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perfect axial registry of molecular chains, suffered from the occurrence of
short intermolecular contacts and were rejected from further consideration.

In another phase of the research on polyparaphenylene oligomers,
variable temperature crystal data for the unsubstituted p-quinquephenyl
(PQP), p-sexivhe~yl (PSP), p-septiphenyl (PSeptiP), s yell as the
substituted 2 ,4 -d~phenyl-p-quinquephenyl (DPQP), 2 ,6 -diphenyl-p-septi-
phenyl (DPSP), and 1,2,4-triphenylbenzene (TPB) oligomers are reported.
The unsubstituted oligomers exhibit a solid state transition when cooled
from room temperature to 110K, as indicated by a change in crystallographic
space group. No transition is observed for the substituted oligomers other
than the usual contraction of the unit cell. The transition observed for
the unsubstituted oligomers is interpreted in terms of a conformational
change from an "average" planar structure to a static non-planar one.
Comparisons of the room and low temperature crystal data are presented.

The crystal structure analysis of the molten salt precursor,
1-methyl-3-ethylimidazolium chloride (MEICl), was completed as part of an
investigation of the ion-ion interactions in room temperature melts, where
mole fraction N of AlCi is less than 0.5. Hygroscopic crystals of MEICl
were grown in acetonitrle and sealed under helium gas in a capillary tube.
The MEI ions cluster in four distinct layers perpendicular to the c-axis.
Similarly, the arrangement of Cl ions is a layered one. Each Cl ion
interacts with three MEI ions and each MEI ion is associated with three
nearest Clions. Cl ions are situated in reasonable hydrogen-bonded
positions rather than at random, suggesting this interaction to be a
weak hydrogen bond. Evidence for hydrogen bonding of Cl ions at the three
ring C-H bonds in basic MEICL/AlCl melts is presented.

In the area of research on elictro-active materials, the effect of
alkyl substitution on the amino group and the placement of bulky groups on
the aromatic ring in nitroaniline derivatives have been investigated
through a determination of the crystal structures of 2-[2-(N,N-dimethyl-
amino)-5-nitrophenyl]benzothiazole, 2-[2-(N-methylamino)-5-nitrophenyl]
benzothiazole, 2-[2-(N,N-diethylamino)-5-nitropHenyl]benzothiazole, and
2-(trimethylsilylethynyl)-4-nitro-N,N-dimethylaniline. In all four
compounds, the alkyl groups attached to the amino nitrogen atom prevent the
formation of intermolecular (N)-H...O hydrogen bonds between amino and
nitro group-. Instead, the molecules exhibit (C)-H...O intermolecular
interactions between the nitro group and hydrogen atoms of the aromatic
ring and alkyl groups. Two distinct types of packing, herringbone patterns
and planar stacks, are observed with the closest interactions associated
with the planar stacking of molecules.

In the area of computational chemistry, semiempirical AM1 calculations
have been performed for the second hyperpolarizabilities, , of poly-p-
phenylene and polythiophene oligomers. Calculated values are compared with
experimental degenerate four wave mixing results and static field estimates
from these experimental results. The relative calculated values agree well
with experimental values when the latter are corrected for dispersion
effects. Another area is the study of the electronic structure and
statistical properties of quasi-particles in polymeric materials.
Solitons, antisolitons, polarons, and bipolarons are known to play a role
in the conduction of electric current in these polymeric materials.
Pristine and doped polyacetylenes have been used initially to study the
geometrical and electronic distortions in oligomers and infinite polymers.
The computational approach has been based on the semiempirical
self-consistent LCAO-MO theory at the AM1 level of approximation for finite
systems and the corresponding LCAO-CO theory in the tight binding
approximation for infinite systems.

DO Form 1473. JUN 86 Previous editions are obsolete. SECURITY CLA$SIFICATION Or TMIS PAGE
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I. SUMMARY

The structures of poly(p-phenylenebenzobisthiazole) (PBZT)

and poly(p-phenylenebenzobisoxazole) (PBO) fibers have been

determined by fiber diffraction techniques (see Reprint 4 for

details). D-spacings were obtained from equatorial and

meridional scans recorded on a four-circle diffractometer.

Intensity data were derived from x-ray rotation patterns taken

on Weissenberg and vacuum cylindrical cameras. Unit cells were

found to be monoclinic and non-primitive, each containing two

chains per cell. The conformational torsion angle between the

bisthiazole and phenylene units and the orientation of chains

within the unit cells were obtained from a 'linked-atom

least-squares' (LALS) refinement procedure. A packing model

has been proposed for each fiber in which two independent

molecular chains are displaced longitudinally by discrete rather

than random increments. Primitive unit cells (Z = 1), besides

requiring perfect axial registry of molecular chains, suffered

from the occurrence of short intermolecular contacts and were

rejected from further consideration.

In another phase of the research on

polyparaphenylene oligomers, variable temperature crystal Ak%*

data for the unsubstituted p-quinquephenyl (PQP), p-sexiphenyl

(PSP), p-septiphenyl (PseptiP), as well as the substituted r'

2, 45-diphenyl-p-quinquephenyl (DPQP),

2 2 165-diphenyl-p-septiphenyl (DPSP), and 0

1,2,4-triphenylbenzene (TPB) oligomers are reported (see

Reprints 1 and 2 and Preprint 1 for details). The unsubstituted /
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oligomers exhibit a solid state transition when cooled from room

temperature to 110K, as indicated by a change in

crystallographic space group. No transition is observed for the

substituted oligomers other than the usual contraction of the

unit cell. The transition observed for the unsubstituted

oligomers is interpreted in terms of a conformational change

from an "average" planar structure to a static non-planar one.

Comparisons of the room and low temperature crystal data are

presented.

In collaboration with a group at the Frank J. Seiler

Research Laboratory, United States Air Force Academy, the

crystal structure analysis of the molten salt precursor,

1-methyl-3-ethylimidazolium chloride (MEICl), was

completed as part of an investigation of the ion-ion

interactions in room temperature melts, where mole fraction N of

AlCl3 is less than 0.5 (see Reprint 3 for details). Hygroscopic

crystals of MEIC1 were grown in acetonitrile and sealed under

helium gas in a capillary tube. The asymmetric unit contains

four MEI+...Cl- ion pairs. The MEI+ ions cluster in four

distinct layers perpendicular to the i-axis. Similarly, the

arrangement of C1 ions is a layered one. Each C1 ion

interacts with three MEI+ ions and each MEI+ ion is associated

with three nearest Cl- ions. The distance of a Cl- ion from

a ring carbon atom averages 3.55 A. Cl- ions are situated in

reasonable hydrogen-bonded positions rather than at random,

suggesting this interaction to be a weak hydrogen bond.

Evidence for hydrogen bonding of Cl ions at the three ring C-H

S0 bonds in basic MEICL/AlCl 3 melts is presented.



In the area of research on electro-active materials, the

effect of alkyl substitution on the amino group and the

placement of bulky groups on the aromatic ring in nitroaniline

derivatives have been investigated through a determination of

the crystal structures of

2-[2-(N,N-dimethylamino)-5-nitrophenyl]benzothiazole,

2-[2-(N-methylamino)-5-nitrophenyl]benzothiazole,

2-[2-(N,N-diethylamino)-5-nitrophenyl]benzothiazole, and

2-(trimethylsilylethynyl)-4-nitro-N,N-dimethylaniline isee

Preprint 2 for details). In all four compounds, the alkyl

groups attached to the amino nitrogen atom prevent the formation

of intermolecular (N)-H...O hydrogen bonds between amino and

nitro groups. Instead, the molecules exhibit (C)-H...O

intermolecular interactions between the nitro group and hydrogen

atoms of the aromatic ring and alkyl groups. Two distinct types

of packing, herringbone patterns and planar stacks, are observed

with the closest interactions associated with the planar

stacking of molu!ules. The dialkylamino substituents extend

above and below the molecular plane, which is comprised of

essentially coplanar ring systems.

In the area of computational chemistry, semiempirical AM1

calculations have been performed for the second

hyperpolarizabilities, Y, of poly-p-phenylene and polythiophene

oligomers (see Preprint 3 for details). Calculated values are

compared with experimental degenerate four wave mixing results

and static field estimates from these experimental results. The

relative calculated values agree well with experimental values

-- when the latter are corrected for dispersion effects.



Another area of the computational chemistry effort is the

study of the electronic structure and statistical properties of

quasi-particles in polymeric materials. Solitons, antisolitons,

polarons, and bipolarons, in one way or another, are known to

play a role in the conduction of electric current in

these polymeric materials. Pristine and doped polyacetylenes

have been used initially to study the geometrical and

electronic distortions associated with quasi-particles in

oligomers and infinite polymers. The computational approach

has been based on the semiempirical self-consistent LCAO-MO

theory at the AM1 level of approximation for finite systems and

the corresponding LCAO-CO theory in the tight binding

approximation for infinite systems (see Preprint 4 for details).

D



II. RESEARCH OBJECTIVES

S
The structures of poly(p-phenylene benzobisthiazole) (PBZT)

and poly(p-phenylene benzobisoxazole) (PBO) have been of

interest for the past decade. Numerous publications have

advanced the understanding of the fiber and film structures of

these rigid rod chains [1-3]. Our approach has been to apply

the linked-atom least-squares (LALS) method to PBZT and PBO

fibers exhibiting the highest order observed to date. The

results, representing the equilibrium crystal structure, serve

as a vehicle by which one can measure progress in reaching a

fully ordered structure by processing improvements. The goal is

to understand changes in structure and morphology imparted by

chemical or physical means (in fiber processing, for example),

and to relate these changes to the properties observed for these

rigid-rod materials.

The study of oligomers of poly-p-phenylene (PPP) is

part of the continuing research on the structure and morphology

of rigid-rod polymers. Aerospace applications of these

materials require a broad range of operating temperatures and

conditions. Basic morphological information is needed about

factors such as the relative orientation of phenyl rings,

crystal packing forces, and the nature of the structural

transitions observed at low temperatures in crystalline

samples. Tedious synthetic procedures coupled with a high

melting point and low solubility have made PPP a difficult

* polymer to prepare and fabricate. Paraphenyls of specific chain

length which incorporate pendant groups have recently been



prepared by a new synthesis procedure utilizing intermolecular

cyclization [4]. single crystals of sufficient size for

structural analysis have been grown by sublimation and

recrystallization techniques.

