2CEI6, Type in the following command at this ti-e:

Z2720 PRINT
22730 PPINT "CREATE GOAT (DUCTES)H2OEIG:INTERNAL(QUOTES),7100,8

22740 CISP "Press continue to proceed."

22750 PAUSE
22760 Eigen-)
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22770 INPUT "What matri. row does solvent begin 7 ",Eegin
22760 ColumnBegn

22790 INPUT "What matriA row dces solvent end7",Lastm

'2800 Lest-Lastmi

22810 $="Q'
2Z820 INPUT "Do you want charges?",Q$

2030 IF O$5"Y" THEN Bcc-1

22840 IF 0$<'"Y" AND O$:"N" THEN 2810
2ZBS0 05-"0"
22860 INPUT "Do you want hydrogen bonding?'",Q

22870 IF QS="Y" THEN Bhb-1

22880 IF QS<>"Y" AND QS<>"N" THEN 22850
22890 GOSUB Energy
22900 Eigen-0
22910 RETURN
22920

22"40 1 Subroutine: File

22950
22960 1 Stores the coordinates of a specific cluster geometry in a disc file.
22 970 .l ! f ) ! ! f l ! f ! f! f ! f ! ! f f ! ! ! ! f ! ! ! f ! ! !

22980
2290 File:

23000 QS="Q"
23010 ON ERROR GOTO 23000
23020 INPUT "Do you want to start another COORDINATE file?",Q$

23030 IF 0$-"N" THEN 23070
23040 IF 0$<>"Y" THEN 23020
23050 INPUT "Enter your N E W COORDINATE file name.",Coord$

23060 CREATE BOAT Coord$&":INTERNAL",9400.8
23070 GOSUB 5390

23080 OFF ERROR

23090 RETURN

23100
2 3 1 10 .! ! ! . . P ! l i i l ) ) I .. . i i i ! l l i ) l l l l i l l ) ,

23120 Subroutine: Quit
23130

23140 Stops subroutine execution and returns program to Main Menu.
231S0 IIIIIIIII Ill!IIl III IIIlll lIIIIIIIII IIIIlIl II tIl IIl l IIl I'

23160
23170 Quit: I

23180 OFF KEY

-;190 Flag2*0
23200 6OTO 1250

23210

23230 Subroutine: Sketchy
23240

23ZS0 A:tivated the graphics display during geometry and ninding ener;,
2:260 optimizatior.

23390 SBetzhy:
233o S,=1
3130 DISP 'Graphic5 act:ivated.'

232 PTP
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22 4 1 9 i i q , l IIll 9l 19 llll ll l l ?9l 191lllll lll r l m t ~ r :~

I S trcit1 e: 5 etC 1n

I Deactivates the graphics display during geometry and t:ndin; e~eg;
:7 :pt imlizat Ior.

I Ii l l l l i I I I 9 l I lI I I I lI I I I I I I l l l l I I l i 1 1

22400
.3410 S~etchn: I
2 420 Sk-0

Z3430 DISP "Graphics deactivated."

:3440 RETURN
23450
23460 lIII 11l111l 111l1ll l11l llll91 II1!!!!I! I!11111l I 1 1 III IIII11 11 1

Z3470 I Subroutine: Wipe

23480 1
23490 I Clears the graphics display.

Z3510
23520 Wipe:I
23530 6INIT

23540 DISP "Clear screen."
23550 RETURN
23560 i
2 3 S 7 0 I ! O O i ! l ! ! ! ! i ! . f ! . l O J ! ! ! . ! ! ! ! i . ! ! l i

23580 1 Subroutine: Solutey
23590 i

23600 1 Allows he user to draw the cluster solute and solvent.

23610 !!!!!II!i9!!! !i !!!! !! I!!Il!!!!i! I

23620
23630 Solutey: I
23640 Sol-I
23650 DISP 'Draw solvent and solute."

23660 RETURN
23670
2 3 6 8 0 i l nlI i i I I I I o nI I I I I I i I i i l i l i lI l l 9 I l9 I

23690 I Subroutine: Soluten

23700 I

23710 9 Allows the user to draw the solvent only.
2 3 7 2 0 i l I i 9 i 9 i i i i i iI I I l l | I I I I l I I I I I l I l l lI 9 I Il I I I I I 9 I 9 l I I I l l 9 I t

23730

23740 Soluten:
23750 Sol-2

23760 DISP "Draw solvent only."
23770 RETURN

23780
2 3 7 0 I I I I I I l l l I Il I I i I I I I I I I I I I I I I I I I 9 l i ! i I I 9 I I I I l l l I i n i

23800 Subroutine: Incpic

23810
27920 Decreases the graphics display limits by I angStrc-.

2ZE60 o , . c -

970 1: L.-O I THEN Loc-I
2'360 0_PA ON

23890 01-P 'raphir limits are ";Look angstroms.
23900 RET7 QN

... .. "-- --- .- *. - . ' " '-,. . ,'..' . . . . ." ..;'i . " .."€ .. *.**..*-.* €: . *._, -_' , --.' .'-' "- , '*.. '.\.* "-- " %" " %
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:" Z- Subroutine: ecpic

-HO Increases the graphics display limits y arngitrot.

"370
-3880 Decoic:

2 8990 Looi=Loo+l
24000 ALPHA ON
24010 DISP "Graphics limits are ";Look;" angstroms."

24020 RETURN

24030 END

.'",- ' " " " " . ' " . . . . % . ,, -. .
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5,0

CI Prcgram name: DCNCA

40 1 This program calculates van der Waal5 cluster :ntermolecular *iorati:ral

50 modes using a normal coordinate analysis (NCe). The NCA i conuctec ,95srg

60 the F5 matrix method. The clusters are treated as "giant molecules" 4n t-e

70 NCA for which the intra- and intermolecular mcticns are treated

0 simultaneously. The intermolecular force field used in the calculat:ons zs

90 generated using ECCEMP, and is stored on disc as HZOEIG. The intramolecular

1001 force fields are taken as those of each cluster sunubit. Both the intra-

1101 and intermolecular force fields are treated using the central force and

1201 harmonic oscillator approximatlons.

130

Io0 NOTICE: This program will not run with documentation contained in program

170 if not more than 255 Kbyte RAM is available.

190

200 OPTION BASE I
21 PRINTER IS I
220
230 !' lllllllI !!

I
'II' I 'F I F! F...''.!!... F!!.F.... '. F!................... F... . I I

240 I Matrices used:
250 1
250 I A(')-Energy (FS) matrix.
270 I Evr(o)=Real eigenvalue matrix.

280 I Evi(t)Imagxnary eigenvalue matrix.
290 I Vecr(')-Real eigenvector matrix.

300 Veci(.)Imaginary eigenvector matrix.

310 I Indic(*)- Matrix diagonalization indicator matrix.
320 ! Mol(2)-Cluster coordinates matrix.

340
350 DIM A(7S,7S),Evr(75),Evi(75),Vecr(75,75),Veci(75,75),Indic(7S),Mol(7S,4)
360 DEG
370 VIEWPORT 0,134,0,100

380 LORS S

390 Paper-i
400 Lookm6 a Default graphics display limits set at 6 angstroms.

410 OwA-4S I Default X axis orientation for graphics display.

420 Owz-20 I Default Z axis orientation for graphics display.

430 Dwxy= I Default top view for force field graphics display.
4".0

460 a Main Menu:
470 a

490 LJ MAT - Inputs intermolecular force field into matri. Ak*) from di5:
490 storage file "HE5. Subroutine used - >plj.

SOO
51i OWN VAL - AllwS tre user to input F matri- elements from keyboard.

520 Suoroutine used - Inpcwn.

..Z~ e 'e''t 7 : .' *4,*.,'j 1-:'" "'" '. "."" - ' ".".*.'.*."-* ." "-_ -,__, "" 'e .' " "" % 'a_ e 
M
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540 INT DATA - Inputs the intramolecular force lelds into P(11 * rCm nata

5S0 statements. Subroutine used - irpdat.
560

570 EIGVALUE - Oiagonalizes the FG matrix to yield eigenvalues f-eouencies and

580 eigenvector normal modes describing cluster motion. Subroitire

590 used - Eigen.

603
610 OUTPUT - Print the NCA results on the screen or on a paper printer.

620 Subroutine used - Output.

630
640 INITIALI - Initializes the A(*) matrix and stores it in H2OEIG. Used when

6SO generating a new force field. Subroutine used - Zero.
660 11l1|111!1 IIIll l l 4141 lll I l ll 4 I l l ! Iillll1 ll11 l14 iiI1 |lll1l1

670
680 ON KEY 0 LABEL "LJ MAT ",I GOSUB Inplj
690 ON KEY I LABEL "OWN VAL ",I GOSUB Inpown

700 ON KEY 2 LABEL "INT DATA",I GOSUB Inpdat

710 ON KEY 3 LABEL "EIGVALUE",I GOSUB Eigen

720 ON KEY 7 LABEL "OUTPUT ".4 GOSUB Output
730 ON KEY 9 LABEL "INITIALI-.1 GOSUB Zero

740 BEEP

750 GOTO 750
760 1
770 III! ill! ! ! ! ! l | ! ! !!!! 4 Ili 1 ! II 1111191 I I I '.!!!III I I Ii . !! f .i 4 !

780 1 Subroutine: Inplj

790 1
800 1 Inputs the intermolecular force field into A(*) from disc storage file -

810 I H2OEIG.

830 1

840 Inplj: I

8S0 ASSIGN @Mat TO "H2OEIG"

860 ENTER @Mat;A(*),Mdim
870 ASSIGN @Mat TO *

880 BEEP

890 RETURN
see

0920 Subroutine: Inpown
930
940 Inputs F matrix elements from thi keyboard into A(*.
9S0 I1 4 1 4II 4 1 11 I 4 4 4 1 1i I ll l lI I I I lli l ll I I Ill I l I l l

960

970 Incown: I
980 INPUT "ENTER MATRIX DIMENSION",Mdim
990 INPUT "ENTER ROW,COLUMN" N,M
1000 INPUT "ENTER ELEMENT",A(N,M)

1010 PRINT "ELEMENT ROW"iNCCOLUMN";M; =:A(N,M)
1020 INPUT "ARE YOU ODNE",CS

1030 IF OS-"Y" THEN 1050

1040 GOTO 990

'050 BEEP
1060 RETURN

1070
1 080 I l i m l t lI I I I lttlt l4 Ia~liilil I % . . . .i.I . .
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1090 Subroutine: Inpdat

1110 Inputs the irtramolecular force fields fr-om cata 5tate-er't. Tr'.e 4:r:e
I Q0 fields are added to the intermolecular fsrce field l:e A .

1140
11SO Inpdat;

1160 WINOOW -Lool,,Look,-Look,Look
1170 GCLEAR
1180 RESTORE
1190 INPUT "ENTER MATRIX DIMENSION",Mdim

1200 READ Numberdat
1210 FOR Y-I TO Numberdat
2ZO

1 3 0 I I l l l l l l l l l llI I l lI I l l l l l l I I I I I I I I I I l l l l l l l I l lIl l

1240 Reas coorinates and force constants from ata statements.

1330 lI! If! 'I' ! l! Il l ll~ l l !!!!!! 1 ! I 1 1 Ii I '' ' '!'! ' III !i I ilil11 111llll iIl

1270 READ XIYI,ZI ,

1280 READ X2,Y2,Z2 "

1290 READ Forc '
1300 i'

320 1 Converts force constants from dyne3lcm to wavenumbersqsuare angstrom.

1340
1350 Forc=Forc/3.E+10/6.626E-27/l.E+16
1360 1
1370 !I I lIIlIIIII!tIIIlIlill!il~llllII

1 1
I

1 1
I

1 1 !  
IIlIIIIIIIIIll

1380 i Reads matrix row and column from data statements.
1390 I1IIIIIIII!i1I1IIII1IIII!I!!IIIIIIIIIIIIIII IIIIIIIIII1IliIIl IIIIII111

1 4'N0
1410 READ Row
1420 READ Col

1430 i

14S0 I Calculates unit position vectors.
1 4 6 0 I I I I I I I I I I I I I I l l I I I I I I I I I i gl l l l I I I I I l Ill l l l I I Il l I i l I i

1470 i

1480 D-((X2-X)^2+(YZ-Y)^2+(Z-Z)'2 ).S
1490 Dxa(XZ-Xl )/D
1500 Dy-(YZ-Y )/D

1510 O=-(ZZ-Z )/0
1520 PRINT XIIYIIZI
1530 PRINT X21Y2Z2
1540 PRINT DxiDy;Oz
1SS0 PRINT Forc.D
1560 PRINT Row,Col
570 I

1590 i Draws tme intramolecular forze field.

610 i

16Z0 GRAPHICS ON
1630 IF Cwy-l THEN MOVE xl.Yi
1640 IP Owy-I THEN DRAW X.,,2-

1650 IF Owxy-O THEN MOVE Xl,:l

.. . b
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EC-S0 TF Cwy~ THEN CRIAW X2 ,Z

,==Z 1 or'ce constant In , Ilrect ion.

1700

1730
1740 A(oo)-~r*C)"AClRw
17S0 A(Row,Row)-For-(OA)"2'+A(Row.R0w)
1760

1770 ii I 11 II iiIIIIIIIIIII II I 1111

1780 IFor-ce constant in ,K-y direction.
1 790 %

1800

1810 A(Col,Col+l),Force(DxeDy)+A(Col,Co1+1)
820 A(CoI.Row+1 )*-Forc,*(Dx*Oy)+A(Col,Row41)
1830 A(Row,Col+l )--Forc.(Ox'Dy)+A(Row,Col+1 I
1840

1860J I Force constant in x-z direction.

1870

1890 A(Row.Row9 )-Force(Dx'Dy)+A(Row,Row-1
1900 A(Col,Col*2)-Forc'(Dx*Dz)+A(Co,Col-2)
1910 A(Co1,Row+Z)--Forc*(Dx.Dz)+A(Co1.Row+2)
1920 A(RowCol+Z)--Forc*(DxDz)-A(RowCol+2)
1930 A(Row,Row+2)-Forc*(Ox*Oz)+A(Row,Row+Z)
1940

1960 1 Force constant in y-x direction.
1 970 I I I I I I I I II I

1980
1990 A( Col+1 ,Co )-Forco( Dy*Ox )'A( Col+1 *Col)
2000 A(Col+1 ,Row)*-Forc*(Oy*O~)+A(Co1+1 ,Row)
2010 A(Row+l ,Col)--Forc*(Dy*Dx)*A(Row+I ,Col)
2020 A(Row+l ,Row)-Forc*(Dy*Dx)+A(Row+l ,Row)
2030
2040 I II I I 9 I I I I IIII I I I ,

20S0 Force constant in y-y direction.

2080 A(Col+l.Col4l)-Forc.IDy2I)+ACo*l,2oI1+I
2090 A(CoiIl,Row+I).-Forc(O<-21.AICoiItPz)w+

210A(Row+1.Co1+11--Forc.(Dy21e+A(Row*I.C-o1*1

2140 IForce ccnstant in y-z directi:-.

217Z

"SO0 Ac.+IP2Ro< .Dy.oc:,o, .~,.. 3,-:)+(C

ZI9 A IA Pow I. .A. Cy C. +A. -Q,,. - - - -



Z22 0~~ cn5 t an' i r- drc t i on.

-"-90 A(o+ R ,ow )=-:orc*( )+A( Row+2 Rowi

2340
V ZZ5~~~20 A (CoI+Z , Co I+ I -;or:.-Oz Oy )+A (Co I+2 ,Co1I+ I

2360 A(Co1+2,Row*1 )--corc'(D:*Oy)+.'Col.2,Row+1)
2370 A(Row+2,Co1 )--orcO:Oy')+ A(Row+2,CoI+t
2380 A(Row+2,Row+) )=Forc*'Oz:y)+A(Row+.2Row+I)
2390
2400 11111111 iiII111II 11111111i

Z410 I Force constant in Z diroction.

24130 EE

1460 I(o+,c+

2500 E,

II

' .d' r...,e *..- . - a! .-.
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2800 ll l ll 1 11 1 !l l ll l ll l ll l ll l111111 l i P I 1 1 1 1 P PP I I P11111 Il ll l l II Pill'

-910 1 Converts the elgenvalues to frequencies expressed in wavenumbers.
2820 P P l ililIPPP |ll IIPHIP Pl PPPP l111P11111 PP I i P l ll l l lii l + l

Z840 IF Evr(N)>-@ THEN Evr(N)=ABS(Evr(N)e33.6796005012)V.S
2950 IP Evr(N)eO THEN Evr(N)--A8S(Evr(N).33.679600S012)'.5
2860 NEXT N
2870 |

288590 Shell sort of eigenvalues and eigenvectors.
Z900 P Sorted in increasing order with respect to eigenvalue.

2930 Pass-Mdim
2940 Pass-INT(Pass/2)
2550 IF Pass-0 THEN 3170
2560 FOR St-l TO Pass
2970 li-St
2580 Jj-St+Pass
2990 SwS9
3000 IF Evr(Ii)<-Evr(Jj) THEN 3100
3010 Sw-i
3020 Avr=Evr(IL)
3030 Evr(Ii)-Evr(Jj)

3040 Evr(Jj)-Avr
3050 FOR R-1 TO Md1m
3060 Avc-Vecr(R.Ii)

3070 Vecr(RIi)-Vecr(R.JJ)
3080 Vecr(R Jj )-Avc
3090 NEXT R
3100 Ii-Jj
3110 Jj-Jj+Pass
3126 IF JJ<Mdim+l THEN 3000

3130 IF Sw-S THEN 31S0
3140 GOTO Z970
3150 NEXT St
3160 60T0 2940
3170 PRINT *DONE*
3180 BEEP
3190 RETURN
3200
3210 PP lipp I OIIpp;pgippppplpli |p!!! !! !!¢ ! Pl l!!!! !!l! P ! pp I

3220 Subroutine: Output
3230

3240 Outputs the NCA results to the screen and graphics display or to the
3250 paper printer.
3260 l !l Pl I P!p PP P P ppppp ppppp pl ppi

3270
3280 Output:

3290

3310 1 Grapzcs Menu:

3330 P INC X - Increases the x axis orientation by I degree.
3340 Subroutine used - Incx.

33S0 P

3360 P DEC X - Decreases the x a is orientation by I degree.
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3370 1 3ur,:ut ne used - Decs.

31 ,C 3 - n:'-eases te Z a.±s orientation bf ,eree.
3400 3 broutjre used - Ircz.
3410
3420 IDEC Z - 3ecreases tre : .-.LS orientation by I degree.
3430 E Sbroutine used - Oecz.
3440

3450 DONE - Stops drawing the clusters. Subroutine used - Flag.
3460 i iii il i 1i1111 lllll Il iiil!lIII ii i l i iiiii1 I llilll llllii lli

3470
3480 OFF KEY
3490 ON KEY 0 LABEL "INC X",S GOSUB Inc×
3500 ON KEY S LABEL "DEC X",S OSUB Decx
3510 ON KEY 1 LABEL "INC Z",S GOSUB Inc:
3520 ON KEY 6 LABEL "DEC Z",S GOSUB Decz
3530 ON KEY 9 LABEL 'DONE",S GOSUB Flag
3540 .
3550 Itl1 l l llII l ll llll 111111 1 I llii 111111 II!!l ll II II iii

3560 1 Reads cluster subunit coordinates from data statements.
3 5 7 0 I I l i l lI I l l i I I i I I I I I l .I I I I I I I I I I I I IIII

3580 I

3590 FOR N-I TO Mdim/3
3600 FOR M-I TO 4
3610 READ Mol(N,M)
3620 NEXT M
3630 NEXT N
3640 OS"O"
3650 INPUT "OUTPUT TO PRINTER",QS
3660 IF QS-"Y" THEN Paper-710

3670 IF Q-"Y" THEN 3700
3680 Paper-I
3690 IF QS<"N" THEN 3650
3700 PRINTER IS Paper
3710
3720 I I l l ~ l ! ! ! l ~ ~ l ! ! ! . l l l l ! l l ~ l l l l l ~ l l 

I  
I I

3730 I Prints eigenvalue.,

3750

3760 PRINT
3770 PRINT ------------------------------ EIGENVALUES (CM-I)

3780 PRINT
3790 FOR N-I TO Mdim STEP 3
3800 IMAGE K,A,X,MZ.DE.3XK,A,X,MZ.9DE,3X,K,A,X.MZ.SDE
3810 IF Paper-71 THEN PRINT USING 3800N,.",EvP(N),N+1 ".",Evr(NI),NC,.,E.

r( N+2)
3820 IF Paper-! THEN PRINT USING 3830iEvr(N)iEvr(N+1)iEvr(N 2)
3830 IMAGE MZ.9DE,MZ.SDE,MZ.90E
3840 NEXT N
3850 PRINT
3860 0$-O"
3870 INPUT "DO YOU WANT EIGENVECTORS" .0Q
3880 IF QS-"N" THEN 5080
3890 IF 05/,"Y" THEN 3870
3900 INPUT "WHAT EIGENVECTOR O0 YOU WANT" ,M
3910 IF MO OR M MdLm THEN 3900

%-
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3920
0 i i i i i i i i i i i I i i i t I i I I I I I I I i I I III I I I I I I I I I I t Ii I I I iI Ii [

3340 I Prints eigenvector for selected ezgenvalue.
3950 iiiiil 1lll 1 ll ll tl 11lltI I II III1 tl ll11t1111 ii iil l ~ l

3970 PRINT -------------------------------- EIGENVECTORS (A)

3980 PRINT
390 PRINT "EIGENVECTOR FOR EIGENVALUE";MiEvr(M)
4000 PRINT
4010 FOR N-I TO MdiM STEP 3
4020 IF Paper-710 THEN PRINT USING 38001N,." .Vecr(NM).N+I ,." .Vecr(N+l .M),N+2,
". " Vecr(N+2,M)
4030 IF Paper-i THEN PRINT USING 3830,Vecr(N.M)Vecr(N*1 ,M)Vacr(N+2,M)
4040 NEXT N
4050 PRINT
4060 IF Paper=7Ti THEN 3870
4070 6CLEAR
4080 Flag-0
4050
4100 !! l lI !ll l I 1 .11 ! .... II!! !!!! !!!!!! .I I1

4110 I Draws cluster geometry and eigenvector diplacement vectors using a stick
4120 m nodel.
4130 II'' ''I ! I I!!! IIl!!'! l t 11111 h!l!!!!! ! H! !!