Research objectives in computational chemistry have been

concentrated in two main areas. First, ways to compare

calculated static values of the hyperpolarizability with

experimental values, measured at a particular frequency, have

been investigated. As expected, the effect of the radiation

frequency is considerable, even for resonant frequencies. Since

comparisons between calculations and experiment are usually made

without allowing for the frequency effect, the discrepancies

come out to be larger than they should be. This was the case

particularly with oligomers of p-phenylene and thiophene, as

had been previously pointed out by Goldfarb, Reale and Medrano

(5].

Secondly, the discovery that doped polyacetylene and other

polymers can have electrical conductivity which are several

orders of magnitude larger than for pristine material prompted a

world-wide research effort. It was soon realized that

quasi-particles were being created by the doping process (they

can also be photoregenerated), and that it was necessary to

understand the associated geometrical and electronic structure,

as part of the whole picture. A study of the electronic

structure of quasi-particles such as solitons and polarons in

infinite polymers was initiated.



III. STATUS OF RESEARCH EFFORTS

Computational Chemistry. It is possible to estimate the effect

of dispersion on degenerate four wave mixing (DFWM) experiments

under the assumption that most of the nonlinearity of a

delocalized pi-cloud comes from the lowest excited state by the

formula,

Y(o) = [(wo2 - w 2 )4 /w0
8] ](w)

This gives the static value Y (o) in terms of the frequency w at

which the DFWM experiment was performed in obtaining Y(w). The

experimental results for the above-mentioned oligomers, as a

function of the number of repeat units, were thus corrected,

leading to a dramatic improvement in the agrrement between

calculated and measured values. A paper (see Preprint 3)

reporting these results has been submitted for publication in

the Journal of Chemical Physics. This work has been undertaken

in cooperation with H. Kurtz at Memphis State University.

For the study of quasi-particles in polymeric materials,

most of the calculations performed to date have used the Su,

Schrieffer and Heeger (SSH) hamiltonian (6]. The SSH approach

however is still too crude for the kind of accuracy that is

needed since it is basically a Huckel-type approximation with

sigma bond compressibility, and electron-electron Coulomb

interactions are completely neglected. On the other hand,

I



several self-consistent LCAO-MO calculations have been performed

on finite oligomers of polyacetylene, both semiempirical and Ab

It was felt necessary to undertake a reliable and

comprehensive study of quasi-particles, mostly in infinite

polymers, since these are a better approximation to real

systems. Additionally, the effect of the dopant cannot be

disregarded and should be included in the calculation, which

should be performed at the SCF-MO-LCAO level of theory. The

repeat units used for the polymer calculation have to be quite

large in order to prevent the concentration of quasi-particles

to become unrealistically high. Even at the semiempirical AM1

level of approximation, these calculations are extraordinarily

demanding of cpu time. The first results which were obtained

have already been accepted for publication (see Preprint 4) [7].

There is still much to be done, especially with regard to

the calculation of the band structure of materials containing

quasi-particles, before a more complete picture begins to

emerge. It is felt that our calculations are sufficiently

sophisticated and reliable for systems of such large size to

contribute to the understanding of the electronic structure of

organic conductors.
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TtUmAL TRANSFORMATONS IN CRYSTALLDI OLUGObM OF
POLYPARAPHN LENE

KENNETH N. AKER*. HOWARD C. KNACHEL, ALBERT V. FPATIh!, and W.
WADE ADAMS*
*Depmm of Chemistry. Universiy of Dayton 300 College Put., Dayton, OH 4546.
"Mamials Laboitory, Wright Resesvch and Develpme Ce.n, WPAFB, OH 45433-

6533.

ABSTRACT

We report the room and low temperature crystal stuctures of the unsubstituted p-
quinquephenyl (PQP) and p-seuiphenyl (PSP), and substituted 22,45-diphenyl-p-

)nuephenyI (DPQP), 22,65-diphyl.p-septiphenyl (DPSP), and 1,2,4-iripbenylbenzene
B) polypam enylene oligoms. The unsubstiuwed oligomers exhibit a solid state

ransition when cooled from room temperature to 110K.z indicated by a change in
crystllogaphic space roup. No mansiutn is observed for the substituted oligomers other
than the usual thermal contraction of the unit cell. The mantion observed for the
unsubstiuted oligomers is interpreted in terms of a confortational change from an
"averaged" planar stuczt to a static non-planar one. Comparisons of rn temperature
and low umpaar cryal dm am pmesed.

INTRODUCFION

Oligomers of polyparaphenylene (PPP) have ben of immt in our laboyatorv as pan of
continung research on the sauare and morphology of rigid-rod polymers. Aerospace
applications rquiring a brad range of operamg temperaures and conditions require that
Msuctur transition temperatures must be known. Much basic morphological
inforat is stW needed about factors such as the orenuon of one coaxial ring o another
and crystal packing fotes in high perfmnance polymers of this type.

Tedious synthetic procedures coupled with a high melting pom and low solubility have
made PPP a difficult polymer to peepm and fabricatet 1,21. P-polyphenyls with a specific
chain length and incur pendant Igps have been recently prepad using a new
synthis procedm ur nms lecukur o31.

We have obtained high puty samples of PPP oligomers fom which sngle crystals of
sufficient size for stucture analysis were sublimed or recrystallized. in a coninuing
imu uanon of the molecular stucure, crystal packing. and smuctual unsformations of
PPP oligomers. we have studied p-quinquephenyl (PQP), p-Sexiphenyl (PSP). 22.45.
diphenyl-p-quinquephenyi (DPQP), 22.65-diphenyl-p-septiphenyl (DPSP), and 1,2.4-
Iriphenylbenzene TPS). The fm four compounds have the genral smcurn (1)

where n - I and R - H for PQP. n a I and R aJOffor DPQP, n . 2 and R H for PSP. anda a 3 and R a 0 for DPSP. TP9 was included in this present study since its roomumperson arucm has not been rep d.

a mw sm soAw s. f . U - SM



Reprint 1

Samples of PQP, PSP, DPQP, DPSP. and TM wer obtained ftb. Brue Reinhaardt.
Ma-eIal Laborory. Wright Patterson Air Force Base PQP and PSP samples were

subime w btm god ualtycrystals; otherwise, the 1e 1eede nfi o additional
-bm "nDmrwmemd oan=wnNmiusCAD4--- interfaced tosa

bigital Eqipment Corporation Micro PDP-11I computei. Darn refinement and siucture
determination vim accopad using the Strucmre Determination Package (SDP)(41
softwwre on a Digital Equzipment Corporation VAX 111730 computer. he &Wna R value
andiecarespanding ratioof the number of umusrelections o thenumber oftaram,
vaied are 0.00 (663:136). 0.062 (623:163). .09 (1061:190). 0.046 (15317244), and
0.036 (1839:219) for PQP, PSP. DPQP. DPSP. and TPB, respectively. Complete
attutura information will be f'!in aohr publicatio(15]. Cooling of the crystal was

acpihed with an Enraf *onus FRS8PH liquid nitrogen cryostat for the CAD4
isuWDLt

RESULTS AND CONCLUSIONS

Tabl I summaries current results along with published results for biphenyl(BP), p.
ampheny(PMP) and pquwpbeny(PQuatP) and one can see several trends. As the number
of phenyl uan in the oligoe chain increaes, on observes a direct increase of
ap _oimtey 4.1 A in thee lce diznnion of he inonoclinic uit cell per paahenylene
OWiL This distance is slightly less than the length of a phenylene unit so on=wMl expect
the oligomneP axis to be appro; iaely aligned withd the ItRsalogaphic axis. The unit cell

dipus ncudd nF~ur 1cofimthat the olionu wa spuuniy aligned with the
c ciyvailiopaphic axis.

he low --emP_ ranne unit cel is a sueltinof thdoo ma, pn , tut cell with
parameters a andi b doubled to account for the peswe displacement of the non-planar
oligomer. The low uupera-ue crystal structures of PWMS1 and PQuatPt 101 were solved
using a ticlinic unit cell. At room P Impere the crystal suctr indicates a plana
oligonier probably resulting from te average of several aon-planw cotf~aos At low

Mopum seciicnon-planar geoMeWy is psefrred
igur 2sumazes the melting po"t of odoyheysad the Iepcv transiton

umerees. A steady tise in tempenr ae is obsev dtoligoe nressi length so
that the predicted transition temperatures far PQP an Phud be above room
temprnure However we report he tha the soncruses of(PQP and PSP remain planar at
room empertureand Differential ScnigCalmmetry (DSC) measmemerits indicat that
ths as no trmnsidon othe than melting at higher tempertures Upon cooling of PQP and
PSP single crystals to 110K, unit cells very siilr o the room seprneunit cells were
found initially. However, after 24 hours a crystal phase asinon ha e ocued Both DSC
analysis and X-a pode dfrctonm ater taken a low as 143K and held for several
days revealed so sonuctral tasio.W cnclude that thie enio e~ru ms xs
between 143K and 110&, a indicated by the eror bars in Figure 2,and is time deedet
This transition could he non-first order an obomed for biphenyl(S,6J in which a soft made
exists below its transition temperature. Mor eoerm nar planned to study this

dAh case for mothigh seprtre-resistant polmer, PP degrades before it
melu howevar fo mparso prpose ther is Interes in koig the theoretical meling
pon of the polymer. Liertue0eprt Pppso be infusibleil1 1, but by thenetrapolation of

exprientl eltngpoints ofP P oligIFr (Fgr 3) we estimate the melting point of
'Ri 02K muplte etigpinso 620K and 1260K have been reported for

poyttAV ootblni121 and Kevlar h[31, respectively. Those extrapolations are
bsdon melting pon depression antociaed with end grop concentaton in polyrnernl14].
MWe low 1mertur crystal suane of DPQP is isostucurl with its room temeraur

ersa meurniaign m al transition. In apper wo be published ele 1r!15)
we reor *at the adtdin of pendant groups so the P oligomer results in a distortion of
plianuy of the unsubstituted olign er, butt th orion angles change lessthan an average of
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10 between to. ad lkm -me e ds Joao om f atuhe nsubdwad PPP oligae
increases, a I~mm~ wraisinu u s e d as a chang in qpec pmp. The

whinedolig u ~semdin Flgu 4 ad do. muocles h.m a butiogbac pus
idue 90ungok GOl =MMn iud i daism= in beig smded.

Molecular moeling Stodis of PPP oligaar I s Wecouple aUtng MuocerI J adgas h calcladuioale 0 tihnlI p~ouulwice that
rods ly h N lmao haoe anZT d poly(P.

Uch~dm~ bipen l olle in iawn 20L s v cohrnfoo uuo ft ewith
olims fPIF I'P comf=inWos ftt n theabncofcyw

Poringsumoperpenpdicularoneach other, ibis saoggesthalthe Commuints
wihi heuntNUm tifn enogh Im ovmomue =o*hydoge vpulskmu Recent

swPPP to have a high theoretical axial aensile moduus ad a high
comiusveMWh which encorags ceogodndintrs =MIn IP oligu a pmenga

wucuwal inMWs( 17).
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* Crystal structures of poly-paraphenylene

oligomers containing pendant phenyl groups

Kenneth N. Baker and Albert V. Fratini
Depamem of Cheanwy~ UnwvariO' of Dayten. Dayton ON 4469 USA

and W. Wade Adams*I ~ Pyme Branch. Mutor"al Laboratory. WrightfResearch and Developmnent Cant..
WPA F. OH 4W43-6533 USA
(Rtecived 1?I Jul 1969: revised 25 Septemnber 1989: accepted 30 Septemnber 189)

The roo1 m perture crystal strWMre of 1,.4-tipbenylbeazene (TI), C4HH@g; 2'A5-dipbenyl-p-
quinquepheuyl 4IDPQ) C42HA6e; and, 21.dipbenyl-pieptipbenyl (DPS). C"K,,. have been inveatad
as Parn ofa research proparne in rigid-tad polymem s. inails which ame of great interest for aerospbne
and cectro-optical applications. The molecules are non-plana. is contrast to tae planar stnactures found
at rIo erpea ste for the vnsubstituted polyplienyis. The 0oliorer axis does not align with any of the
crystallogaphic &zes. The pendant-oligomer bond. however, does align with the longest crystallographic
ais. The pendant torsion angle is greater than 45' and increases with incrasing chain length. Knowledge
of molecular structure and crystal packing of ofigomeric model compounds will be snfu in further
calculations of miechanical. opticaL aWndeectra-optical properties for the corresponding rigid-tad polymer
strutures.

INTRODUCTION have the general structure,
The past few years have-seen the activity in the area of
conducting polymers grow at a very rapid rate. The-
widespread interet ira conducting polymers clearly reflects
their perceived technological potential'. Attention has I,
focused on the pt-bonded polymers such as poly -
pafaphenylene (PPP) for several reasons. It can be
oxidized to apolymeric cation rather than undergo othier / \ \ / \ / \ / \
chemistry and thereby be made electrically conducting; Iv T1  -

R is thermally stable: pi-orbitai overlap may create
interesing mon-linear optical (NLO) properties: and
improved methods have been reported for the synthesis
of olomeric soluble prepolymer3.

The generation of charge carriers in the polyphenyls
occurs by doping and the subsequent formation of ionic

spes. g a polymeric cation and a counter Mi.* -we n-I for DPQj and xm for DPS. Letters (A. B,
Elcrclconductivity U hilha500 ohm-la I ha betc.ireler to the connecting bond along the main chain

achieved with doparats such as LL. K. aid AsFs (rd 3). and the Greek letters (#v and x) refr to the torsion angles
The polymer chains. as for organic molecules in generl. betuum adjacent phenyl groups. These compounds were
adopt a diffetrent conformation in the ioized state sythsesized in order to obtain a better understanding of
compared to the neutral state. Conformation diffrences ho rii- moecle pac in solid and how chain
would lead to changes in the amount of pi-orbital overlap length affects Packing. In addition,.recent calculations4
aiong the polymer axis as well a allfect the eec"OPcal have indicated that P'PP is a very stiff molecule which.
properties of ahe polymer. -if vrocesse- d into fibres using high molecular weight

to an ongoing study of [PPP As new ectcally polmr would have ver high tensil modulus.
conducting rigid-rod polymers, dhe rom temperature
structures of 22.45-dipbenyi-p-quinquephenyl (DPQ),
23.654.iphenyl-p-septiphenyl (DPS). and LL24-auiphenyl- EXPERIMENTAL
. .10e-e (TPD) have baen deterinedst. TPB was included 040mersn we synthesized by Bruce Reinhtardt. Materials
in the present study becaus its room temperature crystal Laboratory. Wright Pattersn Air Force BSe. according
structure had not been reported. The first two compounds to a mew method which involves intermolecular cycliz-

_______________________________ ation-'. The highly crystalline samples required no
OTo -she wrpmndmdsbsid ba addrmed additional purification and/or crystal growth. Density

C onW souvns -emm Ltd. POLYMER, 1990. Vol 31. September 1623



OCstl attiva of poly-pamphenvier. .homus.tar K. N. Raker at I. Reprint 2
measurements we made by flotation in mixed solvents Tdb I Ahm vmw or I.2k- i1hft . Numbmi m
containn methyl alcho and methylene chloride. psmtiuus an uimaud maadad dnmiuia w ii Jewt ipilmni

Refection data were collected on an Enraf Nous APIs
-CAD4 difiractometer coupled with a DEC micro PDP-1 I AI X W)

cOmputer andlipressed an a VAX 11/730 using software ________________
in theStructureDetemubmaion Packae(SDP). Strhcture CI OAGO(2) 0.l066I) -0=11(9) 3.31(0)
solutions were determined by MULTAN 11/826 and 02 0.231(2) 0.01 -0.095(I 3.95(4)
SIIELXS4867. The method of refinement folowed th C3 0.501(2) 0.15420I) 0.1390() 431(4

C4 OJS16(2) 0.2233(t) -0.1076(t) 4.76(5)general scheme: 11) isotropic refinement of carbon atoms 03375(3) 0.2311) -oA3611 5.76(3)
using unit-weighted reflections; (2) Isotropic reinmet 06 OA19(2) 0.17640)1 0.22() 5.17(5)
olcarbon atoms using unik-weihed iduections; hyrgn C7 0.7136(2) 0.04430) 0.0139219) 3.4643)
atoms, with fixed thermal faors, positioned in ieled C11 WNW04) -O..0029) 0.O91 3,37(0)
geometries and constrained to its attached carbon atom C' .s72 003(3 .914) 3~3

-with a bond length of 0.95 A; (3) anisotropic refiemet Ci 0.131(2) -0.0007I) 0.091599) 334%3)
o(fcrbon atoms uS Unit weights With hydrge atoms C12 0.=222) 0067(t) 0.052219) 3.65(41
stil constrained to attached carbon atoms; (4) anisotropic IC13 0.3052) -0.139701) 0.12927(9) 3.57(4)
refinement of carbon atoms to converence using 1/02(f) C14 0.8133a2) -0.1891011 0.167601) 4.2444)
weights with hydroWe atoms riding an attaed carbon CIS 0.16210) -0256(I 0.1922(t) 5.5(5)
atoms. Subsequent isotropic ydfnement of hydrogen cI? 5.077(2) -0219701) 0.1547(t) 5.3(5)
atoms, as expected. did nom yield appreciably better CIS 1.0062) -0.15(t) 0.123601) 4.49(4)

muls~ due to the reue aat-atearatio. C19 0.9919(2) 0.01889(9) 0.1465119) 3.4114)
redce daa-o-araetr 0.9953(2) -0.003205) 0.2188(t) 4.M641

V-1 I.0A02) 0.0131() 0.26341 5.1705)
C22 1.19402) 0.0621(1) 023211 5.2115)

-CI-3 1.1913(2) 04814201) 0.1647M1 5.0215)RESULTS C04 1.0910(2) 0.06294) 0.1201wl 4.15(4)
H1 0.637 0.050 -0.122 5.0Table I lists crystallogratphic and data collection pa- H3 0.543 - 0.146 -0.188 5.6

ameters and final refinement results. Flgw I shows the H4m 03516 0.263 -0.135 6.0
TPB molecule with the carbon atoms lablled. Tables 2 515 0375 0.212 -0.015 6.9
and 3 contain the atomic positions. bond distances, and H6 0.666 0.134 0.051 6.5

bond ~ ~ ~ ~ ~ ~ ~ ~ H angles repciey-iue2sow troy 1390.038 -0.0221 5.0bodanls.rspcivl. ~ 2sow se5ve 19 0.691 -0.134 0.045 4.1of the molecular packing in the unit al. H112 0.357 0.106 0.063 4.6
DPQ is shown in Fip"r 3 with the carbon atoms of H14 0.724 -0.179 0.172 5.3

the asymmetric unit labelled. Tables 4 and 5 present the HIS 0.110 -. 236 0.226 6A
atomic positions. bond distances, and bond angls H16 1.023 -0312 0.213 7.0

repetiel. hestre vewofth mleulr acigl. Hn517 1.160 -0.=3 0.150 6.9repetvey Te tre ie f hemleuar5akt13n i 1.076 -0.122 0.098 5.7
the unit cell is shown in Figur 4. The molecule possesses H20o 0.2 -0.034 0.237 5.4
a centre of symmetry. H13 1.97 0.003 0.313 6.6

The DPS molecule with the carbon atoms of the H122 1.263 0.077 0.267 6.5
asymmetric unit labelled is shown in Figure 5. Atomic 5123 1.24 0.11 0.01 1.6
positions. bond distances. and bond angles are presented

Talk I Ctymal data

Nam £.2A-Tromeyl lew 22A'1-DWlmuyIj~ququPhmiyl 21,6'-Db=PheyIp~any

Foimula C34511* C,H" M3
FW 306.4 534.7 636.9
T (-C) 123 2131 375
SPa. WPou 10 2,v PT
z 3qI

iAl10.36) 6 -?" 3) 11.713(2)
I IA)17.8034) 31.4709) 13.59021
c IA 53.7445) 7.651(3 6.138(2)
u deusi90A0 90.0 102.33(21
P dpe.90.0 106.19(4) 96.5112)

90.0 90.0 102.71411)
va Ai3428344) 1436.4421 91"s()

- a* Dinghy 3mJ 1.117 1.219 5.242
DoitV., is CM3 1.1116 1.11 la23
Nvatbe ow oalrAuaiom 19691 .5204 353
N N1 f r~Aqw nucti, 3# 1339 1061 1537

Number of pauuersm v*d 217 too 244
jr0.036 0.049 0.046

AWS 0.05 0.061 0.062

-. V RW I A
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Talk) C' Mauctive of p*lyP~rph~ny1W. oligomu:s X. N. fi o 2tat

At=m I At= 2 Diassm nA) At=m I No. 2 Dimfa(A)

CI a Lujt)) Cis C12 13963)
CI C6 3.321) CII C19 1*9(2)
CI C? IAU6(2) C13 C14 1.3170)
a aS 1377(3) C13 cis 1.33313)
a3 C4 13793) C14 cis L3123)