4140 I

4150 GRAPHICS ON
4160 ALPHA OFF
4170 GCLEAR
4180 VIEWPORT 0,123,0.100
4190 LORG 1
4200 SHOW -Look.Look.-LookLook
4210 MOVE -LookLook-1
4220 LABEL Dwx#OwztlMEvr(M)
4230 LORG S
4240 LINE TYPE 3
4250 I

4250 33 3 '' 1 31 1i I Il ! I II . II I II II II IP lI I I lI I I I

4270 1 Draws cartesian axes on graphics display.
4280 I IIIIIIII I It 11111 11 p 313!l tii !! I I ! I I I ;I ' ;I I I I I I I I I I
4290 I

4300 Cf)(1 )--5*Look*COSCDwx)
4310 Cel(2),-S*LookSIN(Dwx)
4320 Cf2( I )-5eLook*COS(Owx)
4330 Ce2(2)-S*Look*SIN(Dwx)
4340 CI(3)-Cel(Z)9SIN(Dwz)
4350 Cf2(3)uCeZ(Z)*SIN(Dwz)
4360 MOVE Cfl(1).Cfl(3)
4370 DRAW Cf2( I ) Cf2( 3)
4380 Cfl(1 )S*Look*SIN(Dwx)
4390 Cel(2)--S*Look*COS(Dwx)
4400 Cf2(l )--S*Look*SIN(Dwx)
4410 Ce2(2 )-5*Look*COS(Dwx )
4420 Cf1(3),Ce1(2)*SIN(Owz)
4430 Cf2(3)wCeZ(2)*SIN(Dwz)

4440 MOVE CfI(l),Cfl(3)
4450 DRAW Cf(I ),C?2(3)
4460 Cfl())-0

" " .'' " " " " .*.** "" -% % % =. &i %.' ", %' ~% % ,\' %,' * . * ". % . . . ,-
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4470 Cel2")=O