C4 CS 1.3733) cis C16 130(3)
CS C6 138143) CR5 C17 3.373)
C7 Ce 13IIe C17 cis 33314)
C7 C12 I17t2) C19 020 133)
Cs C9 1.3033) C19 024 I.3W,
C9 CIO 139303) 020 C3 1.304)
CIO C11 3.4052) C21 C22 10()
CI. O C13 3*9(2) 022 023 13103)

C23 024 312)

Atom I Alm 2 LAM 3 Asf 4681 ANN I Aom 2 At=m3 Ansk #dql
OCI C6 11712) C12 Cit C19 118.0(2)
0Cl C7 121J)(2) C? C12 ClI 1225(01

CS CI C7 121312) CIO C13 C14 12DA121
C) a a3 121221 CIO C13 cis 121.5(21

a)C C4 120.4(2) C14 C13 cis 15.012)
C)C4 CS 119.4(2) CD3 C14 cis 121.202)

C4 CS C6 120.203) C14 cis C16 120.(21
CI C6 CS 121.3(2) CR5 C16 C17 119.4(3
CI C7 Cs 121.212i C16 C17 cis 1-0.9(2)
CI C7 C32 121.1 (2) C13 ciI C17 120.41
C11 C7 C12 117.7(2) CiI C19 C20 121.7(2)
C7 Cs C9 120A(21 C11 C19 C24 119.7(2)
Ce C9 CI0 121.12) C20 C19 CQA 113.6(2)
C9 CIO CR1 1311.2(2) CR9 C20 021 121.0(21
C9 CIO C13 117.9(2) C20 of C22 119.712)
C11 CIO C13 123.9021 C., I0C2 C-13 IM00A2
Ci0 C11 C12 119.2(2) C-2 C23 C.4 120.421
CIO C11 CR9 122.912) C19I C24 V.3 120412)

temperature. The values are not signiicantly different
C22 C23than the corresponding distances in the unsubstituted

C21 24 PPP*-' 1 A significant shortening of these bond distances
C2 in the substituted oligoiners would have indicated more

cis C19double bond character and increased electron delocaliz-
C17 C Iation. It should be noted that the contribution of the
C14 CIO C12quinoid resnance structure is believed to increase upon

doping of PPP3 with alkali metals. This is accompanied
3 C13 CIIby a decrease in aromaticity and an Increase in electron

Ce C Cedelocaliution. Thus, it us not certain whether pendant-
C? containing PPP could therefore be doped with alkali

metal ions to produce better electronic conductors and/or

C2 C3 The bond angle are very dlose to the expected 1200
value with the latrgest deviations in angles associated with

FPuit I I.2AkTdpbo) b Mao ,k I~~ stom uWhu..d. dran coninecting phenyl units. The oligomer axis of each
m the W0% p.bbility ksW molecule is essentially coaxial and smnall deviations are

probably due to steric hindrance of the phenyl pendant
in Tables 6 and 7. respectively. Figure 6 depicts a Stere groups. Deviations of the oligomerT axis carbon atoms
iview of the molecular packing of the structure in the unit from the best least squares line fit. plotted in Figure 7.
cell. This molecule also possesses a centre or symmetry. sho0w that DPS is distorted the most of the three
(Observed and calculated structurefactor amplitudes and obgomera. When viewed down the chain axis. DPQ has
other details of the structure analysis have been deposited a small sinuuoidal-shaped wave perpendicular to the
at the British Library Copyright Receipt Office* as plasm of the central ring, whereas TPD and DPS are

suppemetar matria tothispapr.)bowed. The terminal phenyl ring of TPD (C13-C18) is
suppemetar matria tothispapr.)r from being collimw with the oligomer axis. These

DISCUSSION contortions of the ofigomer axis are shown in Figure 8.
In all three oligomers. the oligomer axis does not align

Table 8 suwnmarties the bond lengths between neih- with any of the crystallographic axes however, the bond
housing phenyl units for structures determined at roomn connecting the pendant to the oflgmer aligns preern-

F -- - -h aiti u " C@POwIItse 0111a. O .. Shmon So.. Lmadof tiallh along (or nearly so) one of the crystallographic
WIV 49H. UK ame. In TPD the pendant-oligomer bond aligns close to

POLYMER, 1990. Vol 31. September 1625



crysmtl stuctwr of P0*yPwv Phy-lgI o/omign . I. N. Oar e l. Reprint 2

Flum 2 Smeo ve f the panml mmnut the W md o(TP3. Sdmuhanhe are omitd lot dfty. Tbe b
an a bomonml Od the ca am is VenA

Talk 4 Atomic posiion of 22'.di-&vwnyI-"~unuePhienyI. Num-
cis % C20 bm in pefeathe are astmsd smadard deviations in the least

eien d C2

? 1 itAtom X y 2 8A10

COC *CI 0.8032(3) 0.0213I) 0.9088(4) 3.68(7)C2 1.1963(5) 0.0219111 1.0586(5) 4.48(t)
C3 1016(S) 0.0428(1 0.9683(5) 4.40(3)
C C4 0.3973(S) 0.043911) 0JI06441 3.67(7)
CS 06131 ) 0.066814) 03359(4) 3.79(71
C6 0.3824(S) 0.1093(1) 0.7367(4) 3.42(7)

Flun 3 2'.4.Dipbeny-ppquimuephwv Mth Cubon am lipsod s C7 0.2203(s) 0.08771) 0.602344) 3.67(71
dtawn at the 50% probalility level C1 0.2476(5) 0.044611 0.5776(4) 4.25(81

C9 0.4317(5) 0.0227(1) 0.6810(5) 4.22481
CIO O.025 )5) 0.1101(0) 0.4120(4) 3.66(71
C11 0.0476(5) 0.1467111 0.3185(5) 4.31,81
C12 -0.1333,6) 0.1669(1) 0.277() 5.3(11
Ci3 -0.34346) 0.1512(1) 0.26115) 5.401,
C14 -0.36886) 0.114511) 0.3490(5) 5.37(9)
Cis -0.1669(5) 0.0937(1) 0.4609(s) 4.48(81
06 0.3637(5) 0.1548(t) 0.7810(41 3.838)

I"C17 0.18316) 0.17)0(1) 0.83281s) 4.92(91
Cis 0.1711(7) 02117(1) 0.10'7(61 6.211)

_______C19 03376(7) 0.2395(11 0.1793(6) 6.611)
__ _Ct €20 0..16(7) 0.2252111 0.3238(61 6.0(11
1C21 0..5316(6) 0.1132(1) 0.l79151( 4.70(9)

142 0.665 -0 0.374 4.0
H3 1.004 0.073 0.947 5.2
HS 0.673 0.101 0.92 4.5
HI 0.1311 0.030 0.431 5.5
H9 044 -0.007 0.A63 .3
Nil 0.191 0.131 0.402 5.3

I2 -0.117 0.192 012 64
HI3 -0.471 0.166 0.190 6.9
314 -0352 0.103 0.3 6.5
His -0.206 0.069 0.34 5.8

-, HI7 0.066 0.131 0.513 6.0
Hill 0 0.222 0.917 7.9
H19 0330 0268 0.914 1.2
120 0633 0.243 O.IS 7.1

121 0.637 0.173 0.746 3.6

a. while the pendant-oligomer bond in DPQ and DPS
alipms approximately patrallel to the b axis. In results to

be published. iar luinquepbenyl and pwa-exiphenyl
FIime 4 S .vie o DPQ sMi mobmir ge . r n e U. have their oligomer axes preferentially aliining with b
Moleculs pc'tiomd c a fromt wam n are omitad for €ay. The c (ref. 12). Thus. with the exception or TPB, the pendant.

as is bwoma ad the 6 ali is vewwl oligomer bond ailips with the longest crystallographic
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cryal Dtiuctzf of pol-pwwPhenrydene oligonwa:. K NfjiI f
Tal 5 iBiod dhmam and aONsi for 2'A'ediphm11101111111 i1111 . "Wiluef a adard dsmtxo 0 the 3,-1i
Wpdomxan digit

ATM I Atom 2 Diuma .A) Atom I Atom 2 D.em (A)

Cl C3 1.31114) C C9 1.38814)
C! C2 1.380(41 CI0 CR1 1382(5)
C2 C30 i.392(41 CI0 C5 1.401(4)
C3 C20 1..9214) ClI C12 379(4)
CI C4 1A904) C12 C13 1.379(41
C4 CS 1.311544) C13 C14 1.367(6)
C4 C9 1.36(41 C14 Cis .387(5)
CS C6 1.389(5) C16 C17 13905)
C6 C 1.405(4) C16 C21 1.385(51
C6 C16 1A83(4) C17 C18 13675)
C Ce 51(5) Ci8 CR9 1.367(6)
C? CI0 1.4894) CR9 C20 1377(6)

zz0 C21 1.3845)

Atom I Atom 2 Atom 3 Aas (dq Atom I Atom 2 Atom 3 Aa d(dq)

C2 C1 C3 117.1(4) C4 C9 Cs 120.5(3)
CI C2 C3 120.5(4) C7 CI0 CI 122.0(3)
Cl C3 C 121.7(4) C0 CR0 C15 119.3(41
C2 C36 CIO 121.7(4) C1 CI0 cis 1.5(31
C3 C' Cie 120.3(4) CI0 CIi C12 120.9(3)
C3 C! C4 121.04) C11 C12 C13 120.304)
C! C4 CS 121.2(3) C12 C13 C14 119.714)
C1 C4 C9 120.9(3) C13 CR4 C15 120.914)
CS C4 C9 118.1(3) CI0 C15 C14 119.8(4)
C4 CS C6 122.4(41 C6 C16 C17 121.54
CS C6 C7 11.814) C6 CR6 C21 120.7(3)
CS C6 CR6 118.113) C17 C16 C21 117.9(3)
C7 C6 C)6 123.013) C16 C17 CIs 121.113)
C6 C" C 118.7(4) C17 Ci8 CR9 120.714)
C6 C7 CIO 122.113) Ci8 C19 C20 119.444)
CS C7 CIO 119.444) C19 C20 C21 120.3141
0 Cs C9 121.6(3) C16 C1 C20 120.714)

50%'/ probblaty lgel

FIspr 6 Te r amx aseiwo wuw of DPI hing mma paing inl unit rU. Mokwi.l am u8? rOhmn am omitte
for cC2y. 4e es C2m oC2d2
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Crvmaiaauctwwu of Pe/y-Pwfphenykim wwv. I. N. Baker at W. Reprint 2
Tawl 6 ANN*c pmiaim of 2.55 * Nwinim ~Puah ~ m. w Wd oundud dohlm is the low ipifima dilit

Atm z 7 5(A3W) Atom x yp a WtA)
Cl 0395312) 0333442) 03187(51 3.77(6) 024 1.1191(0) 10774(2) -02W4(6) 5.771V)
C2 03515(3) 0.60402) 0.51 25) 4.M(7) C25 1.235(3 1.141342) -0.0761(6) 5.46(3)
C3 0.3417(3) 0.4M792) 03591(5) 435(7) 026 1.2491() 1.1005(2) 0.1006(6) S.63(9)
C4 0.691(2) 0.561(2) 0.2394) 3.63(6) C27 1.210603) 0.9936(2) 0.083105) 4.80(31
CS 0.69462) 0.532(2) 0*4844) 4.14(7) 112 0.58 0OAK 0342 4.0
C6 0.733112(2) 0.553742) -404075 4-0207) 113 0.53 0.376 0.22 4.0
C 0.1367(2) 0.6335(2) 0454341 JAW6) 15 0.616 0.A61 -0056 5.3
C11 0.838(2) 0.679(2) 8.233(s) 4001) 116 0.7310 0320 -0... 5.1
C9 &0.749(2) 00872(2) 0.38913) 3.%67) HS3 065 0.737 0.377 5.1
CI0 0.96592) 0.701(2) -8A6314) 3.72(6) 119 owl0 0.63 03m 5,0
Cli 1.0330(2) 0.403(2) -0.205051 4000) Ht1 0.99 0.519 -0.223 5.3

-C12 1.124(2) 0056112) -0.3156(5 4=27) H112 1.164 0.516 -. 435 5.3
C13 1.1701(2) &.7422(2) -0327(5) 3.71(6) H15 1*01 0.82 0.064 418
C14 1.1220(2) 0.133(2) -0.1541(4) 364(6) 1117 .38 0.679 -0.719 5.7
ci5 1.024(2) 0.776(2) -0*612(5) 3.79(6) 111s 1337 0.717 -0.932 7.4
CIS 1.268(2) 0.77S3(2) -0.4146(S) 3.37(6) 1119 520 0am5 -0.735 7.6
C17 1.262103) 0.7233(2) -030(S) 4A42(7) 112 1.536 0.938 -0"0 7.2
cis 1.3543(3) 0.751(2) -- 734(5 5.70(3) 3121 1.37 082 -0.126 6.0
CR9 I34443) 0.836(2) -0.64Th6) 6m09) 1123 1.105 &.930 -0.476 6.0
C20 1.4637(3) 0.879(2) -O4.21516) 5.67(9) 112 1.172 3.102 -0.430 7A4
C21 13M2(2) 0.855(2 -4"0395) 4.5707) 112 1.274 1.230 -0.048 6.3
C22 1.162442) 0.9M7(2) -0.127415) 3.77(6) 1126 1.291 1.148 0.233 7.1
C23 1.151003) 0.9711(2) -. 3105(5) 4.89(3) H127 1.221 0.96 0.224 6.1

Tab6e7 Dood distasoom anaiSW for 22.6' ImyI-pwupdbeyl. Nuabimw pmuudissm utumazad tandard devioes md Ith kmpiist
disit

Atom I Atom 2 Disitan. (A) Atom I Atom 2 Dianm (A)

CR C2 139704) C13 C14 1.40404)
Cl C3 3397(3) CR3 C16 1.487(5)
C C3O 1-10(4) C14 cis 1.33444)
C3 C20 1-104) C14 C22 1.49303)
CR C4 1.481(4) C16 C17 1.395(4)
C4 Cs 1.387(4) C16 021 1.404031
C4 C9 1393(4) CR7 ci3 3390()
C5 C6 1330) cis CR9 1.37214)
C6 C 13944) C19 020 137805)
C CS 1.397(4) 020 021 13"4(S)
C CIO 1,4664) CM C23 1.38244)
CS 3.98444) C22 C27 13804)
CI0 CR1 1.395(4) Cm C04 133444)
CI0 cR5 1.39(3) 024 C25 13864)
CiI CR2 3382(5) C2-5 C26 1.37401)
C12 C13 1.395(4) 26 027 13393(4)

Atom I Atom 2 Atom 3 Angle Ides) Atom 3 Atom 2 Atom 3 Ange (del)
C CI C3 117.103) CR2 C13 C14 118.713)
02 CR C4 121.5(2) C12 C13 CR6 111.602)

C3 CI C4 121A(21 CR4 CR3 C16 122.8(21
CR C4 CS 120.9121 CR3 C14 cis 119.3(2)
CI C2 09 121J8(2) C13 C14 C22 122.2(2)
CR C3 07 121.142) cis C14 02 1HUM(2
C C3 CIO 121.112) CR0 cRs CR4 122.4031
C3 C?0 CIO 122(2) CR3 C16 C17 120.50)
CR C4 C9 120.9(2) CR3 C16 C"23 121.612)

-CS C4 C9 113813) CR7 C16 C-1 117.110)
CA CS CS 121.3121 CR6 C17 cis 121.1(2)
CS C6 C 1203(2) CR7 cis CR9 120.113)
CG C co 118.213) cis C19 C20 119.903)
C6 C CR0 132(2) CR9 020 C., 1320.3(2)
CS C CIO 121.0(21 CR6 021 C20 120.30)1
C CS C9 121.113) CR4 C02 C23 121.2121
C4 C9 ce 130.6(2) C14 C02 C27 120.4(31
C CI0 CR1 32212 C23 C22 07 111.4(2
C CR0 cis 130.7(2) 22 023 0A 120.912)
CII CR0 cR5 117.743) C23 C04 C.13 120.503)
CI0 C1I CR2 320.62) C24 053 C6 119.5(3)

_______ClI C!2 CR3 121A4(3) C25 C06 C-17 120.113)

C22 C7 C26 120.644)
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TO*k I S y of bond bog*k Mmo ~ pbm~We - Wm m .Iz Reprint 2T=MI umm dmm imlmImureI~ mmd mm mlmm.Nomdow ofm 00m pho mo is " f to m am
Of symmUy a - mImmn W&M , dhat 6 .- pbmyl ilak is that bond whib Nom ft a1y m Orthe MUM pbnyi b if the s.ymns
00" imU St a tlmyl A ra (mmit imra FMiaJ I--L Ninbm is PUaWmbos W Ugd iamdu dspm s the ht uipifit dqit. P
mm pkmW SCfomam mad N vmm r-plaw anrzitio

C m=une A (A) 3 (A) C (A) 2 (A) Caonmuanoa

-- DpT yl 1.95(5() - - - p
,.u~myUeN.D(S) -

p.Quzmtmay1 1 !.502(4) 1.46(S) P
pOuiaquephayll' 1.4815) A2(5) - - p
p'4.imspyls 1.506(6) 1.501(8) 1461(8) - P
1.2A-Tripm xy.bhanm 1.46(2) A89(2) - LAM9(2) N
2A,4'-Diplny-p-quiquqepamyl t.4904) 1.48%4) - 1A3(4) N
2'A'.*Dipbeny -p.aspxpinyl 1.481(4) .45644) 487(5) !493(3) N

axis. "re short chain axis of TPB and lack of molecular
ens, symmetry appear to play an important role in this

Aipment.
The addition of the phenyl pendant groups disrupts

ats the planarity of the polyphenyis observed in the room
temperature structures of biphenyl13, par-terphenyl 14 ,
para-quaterphenyl' , para-quinquephenyl and para-sexi-

____ I" .- phenyl12 . as seen in Tables 9 and 10. This is most
probably due to steric hindrance of the pendant groups
with the oligomer chain and crystal packing forces.
Hydrogen-to-hydrogen distances between phenyl rings
(H2-H9 in DPS, for example) are approximately equal
to 2.5 A. Hydrogen atoms on the terminal phenyl ring
closest to the pendant group are approximately equi-
distant from one of the onho hydrogen atoms on the
pendant group. In DPQ, for example. H II and HI5 on
the terminal phenyl ring are both approximately 3.6 A

a0 6 9 12 Is Is from HI7 on the pendant ring (see Fiue 9). The
corresponding values in DPS are 3.7 A. For the three
pendant-substituted oligomers. the pendant hydrogen

=mo a. atom-to-terminal phenyl hydrogen atom contact increases
with oligomer length (from approximately 3.5 A in TPB

klm. 7 Deviation ofthe bonlatolimnpmusthetooomerais tO 3.7 A in DPS).
hro hust squNIirm@ The average torsion angle within the oligomer chain

709

INO
-0 d0
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Crvata svt wu of piypsphnyAbo ew K. N. Baket Wl. le
TaIb 9 Tors. -s aisn fmight dm pelphsyJL. lie wase. aniglare hh" ad Lsv to ts anum"uMM of the sm
a symmetry mu, sits am th bead comarnm Iwo phamyl an=its sh eaes angle resoo sro adponatrzap. If eta ieof symmetry emust

a phenyl stit the mHe ak l r*Vm lodte amae. ii ft (see pm1 mmure)

N ?am Faemul Tmpeur:teK) *, (41411) *2 (dog) 03 (des)

liphenyl Co,,K,. 2911JI 0 -
09to -

P.Terphmyl CI*H,. 3"& 0 -
1101" 16 -

p.Quuerpheyl 33"i 2 0 0
210"* 17.1 =27

P.Q=tpheaYi 4.11, 20113 0 0
Ito Werk in prolp u

p-sezphmyl Cs*H:G 291"3 0 0 0
110 Workin prowes

,.Sepsiphmoyt C4411" 298 Work in proges
110 Werk urn progress

Tab to Torsio. anglas of pendant polyphemyl. The torion O angrm kbeil relativ to the symmetry ofti do the w sousemch that Ifa
symmetry amti ait on the bond aneugtwo phunyl units the torsio. an*l imu sotbe two adjautimp. Ifa mireof symmetry eists
in a phenyl unit the tmont a*gl min to the mrnchain ink. Fadant meleissto shetsue.anle, ,on the pandant peop and the pbanyl
peep so which itis auttahed sam postral -P - 0

Nam Formula Tunperature (K) #1 (dig) 03 Id"g) *3 (deg) x (des)

IJA.-Thipbsnyl'heuscu 4.91,. 291 42.1 49.1 - 48A
110 Work.i propen

2'.35.Dipeny4-pqustepbcayl 411,. 291 Work in progress
110 Work in progres

2'.4'-DipmnyI~pquiaqepeyl C.,H,, 291 -28.0 51.2 -5.