44.90o Cfe(;'=o

45DO ; J1(3-5'*LookfCOS(Dw:)
4513 Cf2(3)5*ook*COS(DWZ)
4SZ0 IMOVE Cf I(1 I Cf1( 3 )
4530O DRAW Cf-( I) CfZ(3)
4S40 LINE TYPE 1
4550

- ~~~~4560 111 1111111 illi 1111 i 111 111

4570 1 Determines atoms In, cluster 5ubunIt5 to be connected by bonds5.

4600 FOR CI-i TO Mdim./3
4610 FOR C2-1 TO M~diii/3
4620 0-0
4630 CrdI lMol(C1.1)
4640 CrdIZ-Mol(CI *2)
46S0 Crd13-Mol(C1 .3)
4660 Crd~l-MoI(C2.1)
4670 Crd2l-Mol(Cl22
4680 CrdZ3-Mol( C2 3)
4690 D-(Crd2l-CrdH )^24(Crd22-CrdI2)^'2+(Crd23-CrdI3)^2
4700 Drw0 .5
4710 IF Mol(C1 *4)2Z THEN 48120
4720 CfI( )-CrdlloCOS(Owx)-CrdIZ.SIN(Owx)
4730 CeI(2)-Crdll*SIN(Dwx)+CrdlZ.COS(Dw,)
4740 CfZ( 1)-Crd21.COS(Dwx)-Crd2Z.SIN(Dwx)
47545 Ce2(2 )Crd2l *SIN(Owx )+Crd2Z'COS(Dwx)
4760 Cfl(3)oCel(2)*SIN(Dwz)+Crdl3*COS(Dwz)
4770 CfZ(3)-Ce2(2)SIN(Owz)+Crd3eCOS(Dwz)
4780 MOVE Cf1(1I)*Cf1(3)
4790 IF Or>I.6 THEN 4820
4800 DRAW Cf2(1),Cf2(3)
4810 LABEL *o
48Z0 NEXT C2
4830 NEXT C1
4840
4850 111111!Ilt111111lt11111I 1111 1111111111

* 4860 1 Draws displacemient vectors on atoms.
4870 11111111!I!111!!11111li lill lIlII I I 11

4880 1

4890 FOR Cl-i TO Mdim/3
490)0 Crd1 l-MoI(C1,*I
4910 CrdlZ-Mol(CI *Z)
4920 CrdI3wMol(CI .3)
4930 CrdZ1sMol(CI.1)+Vecr(3#C1-2,M)
4940 Crd2l'Mol(C1 *2)+Vecr(3.C1-1 ,M)
49S0 Crd23-MolUC1,3)+Vecr(3*C1 ,M)
4960 Cf1(1)sCr-dll.COS(Dw.)-CrdI2.SN(Du,A
4970 CeI(2)-CrdlI.SIN(Dwx)+CrdlZ'*COS(Dwx)
4980 Cf2( I )Crd2!*COS(DwA )-Crd22*SIN(Dw,,k
4990 Ce2{2 )Crd2l *SIN(Dw, )+Crd,,#COS(Dw')
5000 Cfl(3)-CeI(2)SIN(Dwz)+Crdl3000S(Dw:)
S010 Cf'(3)-Ce()*SIN(Dwz)+Crd213-CDS(Dwz)
50:0 MOVE Cf1( I )Cf1(3)
5030 DRAW Cf2( I ,Cf(3)
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5040 LABEL "
5050 NEXT Cl
5060 IF Flagn0 THEN 4080

5070 GOTO 3870
5080 O$-*""

5050 INPUT "DO YOU WANT TO LOOK AGAIN",G$
5100 IF Q-"N" THEN 5130

5110 IF QS>"Y" THEN 5090
5120 GOTO 3640
5130 PRINTER IS 1
5340 BEEP
5150 STOP
5160 RETURN
5170 1
5180 IIltlml11l 1111u i I¢)lllll !ll I II I g U11111l1l!!ttli l I nli ii11 III

5390 Subroutine: Zero

5200 I

5210 I Initializes the A(*) matrix and stores it in H2OEIG.
5220 I ! IIH 11ll11 I l lll11 l111 I 1111 I lI I 11llll1 11l11l II 1 11!1 illlli III

5230
5240 Zero: I

5258 FOR N-i TO Mdim

5260 FOR M-1 TO Mdim

5270 A(NM)-0

5280 NEXT M
5290 NEXT N

5300 INPUT *ENTER MATRIX ORDER',Mdim
5310 ASSIGN @Mat TO "H20EI6"

5320 OUTPUT *MatIA(#),MoIm
5330 ASSIGN @Met TO *

5340 BEEP
5350 RETURN
5360 1
5 3 7 0 I It I l l l I l lIlI l llI lI I lI ! I l l I I l I I I l l ! ! I I I I l I t I Il l I II I l t I i l l

5380 I Subroutine: Incx
5390 !
5400 1 Increases x axis orientation by I degree.
5410 1ll1l1ll l iiil !!!l1 lll ! l l ii l ll l l l l 1 1 1 g ig Il11 I I fillI

5420 I

5430 Incx: I
5440 Dwx-Dwx+!

5450 RETURN
5460 I
5 4 7 0 I l l l l l lI

I I I l  
l t l l l l Il I l t g I nI I I 1 I ,

5480 1 Subroutine: Decx

5490 I

5500 I Decreases x axis orientation by 1 degree.
530 IIIIIIIgIII gI lIlgg lg gggllllll ggggggggII I I II 15 g iill IIII grg # il

5520 I

5530 Decx:
5540 DwxDwx-I
5550 RETURN

5560
5570 11111111l11llllI ggggg lg ll l ill il II i 1 1 i l I

5580 I Subroutine: Incz

5590
5600 I Increases z axis orientation by I degree.
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5615

56:0 Incz: I
5625 Dw:0-wz*l
5630 RETURN
5635
5 6 4 0 t I l I l I Il l l I I I I lI lI l l Il lI I I IlI II l l l it I I l t I I

5645 Subroutine: Decz
5650

565S Decreases z axis orientation by I degree.
5 6 6 11 I i i i f i I i II Il i I I i I III t i ii i ii ii i I i I I I I I I I I I I I I I I g i i i i ii i I i I II I
5660

5670 Oec:
5675 Owz-Owz-I
5680 RETURN
5685
5696 III l11 ll1l lll lBllll I lI lIlll~l l~ll l l~ l llli I!l I11 II I !t

5695 I Subroutine: Flag
S706
570S I Stops drawing cluster geometry and displacement vectors.

5715

5720 Flag: I

5725 Flag-I
5730 RETURN
5735
5 7 40 I l l l l lI l l l I I lI l l l ! ! I! I I l I ! l l I! I! I l I l l l l I !I I I ! 

t 1 1 1  
I

5745 I Intramolecular force fields for cluster subunits.
5750 1
5755 I The force fields are generated using the central force approximation and
5760 expressed as force constants in a cartesian coordinate system. The
576S5 following data statements are for the intramolecular force fields in
S770 Benzene-(Methane)1. They are included to give an example on how the
5775 force fields are generated. Since the benzene subunit is planar, the
5780 central force field constants must be modified to incorporate
5785 out-of-plane motion. This is accomplished by setting the atoms composing
5796 benzene slightly out-of-plane. One angstrom provides sufficient
5795 1 out-of-plane displacement to account for the out-of-plane force field.
5800 I
5805 I The force fields are entered as force constants between adjacent atoms
5810 and between atoms displaced by one intervening atom. The atoms in
5815 each cluster subunit are numbered in the same order as used in the
S8Z0 ECCEMP2 calculation. The force constants used are those corresponding t:
5825 general functional group stretches and bends.
5830
5835
5840 Order of data entries:
5845

S850 DATA X-CoordY-Coord,Z-Coord for atom i.
5855 DATA X-Coord,Y-Coord,Z-Coord for atom j.
5860 DATA Force Constant,Atom i X-Coord Matrix Location,Atom j X-Coord "at-:.
5865 Location.
5 8 7 0 I I I I I I I I I I I I I I l l~ l l I I I I I l I I I lI I l l lI .

5875
5880 DATA 52 I Number of force constants used in fields.
5885 N

590i iII111 I I 11 II'IIIIi i

4., -G :';'7 F -.-.. ' 'I '"G -.-.-. " ''''-''-' -.--. ' . .-.... ,,. .,. , v . ,' .... -. -.. .v .
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S995 i Benzene C-C force constant.
590 I Illll I Illliii IIll1lll1 l1111 II II I l t l l Ill l I t

5910 DATA -1.395,0,0
5915 DATA -.E975,1.208,0
5320 DATA 6.34E5,1,4
5925

5935 B Benzene C-C force constant.

5940 Ill IIl l Il 1111llll 1ll Ill Ill l ii Ill l i III1 I I ll l t t t
5940

5950 OATA -1.395,0,0

5955 DATA .6975,1.208,0
5960 DATA l.054E5,1,7
5965
5 9 7 0 I I I I I I It I 9 I I I Il l I I I Il ! I I I I I I I I

5975 ! Benzene C-C force constant.
5980 II11111ltiII~! 1l11lIlll lll ll ! II Ii ~ll ! ! ! i! III I91! 1 9ll 11 I111 I
5985
5990 DATA -.6975,1.209,0
5995 DATA .6975,1.208,0

6000 DATA 6.94E5,4,7
6005

6015 I Benzene C-C force constant.
6025

6030 DATA -.6975,1.208,0
6035 DATA 1.395,0,0
6040 DATA I.054E5,4,10
6045 I
6050 I! 9! II 111! 11191! ! 191!!! 9 !!! !1 1!!! II I III llI!! ! I I I! 99! I 111

6055 Benzene C-C force constant.
6 0 6 0 ! l lIl9 I l l l # ! ! 1 1 I I I !l l! I I I I I I l l l t iIl I I ! l tI
6065
6070 DATA .6975,1.208,0
6075 DATA 1.395,0,0
6080 DATA 6.94E5,7,10
6085 9

*6 0 9 0 9I I l Il I I I I l l I 9 9 I I I I lI I I I l l t iI t i t l

6095 Benzene C-C force constant.

6105 I

6110 DATA .6975,1.208,0
6115 DATA .6975,-1.208,0

126120 DATA 1.054E5,7,13
612S
6130 I | l l l l ! , l i l ~ ~ l l 1 I I I

6135 1 Benzene C-C force constant.
610
6145 I

6150 DATA 1.395,0,0
6155 DATA .6975,-1.208,0
6160 DATA 6.94ES,10,13
6165 ,
S 1 7 0 I lI I #9 ! l I I I I I l l llII I I l I lI

617S ' Benzene C-C force constant.

% %~ % %**- p*. ' ~
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5190 llIll l lll II ll I IIIII I II1I . 1I II i i lI ''l i
s225 I

6190 DATA 1.395,0,0
6195 DATA -.697S,-1.208,@

6200 OATA 1.054E5,10,16

6210 I II!I IIIII IIIIII!III III I I' I I I I I I I I I I II I I I I1 1 1 I I II I I1

6215 I Benzene C-C force constant.

6220 II II@II 1 1111 l~ll l l l ll l l l l l II . il i I ii II !! !! !! I ii

6225 

6235 DATA .675,-I.208,0

6235 DATA -.,397S,-0.28@

6240 DATA 6.94ES,13,16

62 I

6230 DATAllll975,-ll .208 l0 I I! l!''!'ll'' !! ! ! ! IIl!!!!! II
62SS I Benzene C-C force constant.
6270 DATA .6975,-1.208,0
6275 DATA -1.395,0.0
6280 DATA 6.O54E,13,1

628S

629@I I IIl IIIIl ! l!l !l ! III! !I'
I  

!I'

6395 B 8enzene C-C force constant.

63050

630S

6310 DATA -.6975,-1.208,0
631S DATA -1.39S,0,0
6320 DATA 6.94E5,16,1

6325 I

6 330 I l Ill l l l l lI I!l ! l I I II I I I I I I I I i t

633S I Benzene C-C force constant.

5 3 4 08 I I I I I I III I lI I I I I |I l l l I I ! 1 I I I I I I I ti l t I I 1 I
6340

6345
6350 DATA -.6975,-1.208,0
6355 DATA -.6975,1.208,0
6360 DATA S.054ES,15,4
636S

6374 111 IIIIiiIlI I 11lllIIll i I III 1I1 II ,

6370 I

6375 I Benzene C-H force constant,

• 6 4 2 @ l l l l l l l l I I l lII I I I l I I I I I II I I I P II I I I I I I Il lf i l

6385
6390 DATA -2.479,0,0

639S DATA -1.395,0,0
6400 DATA 5.08E5.19,1
640S
6410 Ill 11l l l lll I III 11 lll 1Il 1 Illl II I I1 I 1, 1 I

6415 I Benzene C-H force constant.
6420 1 I IIl lll l 1l lll l 11l 11 l I I i It! II

6425
6430 DATA -2.479,0,0
6435 DATA -.6975,1.'08,0
6440 DATA 1.093E5,19,4
6445S

6455 Benzere C-H force constant,

6460 I I I I II I I I II I I%
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E 46S I

6490 DATA t..093ES,19,I6

6495 Benzene C-H force constant.
E S 0 I I I I I I I I IIi l l l l l i I I I I Il I Il I l i l II I l I l I ,

6505

5510 DATA -1.24,2.147,0
6515 DATA -.6975,1.208,0

6520 DATA 5.SOBES,22,4
6525
6 5 3 I l i l l l l l l l l I l l l l l l l l l l l l l l l I I I I I I [ I I I I I I I I I I I

653S i Benzene C-H force constant.
6540 Il Ifiitl illtI II I I IIil f! lll 1 f, II I I II IIII 11 11 1 if

6545 i

6S50 DATA -1.24,2.147,0

6SSS DATA .697S,1.208,0
6560 DATA 1.093E5,22,7
6565
6570 lllll llflll!llll!lII!!!!!.ill!!IIIIIIll IIt

6575 I Benzene C-H force constant.
6580 f I ll llll l lf! f !! If !!!!!!! !I ffffI~l I I f

6585 I

6590 DATA -1.24,2.147.0

6595 DATA -1.39S,0.0
6600 DATA 1.093ES,22,1
6605 i
6610 fIllllIllllIff1111111li!!1 ! 1fflulll! itI !f1llll111ll11111 i IllI III

6615 f Benzene C-H force constant.
6 6 2 0 I I l l I Il l f I! ! ! I Il I I I I I fI IIl I fl I l I I I1 t I I f l l ! ! I ! Il f l f

6625
6630 DATA 1.24,2.147,0
6635 DATA .6975,1.208,0
6640 DATA S.508E5,25,7
6645
6650 11 fII I II III Iff1 I lI! ! ! ! !! !IIIII il ll111 III I f 1 1 I II i II II

6655 1 Benzene C-H force constant.

6660 Ilffiffffll| llf!f| fhI!l!f!flfffll f I!11 f II

6665
6670 DATA 1.24,2.147,0
6675 DATA 1.395,0,0
6880 DATA 1.093ES,25,10

6685
6 6 9 0 f I I I Il i I l I fl l f I I I I l I I I I I I lI I I l lI I l l i i i I

6695 I Benzene C-H force constant.
6700 !11 i11 f1 11111111111111111111 i III I

6705 I

6710 DATA 1.24,2.147,0
6715 DATA -.6975,1.208,0
6720 DATA 1.093E5,2S,4
6725
6730 Illlll ll f l l 1fl ll fll III I II III IIII 1 1f

6735 i Benzene C-H force constant.
6 7 4 0 I I I I I I I I I I I I I I I I I I I I I I I f l ~ l l l l l l l l l l l It I i l I I I f I I I I I I i l I , I

6745

.a
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E756 SOA 2.479, ,0
6755 2O'7A l.z95,2,0

S7I 1 Benzene C-H force constant.
ii i II l il it tllll Jittll iill ti I l i it ill1 IIlil il I , ,

8785
6790 DATA 2.479,0,0
6795 DATA .6975,1.208,0
6900 DATA 1.093E5,29,7
6805

6815 I Benzene C-H force constant.
6820 t ! III

I  
ll t 

l l l l l 
11 111 itltilt i tn l itt 1 II lil t Ill hii

682S
6830 DATA 2.479,0,0
6835 DATA .6975,-1.208,0
6840 DATA 1.093E5,28,13
6845
6850 IIII I II II !!111!11!111i11t! II i ii It 1il I i l tit II

685S I Benzene C-H force constant.
6860 til I! i i i lIIt Ii I11 I I i II t I I i l . .I I lIi I lt Ill I! h I i ! ! ! t it It Il

6865 I

6870 DATA 1.24,-2.147,0
6875 DATA .6975,-1.208,0
6880 DATA .S08E5,31,13
6885
68 90 1111 11!l 1111 t1111111 ll IIIIIII Ill |i ll I 11 I I l

6895 I Benzene C-H force constant.
6900 !!1111ltl1ttlttlllllllllt

l  
lll~ 1111 Ill Il l~lIIill11 till

6905
6910 DATA 1.24,-2.147,0
6915 DATA 1.395,0,0
6920 DATA 1.093E5,31,10
6925
6930 iiiiti t1111 t1 ll| t1111111111 illi ii ii ll i i II

6935 I Benzene C-H force constant.
6 9 4 0 I iI t I I t i I t I l I Il I I I I I I I | I i lII I I I Il I t I I I I I I I I t
6945 

6950 DATA 1.24,-2.147,0
6955 DATA -.6975,-1.208,0
6960 DATA 1.093ES,31 ,16
6965
6970 tI11Il ll llllll l t ll t ll l I III i!l1t li it til li t i lull

6975 Benzene C-H force constant.
6980 IttliltIl111 II llli ll IIIIII1 ii Ii 'l11., li lI! ltil ii

6985I

6990 DATA -1.24,-2.147,0
6995 DATA -.6975,-1.208,0
7000 DATA S.508E5,34,16
7005 1
7 0 1 0 I tI I I I I I t I I I I I I l t I lI I I t lI l l l I I I I I I i I l I , I ,

7015 I Benzene C-H force constant.
7 0 2 0 I I I I l t l l lI Il lI I lIlI t I I I I I I I I I I I I I I I I II i IlI I iI I III .

7025 ,
7030 DATA -1.24,-2.147,3

S
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0 nT 400- ., 3-ES 74 7

2OS enzere C-H for'ce constant.

7070 QATA -1.24,-2.1~47 ,3
707S DATA -1.395,,0.0
7080 DATA 1.093E5,24,I
7085S
7090 1111 iiIIli I II I I 1111I

709S I Benzene C-C out-of-plane force constant.

7105

7110 DATA -. 9,,
7115 DATA -.697S,1.,208,0
7120 DATA IES.1 ,4
7125

7135 I Benzene C-C out-of-plane force constant.

7145 I

7150 DATA -.6976,1.208,1
71S5 DATA .6975,1.208,0
7160 DATA IES.4,7
7165

7175 I Benzene C-C out-of-plane force constant.

7180

7190 DATA .6975.1.2'08,1
7195 DATA 1.39S,0,0
7200 DATA 1ES,7,10
7205S

7215S Benzene C-C out--of-plane force constant.

7230 DATA 1 .395,0,1
723S DATA .697S,-1.208,91
72140 DATA IES,10,13
724S

7255 8 erzene C-C out-of-plane force constant.

7260 I II I I I I

7270 DATA .697S,-1.209,1
7275 DATA -.69-75,-1.208,0

IL 7290 DATA IES,13,16
7295
7290 J JI I

7295 Benzene C-C out-of-plane force constant.

7,05I

P ~~7310 CATA -5",L0,
731 OA, -1.335,0,0

I

I,

0'5



-4.0 .ATA E 4'

'42SAT ~ .

'410 :j,4 '.7 4
'43S CATA *TE28
7440 :14TA ES ' S7
,44S

745S Ber:ere C-H out-of-oIare force con~stant.

'465
-74-0 CATA .'01
'47S CA7A 1.39S.3.0
-7480 ZATA IES 29,10

7490

-495 Ren':en'e C-H out-of-plar'e force constant.

'?S10 CA TA I .24 -2 .147,1
-SIS :ATA*9 .-. 0,
'520O CATA S,_3 1 3

75S erzere C-H out-of-plane force cons~tant.

7SS0 CATA -l.24-2.147.'
"555S CATA .TS-.0,
,C'r 0 DATA 1ES _24,8

'59S 7A7A -. S999.-.I2!E574,3.149y725
0 20 ATA 495,"4

I%
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SS 'et'5--ie C-,H force c:rstant.

7 3O DATA 07e.6tI8-,.640S1
'63S DATA .6983,-.SI828--B7Z4,3.10438,37399
7540 DATA 4.79E5,37,43
764S

7655 Methane C-H force constant.

7665
7670 DATA 0,7.78346319179E-5,3.4694104S213%
7675 DATA 0,1.03987841578,3.1043966958
7680 DATA 4.79E5,37,46
76851
7690 I I I

7695S Methane C-H force constant.
7700 I I I I

7705
7710 DATA 0,7.78346319178E-5,3.46941045213
7715 DATA 6.77616018046E-21 ,.00010610970238S,4.S6937173828S
7720 DATA 4.79E5,37,49
7725 1

7735 I Methane H-H force constant.

7745S

7755 DATA -.8989,-.518821S85724,3.10438237398

7760 DATA l.85E5,40,43
776S

7775 I Methane H-H force constant.

7785S
7790 DATA .8989,-.518821585724,3.10438237398
7795 DATA 0,1.03987841578,3.1043966958
7800 DATA 1.8SES,43,46
7805 e
7810 ........ .li~l 111111 11 11111I

7915 Methane H-H force constant.

78250

7830 DATA 0,1 .03987841578,3.10439669S8
7835 DATA -.8989,-.S1882158572 4,3.10438237398
7840 DATA 1.8SES,46,40

7955 Methane H-H force constant.

7965
7870 DATA O,l .Z399784157S,3.10439669S8
7875 DATA 6.77616018046E-21,.000106109702385,4.5S937'-2Z:
7880 DATA I.SSES,46,49

7885
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"ea~ H-H for-ce con~tant.

, "OI >A G.-7510906E-2 ,.006097295,4.637v'223

" -3 5~ 2TA *,9-512857243.104382.739

, 32. n"TA I.25E5,49,43

I I l l l I i I I I I I I I I I lI Ii l l l l l l l l i Ii 1 I l

7935 1 Methane H-H force constant.

7945 ,

795S0 DATA 6.7766018046E-21,.000106109702385,4.56937173928

7955 DATA -.8999,-.S1981585724,3.10438237398
7950 DATA l.85E5,49,40
796S

7 97 0 i i lI I l l II i l l1 l i l l i Il l I I l lI l lI g i I I li l lg l l l

7975 I Data statements containing cluster subunit coordinates.

7980 1 The data is used to draw the cluster geometry and vdW mode disolacement

7985 I vectors. The coordinates are entered as they are numbered in ECCEMP2.

7990
7995

8000 Order of data entries:
9005