110 Work in progress
2'.5-Dipbenyl-reezipbenyl CH. 291 Work in progress

110 Work in prop,.
2'.6'.Dphnyl-p-oepdphzuyl 4,11,, 291 43.2 -45.6 41.6 61.0

110 Work in progress

go

700

aja

10

ftuabw st"W Phem u in O0gmif COmn

Flum it Graph a(pendant tome. an*e vs. 10Wa number of phenylS
units in aligomr chain

Fiure9 Hydrolin ato olsi aOf distam bitume pendant aOW lapg difference unique to this oligomer is not clear at
oligemer axis kwr 2'A'.diphenvhqInquu~pbC iYI this time.

The torsion angle between the pendant group and the
is 45:. which is approximately twice the value of 23' oligomer chain is greater than 45,. increasing with chain
predicted for PPP from structural data and further length. As the hydrogen atoms of the main chain
supported by ab initio quality quantum mechanical approach the hydrogen atoms of the pendant group.
calculations'. The exception is DPQ which has torsion the pendant torsion angle decreases. This trend is not
angles of approximately -28, at the centre ring, but yet understood and more measurements on different
angles of 51I for the terminal ring. The reason for this model systems are under consideration. Fully-.optimized

10 POLYMER, 1990, Vol 31, September
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ABSTRACT

The crystal strucs= analysis and IR study of the molten sat precursor, 1-ethyl4ethhnm-
daolium chloride (MEICI) has been undertaken as pan of an investigation of the ion-ion inter-
actions in room temperature melts, where the mok fraction ofAIC is les tban 0.5. Hypoecopic
crystals of MKECI have been grown In aetoniuile and saled under belium gn in a capiflazy tub.
The orthorhombic space poup is P2,212,, with a=10.087(1), bu11.179(1), e'26733(4) A.
V=3240.0 A, moL wt.m 146.2 and DW,m l.204 gem" for Zn 16. The asymmetric unit contains
four ME -. - C- ion pairs. The MEI ions dter in four distinct aers perpendicular to the e
axis. Similuy, the arrangement of Cl- ione is a layered am Each Cl- homom with thre ME!'
ions and euch ME is associated with three nearest C1- ion. The distance of C- hum a ring
carbon atom averages 3.55 CI- ion a situated hydb en-bonded positions rahe than at
random characteristic of a C-H -, - hydr*e-bond interactio Evidence fh the pressc of
hydrogen bonding of al- at the three rin C-H bonds in basic MEICI/AICI. mae is presented.

INTRODUCTION

Mizum of 1-methyl-3-othylimidnoliu chloride, MEICL and AICI, where
the mole fraction (N) of AIC 3 is between 0.33 and 0.67, are molten salts at

Presnt addree: Europea Office of Aners Reeac and Development. United States Air
Force. 223/231 Old Maryiebone Rd., London, NWI 5TH, Ot. Britain.
• Auth to whom po should be addresd.

0022- 60/80/ 03.50 0 I8 Ebv Science Publisls B.V.
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Fig. 1. Suctue of one of the Sa ME* am in the asymmetric unit. Seletd averag bond
distan (A) and bnd angle (-) am Ni-C 1.27; C2-N3 1.0 N3-CA IS6; C4-C0 1.36 CS-
Ni 1.41: NI-CS 155; CS-C? M43 N3-CA 1.46; Cl-Ni-CS 10W; NI-C2-N3 110; C2-N3-CA 111;
N3-C4-C5 104; C4-C5NI 106, Cl-Ni-CS 130; CSNi-CS i2k C2-N3-CS 126 C4-N3-CS W2;
and Ni-C6-C7 104. MCI (3) values for Ni-CS and CG-C7w an itted bor the aveage band
distance -*adnte Maimum estima standad deviatiam to idividua band distanme and
bond angles ane 0.05 A and 4% nseti*l.

and well below room temperatur [1,23. Pure MEICI has a melting point of
87 *C. These melts are of interes as electrolytes in high energ-density batter-
ies [ 3,431, as solvents for studying ionic complexes [ 5], and as catalytic solvents
for organic reactions [6]. The potential utility of these melts has prompted
studies into the nature of the ionic interactions in the melts.

IR spectroscopy [71 recently showed that the MEI* ion interacts with CI-
ions presentminbasic melts (N< 0.5) at the C2, C4, and C5positions shown in
Fig. 1. This result differs from the ion-pair model in which Cl- is hydrogen
bonded solely at the C2 position. An alternative model was suggested but not
satisfactorily demonstrated in which the MEII ions are stacked parallel to
each other with Cl- and AICl.Z anions positioned such that Cl- can interact
with allthree ring C-H bonds. Since theER specrs.of solid and liquid (90C)
MEICI were shown to be very similar, the structure analysis of MEICI was
undertaken to determine the nature of NEI' ... Cl- interactions in molten
sats.

EXPERIMENTAL METODS

Solid MEICI wa prepared by the reaction of 1-mothylimidazole and ethyl
chloride in airless glassware as described previously 113. The solvent of re-
crystallization was acetonitrile rather than ethyl acetate, a procedure which
enhanced crystal quality. Unfortunately, the crystals were observed to retain
a coating of mother liquor even after nine days under vacuum.

A small, irregularly-shaped crysta of MEICI with dimensions 0.25 mm XO0.25
mm X 0.35 mm was mounted in a glass capillary under dry box conditions. Pre-
liminary eaiaon and data collection were performed with Mo Ka~ radia-
tion (A= 0.71073,A) on an Enraf-Nonius CAN4 diffractometer equipped with
a graphite crystal incident beam monochromator.

Cell constants and an orientation matrix for data collection were obtained



27 Reprint 3

hom leat-squares refinement, using the setting angles of 25 reflections in the
range 5.0 < 0 < 16., 0. The orthorhombic cell parmetes end calculated volume
are: a = 10.087 (1), bm 11.179 (1), c=2&733(4) A, V= 3240.0 k. For Z= 16 and
MWs 146.62, the calculated density is 1.20 g cm-3, which compares with the
measured density of 1 04 ±0.004 g cm- 3 obtained by flotation in a benzene/
carbon tetrschloride mixture. From the observed systematic absences and sub-
sequent least-squares refinement, the space group was determined to be P21212
(No. 19).

The data were collected at room temperaue using the w/20 scan technique.
The scan rate was calculated from the results of a fast pro-can, and varied
from 0.69 to 780 min-' (in omega). Data were collectedto maximum2eof
50.0' (h=O-12, k=O-IS, 1=0-4).

Three representative reflections were measured every 30 min a a check on
crystalnd electronic stability. The intensities of these standards remained
constant within experimental error throughout data collection and no decay
correction was applied. The extremely hygroscopic crystal moved slowly inside
the capillary during data collection. This movement was carefully monitored
by periodically examining the orientation check reflections. Reorientation of
the crystal occurred on average every 125 reflections; 3284 unique reflections
were collected. Lorentz and polarization corrections were applied to the data.
The linear absorption coefficient was 3.9 cm-1 for Mo Ka radiation and no
absorption correction was made.

The structure was solved by direct methods [9]. Hydrogen atoms were lo-
cated and added to the structure factor calculations but their positions were
not refined. The structure was refined by full matrix least-squares [10] where
the fnction minimized was 1w( IFo-IFI)2 and the weight w is defined as
the reciprocal of the standard deviation of F. squared. Atomic scattering fac-
tore were taken from Cromer and Waber [1 and the values for 4/' and 41"
were those of Cromer [12 1.

865 Reflections having intensities greater than 3.0 times their standard de-
viation were used in the refinements. The final cycle of refinement included
159 variable parameters and converged (largest parameter shift was 0.07 times
its estimated standard deviation) with unweighted and weighted agreement
factors of 0.10 and 0.13, respectively. The standard deviation of an observation
of unit weight was 3.63. Because of unresolved problems associated with the
refinement of C26 and C27, their positions were held fixed during the final
cycle of refinement. The highest peak in the final difference Fourier map had
a height of 0.44 e A-3 with an estimated error based on AF of 0.10, while the
largest negative peak had a height of 0.41 e A". The two largest positive den-
sity poks were located in the vicinity of C26 and C27; others were randomly
located throughout the unit cell

Fractional coordinates and equivalent isotropic thermal parameters for the
36 nonhydroen atoms are reported in Table 1. Observed and calculated struc-

0
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TABLE 1

F '.tioal cooamta and equrialmeno * the...! ptamtu and thew aitmated eta rdO
dViataon

Atom x y as).

MEI (1) Ni 0.34(3) 0.673(2) 0 584(8) 6.3(7)
C2 0.758(3) 0.742(3) 0.2(1) 7(l)
N3 0.680(2) 0.80(2) o.5W07(7) 4.8(6)
C4 0.701(3) 0.765(2) 0.6355(8) 3.4(6)
Cs 0.04(3) 0.680(3) 0.6325(9) 5e(8)
C6 0.944(3) 0.599(3) . 0568(1) S(1)
C7 0.913(4) 0.478(4) 0.568(1) 15(2)
c8 0 581(3 0.883(3) 0.577(1) 6.3(9)

MEl* (2) Nil -0.065(2) 0.014(2) 0.4069(8) 5.5(7)
C12 -0.118(3) -0.054(3) 0.3799(9) 5.3(8)
N13 -0.072(2) -0.050(2) 0.3393(7) 5.0(6)
C14 0.019(3) 0.047(3) 0.334(1) 6.4(9)
Cis 0.044(4) 0.078(3) 0.381(1) 9(1)
C16 -0.090(3) 0.052(3) 0.460(1) 6.8(9)
C17 0.008(4) -0.032(3) 0.481(1) 11()
Cis -0.129(3) -0.121(3) 0.2984(9) 6.1(9)

MEI (3) N21 0.752(3) 0.289(3) 0.341(1) 9.4(9)
C22 0.813(3) 0.366(3) 0.3668(9) 6.0(9)
N23 0.783(2) 0.340(2) 0.4104(7) 4.1(6)
C24 0.685(3) 0.250(3) 0.4096(9) 4.8(8)
C25 0.671(4) 0.217(3) 0.364(1) 9(0)
C26 0 .807b 0 2 5 0  o.2 8 5 b 12(1)
C27 0.723 b  0.279  0.26 b  16(2)
C28 0.822(3) 0.398(2) 0.4538(9) 5.0(8)

ME (4) N31 0.642(2) -0.060(2) 0.1583(7) 4.0(5)
C32 0.665(2) -0.001(2) 0.1866(8) 3.0(6)
N33 0.482(2) 0.063(2) 0.1623(7) 3.7(5)
C34 0.495(3) 0.043(3) 0.1169(9) 4.4(7)
C35 0.589(3) -0.039(3) 0.115(1) 5.0(8)
C36 0.764(3) -0.145(3) 0.167(1) 7(1)
C37 0.714(3) -0.232(3) 0.197(1) 8(1)
C38 0.390(3) 0.154(3) 0.184(1) 7(1)
CIl 0.2339(9) 0.7793(8) 0.5558(3) 5.8(2)"
C12 0.476(1) 0.9408(8) 0.7042(3) 6.6(2)s
C13 -0.173(1) 0.05(8) 1.0402(3) 6.6(2)"
C4 -o.661(1) 0.9774(8) 1.3019(3) 6.4(2)

-An esterM k ucae that the atom we e rfne aniuotrvpcafy and in gime in the form of the
1oeoc n4quivabn tbe pen U mp e defied w (4/3) [ahBn + b%, + c¢B + .b(aoy)Bs+
c(caP)B 2 + be(cwoa)JA,.
Parmee wa fixed dfring the finl cyce of IN4qum refiemen t

B
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ture factor amplitude and other details of the structe analysis are available
from B.LL.D. as Supplementary Publication No. SUP 26375 (6 pages).

Infrared spectra were recorded on an IBM IR/32 FTIR spectrometer. The
liquid MEICI sample was a thin film between NaCI plates with no spacers.

DISCUSSION

MEI cation

The asymmetric unit consists of four MEI - - CI- ion pairs. Figure I shows
a view of one of the four substituted imidzolium ions. The endocyclic bond
distances and angles in the four MEI ions vary markedly from ring to ring
(1.21-1.51 A and 101-114.). The ezocyclic alkyl groups are attached to the
ring with bond distances of 1.43-1.74 A. In MEI+ (2) and MEI (4) ions, the
P carbon of each ethyl substituent is above the mean plane of the five-mem-
bered ring, with torsion angles (C12-N11-C16-C17 and C32-N31-C36-C37)
of 96.3 and 55.7*, respectively, while in the MEl (1), the beta carbon is below
the ring, with a torsion angle (C2-N1-C6-C7) of -107.3. Atoms C26 and
C27 of the ethyl substituent in (MEI (3)) are disordered. This observation
reflects one of the difficulties in the cwystallographic examination of these mol-
ten salt precursors.

Unit cell

As shown in Fig. 2, the ion pairs pack into the unit cell in ways similar to
both planar molecules and simple inorganic salts. The MEI ions cluster in
four distinct layers, perpendicular to the c axis, with interlayer separations of
6.741-7.568 A as defined by the average distances between ring centroids.
Within a layer, each molecule is separated from its neighbor by 3.792-4.091 A
as measured along the diagonal, while the edge-to-edge separation is 7.381-
7.704 A. The middle layers differ in orientation in the same manner as the first
and fourth layers.

As described for the MEI ions, the arrangement of Cl- ions is a layered
one, comprising four different patterns of anions. The first two patterns at z=
-0.05 and 0.05 are related by space group symmetry, each consisting of a pair
of Cl- ions situated approximately on ab cell diagonals. The third and fourth
patterns are found at zm=0.30 and 0.70, the former consisting of four ions lo-
cated approximately on the ac and bc faces of the unit cell, while the latter is
comprised of a plane of five ions, one close to each cell edge and the fifth ap-
proximately in the center of the cell. These four patterns occur cyclically along
the c-axis, the first occurrence of the first and second patterns being split by
the bottom ab face of the unit cell. The fourth pattern occurs after this, fol-
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Fig. 2. Staeis of the MEICI oait cell The e ais is ve tl and a is horizontaL

lowed by the third. In the center of the cell, the firs and second patterns repeat,
after which the third and fourth patterns repeat, and so on.

Interayer interactiom

The relative orientations and connectivi'ty of the MEI and CI- layers are
alternately depicted in Fig. 3. In this drawing, the cations are shown arranged
in rows (designated a-h) in which the MEI rings share a common plane. The
rows in the plane of the drawing (a, c, s and g) represent a cross-section of the
layers formed by the staggered stacks of MEI4 running parallel to the plane
of the drawing. The alternating rows running perpendicular to the plane of the
drawing (b, d, f and h) represent a similar cross-section. The heavy dashed
line (the c axis of the unit cell) is at the intersection of these two cross-sections.
Note that the rows labelled a and e are equivalent. The light dashed lines con-
nect C1- and MEIT ions which are nearest neighbors. By examining the C-
ions on the intersection line, it can be seen that each CI- interacts with three
MET* ions, two of which share a plane which is perpendicular to the plane of
the third. Also, each MEI* is associated with three nearest Cl- ions which are
in the same plans as the MEI+ ring.

There are two rows of Cl- ions associated with each row of MEI+ ions. One
has Cl- ions interacting with just a single ring carbon atom (alternating be-
tween C2 and C6) ofthe MEI ion in an associated row, while another (on the
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Fig. 3. ?dEICI suuxca showing relative orientation and connectivity of adjacent laysm Rom a
and e ar equivalent. The heavy dashed line rpreemts the direction of c axis.

side of the MEI row) has each CI- interacting with ring carbon atoms from
two adjacent MEI ions in the row. In Fig. 3 these would be the top and bottom
Cl- rows, respectively, interacting with row a of MEI ions. These rows are
drawn with uniformly spaced Cl- ions; however, in the crystal the spacings are
alternately large and small In the top row, the C1- ions interacting with C2
are directly above the MEI *, while those interacting with C5 are forced to shift
in the direction of the C5-H bond and as a consequence away from positions
directly above the MEl . If the interaction of C- with MEI were non-spe-
cific, the CI- ions would be expected to be uniformly spaced to achieve maxi-
mum separation. This uneven spacing is seen as evidence for Cl- ions inter-
acting specifically with ME1 through hydrogen bonding.

Ion-ion interactns

Figure 3 shows that the stack model in whicb C- ions are positioned be-
tween stcked MEI * ions is not supported by the crystal structure and that
the C2-H- -Cl- hydrogen-bonded ion-pair model is preferred. The triple in-
teractions of each ion in the structure are illustrated in Fig. 4. The distance of
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Fig. 4. (a) Representative triple interaction of Ci with three nearest ME 4 ions. (b) interaction
of ME! * (1) with thee nsaest C- ions. Distances (A) shown are C .Cl- contacts.

a C1- from a ring carbon atom averages about 3.55 A, ranging from 3.34 to 3.80
A. This is in good agreement with the accepted criteria for C-H--- C- hydro-
gen bonding [8]. The fact that the CI- ions are situated in potential hydrogen-
bonded positions (C-H.. C- angle ranges from 132 to 167 ) rather than at
random also strongly suggests this interaction to be hydrogen bonding. Further
evidence for a hydrogen-bonded interaction is provided by ring C-H stretching
bands which shift to lower frequencies (by about 100-150 cm -1 ) and become
broader and more intense as more C- is present in basic MEICI/AIC melts
[7]. Thus, the C2-H- -Cl- hydrogen-bonded ion pair model should account
for a C-H---Cl- type interaction at all three ring carbon atoms. Structural
evidence for the presence of discrete hydrogen-bond ion peairs (r{C2-
H.. --I-}=2.93 A) in crystals of 1-methyl-3-ethylimidazolium iodide has re-
cently been reported [ 13].

Extension of model to liquid phase

The shift in frequency and broadening of the MEI + ring C-H stretching
band observed in basic MEICI/AIC melts [ 71 is certainly consistent with the
aforementioned hydrogen-bonding model. An equally compelling observation
is the comparison of the ER spectra of solid and liquid hM CI shown in Fig. 5.
This previously presented [7 ] but unpublished result supports the conclusions
that the interactions with CI- affecting the ring C-H stretches in MEI[ are
virtually the same in the solid and liquid phases of MEICL The presence of
AICI- in basic melts may alter the MEI " --Cl- interaction only slightly since
the peaks of the ring C-H stretching bands in liquid MEICI and basic MEICI/
AICIs melts are also virtually the same (the "CI- interaction band" is at 3049

S
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MOLTEN MEICI (90C)!

CRYSTALLINE MEICI
(Kir PELLET. 250C) I
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Fig. 5. TIR spectra of solid and liquid MEICI 17].

cm - [ 7 ] ). Thus the ME1 *--, C- interactions in basic melts are character-
ized as hydrogen-bonding of C 1 at the three ring C-H bonds.

CONCLUSIONS

The structure of crystalline MEICI is characterized by layers containing
MEI ions interspersed with layers of C- ions. The directions of the stacks
in adjacent layers are rotated 90. Each MEI ion appears to be hydrogen
bonded to three nearest Cl- ions. The results suggest that in basic MEICI/
AIC13 molten salts, the C1- ions also interact with MEI by hydrogen bonding
at the three ring carbon atoms.
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ABSTRACT

The structures of poly(p-phenylenebenzobisthiazole) (PBZT)
and poly(p-phenylenebenzobisoxazole) (PlO) fibers have been
investigated by fiber diffraction techniques. d-spacings were
obtained from equatorial and meridional scans recorded on a
four-circle diffractometer. Intensity data were derived from
x-ray rotation patterns taken on Weissenberg and vacuum
cylindrical cameras. Unit cells were found to be monoclinic and
non-primitive, each containing two chains per cell of dimengions
a - 11.79(2), b - 3.539(5), c *12.514(9) A, 7' - 94.0(2) for
PBZTi and g- 11.20(1), b -3.540(2), c - 12.;50(3) A,
I- 101.3(i) for PB0. The fiber axes correspond to c. The

conformatiorsal torsion angle between the bisthiazole and
phenylene units and the orientation of chains within the unit
cells were obtained from a 'linked-atom least-squares' (LALS)
refinement procedure. A packing model is proposed for each
polymer in which two independent molecular chains are displaced
longitudinally by discrete rather than random increments.
Primitive unit cells (Z - 1), besides requiring perfect axial
registry of molecular 'chains, suffer from the occurrence of
short intermolecular contacts and are rejected from further
consideration.

INT1RODUCTION

The structures Of poly(p-phenylene benzobisthiazole) (PBZT)
and poly(p-phenylene benzobisoxazole) (PBO) have been of
interest for the past decade. Numerous publications have
advanced the understanding of the fiber and film structures of
these rigid rod chains (1-3). Based on diffraction patterns
which show molecular transform scattering on layer lines and
diffuse (biaxial) reflections along the equator, the as-spun
polymer is viewed as a nematic solid with a high degree of
orientational order but with axial translational disorder. Heat
treatment induces crystallization of the chains, as seen by
axial bright field lattice imaging (4,S). The crystallization
process is reported to be more extensive for PS0 than for PBZTi
thus a considerable amount of axial disorder is expected in the
final fiJker structure of PBZT (61. The extent of ordering
still does not approach the 3D crystallinity of the chemically
similar, extended-chain poly-2,3-benzoxazole (AIPBO) and poly-
2,6-benzothiazol* (ABPDT) molecules, as well as the stiff-chain
poly(p-phenylene terephthalamide) (PPTA) fibers (6,71.