8010 DATA X-Coord,Y-Coord,Z-Coord,Atom S.
905

8020 Atom I:
8025 I - Carbon.

8030 2 - Hydrogen.
8035 3 - Nitrogen.

8040 4 - Oxygen.

8045 S - User defined atom.
8 0 5 0 g i g g I l I l lI I I i l lI Il p lIl lI Il lI Il i l l l l l t l~

9055

8060 DATA -1.395,0,0,1

9065 DATA -.6975,1.208,0,1
8070 DATA .6975,1.208,0,1
8075 DATA 1.395,0,0,1

8080 DATA .6975,-1.208,0,1
8085 DATA -.6975,-I.208,0,1
8090 DATA -2.479,0,0,2

8095 DATA -1.24,'.147,0.2

8100 DATA 1.24,2.147,0,2

9105 DATA 2.479,0,0,2
8110 DATA l.24,-2.147,0,2
8115 DATA -1.24,-2.147,0,2

9120 DATA 0,0.3.4694,1
8125 DATA -.8989,-.5198,3.10438,2

8130 DATA .9389,-.5188,3.10438,2

913S5 DATA 0,1.0398,3.10439,,

9140 DATA 0,.000106,4.56937,2
8145 END
8150 ,
9155
8!60 I

8'"0

" ' ' ' ' ' ' '' ' '"- '' ''' '"' .' - '' ' '' ' ."'... .,- . '-8-, ' -. --0 -1.
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3:0S

921 I Subprogram: Eigen
82"0 1
822S This subtprogram determines all the eigenvalues and eigenvectors oF a real
8230 general MatrIA. The eigenvalues are computed by the OR doubie-steo metnod
823S and the eigenvectors by inverse interation.
824 I

8250 This subprogram was taken from HP 98821A BASIC Numerical Analysis Library
8255 1 which is designed to be executed using HP series 200 computers.

-~~~ 8 2 5 0 I I i I I I I I I I IIi i l l l i l iI i l | l l l ! lI I i i i i i I I i i i i I i lI lI

-, ~8265
8270
827S
8280

828S
8290
8295
8300
9860 SUB Eigen(N,A(*).Evr(*),Evi(*),Vecr(*),Veci(*),Indic(*))
9870 Baddte-(N<-0)

9880 IF Baddta-0 THEN 9936
9896 PRINT FNLinI(Z)i*ERROR IN SUBPROGRAM Eigen,"
9900 PRINT "N-";NiFNLin$(2)
9910 PAUSE
9920 GOTO 9870
9930 OPTION BASE I
9940 ALLOCATE INTEGER Local(N)
9950 ALLOCATE Prfact(N)0Subdia(N),Work(N)
9960 IF N>I THEN 1030
9970 Evr( )-A( I ,1
9980 Evi( I 0
9990 Vecr( 1 ,1)1
10000 VecL(1,l)-0
10010 Indic(l I)
10020 GOTO 11200
10030 CALL Scale(N.A(*).Veci (,Prfact(),Enorm )
10040 Ex-EXP(-39.LOG(2))
10050 CALL Hesqr(N,A( Vec( Evr( Ev i Subdia( Indic( E E
10060 J-N
10070 I-1
10080 Local( 1 )-
10090 IP J-1 T,EN 10160
* '00 ;€ 8S,L Eca,J-1 Eps THEN 10130

101:0 J=,l1101- , Lo: i,. =

10140 Local( I hLca;,*
10150 IF J, I THEN 10100

10160 =-

., ', ,. ".*. .-- *..... -:. . . .--. .-.-.. .. .. , -* 4.* ... ... ..- . . . .
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10170 Kon-O

10180 L-Local( 1)
10190 M-N
10200 FOR I-I TO N
10210 Ivec-N-I+1
10220 IF I<-L THEN 10260

10230 I<-K+I
10240 M-N-L

10250 L-L+LocaI(K)
10260 IF Indic(Ivec)-0 THEN 10420
10270 IF Evi(Ivec)<>0 THEN 10370
10280 FOR Kl=I TO M
10290 FOR L1-K) TO M
10300 A(Kl.LI)-Veci(KIL1)

10310 NEXT Li
10320 IF KI-I THEN 10340
10330 A(K1,KI-1)-Subdia(Kl-I)

10340 NEXT KI
10350 CALL Realve(NM.Ivec.A(*),Veer(e),Evr(*),Evi(').Work(*),Indic(*).EpsEx

10360 60TO 10420
10370 IF Kon<>e THEN 10410

10380 Kon1
10390 CALL Cogpve(N,M,IvacA(*)*Vecr(.),Veci(*),Evr(*),Evi(e),Indic(e),Subdia

(* ) .Work( * ) .Ep Ex)
10400 60TO 10420
10410 Kon-e

10420 NEXT I
10430 FOR 1-1 TO N
10440 FOR J-1 TO N
10450 A(I,J)-O
10460 NEXT J

10470 A(I.I)-1
10480 NEXT I
10490 IF N<-Z THEN 10640
10500 M=N-2
10510 FOR K-I TO N
10520 L-K+1
10530 FOR J-2 TO N
10540 D1-0

10550 FOR I-L TO N

10560 O2wVeci(I.K)
10570 DI-D1+02*A(JI)

10580 NEXT I

10590 FOR I-L TO N

10600 A(JI)-A(JI)-Veci(I,K)*D1
10610 NEXT I
10620 NEXT J
10630 NEXT K

10640 Kon=1
10650 FOP I-I TO N

10660 L-0
10670 IF Evi(I)-0 THEN 10720

10680 L-1
10690 IF Fon-0 THEN 10720
10700 Kon-0

10710 GOTO 11190

%'
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10720 FOR J-1 TO N
10730 01,0
10740 02-0
10750 FOR K-1 TO N

10760 03=A(JK)
10770 D1-D1+03*Vecr(K,I)
10780 IF L-0 THEN 10800
10790 D2-024.O3*Vecr(K,.I-l)
10800 NEXT V
10810 Work(J)-D1/Prfact(J)
10820 IF L-0 THEN 10840
10830 Subdia(J)-02/Prfact(J)
10840 NEXT J
10850 IF L-1 THEN 10970
10880 01=0
10870 FOR M1-1 TO N
10880 D1mDl+Work(M)^2
10890 NEXT M
10900 Di-SORCOl)
10910 FOR M-1 TO N
10920 Veci(PI.I)0o
10530 Vecr(M.I )-Work(M)/Dl
10940 NEXT M
10550 Evr(lI iEvr( I )Enorm

10560 GOTO 11190
10570 Kon1l
10580 Evr( I )Evr(lI)*Enorm
10590 Evr( I- )-Evr( I)
11000 Evi I )*Evi( I )Enarm
11010 Evi(1-i )*-Evi(I)
1 1020 R-0
11030 FOR J-1 TO N
11040 R1-Wcrk(J)^2+Subdia(J)^2
)1050 IF R>-R) THEN 11080
11660 RaR1
11070 L3J
11080 NEXT J
11090 D3-Work(L)
11100 Rl-Subdia(L)
11110 FOR J-1 TO N
11120 DOlWork(J)
11130 02-Subdia(J)
11140 Vecr(J,I)(01*03+02ZR1)fR
11150 Veci(JI)(D2D3D1*R1)/R
11160 Vecr(J,I-1)=Vecr(J.I)
11170 Veci(J,I-?)w-Veci(JI)
11180 NEXT J
11190 NEXT 1
11200 SUBEXIT
11210 SUSEND'

11:Z0 SQE Scalel N ,'* ),H( *) ,Fr-fctI* ) ,Enorm)
11ZX' OcTION EAoSE 1

112140 INTEGEP I 4 iter ,Ncount
1150S FOr 1-1 TO N

112160 FOR J=I TO t4

112"70 H( I ,J )-A( I J
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11280 NEXT J
11290 Prfact(I)1l
11300 NEXT I
11310 Boundla.75
11320 Bound'.-.33
11330 Iter-O
11340 Ncount-0
11350 FOR I-I TO N
11350 Column-0
11370 Roiwj0
11380 FOR J-1 TO N
11380 IF 1-J THEN 11420
11400 ColumnuColumn+ABS(A(J .1))
11410 Row-Row+ABS(A(I,J))
11420 NEXT J
11430 IF Column-0 THEN 11480
11440 IF Row-0 THEN 11480
11450 0-Colupin/Row

11460 IF Q(Boundl THEN 11500
11470 IF Q>BoundZ THEN 11500
11480 Ncount=Ncount+l
11450 GOTO 11570
11500 Factor-SOR(O)
11510 FOR 1-1 TO N
11520 IF I-J THEN 11550
11530 A(I.J)-A(I.J)*Factar
11540 A(J.I)-A(J.I)/Factor
11550 NEXT J
11560 Prfact(lI)-Prfact(lI)*Factor
11570 NEXT I
11580 IterlIter+1
11590 IF Iter>30 THEN 11750

11600 IF Ncount<N THEN 11340
11610 Fnorm-g
11620 FOR 1-1 TO N
11630 FOR J-1 TO N
11640 Q-A(I.J?
11650 FnorpmFnorpm+0*0
11660 NEXT J
11570 NEXT I
11680 Fnorm&iSQR(Fnorm')
11690 FOR I-I TO N
11700 FOR J-t TO N
11710 A( I J )-A( I ,J )/Fnorm
11720 NEXT J
11730 NEXT I

11740 Enorm-Fnorm
117S0 GOTO 11830
11760 FOR I-I TO N

11780 FCP J-1 TO N
1 !790 A( 1 '1 =). I .
1180C NEXT i

1 151 NExT

i EZZ ''W

11840 SUBEND'
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11850 SUB Hesqr(N,A(),H(),EVr(*).Evi(t),Subd18(*).Indic(*).Eps.Ex)
11860 OPTION BASE 1
11870 INTEGER I.J.K.L.M,Maxst.MI *Ns
11880 IF N-2<0 THEN 12460
11890 IF N-2>0 THEN 11920
11900 Subdia( 1)nA(&2,1)
11910 GOTO 12460
11920 M-N-2
11930 FOR K-1 TO Mi
11940 L-K+l
11950 5-0
11960 FOR I-L TO N

11970 H( IK)-A( IK
11980 S-S+ABS(A(I,K))
11990 NEXT I
121000 IF S(>ABS(A(K+1 *K)) THEN 12040
12010 Subdia(K )wA( K+1 *K
12020 H(K+1,K)n@
12030 60TO 12410
12040 SrZO0
12050 FOR I-L TO N
12060 SrA( IK)
12070 Sr-Sr/S
12080 A(I*K)*Sr
12090 Sr2inSr2+SreSr
12100 NEXT I
12110 Sr-SQR(Sr2)
12120 IF A(L.K)<o THEN 12140

(2130 Sr--Sr
12140 Sr2-Sr2-Sr*A(L,K)
12150 A(L.K )-A(L K )-Sr
12160 H(LK )H(L K )-5r*S
12170 Subdia(k)Sr*S
12190 X-5.*SQR(Sr2)
12190 FOR l-L TO N

12200 H( I K)-H(I K )IX
12210 Subdia(I)-A(I.K)/Sr2
12220 NEXT I
12230 FOR J-L TO N
12240 Sr-O
12250 FOR ImL TO N
122'60 Sr-Sr+A( I K )*A( I,J I
12270 NEXT I
12280 FOR I-t. TO N

1-:290 A( I ,J )-A( I *J )-Subcdia( I )*Sr
12300 NEXT I
123l NEXT J
IZTZI FOR J-1 TO N

1 _Z4? FOR I-L TO. N

FD;; 1, TO N
I ~~A J,1 t31)-ubilI)S

I292 I.ExT I

r1 2400 NEXT j

6 1
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12410 NEXT K

'2420 FOR Ki TO M

12430 A(F I vk )sSubdia( K)

1:440 NEXT K

IZ450 Sud1a(N-I )-A(N.N-1)

I1460 EoS=0
12470 FOR Kai TO N

12480 Indjc(K)0

12490 IF K<;N THEN Eps-Eps+Subdia(K)'2

12500 FOR I-K TO N
I2510 H K, )..A( ,*I )

12520 Eps5Eps+A(K ,I )'2

12530 NEXT I

172540 NEXT K

12550 Eps-Ey*SOR(Eps)

12560 Shift,(N ,N-1

12570 IF N-2 THEN Shift-0

12580 IF A(NN)<>0 THEN Shift-0

12590 IF A(N-1 ,N)<>@ THEN Shift-0

72600 IF A(N-I ,N-I )>0 THEN Shift-0

12610 M-N
12620 Ns-0

12630 Mxe.taN910
12640 FOR 12 TO N

12650 FOR K-I TO N

12660 IF A(I-1 ,K)<00 THEN 12750

12670 NEXT K

12680 NEXT I
12690 FOR 1.7 TO N

12700 Indic(I)-
12710 Evr(I)-A(I.I

12720 Evi(I)-0

12730 NEXT I
12740 60T0 13780

12750 K-M-I

12760 M1-K

12770 I-K
12780 IF K<O THEN 13780

12790 IF K-0 THEN 13530

12800 IF ABS(A(M,K))<EPs THEN 13530

12810 IF M-2-0 THEN 13580

12820 1-1-1
12830 IF ABS(A(K,I ))<Egs THEN 12860

12840 V-I

12850 I; K, THEN 12820

1Z860 IF K-MI THEN 13580

12870 5-A(M,M)+A(MI,Ml )+Shlft

28 S-A(M,M).A(MI,M1)-A(M,M1)*A(M,M)+2,S*Shft'2

12690 A 0 , # )-o
1 2 0, )(-A . A(. W+ I- )+ e .+ *A( V I K )+S-

'P4 -=C 7TwE" , I E E

1:970 'S-- I

-",-.-
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12980 FOR I-K TO MI

1299D IF I-K THEN 13050 
i

13000 X-A(II-1)
13010 Y,.(I+l ,I-1 )

13020 Z-0

13030 IF I+""M THEN 13050

13040 Z-A(I 2,I-1I)

130S0 Sr2-ABS( X )+ABS( Y )+ABS( Z)

13060 IF Sr2-0 THEN 13100

13070 X-XlSr2-

13080 Y-Y/Sr2'-

13090 Z-Z/Sr2

13100 S-SOR(X*X+Y*Y+Z.Z)
13110 IF X<0 THEN 13130

13120 S--S

13130 IF I=K THEN 13150

13140 A(II- )-S'Sr2

13150 IF Sr200 THEN 13180"

13160 IF I+3).M THEN 13500

13170 GOTO 13470

13180 Sr-l-X/S

13190 S-X-S

13200 X-Y/S
13210 Y-Z/S

13220 FOR J"I TO M

13230 S-A( I . )+A( I+1 ,J ).X

13240 IF I+2>M THEN 13260

13250 S-S+A( I+2,J )oy
13260 S-S-Sr

13270 A( I j )-A( I J )-S
13280 A(I+I ,J)-A(I+I ,J)-SOX

13290 IF I+2>M THEN 13310

13300 A( 1+2,J )-A( I+2 . )-S*Y

13310 NEXT J
13320 L-1+2

13330 IF I(M1 THEN 13350

13340 L-M

13350 FOR J-K TO L

13360 S-A(J,I)+A(JI+1 )-X

13370 IF I+2>M THEN 13390

13380 S-S+A( J.I+2 )-Y

13390 S-S*Sr

13400 A(J,I)-A(J,I)-S
13410 A(J,I+1)-A(JI+1)-S*X

13420 IF I2>M THEN 13440

13430 A( J ,1+2 )-(J I+2 )-SOY

13440 NEXT J

13453 IF I+.)M THEN 13500
13460 S.-4( 1, j, *")*Y*Sr
134-70, A -3, 1 -5

• Ic Ns= M -.5t THEN I1,780

13S:0 1:T 750
13630 Er(M M

1Z 40 Ev.(M.)=

f.m

ft . . . t' ~ f'w
~:-.:-..-'*..* ' ft t ~ t/ '~ K~4K?.ft' ft~ t •**

-a%" -"%" .""."%'"-"a " ..... ".'.'_'. '. '.'_. ...'.' '.'. .. ._w-w' . d2&'-- jr..-.." ..-. .- .- f Jt. - ,r ". " .".-~ f ". . . , . . "% - ....
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*13S50 Indic(M)1l
13560 M=K
135S70 GOTO 12750

U 13580 R=.5*(A(I KK)+A(M,M))
*13590 S-. So(A(M,M )-A(X KI ) )
U13600 5SSS+A(K,M)*A(M,K)

13610 Incdlc(K )-l
*1-3620 Indic(M).1

13630 IF S(0 THEN 13710
13640 T-SQR(S)
13650 Evr(K)-R-T
13660 Evr(M)-R+T

V13670 Evi(K)-O
13680 Evi(M)-O
13690 M-M-2
13700 GOTO i2750
13710 T-SQR(-S)
13720 Evr(KfrR
13730 Evi(I<)T
13740 Evr(M)-R
13750 Evi(M)--T
13760 M=M-2
13770 GOTO 12750
13780 SUSEXIT
13790 SUBEND'

13800 SUB Realve(N,Ivec,A(').Vecr(e),Evr(e),Evi(4),Work(e),Indic(').Eps,Ex)
13810 Baddta-(N(-O) OR WM<0) OR (Ivec(0@)
13820 IF Baddta-0 THEN 13860
13830 PRINT FNLinS(2)i"ERROR IN SUBPROGRAM Realve."
13840 PRINT *N-"sN.M-"iM,"Ivec-";Ivec;FNLin$(2)
13850 PAUSE
13860 OPTION BASE I
13870 ALLOCATE INTEGER Iwork(N)
13880 INTEGER I,Iter-,J.K,L,Ns
13890 Vecr(1 *vec)1l
13900 IF M1 THEN 14850

s.13910 Evalue-Evr(Ivec)
13920 IF Ivec-M THEN 14010
13930 K-Ivec+t
113940 R-0
139S0 FOR I-K TO M
13960 IF Evalue(>Evr(I) THEN 13990
13970 IF Evi(I)00 THEN 13990
13980 R-R+3
13990 NEXT I
14000 Evalue-Evalue+R*Ey
14010 FOP V-1 TO M
140,'e AU ': )-AU' ,K -Evelue

1 4040 "=,-i

140CO 1:7 0 THiEN~ 1412.2,

1409, 7l 1 .0 E E 1Z4
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14110 GOTO 14240

141Z0 IF ABS(A(I,I))-ABS(A(I+lI)) THEN 14190

14130 Iwor(I)
1414, FOR J=I TO M
14150 R-AIlJ)
141E0 A( IJ )-A( 1+1 J)
14170 A(I+I,J)-R

14180 NEXT J
14190 Rc-AII1+1 11)/A(I I

14200 A(I+I ,I)=F
14210 FOR JsL TO M

14220 A(I+1 ,J)-A(I+ ,J )+R*A(I,3)

14230 NEXT J

14240 NEXT I

14250 IF A(M,M)>O THEN 14270

14260 A(M.M)=EPs
14270 FOR I-I TO N

14280 IF 1>1M THEN 14310

14290 Work(I)=l

14300 GOTO 14320

14310 Wor(I)=0
14320 NEXT I

14330 Bound-.01/(Ex*N)
14340 N5-0
14350 Iteral
14360 R-0

14370 FOR I-1 TO M

14380 J-M-I+1
14390 S-Wort(J)

14400 IF J-M THEN 14460

14410 L-J+

14420 FOR K-L TO M

- 14430 Sr-Work(K)

- 14440 S-S-SrA(JK)

14450 NEXT K

14460 Work(J)-S/A(JJ)
14470 T-ABS(Work(J))

14480 IF R>-T THEN 14500

14490 R-T
14500 NEXT I

14510 FOR 1-1 TO M

14520 Wcr(I)-Wor(I)/R
14530 NEXT I

14540 RI-0

14550 FOR I-I TO M
1456 T-0
14570- FOP 1-1 TO M

1452, T-T+A( I 3 o)Wor (J)
i 4 E.Z" rqE >7
1459 jE J "

74E" I; T E1. '6EX0

4E.O : er= TE % 14E66
4953 iV F'evi' = : 1 ' ., i455

14E0 FSJ I- TO M

4670 Ve: ,: e c wr

",S " , " , - , , . • • " . . . . . . . , ,' ' ' . . . %' , - ', .' . -, ' ._.., ''' '' .,. '' . " 7

S '% %
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146E0 NEXT I
14E90 F-evi5-PI
14'700 IF Ns-1 THEN 14850

14710 IF Iter.E6 THEN 14860
14720 Iter-Iter+i
14'-7 IF R'Bound THEN 14750
14740 N5=1
147S50 l- I
14760 FOR 1-1 TO K~
14770 R-Wori.(I.1)

14780 IF Itwor (I ).0 THEN 14820

14790 Wor (1+1).Work(l)+Work(I+))A(I+1,I)
14800 Wori (I)-R

14810 GOTO 148130

14S20 WorHI1+1)-Work(I)*(I+,I)+Work(1+1)
14F30 NEXT I
14840 GOTO 14360

14850 lndic(lvec)2
14860 IF M=N THEN 14910
14870 J-M+1
14880 FOR I-J TO N
14890 Vecr( I Ivec )-
14900 NEXT I
14910 SUBEXIT
14920 SUBENO'

14930 SUB Compve(N,MIvecA(*).Vecr(),H(),Evr().Evi(),Indic(*).Subdia(
k (o*) Eps .Ex
14940 Baddta*(N(0O) OR (M(0O) OR (Ivec(0O)
14950 IF Baddtae0 THEN 14990
14960 PRINT FNLinS(2Zh"ERROR IN SUBPROGRAM Compve."
14970 PRINT "N-,N.*M-;M.Ivec-,IveciFNLflnS(2)
14980 PAUSE
14990 OPTION BASE 1
I50M ALLOCATE INTEGER Iwork(N)
15010 ALLOCATE Wo IJ(N),Work2(N)
15020 INTEGER 1,11,12,Iter,.K,L,Ns
1S030 Fksz-Ev-(Ivec)
15040 Ete-Evi(Ivec)
15050 IF Ivec.M THEN 15160
15060 YKIvec+i
15070 P-0
15080 FOP I-K TO M
15090 IF F~si,-Evr(I) THEN 1S120
is5100 IF ABS(Ets) <>ABS(Evi(l)) THEN IS120

15110 pP.R3
15130 NEYT I
I13IZ P=F#E.
15140 Po5 i-F~s1 .P

ISSI



302

15:30 FOR K-I TO J

15240 D-O+H( I K )H( K J
lK250 NEXT V<

15--70 NEX(T J1

15290 NEXT I
iS300 FOR I-i TO L
15310 R-Subdx8a I)

1sZ:0 A( I+ I I )--S.R

153740 FOR J-1 TO 11

15350 A(J .1)=A(J .1)+R*H(J I+1)

15350 NEXT J
15370 IF I-1 THEN 15390

15390 FOR J-I TO M
15400 Ae 1. J -A(1+1 ,J)+R*H I *J
15410 NEXT J
15420 NEXT I dl

15440 FOR I-1 TO K

15460 12-1 +2

15470 Iwork I)-@
15480 IF I-K THEN 15S00
15490 IF A(I+2,I)(>0 THEN 1SS40

15500 IF A(1+l,I)<>@ THEN t5540

15510 IF A(II)<>O THEN 15770

15520 A(l.U)-Eps
15S30 60TO 15770

15540 IF I-K THEN 15600

15550 IF ABS(A( 1+? 1I~ ABSCA( 1+2 .)) THEN 15600

15560 IF ABS(A(I,Ifl>ABS(A(I+ZI)) THEN 15700
15570 L-I+2

15580 IworHI)Z
15590 60TO 15630
15600 IF A8S(AII))>A8S(A(I+lI)) THEN 15680
15610 L-I+I

156210 IworH(I)-l
15630 FOR J-I TO M
1564e R-A(I J )J
15650 A(IJ )-A(L,J)

15660 A(L,J)-R
IS670 NEXT J
15560 IF Ic THEN I5700

'5-690 12.11
15700 FQ)P L-11 TO 11Z

P .. 1

+P -A
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4, S800, POP 1-1 TO N~

lz1o, 1:: I)M THEN 1SES0

IS2ZO ve:r I ,Ivec-1)'

I EE0 Yjecrl I ,Ivec- 1 1-
ISE70 NEXT I
ISS80 Bound'.0I/(E.-*N)
15890 N 0
15900 Iterl1
1S910 FOR 1-1 TO M
1 SK20 WJo'- (I )-H( !,I )-F 51

15930 NEXT I
15940 FOR I-I TO M

5s950 D-Wor . I 'Yecr(lI,lvec)
15950 IF 1-1 THEN 15980
15970 D*D4Subdia( 1-1 ).ecr( I-I ,Ivec)
15980 L1I+l

15990 IF L>M THEN 16030
16000 FOR K-L TO M~
16010 O-O+H(I,K)*Vecr(K,Ivec)
16020 NEXT K
16030 Vecr(IIvec-1 )0-Eta*Vecr(I,Ivec-l)
16040 NEXT I
16050 K*M-)
16060 FOR 1.1 TO K
16070 L-1+hIjork(I)
16080 R-Vecr(L.Ivec-1)

1 6090 lecr(L,Ivec- )-Vecr'(I*Ivec-1)
16100 Vecr(I.Ivec- )-R
16110 Vecr( 1+1 Ivec-1 )-Vecr( 1+1,Ivec-1 )+A( 1+1.1 ).R

16120 IF I-K THEN 16140
16130 Vecr(I+2,Ivec-1).Vecr(I+2,Ivec-l)+A(I+2.I)*R
16140 NEXT I
16150 FOR Iml TO M
16160 J*M-I+1

16170 O-Vecr(3.lvec-1)
16180 IF J-M THEN 16240
16190 L-J+1
16700 FOR K-L TO M

16220 DvO-D1.Vecr(YK,Ivec-1 I
16Z30 NEXT v
16 240 Vecr ( J , Ivec -1 )O0 J .J
16250 NEXT I
16260) FOR 1-1 TO M

1E6?7e D-Wo- Ci l.e I ,Ivec-1
iEZE 1 1- THEN 16300

iT E

E-2~~Z

-E~ ::~ : E z

.E T, m. 
*4..

.4*.4'.4 ~~ 744.r . * 4- . . .. .... .. 4.

... .4 -. 4 .4.4.-..4.4.4.. 4.4 4. ., 4 4. . . . . . .4 . . .4 . 4.4 .4.4

I~4,4 E 44 .,. .
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16370 L1l

16390 FOR 1=1 TO M
12400 R-Vecr(I,Ivec)^ +Yecr(I.V,,ec-) 2
6410 IF Re'-S THEN 16440
64,"0 S-R
16430 L-I
6440 NEXT I
164S0 U-Vecr(L,Ivec-1)
16460 V-Vecr(L,Ivec)
16470 FOR I-) TO M

1 6480 8=Vecr-(I,Ivac)
16490 R-Vecr-(l.Ivec-1)
16500 Vecr(IIvec)(R*U+B*V)/S
16510 Vecr(I,Ivec-1)(8*U-R*V)'S
165'20 NEXT I
16530 5-0
16540 FOR I-I TO M
16550 R-Wor-k(I).Vecr(I.Ivec-1 )-Eta*Vecr'(I.Ivec)
16560 U-Work( I 'Vecr( I,Ivec )+Eta'Vecr( I Ivec-1)
16570 IF I-1 THEN 16600
16590 R-R+Subdia( I-I)*Vecr( I-I ,Ivec-1)
16590 U=U+Subdia( I-i )*Vecr( I-i ,Ivec)
16600 L1I+l
16610 IF L>M THEN 16660
16620 FOR J-L TO M
16630 R-R+H(I,J)*Vecr(J,Ivec-1)
16640 U-U+H(IJ)*Vecr(J,Ivec)
16650 NEXT J
16660 U-R*R+U*U
16670 IF 8>-U THEN 16690
16680 8-U
16690 NEXT I
16700 IF Iter-l THEN 16720
16710 IF Prevl3<(6 THEN 16830
16720 FOR I-I TO N
16730 Work(I)-Vacr(IIvec)
16740 Wor-k2( I)-Vecr( I,Ivec-1)
167S0 NEXT I
16760 PreVLS8e
16770 IF Nsal THEN 16870
16760 IF Itar>6 THEN 16890
16790 ItermInter+1
16800 IF Bound>5QR(S) THEN 15940
16810 Ns-1
16820 GOTO 15940
16830 FOR 11I TO N
16840 Vecr( I,Ivec )Workl (I)
168S0 Vecr( I,Ivec-1 )-Wor'.2( I)
16860 NEXT I
16870 Indic( Ivec-1 )s2
16880 Indxc(Ivec).,
16890 SUBEND'

16900 DEF FNLiriS(X1)

16910 X-INT(XI+.5)
16920 IF K-0 THEN RETURN CHRS(13)
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i 694Q)F 0 T,4EN Eo i SC~zi 10

69SO ALLOCATE RSEX*LENE: iSJ

6960 RS-''
16970 FOR I-1 TO X

15920 PS-RS&EoIS
16990 NEXT 1
17000 RETURN PS
17010 FNENO'

%
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30 Program name: HZPCNCA
30

40 This program performs an out-of-plane normal coordinate analysi5 (NCA) on

SO free base phthalocyanine. The NCA is conducted ising the Fr matri. -etmoo.

60 The out-of-plane motion is modeled using the internal cccrainate5 Iescribed

70 in chapter 7 of this dissertation. This particular program calculates tne

80 1 Au vibrations. The Blu, 82g, and 83g vibrations can be calculated by
90 1 replacing the data statements with those appropriate for the specific
100 1 vibration symmetry. The data statements for the Blu, 82g, and 83g

110 1 vibrations are included at the end of this program.
120 I5IIIIliIIIIIIlli! !lIilti!IIlIIIIlllllllll igIIIIIIIIllIIII III l

130
140 OPTION BASE I
15 PRINTER IS I

166

180 I Matrices used:
196 I

206 A(.)-Energy (FG) matrix.

210 Evr(o)-Real eigenvalue matrix.
220 I Evi(e)=Imaginary eigenvalue matrix.
230 1 Vecr(*)=Real eigenvector matrix.

240 I Veci(*)-Imaginary eigenvector matrix.
2S@ I Indic(*)-Matrix diagonalization indicator matrix.
260 I F(*)-Potential energy (F) matrix.

270 I G(o)-Kinetic energy (G) matrix.
280 1 Vib(o)-Vibrational frequency matrix

290 1 Fpert(*)mPerturbation matrix for vibrational mode fitting.

3 00 . ! tIlI II I I I I III I I I Ii .I . tI I I | |I l i III

310

326 DIM A(30,30),Evr(30),Evi(30),Vecr(30,30),Veci(30,30),Indic(30),F(30,30),G(30
,36),Vib(30)

330 DIM Fpert(30,2)

340 OUTPUT ZiCHR(2SS)&"K";
3S Ampfl I Amplification factor for vibrational fitting routine.
360 0ev-I Default printer set to the screen display.
370 N-23 Number of symmetry coordinates used in the NCA.

380

390 lltIIlIllIlltlll 1llll1l1 lf1 I I I I llll11 Ill II Il II Il 1~ III) 11111 p

400 I Selects those coordinates not needed in a particular symmetry in

410 the F and 6 matrices.
420 I II ~l l ~l i!llII l 111lt11l 11l11lll iI II 11 r ll l Irt lII 11111 l11 11

430
440 YI-19

450 Y2-0
460 Y3-0
470 Y4-0
480 YS-0
490 YG-0

500 Y7-0
510 Y8"0

0
N .
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Sz0 Y9=0
530 Y10=0
540
550 I II1l11 lII llI l1 l1 ll11 l1 III II lll11 ll1 llll1l1ll lllll111lll i ll 11 l11

560 Reads in force field into F matrix from data statements.

570
580 R-Row.
590 C-Column.
600 Sd-Flag - 0 to add, I to subract.
510 Fell-Force constant 1.
620 Fel2-Force constant 2.

I I I I I I g i i I I I I I I I I I I I I I I I I I l l l I l I l l I I I I l I l l l l l l I I l l l l l I I I I I I I

640
650 READ R
660 IF R-9999 THEN 870
670 READ C,Sd,Fell,Fel2
680 IF Sd-O THEN Fel-Fel+Fel2
690 IF Sd-i THEN Fel-Fell-Fel2
700

720 Deletes rows and columns in F matrix which are not needed.

740
750 IF Yl=R OR Y1=C THEN Fels
760 IF Y2-R OR Y2-C THEN Fels
770 IF Y3-R OR Y3-C THEN Fel-

780 IF Y4-R OR Y4=C THEN Fel-0
790 IF YSR OR Y5-C THEN Fel-0
800 IF Y6=R OR YE-C THEN Fel-0

810 IF Y7?R OR Y7-C THEN Fel-0
820 IF Y8-R OR Y8-C THEN Fel-
830 IF Y9gR OR Y-C THEN Fel-0
840 IF Yl1=R OR Yle-C THEN Fel-0
850 F(R,C)-Fal

860 GOTO 550
870 READ Fin$

880 PRINT Fin$
890 PRINT
900

910
920 Reads in 6 matrix elements from date statements.
930

940 RaRow.

950 C-Column.

960 Sd-Flag - 0 to add, I to subtract.
970 e651-6 matrix element 1.

98e Gei2-G matrix element 2.
990 l t l llll 1ll 11l I 111 ll lllll lll lll lll l lllllll llllll 1 1Il I III 1 l

7000 I

1010 READ R
le:O ;c P-09989 THEN~ 1230
1030 OE , ,Sc,6e1 ,eiz

1040 1 CT=E HEN Gee1e+Ge!2
1zS I Sc=1 THEN Ceel-Gell-Ge::

loa-C I

I0& ,Deletes rc, and colwmrs in G matri- wrich are not reeued.

'Io -7 111
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1110 IF Y1-R OR Y1-C THEN Ge1-0
1120 IF Y2-R OR YZ-C THEN GelI0
1130 IF Y3-R OR Y-C THEN Gel-0
1140 IF Y4-Q OR Y4-C THEN e81-0
115 IF YS-R CR YS-C THEN 6el-0

1160 I YS-R OR Y6-C THEN 6e1-0
1170 IF Y7-R OR Y7-C THEN 6e-0
1180 IF Y8-R OR Y8-C THEN GeI-0
1190 IF Y9-R OR Y9-C THEN 6el-0
1Z00 IF YIO=R OR Y1O-C THEN 6e1=0
1210 G(R,C)-6eI
1220 GOTO 1010
1230 READ Fin$
1240 PRINT Fin$
1250 PRIP'T

1260 I

1270 ilI11II111I11iI1l111 111I 11l 1111l 111111IIl I ii !1!11l ii iii II III"

1280 1 Generates symmetric F and 6 matrices.

1300 "
1310 FOR Rai TO N

1320 FOR C-R TO N
1330 F(C,R)-F(R,C)
1340 6(C,R)-n6(R,C)

1350 NEXT C
1360 NEXT R
1370 '

1380 111ff tilt t I1* t1 f1lttlltl l IIll IJ! )1111 1 |i

1390 1 Removes zero rows and columns from F and 6 matrices and reduces their
1400 dImens3ons.
1410 II!!! ! !! I! ' liil !!11l1111l111lllli 1l11l1ll1111111111111111111lli119111

1420 e

1430 FOR C-1 TO N

1440 SumO
1450 FOR R-i TO N
1460 Sum-6(R.C)+Sum

1470 NEXT R
1480 IF Sum<>O THEN 1690
1490 FOR Z-C TO N

1500 FOR R-I TO N
1510 IF Z-N THEN F(R.Z)-0

1520 IF Z-N THEN 6(R,Z)-O
1530 IF Z-N THEN 1560
1540 F(P,Z)-F(RZ+1

1SSO G(R.2)-G(R.Z+I
1560 NEXT R

1570 NEXT Z
1580 FOR Z-C TO N
1590 FOP P1 To t
1600 IF Z-N TEN F, 2 ,P -0

7E! ~~~ HE Z~ N C , =

1650 NET F

*99
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1660 NEXT 2
IS70 N-N-1

Isia~ rK. 1O
! i0 ',E ' C

i -0 Mu I t ipI es the F ani 5 ,iatr-ice5 to 1 'iejd hne Ma!,
17ZO daonaization.

740

1760 FOR R-1 TO N
1770 FOR C-I TO N
1780 Sum-@

790 FOR El-I TO N
1800 Sum-G(R.EI)*F(EI,C)4Sum
1810 NEXT El

18KI0 A(R,C)-Sum
1830 NEXTC
1840 NEXT R

1850

1870 1 Call subprogram Eigen to diagonalize the FG m~atrix.
1I s e @ I I I I I I I I I I I I I I I I I I I I I I

1890
1900 CALL Eigen(NA( *) ,Evr( *) ,Evi( *)I,Vecr( * I,Veci( * I,Indic( * I
1910 BEEP

1940 0 Shell sorts the aigenvalues and sigenvectors.
1950 ISorted in increasing order with respect to eigenvalue.

1970
1980 Pass-N
1550 Pass-INT(Pass/2)
2000 IF Pas- THEN 2220
2010 FOR StIl TO Pass
2020 li-St
2030 Jj-St+Pass
2040 Sww0
2050 IF Evr(Ii)(-Evr(Jj) THEN 2150
2060 Swal
2070 Avr*Evr(Ii)
2080 Evr( Ii )-Evr( Jj
2090 Evr(JjIoAvr
Z100 FOR R-I TO N
2110 Avc-Vecr(R.Ii)
2120 Vecr(R,Ii)-Vecr(R,Jj)
2130 Vecr(R,Jj IAvc
2140 NEXT R
2150 IL-Jj

2170 IF JjN+l THEN 2050

2180 IF Sw-0 THEN 2200
2190 GOTO 2020

2200 NEXT St
22,10 GOTO 1990

2220 IF Pertfig-I THEN 4490

* .. -. %
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::~ .'3 tneA ~ r *!'5:ree- :)r )n 3 ~I wI . . . . .

-:=3 P :N7E;; 15 Oev

Z)0a PINT
221; F0INT Au Voat1rai Modes for Free Base Phthaiocyar re'

22Z PRINT

2330 PRINT

2360 ' P~ints the F "atrI<.

2390 PR INT ----------------------------------- F Mat rix ------------------- ---

2400 PRINT
2410 PRINT

2420 L-INT(N/8)+l
2430 E-8
2440 Zol
2450 FOR B-I TO L
2460 IF B-L THEN E-N
2470 FOR C-Z TO E

2480 PRINT USING 2490,C
2490 IMAGE XX,DOOXXXXX,*
2500 NEXT C
2510 PRINT
2520 FOR R-1 TO N
2530 J-Z
2540 FOR C-Z TO E
2550 IF J-E THEN PRINT USING ZS60iF(R,C)
2560 IMAGE DO.00000
ZS70 IF J-E THEN 2600
2580 PRINT USING 2590gF(R,C)
2590 IMAGE DD.DODDD,XX.I
2600 J-J+l

2610 IF JYE THEN J-Z
2620 NEXT C
2630 NEXT R
2640 PRINT
2650 PRINT
2660 Z-Z B
2670 E-E 8
2680 NEXT 8
2690 PRINT
2-00 PRINT

2-S0 POIN - ----------------------------------- -3 Matr - ------

Z PP:NT

• 1
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2780 PRINT
2790 L-INT(N/8) 1

2800 E=8
2910 Z-1

Z8Z0 FOR B-I TO L
2930 IF 8-L THEN E-N

2940 FOR C-Z TO E
28S@ PRINT USING 28601C

2860 IMAGE AX,DDD,XXXXX,#
2870 NEXT C
2880 PRINT
2890 FOR R-1 TO N

2900 J-Z
2910 FOR C-Z TO E

2920 IF J>-E THEN PRINT USING 2930;G(R,C)

2930 IMAGE DD.DOODD

2940 IF J>-E THEN 2970
2950 PRINT USING 2960G(R,C)

2960 IMAGE OO.DOOOO,XX,$
2970 JaJ+!
2980 IF J>E THEN J-Z
2990 NEXT C

3006 NEXT R
3110 PRINT

3020 PRINT
3030 Z-Z+8

3040 E*E+8
3959 NEXT 8

3060 PRINT

3070 PRINT
3080 1
3090 I I 111 l1 l IlI lll11 lI lll1l111 I1 II1I11 lii lii l i iii I I | !

3100 I Prints the 6 matrix row/column sums.
3 1 1 0 9 i i l l l l l l t l l l I Il | | l lI I I I I I lII I i I lI | I i t

3120 I

3130 PRINT -------------- G Matrix Row Sums "-

3140 PRINT
3150 PRINT
3160 FOR C-1 TO N

3170 Sum-@
3180 FOR R-1 TO N
3190 Sum-Sum 6(R,C)
3200 NEXT R

3210 PRINT USING 3220,C,Sum
3220 IMAGE ODOOD.-,X,SD.IIOE

3230 NEXT C
3240 PRINT

3250 PRINT
3260
3 2 7 0 { {i I I I I I 1 I 1 t 1 1 1| 1 I I I I I I I I I l I ! 1

3"80 Prints the vibrational frequencies.
3290 ll I 111 nl lItI~ l { f lil~lnl~ll~ll ll~ lifl~ll 11111 I I I 1 ,II .

,%

3310 PRINT ------------------------ Normal Coordinate Anaiysis Results ,-

3320 PRINT

.%'
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3330 PRINT
3340 PRINT "Vibrational Eigenvalues: Numbers 1 TO"tNi"in cm-1"
-350 PRINT
3360 FOR R-1 TO N
3370 IF Evr(R).=0 THEN Vib(R)>(Evr(R)/1000*1.E+8*6.02E+23)^.S/2/PI/3.E+0
3.360 IF Evr(R)<0 THEN Vib(R)--(ABS(Evr(R))/10*1.E+886.02E+23).S/2/PI/3.E+I0

3390 PRINT USING 3400;R,Vib(R)
3400 IMAGE DODD. ."iX,DODDD.DDD
3410 NEXT R
3420 IF Dev-710 THEN 34S0
3430 DISP "Press Continue To Proceed"
3440 PAUSE

3450 DISP I
3460 FOR C-I TO N
3470 PRINT
3480 PRINT

3490 J-1

3S00 FOR R-1 TO N
3910 IF R>1 THEN 3590

3S20 '
3 S 3 0 I I Il I I I I I IlIlI ! ! ! li li l I l I I I I I I

3540 I Prints the eigenvector normal modes.
3950 Itl !~ l l ! ! ! ! l 11 1 I II II I! I ! I I I III ! I !l I lillllil !llll I

3S60 I
3970 PRINT "Vibrational Eigenvector for Eigenvalue"iCi":"iVib(C)1'cm-1"

3580 PRINT
3S90 IF Vecr(R,C)>-@ THEN Mot-I00*Veer(R,C)^2

3600 IF Vecr(RC)<0 THEN Mots-00*Vecr(RC)^2
3610 IF J>-8 THEN PRINT USING 3620tMot

3620 IMAGE DDOD.ODD
3630 IF J>-8 THEN 3660
3640 PRINT USING 3650iMot
3650 IMAGE DDDD.ODD.2X.

3660 J=J+i

3670 IF J>8 THEN J-1
3680 NEXT R
3690 PRINT

3700 IF Dev-710 THEN 3730
3710 DISP "Press Continue To Proceed"
3720 PAUSE

3730 NEXT C

3740 OUTPUT 2ICHRS(2S5)&'K" I
3750 05-"0"
3760 INPUT 'Do you want to fit vibrations" ,$

3770 IF QS-*Y" THEN 3970

3780 IF Q$:5"N" AND QS "Y" THEN 3750

3790 0$-"Q"
3800 INPUT "Do you want a paper print".$
Zqio IF Q5

='V' THEN Dev=710 L

Zq:0 IF O-"N" THEN Dev-1

3EO- S US "Y' AND US ."N" THEN 3790

7 e-'"2 a itratioral freauecy fit to oo~eved vibrations. F.
3E C ' e-':rme: u~iro returbation theo-y. Tne jpcroca:rh a5 s-es ha t~e 2

3E90 !"atri. 15 co-'e:t and refines the m etri. usir; tre e;ger-etc'5 j't. :

A• I": .. ' 4..;.-.'..<€.'.. ..-.............-:._..... €.. ................ ... ..
'=" Y "'' ' ' --- -' ' " , ' .% '-% 

% %
. %* '% %""." " •" "-" " " ", '- ". '.-_-";_. -"." " . - -
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3900 a ei~envalue fit is obtained.

3 q 0 I I I I i l t l i ~i l I I I I I I l l I I l I ~~l I i l l I I I .Ii' l ~ l I i

3941 Pnint5 the eienvalue5 to be seiected in tre fittzng rcutie.
I I I [ l l lI I i i i I I I l I I I I I I I I I IIi l l t l l l ~ l l { l I l l I I i l ~ l ; I i ,

3960
3970 PRINT "Virational Eigenvalues: NuMbers I to";N;lin cm-I'

3980 PRINT

3990 FOR P-I TO N
4000 PRINT USING 4010:R,Vib(R)
4010 IMAGE OOOO,"*.",IX,ODDOO.OOO
4020 NEXT R
4030 PRINT
4040 R-0
4050
4 0 6 0I I l l l i lIl I I l I I I I I I I I I I I I I l

4070 1 Selects the eigenvalues to be used in fit and inputs the values which
4080 1 are to be fit to.
4090 11111111i iii ll! l~it Iii I lili!! II iii !lli!! l11i11l Iili 11liIll II

4100
4110 INPUT "Eigenvalue Number(s) to be Fit: [CONT] to End",R
4120 IF R-0 THEN 4210

4130 IF R>N THEN 4040
4140 Fpert(R,2)1l

4150 PRINT "Eigenvalue'iRt" is to be fit'
4160 INPUT "Enter the NEW Eigenvalue",Fpert(R,1)
4170 PRINT "New:";Fpert(R,1)" Old:'iVlb(R)

4180 IF Fpert(R.I)>-O THEN Fpert(R,I)-(Fpert(R,1)*2*PI*3.E+10)^2/6.02E+23/I.E+8o
1000
4190 IF Fpert(Rl)<O THEN Fpert(R,1)--(ABS(Fpert(R,I)).2.PI.3.E+10)2/.02E+23/1
.E+8*1000

4200 GOTO 4040
4210 PRINT

4220 FOR P-1 TO N
4230 IF Fpert(P.2)-O THEN 4350
4240
4 2 5 0 l l lI l l l l llIl l l I IlI Il I lIl l l I lI I I l lI l l l lII I l l l I 1 1 1 1 I I I I I

4260 1 Refines force constants using elgenvectors.

4-70 t )ltI liii lti ll l i!IlI lII i lllllII l II l1 l11i 1111l 1 II,

4280

4290 FOR R-I TO N
4300 FOR C-1 TO N
4310 IF R0C THEN 4330

4320 F(RC)-F(RC)+(Fpert(P,1)-Evr(P))*Vecr(R,P)Vecr(C,P)°*Am
4330 NEXT C

4340 NEXT R
4350 NEXT P
4360 Pertflg-1
4370
4 3 8 0 ! l lI I l l I I l l l l I I 1 I I Ill l l I I It I I l lI I I I Jll l l l l l l ~ l P ji J

4390 1 Returns execution to part of program where F and G matrices are
4400 1 multiplied and the FG matrix is diagonali:ed.
44'0 Illil lpi I lll1 llll1l11llI llI 11 l1111ll I III IIiI ll liiir '

4410

4430 GOTO 1760

4440

.11
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4 4 5 0 i I l l I I I I l rI I I l I I l IlI I I

4460 1 Coa-es calculated and sought eigenvalues, and if less tran .01

447Z I wavenumbers 1 f erence e,.sI5ts, the routine 15 ter'i'atej.

4430 FOR R=1 TO N

4S00 IF Pzert(R,2)-O THEN 4560

4510 IF FPertIR,1 )'=0 THEN Pert=(Fpert(R,l )/1000*..E-9*.ZEc2<,.5,'

452 IF Foert(R,I ),' THEN Pert'-(A8S(Fpert(R.1 fliIO*I.E 6.22E . ,

E+10
4530 IF Evr(R)>0- THEN Chk-(Evr(R)/1000..E+88.0.2E+23)^.S/2/PI/3.E+10

4540 IF Evr(R)<O THEN Chk--(ABS(Evr(R))/1000*.E+8#6.02E*3)".S//PI/3.E 10
4550 PRINT "Sought:";Pert;" Present:";Chk

4560 NEXT R
4570 PRINT
4580 FOR R-1 TO N

4590 IF Fpert(R.2)-O THEN 4658
4600 IF Fpert(R.1)>0- THEN Pert-(Fpert(R,I)/1000.1.E+8.6.02E+23)^.5//PI/3.E+10
4610 IF Fpert(R.l)<O THEN Pert--(ABS(Fpert(RI))/1000*1.E+*.6.0E+23)V.5/2/PI/3.
E 10

4620 IF Evr(R)>-O THEN Chk-(Evr(R)/1000.1.E+8*6.02E+23)^.S/Z/PI/3.E+lO
4630 IF Evr(R)<O THEN Chk--(ABS(Evr(R))/1000*1.E+86.02E+23)^.S/2/PI/3.E+10
4640 IF ABS(Pert-Chk)>.01 THEN 4210

4650 NEXT R

4660 Pertflg-0
4670 GOTO 2280

4680
4 6 9 0 I I I I I I I I I I I I I I I g i i i I I I I I 1 1 1 1 1 1 1 1 1 1 ! 1 ! 1 1 1 1 1 I I 1 1 1 1 1 1 ! 1 1 1

4700 1 F matrix elements.
4710 I l l l l ! ! ll l~ l ! II ! 111II!1 11 1 1 1 11 1 1 ilI11 l ii I II l Il I! 111I Ii ii

4720
4730 DATA 1,1,0,. 9,0 I Row/Column A.
4740 DATA 2,Z,0,.19,0 I Row/Column S.
47S0 DATA 3,3,@.. 9,0 I Row/Column C.

4760 DATA 4,4,0..119,0 1 Row/Column D.
4770 DATA 5,S,0I. 9,0 I Row/Column E.
4780 DATA 6,6,0,. 19,0 I Row/Column F.
4790 DATA 7,7.0,.119,0 1 Row/Column 6.
4800 DATA 8.8,0..119,0 1 Row/Column H.

4810 DATA 9,9,0,. 9,0 I Row/Column I.

4820 DATA l0,10,0,.119,0 I Row/Column J.
4830 DATA 11,il,0,.119,0 I Row/Column K.

4840 DATA 12,12,0,.119,0 I Row/Column L.

4850 DATA 13,13,0,.19,0 I Row/Column M.
4860 DATA 14,14,0,.119,0 I Row/Column N.
4870 DATA 1. 1S.0,.3Z37.0 Row/Column 0.

4880 DATA 16,16,0,.3237,0 Row/Column P.

4890 DATA 17,17,0,.3237,0 Row/Column 0.
4900 DATA 18,18,0,.3237,0 Row/Column R.

4910 DATA 19,19,0..3237,0 Row/Column S.

4920 DATA 20,Z0,0,.3237,0 Row/Column T.
4930 DATA 21.21 ,0,.3237,0 Row/Column U.

4940 DATA 22,22.0,3237,0 Row/Coiumn V.
4950 DATA 23,Z3,0,.3237,0 Row/Column W.

4960 DATA 9999

4970 DATA F Matrix Loaded
4980
4990 llI II I Il Ii ' iI l

"';'9 : ? :-- ;.:. .¢ .:--i:- :.::--/- ... . -..-. . .:-.-.-: .... -. - .. ... ... ... . . ... - ... • . ... :. .p
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S SO DAT 1,Z,,-.3--0683347477 , -. 7_0682347477
ZIO :ATA !3,0,. 5034167'9-,. 160341673733

S070 DATA 1,,,.376687,

S080 DATA 1 lr-, ,. -0067SIS04,-.333006762SO4

S090 DATA I,61- 368655.136869
5100 D-ATA I :,,',.0347149906857,-.0347149906B57
SIia R ow/Caiumn 8 11 iiII II i

5120O DATA 'L,2,0,.5668934214036,.'2267573696i5
SI'M DATA 2 .3 ,0,-.4S3514739229 ,-.113378684807
5140 DATA Z,4.0-.3Z0693347478,0
5150 DATA 21,S,0,.0805797038531 *.0510728876983
5160 DATA 2.6,0,-.0494507276469,0
S17O DATA 2,15,1 ,-.47094267989S,.'.6001854527
SIN0 DATA 2,16,? ..47094267989S.-.0490944106454
5190 DATA 2,,? ,,-.226146200577,.0367387608396
5200O DATA 2,21,1 ,.03896770SIS94,0
S210 Ro/olm C

5220 DATA 3.3,0,.566893424036..2267S7363615
S230 DATA 3,4,0,-.6413666949S4.0
5240 DATA 3,5,0,-.2122 32295405.-. 18272547925!
5250 DATA 3.6,0,.0989014552938,.049-4507276469
5260 DATA 3,15,1 ,.26001854527,-.0490944!06454
5270 DATA 3,16,1 *-.470942679895,.04909441064S4
5280 DATA 3,20.1 *.390842340703.-.2 01434900966
5290 DATA 3,21,1 ,-.0779354103188,.0389677051594
5300 IIIII IIIIIIRow~/Co]lumn~ D 0
5310 DATA 4,4,0,.566893424036,0
5320 DATA 4,5.0.. 185184880494,. 185104880494
S330 DATA 4,6,0.-.0699338897075,-.069933889707S
5340 DATA 4,15,1 ,-.0347149906857,.03471499068S7
5350 DATA 4,16,1 ,.183860876595 ,-.183860876S9S
5360 DATA 4,20,1 ,-.267630505722,.267630505722
5370 DATA 4,21,1 *.055108657131 *-.0551086S7131
5380 R ow./Co lumn,~v E I I IIIIII IIIII I IIIItI

5390 DATA S,5,0,.32-337728364,.1026Z392793
5400 DATA 5,6,0,-.262922216048,.1030167452'83
5410 DATA S,7.0,-.254Z11554548,.0S10773809802Z
5420 DATA 5,8,0,.0914781725126,0
5430 DATA 5,16,1 ,.0697840705662,-.0442'304181914
5440 DATA 5,20,. -.276334047244,..167501525S476
5450 DATA 5,21 ,1 ,.2884S94471 ,.000594132862558
5460 gg igIIII I Rowi/Co lumr n F III I III II r I I I I I

5470 DATA 6,6,0,.23321393988,-.2.73298586424
5480 DATA 6,7,0,.2 9099S674509,-.2148762 83361
5490 DATA 6,8,0,-.09306S9140:8,.0587868'.11474
5500 DATA 6,16,1 ,-.04282SE863778,0
5510 DATA 6,20,1 ,. 1740367-20164,.00737992993753
5520 DATA 6,2'1,1 ,-.-'9377409633,-.185808381849

5530 Ro/olm G

5540 DATA 7.7,0,.764497398141 ,-.061"8674,'9647
5550 DATA 7,8,0,-.539S41002'4S6,0
5560 DATA 7,13,0,0,.091478172SIZ6 'nlI PND 4
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SS70 DATA 7,14,0,.05878682.11474,-.083 0658514029g 21) 7 4' 4

S5av) DATA 7,1,O , .05ES8229344S
S5Z80I DATA 7,20O,1
5600 DATA 7,21,1 ,.848428,.4:D6 5

56 O0A DTA 7,22,1 ,0,.0466704801694 Alhc 4

S 620 DATA 7,23,1 ,0,2 592930S 4 322 i !D4
5230 111fli Row,Column H f li

S640 DATA 8,8,0,.'7644973 98141 ,-.0612-8674Z3647 Ii Arj 4
5650 DATA 8,13,0,.0510773809902',-.ZS421155S4S48 3 ;ND 4
5660 DATA 8,40-247236 .9957S9 II3 0ND 4
5670 DATA 8,19,1 ,O,-.3664O4OS4S96
5680 DATA 8,20,1 ,-.0466704801694,0
S690 DATA 8,21,1 ,.ZSS293054322.0
S700 DATA 8,22,1 ,0,-. 103635317135 Il"1 AND 4
5710 DATA 8,23.1 ,.042837096158,.48S418S46828 11111 3 AND 4
5720 IfI II I I I I Row, /CoII lmn I i IjIIIII IIIIII I IIIIII

5730 DATA 9.9,0,.5668934-14036,0
5740 DATA 9,10.0,-.320683347477,-.320683347477
5750 DATA 9,11 ,0..160341673739,.160341673739
5760 DATA 9,12,10,-.113378684807,10
5770 DATA 9.17,1 ,.333006762504,-.33300D6762S04
5780 DATA 9.18.1 ,-. 183860875595,. 183860876595
5790 DATA 9,22,1,*.0347149906857,-.0347149906857
58 0 i i III I Row/Co lumni~ J IIIIIIII II IIII II II

S810 DATA 10.10,0,.566893424036,.2267S736961S
S820 DATA 10,11 ,0,-.4S3514739229,-.113378684807
5830 DATA 10,12 ,0,.320683347478,0
5840 DATA 10,13,0,.0805797038531 ,.0510728876983
5850 DATA 10,14,0,-.0494507276469,0
5860 DATA 10,17,1 ,-.470942679895,.26001854527
5870 DATA 10,18,1 ,.47094267989S,-.04909441064S4
5880 DATA 10,22,1 ,-.226146200577,.0367387608396
5890 DATA 10,23,1 ,.0389677051594,0
5900 IIIII II I Ro w. /Co lumn~v. K I II IIII II IIII II I II tI II

5910 DATA 11,11 *0,.S66893424036,.226757369615
5920 DATA 11 ,1Z.O.-.641366694954,10
5930 DATA Ii ,13,0,-.2'122 32295405,-.18272S47925
5940 DATA 11 ,14,0,.0989014552938..0494507276469
5950 DATA 11,17,1.2600185S4S27,-.0490944106454
5960 DATA 11,18,1 ,-.47094267989S,.0490944106454
5970 DATA 11 .2,1 ,.390842340703.-.201434900966
5980 DATA 11,23,1 ,-.07793S4103188,.0389677051594
5990 III I I I I Row/Column, L~II IIIII I I I

6000 DATA 12.12,0.566PS3424036,0
6010 DATA 12,13,0..186184880494,.186184880494
6020 DATA l2.14,0,-.069933889707S,-.069933889707S
6030 DATA 12,17,1 ,-.0347149906857,.0347149906857
6040 DATA 12,18,1,..183860876595,-.18386087659S
6050 DATA 12,2,1,- .267630S05722.,.2676E30505722'
6060 DATA 12.23",1 .055108657131 ,-.0551086S71318

6080 DATA 13,13,O,.32-3Z77Z8364.0632

6090 DATA 137,14,-.25 222216048,.103016745283
6100 DATA 13,18,1,.06978407OS662,-.044Z304181914
6110 DATA 17,I9,I -.268094916899,0
6123 DATA 13,22'.1 -.2-76:340472,44,. 1675015254760
6110 DATA 12',23,1 ,.2-8249914471 ,.000594i3-2B62SS
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6140 Il i II I Row/Column N I Ii I i N i i i

6150 DATA 14,14,0,.333321393988,-.273298586424
6160 DATA 14,18,1 ,-.042825S863778,0

6170 DATA 14,19,1,.445083571317,0
6180 DATA 14,22,1,.174036720164,.00737992993753
6190 DATA 14,23,1,-.29377409633,-. 18808381949

6200 44 4I Row~/Colum'n 0
6210 DATA 15,15,15,l.4043443166,-.280297304107

6220 DATA 15,16,1,-.280297304107,,042S170068027
6230 DATA 1.20,1 ,.042S1700G8027,0

6240 !ll! 4 4 4 4 4 Row/Column P 4 4 4 4 I 4 4| 4 I I II I I I

6250 DATA 16,16,1,1.4043443166,0
6260 DATA 16,20,1,-.20962993117,.0318167001907
6270 DATA 16,21,l,.0337470225952,0

6280 I I .I !l Row/Column Q 4 I 4 4 4 4 4 4 4 4 4it | I i I ii i 4 l
6290 DATA 17,17,l,1.4043443166,-.280297304107
6300 DATA 17,18,1,-.280297304107,.042S170068027

6310 DATA 17,22,1,.0425170068027,0
6320 I 4 44! !!! Row/Column R ! I I 41 4 4 4 I 4 I I
6330 DATA 18,18,1,1.4043443166,0
6340 DATA 18,22,1.-.250962993117,.0318167001907
6350 DATA 18,23,1,.0337470225952,0

6360 !! 141141 Row/Column S 44411! 'i' 1 ' 14 i | 4 44

6370 DATA 19,19,1,1.S5488461455,0

6380 DATA 19,22,0,.022697123287,.022697123287
6390 DATA 19,23,0,-.148555354853,-.148555354853
6400 'II'.44441444 Row/Column T 44l444141411 III '11. 1!!! 111.11 14l i 44
6410 DATA 20,20,1,.386448961524,-.15585112319

6420 DATA 20,21,1,-.188670742999,.0252538685337

6430 1114141411111 Row/Column U 441141444 1114 4 1 !1 ! 4! I l IIl!l!!l4141444
6440 DATA 21,21,1,.421776560109,.0299414965S97

6450 DATA 21,23,1,0..0409943591762 !!4 1 AND 4
6460 4 4 411 4 4 I Row/Column V 4 ll 4 l 44 4I l I II lIII'II II i'' I 4 !44
6470 DATA 22,22,1,.386448961524,-.1658511Z319
6480 DATA 22,23,1,-.18867e742999,.0Z52538685337
6490 111!1111111!! Row/Columrn W l 4444 l44 l II 4 44l4lllllll I l4 l

6500 DATA 23,23,1,.421776560109,.0299414965597

6510 DATA 999
6520 DATA G Matrix Loaded

6530 END
6540

6560 4 Subprogram Eigen is attached at this point in the program. A listing
6570 I of Elgen is given at the end of VDWNCA.

6 88 04 I I 4 4 4 4 I 4 I I I 4 I lI I 4 Iil

- -.-. ,-.
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ii 4ll41441444444444! 44||l l iii I lll 11111111Il II l Illllll t I I I1 ii

20 F and 6 matrix elements for free base phthalocyanine used to

30 calculate Blu vibrations in program H2PCNCA.

50

I 6 0 l l t I 4 I I I I i I 4 Il l l l llIl l llIl l I IIIl l l l t I I i

70 F matrIA elements.
8 I l I I l l llI l l l l l l l l lIl l lI I lI IlIl I III l l l Il I II I I

90

100 DATA 1 ,,.,,9,0 Row/Column A.

110 DATA 2,2,0,.19,0 Row/Column B.

120 DATA 3,3,0.29,0 Row/Column C.
130 DATA 4,4,0,.119.0 Row/Column D.

140 DATA S,5,0,.119,0 Row/Column E.

150 DATA 6,5,0,.19,0 Row/Column F.
160 DATA 7,7,0,. 119.0 Row/Column 6.
170 DATA 8,8,0,.19,0 Row/Column H.

180 DATA 9,9,0,.19,0 Row/Column I.

190 DATA 10.10,0,.119,0 I Row/Column J.

200 DATA 11,11,0,.119,0 I Row/Column K.
210 DATA 12,12,0,.119,0 Row/Column M.
220 DATA 13,13,0,.119,0 i Row/Column N.

230 DATA 14,14,0,. 119,0 i Row/Column 0.
240 DATA 15,1S,0,.3237,0 I Row/Column P.
250 DATA 16.16,0,.3237,0 1 Row/Column 0.

260 DATA 17,17,0,.3237,0 Row/Column R.

270 DATA 18,18,0,.3237,0 Row/Column S.

280 DATA 19,19,0,.3237,0 Row/Column T.
290 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,Z3,0,.3237,0

330 DATA 9999

340 DATA F Matrix Loaded

350
3 6 0 I I 4 l lI l lI l l l l I i Il l l l llI t l l l l l l l l l l l I l I 4 I I I I I 4 4 4I

370 1 6 matrix elements.
3 8 0 I I l l I I 4 l I l l l l l l l l l l l l l l l l l l l l4 l l l l I I I I I I I I I I I I III I I I I

390
400 IIII IIII II I R ow /Co lumn A I II I II I I l l l II I II I i I I I III I 4

I%410 DATA 11,0..566893424036,0

K 420 DATA 1.2,0,-.320183347477.-.320683347477
430 DATA 1,3,0,.160341673739,.16034)673739

440 DATA 1,4,0,-.113378684807,0

450 DATA 1,15,1..333006762504,-.333006762 S4

460 DATA ,16,1 ,-.183860876595,.183860876595
470 DATA 1,20,1,.03471499068S7,-.034714996857'

480 4I444444i4ff' Row/Column B ii Iiiil8llllIiiii i i iiiiii

490 DATA 2,2,1 ,.5668934240 .$267S736961S
500 DATA 2,3,1 ,-.4S3S14739:29.-.11337868480-

SIN DATA Z ,4,1 ,.7'OEK347478,e
ilk CATA ,5, .0s05T9'038521 , .0Sl0'2B9AE9A

A
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530 DATA 2 ,6,1,-.0494507276469.0
540 DATA 2,15,0,-.470942679895,.26001854527
550 DATA 2,16.0,.470942679895,-.0490944106454
50 DATA 2,20,0,-.226146200577,.0367387608396
570 DATA 2,21,0,.0389677051594,0
580 IIIIIIIIIIIII Row/Column I I Ii1

I  I I  I

590 DATA 3,3,1,.566893424036,.2267S7369615
600 DATA 3,4,0,-.641366694954,0
610 DATA 3,5,1,-.212232295405,-.18272547925
620 DATA 3,6,1,.09890145S2938,.0494507276469
630 DATA 3,15,0,.26001854527,-.0490944106454
640 DATA 3,16,0,-.470942679895,.0490944106454
650 DATA 3,20,0,.390842340703,-.201434900966
660 DATA 3,21,0,-.0779354103188,.0389677051594
670 IIIII I IIII Row/Co u mn D I!!!!!1!!1!I !!!!!!!!!!!!!!I 01 1 1 I

680 DATA 4,4,0,.566893424036,0
690 DATA 4,5,0,.186184880494,.186184880494
700 DATA 4,6,0,-.0699338897075,-.0699338897075
710 DATA 4,15.1,-.0347149906857,.0347149906857
720 DATA 4,16,1,.183860876595,-.183860876595
730 DATA 4,20,1,-.2676305O5722,.267630505722
740 DATA 4,21,1,.055108657131,-.055108657131
750 i i1 i ii111 1l Row/Column E !I!!! !!!!!!! I!! 4I! ! i i i
760 DATA 5,5,1,.32337728364,.10262382793
770 DATA 5,6.1,-.262922216048,.103016745283
780 DATA 5,7,1,-.254211554548,.0510773809802
790 DATA 5.8.1,.0914781725126,0
800 DATA 5,16,0,.0697840705662,-.0442304181914
810 DATA 5,20,0,-.276334047244,.167501525476
820 DATA 5,21,0,.28849914471,.000594132862558
830 1l1 I jl! !! Row/Column F II ll. I ll l I !II I t l!! I l41 lllI lllll I II

840 DATA 5,6,1,.333321393988,-.273298586424
850 DATA 6,7.1,.290995674509,-.214876283361
860 DATA 6,8,1,-.093065914028,.0587868211474
870 DATA 6,16,0,-.0428255863778,0
880 DATA 6.20.0,.174036720164,.00737992993753
890 DATA 6,21,0,-.29377409633,-.185808381849
900 I!1!11!!11!!! Row/Colum n 64 I I1!1 ! 1 !1 ! 1I II I

I I 
I i

910 DATA 7,7,1,.764497398141,-.0612867429647
920 DATA 7.8,1,-.5995410024S6,0
930 DATA 7,13,1,0,.0914781725126 ill) 1 AND 4
940 DATA 7,14,1,.0S87868211474,-.0930659514028 Illil 3 AND 4
950 DATA 7,19,0,0,.0676832193445
960 DATA 7,20,0,.103635317135,0
970 DATA 7,21,0,-.485418546828,-.0428370961158
980 DATA 7,22,0,0,.0466704801694 11111 1 AND 4

990 DATA 7.23,0,0,-.259293054322 44444 1 AND 4
1000 II II I IIII I R ow /C o lumn H I 1 1 I IIIII I I I III I I 4 IIIII

1010 DATA 8,8,1,.764497398141,-.0612867429647 1,1'' 1 AND 4

1020 DATA 8,13,1 ,.0510773809802,-.254211554548 I'll 3 AND 4
1ZO DATA 8,14,1 ,-.214876283361,.290995674509 1i1 3 AND 4
te40 DATA 8,19,0,0,-.366404054596

1050 DArA E,2,0,-.04EE704801694,0

1060 DATO ,; ,,252352,
I '7C CF.TA 2 0,0-. 10363517175 1'i 1 AND 4
1080 DATA 8,2:,0,.0428370961158,.485418546828 III 2 AND 4
12 90 t l l 11ll t l 1l R o w /ic o lu m I I I I I I I I 1 1 1 1 i 1 I I
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1100 DATA 9,9,1.S66893424036,0
111 DATA 9.10,1,.3.10683347477,-.320683347477
1120 DATA 9,11,1 ,.160341673739,.160341673739
1130t DATA 9,12,1,-.113.378684807.0
1140 DATA 9,17,0,.333006762504,-.333006762504
11SO DATA 9,18,0,-.183860876595,.183860876595
1160 DATA 9,2,0,.O.0347149906857,-.0347149906857
1170 III III I IRow./Co]lumn~ J

1180 DATA 10,10,1 ,.566893424036,.2267S7369615
1190 DATA 10,11,1 ,-.4S3S1473S9229,-.113378684807
1200 DATA 10,12,1 ,.320683347478,0
1210 DATA 10,13,1 ,.0805797038531 .05S10728876983
12-20 DATA 10,14,1 ,-.0494507276469,0
1230 DATA 10,17,0,-.470942679e9S,.26001854S27
1240 DATA l0,18,0,.47094267989S,-.0490944105454
1250 DATA 10,22.0?,,-.226146200577,.0367387608396
12460 DATA 10,23,0,.0389677051594,0
1 270 III9II III Row/Colu m' n K I I IIIIII I1IIIIIIIII I
1280 DATA 11,11,1 ,.566893424036,.2267S7369615
12,90 DATA 11,12,1 ,-.641366694954,0
1300 DATA 11,13,1 *-.212232-295405,-.1827Z54792S
1310 DATA 11,14,1 ,.0989014S52938,.0494507276469
1320 DATA 11 ,17,0,.2600?854527,-.04909441064S4
1330 DATA 11 ,18,0,-.470942679895..0490944106454
1340 DATA 11 ,22,0 ,.390842340703,-.201434900966
1350 DATA II ,23,0,-.0779354103188,.0389677051594
1360 1111111111111I Row/Column L I991 I11 II I II IIII !II I I!

1370 DATA 12,12,1 .5868934Z4036,0
1380 DATA 12,13,1,.186184880494,.186184880494
1390 DATA 12,14,1 ,-.0699338897075.-.0699338897075
1400 DATA 12.17,0,-.0347149906857,.0347149906857
1410 DATA 12,18,0,.183860876595,-.183860876595
1420 DATA 12 ,2Z ,0,-.267630505722 ,.267630505722
1430 DATA 1Z,23,0,.0S5108657131 ,-.0S51086571318
1440 IIIli I I Row,/Colum'n M1 II II IIIIII

1450 DATA 13,13,1 ,.32337728364 ,.10262392793
1460 DATA 13.14,1,-.262922216048,.10301674S283
1470 DATA 13,18,0..0697840705662,-.0442304181914
1480 DATA 13,19,0,-.Z69084916899,0
1490 DATA 13,22,0,-.276334047244,.16750 52S476
1500 DATA 13.23,0,.28849914471 .000S94132862S8
1510 9II IIIII I Rowm/ColumnII N'

1520 DATA 14,14,1 , .333321393988,-.273298586424
1530 DATA 14,18,0,-.0428255863778.0
1540 DATA 14,19,0,.445083S71317,0
1550 DATA 14,22,0,. 174036720164,.00737992953753

1560 DATA 14,23,0,-.29377409633,-. 185808381849

1570 Row/Column 607,

ISBO DATA 1E,1E,0,1.404344316E,-.82734
IS90 DA*TA IE,1,0,-.280929017,.01ESE70192
160C D-t,7 IE,21 ,e,.4700E5e2,0

'IE: C47A I IE, .01 .40,43 447 IEE,.2 0C~

IEV, D;-7 - :NeWE.-S9E 9717,.TEW>K19,
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1670 DATA 17,18,0,-.280-197304107,.04251700680-&7
1E90 DATA 17,-22,0..042S170068027.0
1690 1111111Row./Columnir R i llll 11 iiII gl

1700 DATA 18.18,0,1.4043443166,0
1710 DATA 18,20-'59'9917.386010
1720 DATA 18,23.0,.0337470225952,0
1730 IIIII III I IRowi/Colum~n 5S
1740 DATA 19,19,0,1.554884614S5,0
17S0 'DATA 19,19,0,1.00086799405,0 IDEUTERATED
1760 DATA 19,2,0 .O.022.697123Z287,.0226971232.87
1770 DATA 19,2.3,0,-. 1485553548S3,-.1485553548S3
1780 III IIIIIIII Row/Columnt T IIII I IIIIIIII

1790 DATA -20,20,0,.386448961524,-.16S8S112319
1800 DATA 20,21 .0,-. 1886707421999,.02525386B5337
1810 111111 Row/Column, U 1111li I l I I I 11 !I

1820 DATA 21 ,21 .0,.421I776560109,.0299414965597
1830 DATA 21,23,0,0,.0409943S91762 'f'i 1 AND 4
1840 IIIIIIIIIIII Row~/Co luJm n V, I IIIIIII III III I II II I

1850 DATA 22,22-,0,.386448961524,-.16585112319
1850 DATA 22-,2 3.,-. 188670742999..0252S38686337
1870 111111f111111 Row/Column W lIIIII11 IIII111111111111

1880 DATA "3,'&3,0,.421776SSOI09,.029941496S597
1890 DATA 9999
1900 DATA 6 Matrix Loaded
1910 END

V V%
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o F and 6 matrI elements for free base Phthalocyanine used to calculate
B ZQ vibrations in program H:PCNCA.

70 F matrix elements.;: : : 1 1 1 1 I ll ll1111lll l ll1l l 111l ll l III II 1l lll li11 4 1111

100 DATA 1.7,0,.19,0 i Row/Column A.
110 DATA 2,2,0,.I19,0 i Row/Column S.
120 DATA Row/Column C.
130 DATA 4,4,0,.I1g.0 1 Row/Column 0.
140 DATA 5,5,0,.119,0 I Row/Column E.
is@ DATA 5,6,0,.IIl,0 i Row/Column F.
160 DATA 7,7,0,.ii9,0 I Row/Column 6.
170 DATA 8,8,0,.Ii9,0 Row/Column H.
180 DATA 9,9,0,19,0 Row/Column I.
190 DATA 10,I0,0,.1190 I Row/Column J.
200 DATA l,l1,O,.f19,0 I Row/Column K.
210 DATA I2,12,0,.1190 I Row/Column L.
220 DATA 13,13,0,.I19,0 1 Row/Column M.
230 DATA 14,14,0,.119,0 i Row/Column N.
240 DATA IS,I1,0,.3237,0 Row/Column 0.
2S0 DATA 16,16.0,.3237.0 I Row/Column P.
260 DATA 17,17,0,.3Z37,0 Row/Column 0.
270 DATA 18,18,0,.3237,0 1 Row/Column R.
280 DATA 19,19,0,.3237,0 1 Row/Column S.
290 DATA 20,20,0,.3237,0 I Row/Column T.
300 DATA 21,21,0,.3237,0 I Row/Column U.
310 DATA 22,22,0,.3237,0 I Row/Column V.
320 DATA 23,23,0,.3237,0 1 Row/Column W.
330 DATA 9999
340 DATA F Matrix Loaded
350 i
3 6 0 i I I I I I I I l l 1 1 1 1 gi i I I I I I I I i i i

370 I 6 matrix elements.

390 I

400 l llI llllllI I Row/Co lumn A llllllllllll IIII I IIII It I

410 DATA 1,1,1,.565893424036,0
420 DATA 1,2.0,-.320683347477,-.320683347477
430 DATA 1,3,0,.160341673739,.160341673739
440 DATA 1,4,1.-.113378684807,0
450 DATA 1,15,1,.333006762504,-.333-00762504
460 DATA 1,16,1,-.18386087555,.83860876555
470 DATA 1,20,1,.0347149906857,-.0347149906857
480 II II IIIIIIII Row/Column B llllllI lll lI l
490 DATA 2,2,0,.566893424036,.226?57369615
500 DATA 2,3,0,-.453514739229,-.113378684807
SIO DATA 2,4,1,.320683347478,0
520 DATA 2,5,0,.O8S5703853,,.0S1079876983

~ ~ **~* .- .

,, 'J
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530 DATA ,.,.4472690
C40 DATA 2.,1 ,,-.47094255QQ,.E008545Z7
SSO CA- ),,.-4E3I - 404'65

S-70 DATA 22, .3970I~,
S30 Io , 0 -M C

590 DATA 330.56Z20S.2~~51
600 DATA Z,4,1 *-.G4136G6949S4,0
610 DjATA 3S0-1X945- 8~572
620 DATA 3,6,0,.09890l4SS2938,.04945072"76469
630 DATA 3,15S,,1..26001854S27,-.04909441064S4
540 DATA 3,16,1 ,-.470942'67989S,.04909441064S4
650 DATA 3,,1 .,.390842&340703,-.2101434900966
660 DATA 3,21.1 ,-.07793S4103188,.0389677051S94
670 I II Row/Column 0 I1IIIIIIIII

680 DATA 4,4,1 ,.5668934"24636,0)
696 DATA 4,5,0,. 186184880494,. 186184880494
700 DATA 4,6,0.-.069933889707S,-.0699338897079
710 DATA 4,15,1 ,-.0347149906857..0347149906857
720 DATA 4.16.1,. 183860876595 .-. 183860876595
730 DATA 4,20,1 ,-.2676305057-22,.2-6763oS05722-
746 DATA 4,21,1,.055108557131,-.055S108657131
756SO IIII Row/Column E II9IIIIIIIIIII

760 DATA 5,S,0,.32'337728364,.10262392793
770 DATA 5,6,0,-.262922216048,.103016745283
780 DATA 5,7,0,-.Z54211554548,.0S1077380980Z
790 DATA S,8,0,.0914781725126,0
860 DATA 5,16,l,.0697840705662,-.0442304181914
810 DATA 5,26,1 ,-.276334047244..167561S2S476
826 DATA 5,21,1 ,.28849914471,.000594132852SS8
830 II9IIIIIII9II Row/Column F I IIIIIIIIIIIIIIIIIII9

840 DATA 6,6,..333321393988.-.Z73298S86424
850 DATA 6.7,0..290995674S@9.-.214876Z83361
860 DATA 6,8,0.-.09306S914629,.058786821 1474
876 DATA 6,16,1 ,-.0428255863778.0
880 DATA 6,20,1,. 174036729164,..07379929937S3
890 DATA 6,21,1 ,-.29377409633,-.18S808381849
906 0 Rohi/CoIlumnV 5 6
910 DATA 7.7,0,.764497398141 *-.0612867429647
920 DATA 7,8,0,-.599S41002456.0
930 DATA 7.13,0,0,.0914781725126 11111 1 AND A
940 DATA 7.14,0,-.0587868211474,-.0930659514028 II 3 AND 4
950 DATA 7,19,1 ,0.067683219344S
966 DATA 7,20,1,.103635317135,0
970 DATA 7,21,1,-.48S41B546828,-.0428370D96n5S8
980 DATA 7,22.1,0,.0466704891694 11 1 AND 4
990 DATA 7,23,1,6,-. 259Z93054322 II' AND 4
1000 I 111191Row./Column~r H I 111 III II

1010 DATA 8,8,1 ,.764497398141 ,-.061286742i9647 Illi I AND 4
1020 DATA 8,13,0,-.0S10773809802,-.:541155458 ''1' 3 AND 4
1030 DATA 8.14,0,.'14876283361 ,.'9099S674S09 ''1' 3 AND 4
1040 DATA 8,19.1 ,0,-.366404054S96
1050 DATA 8,1-0,1 ,-.0466704801694,0
1060 DATA 8,21,1 ,.ZS92930S4322,0
1070 DATA 8,,22,1,0,-.103635317135 lIi AND 4
1080 DATA 82, -4270618.8156883 AND 4
1090 111111 IRow/Col~.mr I IIII

.1 S J~d~,-*,*''' %
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1100 DATA 9,3,a,.S6689-424036,0
110 DATA ,a,.:23:77-.EZ 4 7

IIZO OATA ,7?,] 6 S4-6-M

1140 DATA 92, .374965,.274365

1180 DATA 10,10,1 ,.56689342 4036,.22:67S73696ol5
1190 DATA 1,?, -454329- 27640

12'00 DATA 1.3!.859083 .S02868
1210 DATA 10,14,7 ,-.0494507"76469.0
1220 DATA 10,17,0,-.470942'67989S.,260018S45Z7
123@ DATA 10,18,0, .470942679895,-.0490944106454
1240 DATA 10,2,0,-.2'2614620)0577,.0367387608386
1250O DATA ;0,23,0,.03896770S1594,@
120I IIII Row,,/Column,~ K< I II II

1"d7@ DATA 11,11,1 *.566893424036,.' 25757369SS
1280 DATA 11.13,1 ,-.2122322-95405,-.18272547925
1290 DATA 11,14.1 ,.0989014552938..0494507276469
1300 DATA 11 ,17,0.260018545d-7,-.0490944106454
1310 DATA II ,18,0,-.470942679895,.0490944106454
1320 DATA II ,'2,0,.350842340703,-.2'01434500966
1330 DATA II ,23,0,-.0775354103188,.0389677051554

1350 DATA 12.12 ,0,.566893426036,0
1360 DATA 12,13,0,.186184880494,.186184880494
1370 DATA 12.14 ,0.-.0699338897075,-.0699338897075
1380 DATA 12,17,1 *-.0347149906857,.0347l49905S857
1390 DATA 12,18,1,. 183866876595,-. 183860876595
1400 DATA IZ,22,1 ,-.267630565722,.267630505722
1410 DATA 12,23,1 ,.OS51086S7131 ,-.0551086571318
1 420 I I II I I II II Row~/Columniv M'

1430 DATA 13,13,. .32337728364,.10262392793
1440 DATA 13.14,1,-.262922216048,.103016745Z83
1450 DATA 13,18,0..0697840705662,-.0442304181914
1460 DATA 13,19,1 ,-.269084916899.0
1470 DATA 13,ZZ,0,-.276334047244,. 167501525476
1480 DATA 13.23,0,.28849914471 ,.000594132'862558
1490 IIIII II III Row/aiColumnI, Nl II

1500 DATA 14.14,1 ,.333321393988,-.2732985864Z4
1510 DATA 14,78,0,-.0428255863778,0
1520 DATA 14.19,1..445083571317,0
1530 DATA 14,22.0,.174036720164,.0073799Z993753

1'1540 DATA 14,23,0,-.Z9377469633,-. 1888381849
150I I III Rowu/Columni 0 II IIIIgII IIII

1560 DATA 1S,15,1,1.4043443166,-.-80297304107
1570 DATA 15,16,1,-.&80297304107.04251700680'.7
1580 DATA 15,20,1 ,0425170068027,0
1590 I IfI I II II I Row,/Column~iv P

1600 DATA 16,16.1,1.4043443166.0
1610 DATA 16,20,1 ,-.2150962-993117,.0318167001907
1620 DATA 16,21,1 ,.0337470225952,0
18630 Row/ColumnI I Q IIIIIIIIII II

1640 DATA 17,17,0,1.4043443166,-.180297'704107

1650 CATA 17,18,0,-.290297304107,.0425 170068027
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1Z0 ~m~ ,,. 747022ES32,0

1-1 :111119,l11 1 .S5488D4145S
i-:0 DATA ,:,,0291:9.229l27
17 40 DATA192,-.18S583- 485343

!760 DATA ,,,364912,.58121
1770 DATA 2,1, - 860499.223653

1790 DATA 21 .21 ,1 ,.421776560109, .0299414965S97
1800 DATA 21 23.1 ,0,.04(D9943591762 'III AND 4
1810 I IIII Row/Column V ull I iii ri llis ii

1820 DATA '22,22 ,0..386448961524,-.16585112319
1830 DATA 22,Z3,0,-. 1886707429L99,.0252S38685337

1840 II 111 IRow/Column W I111 lSII111 illlIIlIl iili

1850 DATA '23,23,0,.421776560109,.0299414965597
1860 DATA 9999
1870 DATA 6 Matrix Loaded
1880 END

.. -~ .%
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10 I l I i I I I I I I t, II ll l l l l ! I I i l il l I lI I Il l l l l l l

F and G matrzx elements for free base phthalocyanine used to calculate

30 IE2Q vibrations in H'PCNCA.
4 0 I I I I I I I l l l l l l l l l l l l I I I I I l l l l I I I I I I l l ~ l I l l ~ l l

so do
6 0 I I I I I I I I I I I i I I I I I I I I I I I I I I I I I I I I III I l I 1 1 I I I I I l ilrl i l l

70 F matrix elements.s o I I I I I I I I I I I I I I I I I I I I I I I Il l I I I I I I I I I I I I I I I I I I I I I I t [ I l l I Il II r

90

100 DATA 1,1,0,.19,0 Row/Column A.
110 DATA ,2.0,.1 19,0 i Row/Column B.

120 DATA 3.3,0,. 19,0 i Row/Column C.
130 DATA 4,4,0,.119,0 i Row/Column 0.

140 DATA S,5,0,.119,0 I Row/Column E.

150 DATA 6,1,0,.I9,0 I Row/Column F.
160 DATA 7,7,0,.119,0 i Row/Column 6.
170 DATA 8,8,0,.119,0 i Row/Column H.
180 DATA 9,9,0,219,0 I Row/Column I.

190 DATA I0,10,0,.119,0 I Row/Column J.
200 DATA I,11,0,.119,0 I Row/Column K.
219 DATA 12,12,0,.119,0 1 Row/Column L.
220 DATA 13,13,0,.119,0 I Row/Column M.
239 DATA 14,14,0,.119,0 I Row/Column N.
249 DATA 15,1S,0,.3237,0 I Row/Column 0.
259 DATA 16,16,0,.3237,0 1 Row/Column P.
260 DATA 17,17,0,.3237,0 I Row/Column Q.
270 DATA 18,18,0,.3237,0 Row/Column R.
280 DATA 19,19.0,.3237,0 I Row/Column S.
290 DATA 20,20,0,.3237,0 ! Row/Column T.

300 DATA 21,Z1,0,.3237,0 6 Row/Column U.
310 DATA 22,22,0,.3237,0 I Row/Column V.

320 DATA Z3,23,0,.3237,0 I Row/Column W.

330 DATA 9999
340 DATA F Matrix Loaded
350 '
3 5 0 I l l i I I I l l l I ! ! l I l I I l I l I I l ! I I

370 1 6 matrix elements.
3 8 9 I I l I ! I I I I l l lI I I I I lI l I l lI i l l l I I I I I I I I I I 1 1 I II

390 1
490 IIII III I i Row/Column A II IIIIIIIII I i

410 DATA 1,1,1,.566893424036,0

420 DATA 1,2,0,-.320693347477,-.320683347477

430 DATA 1,3,0,.160341673739,.160341673739
440 DATA 1,4,1,-.113378684807,0
450 DATA 1,15,1,.333006762504,-.333006762504
460 DATA 1,16,1,-.18386087659S,.183860876595

470 DATA 1,20,1,.03471499066S7,-.0347149906857
480 I II II IliIil Row /Co lum n 8 IIIIIIIII II I II I III I I l l l i

490 DATA 2,2,1,.566893424036,.22677369615
500 DATA 2,3,1,-.453514739229,-.113378684807
510 DATA 2,4,1,.3-0683347478,0

520 DATA 2,5,1,.0805797038531,.OS10728876983

h
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.4

S30 DATA ,6,1,-.494507276489.0
40 OPATA D~,.79278S.60942

SSO OATA 2,l6,0,.47094L6798S,-.4309441064
SEO EATA 2,:o0,0,-.614600S77..3 736760E396 4

S5Z DATA 2,21 ,0,.03896770SISS4,0
580 illHlIRow/Column C I,~~rrfhJ.j

590 CATA 3 ,3,1 ,.S6689342-4036,.:-S7S713696l5
600 DATA 3 4,1 ,-.6413666949S4,0
610 DATA 361,.13945- 87572
620 DATA 3,6,1 ,.098901455Z938,.04945072.76469
630 DATA 3,15,0,.2560018545Z7,-.0490944106454
640 DATA 3,16,0,-.47094Z679895,.0490944106454

660 DATA 3,20,0,.39084Z340703,-.2101434900966

660 DATA 3,Z1 ,0,-.0779354103188,.0389677051594 L
670 1111111111111I Row/iColumn 0

690 DATA 4,4,! ,.S66893424036,0
690 DATA 4,5,0,.f86184886494,.186l84880494
700 DATA 4,6,0,-.069933889707S,-.069933889707S
710 DATA 4,15,1 ,-.6D347149966857,.0347149906857
720 DATA 4,16.1 *.183860876595,-.183866876595
730 DATA 4.2,! ,.-.267630565722 ,.267636565722
740 DATA 4,Zl,1,..SS1686S7131,-.655168657131
750 I IID D D ll Rowr/Co lum~~n E II I ll IIII II I IIIIIIII1 IIIIIIII

760 DATA 5,5,! ,.32337728364,. 16262392793
770 DATA 5,6,! ,-.262922216648,.10301674S283
786 DATA 5,7,1 ,-.2S42115S4S48,..516773809802
796 DATA 5,8.1,.091478172S)26,0
806 DATA 5,16,6..0697S4076S662.-.6442304181914
B18 DATA 5,20,0,-.27S334047244..167501525476
826 DATA 5,21 ,0,.28849914471 ,.666594132962558
836 0 u RowI/Colum~n F IIIIlll~lIIIhl! !!I I I

846 DATA 6,6,1 ,.333321393988,-.273298S86424
856 DATA 6,7,1 ,.290995674S69,-.214876283361
866 DATA 6,8,1 ,-.093066914628,.6S87868211474 1'
876 DATA 6,16,0,-.0428255863778,0
886 DATA 6,20,6,. 174036726164, .60737992993753
96 DATA 6,2! ,0,-.29377469633,-. 185868381849
96600 I lI I Rowi/Columnv 6 I D D I I I IIIIII IIIIIIIIIIIII

916 DATA 7,7,1 ,.764497398141 ,-.0612867429647
920 DATA 7,8,i,-.599S41662456,@
930 DATA 7,13,1,0,.0914781725126 '''Dl 1 AND 4
940 DATA 7.14,l,-.6587868211474,-.6930699540Z8 H~l3 AND 4
950 DATA 7,19,0,0,.0676832193445
966 DATA 7,20,0,.10363S317135,O
976 DATA 7,21 ,6,-.48S418546828,-.0428370961 158
986 DATA 7,22,0,0,.0466704801694 D~l1 AND 4
996 DATA 7,23,0,-.2S9293054322 DI1 AND 4

1010 DATA 8,8,6,.764497398141,-.061Z8674'29647 I'll, I AND 4
1020 DATA 8,13,1 ,-.0DS10773809802,-.2S4211554548 Il 3 AND 4
1630 DATA 8,14,1 ,.Z14876283351 ,.29099S674S09 I'llD 3 AND 4
1040 DATA 8,19.0.0,-.366404OS4S96
1056 DATA 8,20,0,-.0466704801694.0
1060 DATA 8,21 ,0,.-4S9Z93O543221,0
1070 DATA 8,2Z,0,0,-10363S317135 'I'll 1 AND 4
1080 DATA 8,213,6,-.0428370961I58.485418546o828 I'll, 3 AND 4
1090 III DI III I II I R o w~/Colu m nD ' I I I D II IID I II I II II I I II II II I

-. 'v% U%
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1100 DATA 9,9,1 .5666934Z4036,0
1110 DATA 9,l0,0,-.2 -683j47477,-.320683347477
110 CA

T A 9,1 ,0,.S6074!673739,.0.Al467 3(39
1~ 1 D3 ATA 9.1, 1 -. 11lZ:578694807,0
1140 DATA 9,17.1 .ZM30Z67G:SO4,-.33300676--S34
ISO DATA 9,18 ,1 -. )18386O876595,. 183860876S35

1160 DATA 9,22-,1 ,.03471499062S7,-.0347149906S7

1190 DATA 10,10,0,.56E89342 4036,.2:7-67S73E9615
1190 DATA 10,11 ,0,-.4S3514739- 9,-.113378684807
1200 DATA 10,12,1 ,320683347478,0
1210 DATA l0,13,0,.0805797038531,.0510728876883
1220 DATA 10,14,0,-.0484SO7276469.0
1230 DATA 10,17,1 ,-.470942679895,..260018545,-7
1240 DATA 10,18,1 ,.47094267989S,-.04909441064S4
1250 DATA 10,22,1 ,-.226146200577..0367387608396
1250 DATA I0,23,1,.03896770SI594,0
1 7I III I I Row/Co u mnIy K< IIIIIIIIIIIIIIIII

1280 DATA 11,11 ,0,.566883424036,.2257S7369615
1290 DATA I1,12,1 ,-.G4136G5549S4,0
1300 DATA 11.1I3,0,-.212232295405,-. 18272547925
1310 DATA 11 ,14,0,.0989014SS2938,.0494S07276A69
1320 DATA 11,17. .260018S527.-.0490944106454
1330 DATA 11,18,1 ,-.470942E79895,.04965441064S4
1340 DATA 11,22.1 ,.390842340703,-.201434900966
1350 DATA 11 ,'3,l ,-.0779354103188..03896770S1594

1370 DATA 12,12.,1*566b33426036,0
1380 DATA 12,13,0,. 185184980494,. 186184880494
1390 DATA 1Z,14,0,-.069933888707S,-.0699338897075
1400 DATA 12,17,1 ,-.0347149905857,.0347149506857
1410 DATA 12,18,1 ,.183860976595,-.183860876595
1420 DATA 12,22,1 ,-.Z67630505722..267630S05722
1430 DATA 1Z,23,1..055108657131,-.0551086S71318
1440 M 111111II I 1 Row~/Colu m' n Mi IIIIIIIIIII II II IIIII

1450 DATA 13,13.0..32337728364,.10262392793
1460 DATA 13,14,0,-.26Z922216049,.10301674S283
1470 DATA 13,18,1 ,.0697840705662.-.044230418I9l4
1480 DATA 13.19,1.,-.269084916899,0
1490 DATA 13,22,1 ,-.276334047Z44,.I67501525476
1500 DATA 13,213,1 ,.28849914471 ,.000594132862S58
1510 IIIIIIIIIII Row1 /Co lumn'Ir Nj IIIIIIIIIIIIII

1520 DATA I4,l4,0,.333321393988,-.2732198S85424
1530 DATA 14.18,1.,-.0428255863778,0
1540 DATA 14,19,1,.445083S71317,0
1550 DATA 14,22,1 ,.174036720164,.00737992 9937S3
1560 DATA 14,23,1,-.29377409633.-.185808381849
1570 I IIIII IIRow./Column~~ 0

1580 DATA 15,I5,0,1.4043443166,-.280297304107
1580 DATA 15,16 ,0,-.280297304107,.04251I70068027
1600 DATA IS,20,0,.042S170068027,0
1610 IIIIIIIII II Rowa /Coi umnI' P I IIIIIIIII

1620 DATA 16,)6,0,1.4043443166.0
1630 DATA 16,20,0.-.1.50962993117..0318167001907
1640 DATA 16,2! ,0,.03374702ZS9S2,O
1650 IIIIIIIIIIIII Row~/ColumnIg Q 0
1660 DATA 17,17,1,1 .40D43443166,-.-2802-97304107
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;670 D ATA 17,13,1 ,-.:eO'297304107,.04'4517006SOZ7

~3 CATA _20425170068027,0

72-AT-) 13,13,1,I.1.043443166,0

tTA ,2 ,-.:5096-9211l7,.0318167001': 07

1-: [TA 1823,1 ,.0337470'---S52,0

!40 DATA 19,19,0,1.55488461455,0
1750 DATA ,20.67137,027lz8
1760 DATA 19,2'3,0,-. 148555354853.-. 14855535J4853
1 770 (11111111111fI Row/Colum.n T

790 DATA 20,,20,0,.386448961524,-.16585112319
1790 DATA 20,21 ,0,-.188670742999,.0252'538685337
1800 I II I I Row/Co lum nI Ui IIIIIIIIIIIII II

1810 DATA 21 ,21,, .421776560109,.82" 994)4965597
1820 DATA 21,23,0.0, .0409943591762 1''ii 1 AND 4
1930 I III II Row~/Column'Iv V,

1840 DATA 2,21.364912,.68121
1850 DATA 22'.23,1 ,-. 188670742999,..02238685337
1860 III III I IRow/Colu~mni W

1870 DATA 23,2 3.,.421776S60109,.0299414965597
1880 DATA 9999
1890 DATA G Matrix Loaded
1900 END

N'7IO.N% 
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-- - - - -- - - -- -- - -- - -- - - - - --- - - - - -- - - - - - -
20 C Program: 3DHRRA

40 1 C This program calculates vdW torsional modes for benzene(methanenl type
sI C clusters. The torsional modes are calculated for a specified

60 1 C torsional barrier heighlt and torsional potential form. The
70 I C torsional modes are treated using rigid rotor
so C symmetric top wavefurictions as a basis set. Under free rotation, these
90 C wavefunction5 are solutions to the spherical top Schrodinger equation.

1001 C Upon application of the torsional potential, the torsional mode
1101 C eigenvalues are obtained by diagonaiizing the energy matrix
1.10! C which describes the hindered rotational/librational motion.

130' C-----------------------------------------------------------------------
1401 C
ISO I PROGRAM 3DHRRA
160 1 C
170'1 C-----------------------------------------------------------------------
180 1 C A('*Energy matrix to be diagonalized.
190 1 C D(*)-Diagonal elements of tridiagonal matrix, or eigenvaluea of
200 IC diagonalized matrix.
210 C E(*)-Subdiagonal elements of tridiagonal matrix.
220 IC ZAP(*)-Orthogonal transformation matrix to tridiagonalize A(*).
230'1 C -----------------------------------------------------------------------
2140 IC
250 DIMENSION A(680.69G0),0(680),E(686),ZAP(6801

279' C-----------------------------------------------------------------------
280 C Identifies external functions for integrations subroutine.
290' C----------------------------------------------------------------------
300 tC

310 1 EXTERNAL THINT,XINT.PI4INT
320 IC

330' C-----------------------------------------------------------------------
340 1 C Sets up common blocks.
350 I C-----------------------------------------------------------------------
350 1 C
370 1 COMMON /BIA/A/BZZAP/ZAP/830,//4E/E/95F/RJ,RK ,RM,CJ .CK .CM
380 I ZAZB,ZCZD,ZEZF,ZG.ZH.FLGI
390 IC

400' C-----------------------------------------------------------------------
410 IC Declares integers.
420' C-----------------------------------------------------------------------
430 1 C
440 1 INTEGER RE,CE,ROWTOTOROER,EJ ,EISVLE,SJ ,Z ,FLGI
450 1 C
460'1 C-----------------------------------------------------------------------
470 1 C Determines the order of the energy matrix in terms of J quantum numbe-.
480 1 C Si-Starting J level.
490 1 C EJ Ending J level.
500' C-----------------------------------------------------------------------
510 C
520 I J-
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530 EJ=7
S40 OROEROI
s5e 00 19 Z-0,EJ

560 ORDER-OROER+(Z*Z+1)°*2
570 1 19 CONTINUE
580 C
5 s0 C -- --------- ----------- ---------- ----------- -------- --- ----------

600 C Initializes the energy matrix.

520 C

630 ! 00 8S I-1,OROER
640 DO0 86 J-1.I

5@ A(I,J)-@.@
660 86 CONTINUE
670 85 CONTINUE
680 C
69@ C ......................................................................- ,

700 1 C Maximum size of energy matrix.
7 10 1 C ---------------------------------------------------------------------
720 ' C
736 ! ROWTOT-680
740 1 C
7@! C ----------------------------------------------------------------------
760 C Torsional barrier height in wavenumbers.
77 C .......................................................................
789 1 C
796 1 VPERTaS@@
see I C
all C ----------------------------------------------------------------------

829 C Effective internal rotational constant for cluster in wevenumbers.
836 C ----------------------------------------------------------------------
840 C
856 I ROTCA-Z.62S
866 1 Pr3.1415927

876 I C

890 C Determines matrix row element in question.9@@ C ---------- ------------ -- --.......... ....... .... ... ... .. ..... ... .......

910 C
920 O I RJ-SJ.EJ
930 f 00 2 RM--RJ.RJ
946 1 00 3 RK--RJ.RJ
950 RE-.
966 00 4 Z-@,RJ
970 1 RE-RE+(Z*(Z-I)+1)9*Z
986 1 4 CONTINUE

996 1 REoRE+RK+RJ+(Z*Rj+)*(RM+RJ)
1060' C

102 C Determines matrix column element in Question.

1030 1 C --- ---- ------ --- -- --- --- -- -- --- --- ------ ------ ------- ------ -------- ---
10401 C
105) 00 5 CJ-SJ,EJ
1060' 00 6 CM--CJ.CJ

1070' O0 7 CK--CJ,CJ
1080' CE-0
10901 00 8 Z-@,CJ
11001 CE"CE+(2*(Z-i)+1)9*2
11101 8 CONTINUE
1126' CE=CE+CK+CJ+(2*CJ+I)+(CM+Cj)

*.. .ft~qe~*f ~ ~~ ~..~-' *.*..* .* .. ~
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11301 C
1140' C------------------------------------
1150l'-2 Irouts Jiagonal matrix elements into A(*).

11701 0
190' IF (RE.EO.CE) A(EC~RTAR*R~.+PR/
1190, IF (CE.GT.RE) Go TO 7
1200' C
1:10' C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
12:01 C Selects P0551ble nonzero off-diagonal matrix elements in A-.).
1230' C -- - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

121401 C
12,50' IF'ABS(RJ-CJ ).LE.2.ANO.ABS(RK-CK ).EQ.2.ANO.ABS(RM-CM).EQ.
111601 1 ) GO TO 18
IZ701 GO TO 7
1280' C
1290' C-----------------------------------------------------------------------
13001 C Calculates normalization constants for matrix elements.
1310' C-----------------------------------------------------------------------
1320' C
1330' 18 ZA=(Z*RJ+1 )/B/PI/PI
13401 DO 9 Z-RJ+RP.2.-I
1350' ZAoZA*Z
1360' 9 CONTINUE
1370' ZA-SQRT(ZA)
1380' Ze51
13901 DO 10 ZaRJ-RPI,Z,-1
1400' ZB-ZB*Z
1410' 10 CONTINUE
1420' ZB-SQRT(ZB)
14301 ZCnI
14401 00 11 Z-RJ+RK,2,-1
1450! ZC-ZC.Z
1460' It CONTINUE
14701 ZC-SQRT(ZC)
1480' ZO-I
14901 00 12 Z-RJ-RX,Z,-l
1500' ZD-ZO.Z
1510' 12 CONTINUE
15201 ZD-SQRT(ZO)
1530' ZE-(2*CJ+l )181PI/PI
1540' 00 13 Z-CJ+CM,Z.-I
1550' ZE-ZE*Z
1560' 13 CONTINUE
1570' ZE-SQRT(ZE)
1580' ZF-1
1590' 00 14 Z-CJ-CM.2,-l
1600' ZF-ZF*Z
15101 14 CONTINUE
1620' ZF-SQRThZF)
1630' ZG-I
1640' DO 15 Z-CJ+CK.*2,-l
1650' ZG-ZG*Z
1660' 15 CONTINUE
16701 ZG-SQRT(ZG)
16801 ZH-1
1690' DO 16 Z-CJ-CK,2 ,-l
17001 ZI-IZHqZ
1710' 16 CONTINUE
17210' ZH-SORTZIH)
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17301 C
1740' C
17501 C Integrates over theta, phi, and chi coordinate5.

17701 C
17801 00 17 FLGI-O,O
790' C
1 8 0 0 ' C ....................................................................
1810' C Integration over theta coordinate between 0 and pi.
1B 2 0 1 c ----------------------------------------------------------------------

18301 C
1840' P.O
1850' 8-PI
1860! EPSABS-I.E-6
1870, EPSREL-I.E-6
1880! C
1890! C ----------------------------------------------------------------------

• 106! C Subroutine: STIT
1910! C
1920! C This subroutine calculates an approximation result to a given definite
1930! C integral. The function to be integrated is named THINT.
1940! C The subroutine is from QUADPACK, a FORTRAN subroutine package for the
1950 C numerical computation of definite I dimensional integrals.
966! C Authors: Robert Piessens and Elise de Doncker, Appl. Math. and Progr.
1970! C Div. - K.U. Leuven.
19801 C The subroutine name in QUAOPACK is ONG.
1990! C----------------------------------------------------------------------
2000! C
20101 CALL STIT(THINT,P,BEPSABS,EPSREL,RESULT,ADSERR,NEVAL,IER)
2020! CADREI-RESULT
2030! IF (CAOREf.EO.O) 60 TO 20
2940! C
205! C ----------------------------------------------------------------------
2660! C Integration over chi coordinate between 0 and Z*pi.
2070! C----------------------------------------------------------------------
2080! C
20961 P=0
2100! B-PI*2
2110! EPSABS-I.E-6
2120' EPSRELmI.E-6
2130! C
2140! C ----------------------------------------------------------------------
2150! C Call subroutine STIT to integrate over the function XINT.
2168! C ----------------------------------------------------------------------
21701 C
21801 CALL STIT(XINT.P,BEPSBS,EPSREL,RESULT,A8SERRNEVAL.IER)
2190' CAORE2-RESULT
2200! IF (CADREZ.EQ.O) 60 TO 20
2210' C
2220! C ----------------------------------------------------------------------
2230' C Integration over phi cooroinate between 0 and 2*oi.

%2240! C ----------------------------------------------------------------------
" 22501 P-O

2260' B-PI*2
%270 1 EPSABS-!.E-6

2Z80 I EPSREL-I.E-6
2290 C
2300 C ----------------------------------------------------------------------
2310 ' C Call subroutine STIT to integrate over the function PHINT.
2320 C ----------------------------------------------------------------------

p, - ,. , . . . . . .. - .. . : - .. . . .. - .. , .
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2330 C
2340 CALL STIT(PHINT,P,B,EPSABS,EPSREL,RESULT,ABSERR,NEVAL.IER)
Z360 CAOPE3=RESULT
260 :0 CADRE=CAOREI*CACRE2*CAORE

3

Z370 IF (ABS(CADREK.LT.I.E-5) CADRE-@

I38 IF (A(RE,CE).NE.0) A(RE,CE)-A(RE,CE)-CADRE*.PEPT/2.
3390 IF (A(RECE).EQ.O) A(RECE)-CADRE*(-i.)*VPERT/2.
2400 17 CONTINUE
2410 7 CONTINUE
2420 6 CONTINUE
2430 5 CONTINUE
2440 3 CONTINUE
2450 2 CONTINUE
2460 1 CONTINUE
2470 EIGVLE-ORDER
2480 C IF (ORDER.GT.200) EIGVLE-ZOO
2490 C

2500 C ----------------------------------------------------------------------
2510 C Subroutine: TDIAG
2520 C
2536 C This subroutine reduces a real symmetric matrix to a symmetric

2S40 C tridiagonal matrix using and accumulating orthogonal similarity
25S I C transformations.
2560 I C The subroutine is from EISPACK, a collection of FORTRAN subroutines

2570 1 C for eigenanalysis of matrices.

2S80 ! C The program is called TREO2 in EISPACK.

2S90 1 C Authors: Martin, Reinsch, and Wilkinson, Num. Math. I, 181-195(1968).

2620 1C-----------------------------------------------------------------------
2610 C

2620 CALL TDIA6(ROWTOTORDER)

2630 C

2640 C ----------------------------------------------------------------------
2650 1 C Subroutine: OIA6IT
2660 1 C

2670 1 C This subroutine finds the eigenvalues of a symmetric tridiagonal

2580 1 C matrix by the implicit OL method.
2690 C This subroutine is from EISPACK.
2700 C The subroutine is named IMTQL1 in EISPACK.

2710 C Authors: Martin and Wilkinson, Num. Math. 12, 377-383(1968). Modified

2720 1 C by OuBrille, Num. Math. IS, 450(1970).

2730 1 C-----------------------------------------------------------------------
2740 1 C
2750 CALL OIASIT(OROER,IERR)

2760 C
2770 C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
2780 C Prints the results of the diagonalization.

270 C-----------------------------------------------------------------------279 C
Z89 C

2810 1 PRINT 90,0ROER,VPERT,ROTCA

28201 90 FORMAT(///,IX,'MATRIX ORDER - ',IS.IOX,' POTENTIAL - ',FIO.S.
2830 & IOX,'ROTATIONAL CONSTANT - ',F1O.4,/)

2840 PRINT 91,EI6VLE
2850 91 FORMAT(IX,'FIRST '.IS,' EIGENVALUES:',/)

2860 PRINT 80,(0<I),I-I,EI6VLE)
2870 80 FORMAT (10(IXF10.4))

2880 PRINT 96,EIGVLE

2890 96 FORMAT (///,IX,'FIRST ',15,' EIGENVALUES RELATIVE TO Z.P.:',/)
2900 DIFF-DI(I)

2910 PRINT 97,(O(I)-OIFF,I-I,EIGVLE)

2920 97 FORMAT (10(IX,FIO.4))
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2330 3TOP
Z1940 ENO

2950 C

2T70 C Function: THINT
:960 C

2390 C Part of the symmetric top wavefunction that depends Cn t~eta.

3000 C A1so contains the theta component of the torsional potential.

13010 C This function is integrated between the range of 0 and pi by S7:7.

3021Z C .......--------------------------------------------------------
3030 C
3040 FUNCTION THINT(X)
3050 COMMON/BSF/RJ,RK,RMCJ.CK,CM,ZA,ZB.ZCZD,ZEZF,ZGZH,FLGI

3060 INTEGER FIRSTR.FINR,S,ZFIRSTC.FINC
3070 C

3080 C ----------------------------------------------------------------------
3090 C Theta component of the symmetric tot wavefunction.

3100 C ----------------------------------------------------------------------
3110 C
3120 FR-
3130 1 FIRSTR=@
3140 1 IF(-I*(RK+RM).GT.FIRSTR) FIRSTR--I*(RK+RM)
3150 FINR-RJ-RM
3160 IF(RJ-RK.LT.FINR) FINR-RJ-RK

3170 00 I S-FIRSTR,FINR
3180 SI-RJ-RM-S
3190 SZ-RM+RK+Z*S

3200 S3-2*RJ-RM-RX-2*S
3210 Fl-1
3220 ! IF(INT(S1/Z).EQ.S1/Z) FlI
3230 1 F2-COS(.5*X)
3240 IF(ABS(FZ).LT.1.E-9) F2-0
3250 I IF(FZ.EQ.0.ANO.SZ.EQ.0.) FZ-I
3260 IF(FZ.EQ.@.ANO.SZ.EQ.@.) 60 TO 2
3270 1 FZ*FZ.*S2

3280 I Z F3=SIN(.S*X)
3290 IF(ABS(F3).LT.1.E-9) F3-0
3300 IF(F3.EQ.0.ANO.S3.EQ.@) F3-1

" 3310 IF(F3.EQ.8.AND.S3.EQ.@) 60 TO 3
3320 F3-F3**S3

• 3330 3 ZZ-FI*F2*F3
3340 1 ZZR-ZA

V.3358 1 00 4 Z-S,Z,-I
3360 ZZR-ZZR/Z
3370 4 CONTINUE

3380 1 ZZR-ZZR*ZB
3390 00 5 Z=RJ-RM-S,Z,-l

d 3400 1 ZZR-ZZR/Z
3410 5 CONTINUE
3420 1 ZZR-ZZR*ZC
3430 0O0 6 Z-RM+RK+S,2,-1

3440 1 ZZR-ZZR/Z

3450 1 6 CONTINUE

3460 1 ZZR-ZZR*ZO
3470 00 7 Z-RJ-RK-S,2,-I
3480 1 ZZR-ZZR/Z
3490 1 7 CONTINUE

3500 1 FR-FR+ZZR*ZZ
3510 I 1 CONTINUE

j
3S20 1 FC=-

.4 ... ,-,.v,,' ,, , , ", .-- -- -.-- .-- .- •-- .
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3S30 FIRSTC-O

3540 1 IF(-I.(CK+CM.GT.FIRSTC) FIRSTC=-I*(CK CM)

3550 FINC-CJ-CM
3560 IF(CJ-CK.LT.FINC) FINC-CJ-CK

3S70 00 8 S-FIRSTC,FINC
e356 SI-CJ-CM-S

3590 S2-CM+CK+2*S
3600 S3-2#CJ-CM-CK-2*S
3610 FI--I

3620 IF(INT(SI/2).EQ.SI/Z) FI=I
3630 F2-COS(.S*X)
3640 IF(ABS(FZ).LT.I.E-9) F2-0
3650 IF(F2.EO.@.ANO.S2.EO.0) FZ-I

3660 IF(F2.EO.0.ANO.S2,EO.0) 60 TO 9
3670 1 FZ-F2*'S2

3680 1 9 F3-SIN(.S*X)
3690 1 IF(ABS(F3).LT.I.E-9) F3-0
3708 1 IF(F3.EQ..ANO.S3.EQ.0) F3-1

3710 1 IF(F3.E0.O.ANO.S3.EQ.8) 60 TO 10

3720 1 F3-F3**S3
3730 1 10 ZZ-FIF2*F3
3740 1 ZZR-ZE

375 1 00 11 ZeS,2,-l
3760 1 ZZR-ZZR/Z

3770 1 11 CONTINUE
3786 ZZR-ZZR*ZF
379 DO 12 Z=CJ-CM-S,2.-I
3800 ZZRaZZR/Z
3810 12 CONTINUE
382 ZZR-ZZR*ZG
3830 00 13 ZaCM+CK+S,2,-I
380 1 ZZR-ZZR/Z
38'0 1 13 CONTINUE
3569 ZZR-ZZR*ZH
3870 O 14 Z-CJ-CK-S,2,-I
3888 ZZR-ZZR/Z
3890 14 CONTINUE
3906 FC-FC+ZZR*ZZ
39@1 8 CONTINUE
3920 C

3930 C ----------------------------------------------------------------------
3940 C Theta component of the torsional potential.

395 C ----------------------------------------------------------------------
3960 C

3970 IF(FL61.EQ.@) THINT=FR*FC#SIN(X)*C0S(2*x)

3988 IF(FLBI.EQ.1 ) THINT-FR*FC*SIN(X)*SIN(2*X)
3990 IF(FL61.EO.2) THINT-FR*FCeSIN(X)OSIN(2*X)
4000 IF(FLGI.EQ.3) THINT--L.*FR*FC*SIN(X)*COS(2*X)

4010 RETURN
4020 END

4030 C

4040 C ----------------------------------------------------------------------
4056 C Function: XINT

4 C

4070 1 C Part of the symmetric top wavefunction that deoends on chi.

4080 C Also contains the chi component of the torsional potential.
4090 C This function is integrated between the range 0 and Z*pi by STIT.

4 10 0 C -------------------------------------------------------------------- --

4120 FUNCTION XINT(X)

0412o
4W,

.4%
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4130 1 COMMMON/BSF/RJ.RK,RMCJ.CK,CM,ZA,ZB,ZC,ZDZE.ZF,ZS.ZH,FL31

41 1 C Chi compOnent 2f the symmetric top wavefunctior.4170 1C ----------------------------------------------------------------------

4180 1
4190 1 XINT-COS(RK*X)*COS(CK*X)+SIN(RK*X)*SIN(CKX)

4200 1 C
4210 C

4220 C Chi component of the torsional potential.
,4 2 3 0 C ----------------------------------------------------------------------

4240 C
4250 1 IF (FLGI.EQ.0) XINT-XINT*COS(2*X)
4260 IF (FLGI.EQ.I) XINT-XINT*SIN(2*X)

4270 IF (FLG1.EQ.2) XINT-XINT*COS(2*X)

4280 IF (FL61.EQ.3) XINT-XINT*SIN(Z*X)

4290 RETURN
% 4300 END

4310 c
%: 4320 C ---------------------------------------------------------------------

4330 C Function: PHINT

4340 C
4358 C Part of the symmetric top wavefunction that depends on phi.

4360 C Also contains the phi component of the torsional potential.

4370 C This function is integrated between the range of 0 and Z*pi by STIT.
4380 C ----------------------------------------------------------------------

439@ C
4400 FUNCTION PHINT(X)

4410 COMMON/@F/RJ,RK.RM,CJ.CK,CMZA,ZBZCZOZE.ZF.ZGZHFLGI
4420 C
4430 C -----------------------------------------------------------------
4440 1 C Phi component of symmetric top wavefunction.

44501 C ----------------------------------------------------------------------
4460 1 C
4470 1 PHINT-COS(RM*X)*COS(CMOX)+SIN(RMeX)*SIN(CM*X)

4480 1 C

4490 C -----------------------------------------------------------------
45@@ I C Phi component of the torsional potential.

4510 C C------------------------------------------------------------------
4520 C
4530 IF (FLGI.EQ.@) PNINT-PHINT*COS(X)

4540 IF (FLG.EQ.I) PHINT-PHINT*COS(X)
4SS@ IF (FLGI.EQ.2) PHINT-PHINT*SIN(X)

4560 IF (FL6I.EQ.3) PHINT-PHINT*SIN(X)

4576 RETURN
4580 END

4590 1 C
4600 1 C ----------------------------------------------------------------------
4610 1 C Subroutines STIT, TOIAG, and DIAGIT are attached at this point
4620 1 C Ln the program.

4630 C ........

r Jr. % %
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