Our approach has been to apply the linked-atom least-
squares (LALS) method to PBET and P50 fibers exhibiting the

*A SM %W0 ^V& VAL U&L - "M fmut W"am
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highest order observed to date. The results, representing theequilibrium crystal structure, serve as a vehicle by which one
can measure progress in reaching a fully ordered structure by
processing improvements. The goal is to understand changes in
structure and morphology imparted by chemical or physical moans
(in fiber processing, for example), and to relate these changes
to the properties observed for these rigid-rod materials.

munm mZazu

MUlaiL. PSZT samples were obtained from the E.I. DuPont andHoechst Celanese Companies (AFTECE I and II). P30 fibers werespun by W.-F. Hwang (currently with the Dow Chemical Company)while he was affiliated with the University of Dayton Research
Institute (6). Fibers were spun at elevated temperatures fromliquid crystalline solutions in methanesulf8nic acid. Beat
treatment 0temperatures ranged from S25 to 700 C for PBZT, and
600 to 710"C for P30.

Fiber densities were measured by the flotation method inmixed carbon tetrachloride-chloroform and chloroform-tetrachloro
ethylene solvents. Comparable densities were obtained in each
solvent system.

1-Ray Phot anhy. Fiber bundles of sub-millimeter diameters
were prepared by winding single filaments around a cardboard
support. specimens were mounted so that the fiber axis was
normal to the incident bean. X-ray diffraction patterns wererecorded on Veissenberg, Buerger precession and 57.3 mm radiusvacuum cylindrical cameras using Ni-filtered Cu a radiation.
The latter camera was employed to resolve, at least partially,
diffuse overlapping spots and to reduce the effects of air
scatter, whereas the primary function of the precession camerawas to survey fiber specimens and not to collect diffraction
intensities. The precessiog camera recorded a plane in
reciprocal space in which c is vertical and parallel to thefiber direction. The multiple-film method was used to collect
the entire range of intensities.

DUlfractQmeter eans.. Nickel-filtered CuKa radiation was
produced by a Rigaku RU200 rotating anode generator with a 0.3
x 3mm source size. Squatorial and meridional scans were
recorded on a Picker four-circle diffractometer which had
previously been modified for modulus studies (8). An advantage
of this technique is the ability to observe weak reflections at
high 20 by adusting step scan intervals and counting times.
Overlapping reflections were resolved by using a curve fit
program which also corrected for background, Lp factors,absorption, and air and Compton scattering. Areas under thepeak profiles afforded estimates of the intensities ofequatorial reflections.

Microd-nstiometr. Integrated intensities of equatorial andoff-axis reflections, corrected for background and Lp factors,were obtained by scanning fiber rotation photographs on &Joyce-Loebl microdensitometer. Details of the procedure havebeen discussed elsewhere (7]. Reflections which could not be
resolved were treated as an overlapping group and assigned &
composite intensity value.
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The chemical structures of the molecules and atom label
designations are shown in Figure 1.

PBZO

Figure 1. Chemical structures of PBZT and PO Showing atom
label designations.

The measured monoSilament fiber densities3 of PBZT and PBO
are 1.57 +/- 0.01 g/cm and 1.50 +/- 0.01 g/cm , respectively.
No detectable differences were observed in the values for
as-spun and heat treated fibers.

PBZT and P1O samples yielded well-defined diffraction data.
Representative fiber rotation patterns are shown in Figure 2.
Strong equatorial and multiple meridional reflections are
general features of the diffraction patterns of both polymers.
Heat treated fibers show a limited number of off-axis (hkl)
reflections, indicating the presence of 3D order. For example,
hk2 reflections as well as discrete hk5 reflections are clearly
visible for each polymer (see Figure 2).

Figure 3 preaents equatorial scans which show reflections
beyond a 29 of 0o". Corresponding meridional scans, published
elsevhere in these Proge u (a], revealed up to twelve orders
of diffracted intensity. The curve fit program used the least-
squares method to match a combination of Gaussian and Lorentzian
peak profiles to the corrected intensities. Figures 4 and 5
show representative curve fits for several regions of
overlapping intensity along the equator.
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Figure 2. F ibr rotation pattrns (fiber axis vertical) of PUET
(top) and 130 (bottom): CuRe radiation, Mi filter, camera
radius 28.6 Me.
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Figure 3. Zquatorial scan of beat treated PUZT (top) and PS0
(bottom) fiber bundle (Cu~a radiation with Ni filter, intensity
after experimental corrections).
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d-specings, obtained by least-squares, were latisfactorily
indexed using both primitive and non-prisLitive calls. Cell
Constants ware obtained by minimizing the sum of the squares of
the differences between observed and calculated d-spacings. A
weighting scheme based on the intensities and widths of fitted
peak Trofile was applied in which Completely resolved
reflec--ns were assigned larger weights than partially resolved
or unresolved reflections. Best-fft lattice parameters for
non-primitive unit cells are listed in Table I. The measured
equatorial d-spacings used to compute them are tabulated in
Tables II and III, along with calculated values using alternate
indexing schemes. spacings along c were obtained independently
from a least-squares fit of meridional reflections. Odell's
assignment of indexes for PBZT, shown in Table I, was judged to
give a less satisfactory match between observed and calculated
values. The same conclusion was reached for PBO, Cell 5,
presented in Table 111.

Table 1. Non-primitive Unit Cells for PBZT and P5O

a (A) 11.79(2) 11.20(1)
b (A) 3.539(5) 3.540(2)
c (A) 12.514(9) 12.050(3)

(dog) 94.0(2) 101.3(1)
Crystal system monoclinic monoclinic
Molecules per 5ell (Z) 2 2
Cell volume (A) 36.4 468.4
Calculated density (g S1 ).71 1.66
Observed density (g cm ) 1.57 1.50
Formula Repeat [C1 4R6 N2S2 ]n  [C14H6N202]n

The indexes corresponding to the best-fit primitive cells
are given in Table IV, which for PUT is similar to Unit Cell I
previoully reported by Roch9 3 (a a 5.33, b - 3.54, c - 12.35A,

a 96 , Dcalc - 1.74 g cm )(2). The best-fit primitive cell
for P5O is essentially that reported by KraHse et.al. (a - 5.65,
b - 3.58, C - 21.74A, and I - 102.5 163). For reasons
discussed later, primitive cells were deemed unacceptable and
eliminated from further consideration.

The LALS technique has been employed in the analysis of the
structure of ordered polymers [3. Its application to PBZT and
P5O involved reducing the number of variables by constraining
bond lengths and bond angles to the values shown in Table V,
which are obtained from model compound studies (10,113. The

* The terms 'primitive, non-primitive and monoclinic' are not
used in the strict crystallographic sense since the asymmetric
unit lacks the requisite point symmetry. In space group P2, for
example, a polymer chain located at 0,0,z is required to have a
two-fold rotation axis coincident with the unique axis. peither
PFST nor POO possesses the required symmetry. In this paper, as
well as in those of earlier researchers, the terms primitive and
non-primitive imply a cell containing one and two chains per
cell, respeStively. The term monoclinic simply denotes a cell 0
with two 90 angles for which a satisfactory fit exists between
observed and calculated d-spacings.
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Table 1. Cmaio ewe bevdadCluae
Equatorial saigs() frTW U so3pyr gfLt ni Clls

observed index and Calculated -scig Observed
Z-a~ieII 1 = ~i (a) iai( nteansityx (c)

5.828 200 5.882 200 5.S7 15.1
3.509 010 3.531 -110 3.534 100.0
3.129 -210 3.125 110 3.185 29.3
2.932 400,210 2.939 400 2.935 11.2
1.964 600 1.961 - - 2.3
1.823 - 1.825 -220 1.767 14.9
1.768 020,-610 1.766 020 1.745 27.9
1.666 220,610 1.662 120 1.643 13.0
1.579 -420 1.563 220 1.593 1.3
1.455 420 1.469 - - 0.93
1.187 030 1.177 - -16.0

1.121 -430 1.120 - -0.94

(a) Calculated using cell in Table 1.
(b) Odell's cell, hkils and observed spacings taken from (3].
(c) Derived from peak areas from diffractometer scans and scaled

to a maximum of 100.

Table III. Comparison between Observed and Calculated
Equatorial spacings (A) for Two Best-Fit PS0 Mn-primitive Cells

Observed Index and Calculated d-spacing Observed
d-sac IW&~ x=r (a) U J1 (b) Xntensty (c)
5.501 200 5.491 200 5.505 26.2
3.481 010 3.472 010 3.481 71.7
3.256 -210 3.233 110 3.259 100.0
2.756 400 2.746 400,210 2.752 11.3
2.360 -410 2.392 - - 0.74
1.996 410 1.975 - - 5.8
1.835 600 1.830 600 1.835 5.4
2.768 -120 1.769 - - 30.6
1.702 -320 1.702 120 1.702 7.7
1.615 -420 1.617 -320 1.611 22.3
1.371 g00 1.373 800 1.376 0.56
1.198 810 1.199 - - 5.1
1.157 030 1.157 030,-130 1.160 11.7
1.091 230 1.091 -430 1.093 4.7

(a) see Table I.
(b) Cell 5: a *12.032(8), b3* .8() 12. 10(2) k,

7 - 93.6(2), V a 462.4 A ,Dcalc a 1.68 g CM
Cc) Derived from peak areas from diffractometear scans and scaled

to a maximum of 100.
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Tabl IV.Comparison between Observed and Calculated
spacngs(A)forthe lest-Fit Primnitive Cells

Observed Calculated Observed Calculated
,lndtz (a) gisaaing dAZ~qjng Ind" (b) d-~aaing d-znAein5
100 5.828 5.82 100 5.501 5.491
010 3.509 3.33 010 3o482 3.473

-110 3.129 3.12S -110 3.256 3.234
200 2.932 2.941 200 2.756 2.746
300 1.964 1.961 -210 2.360 2.393

- 1.823 -- 1.996 -

020 1.768 1.765 300 1.635 1.830
310,120 1.666 1.662 -310,-120 1.768 1.768

-220 1.579 1.563 - 1.702 -
- 1.455 -220 10615 1.617
030 2.187 1.177 400,-410 1.371 1.372

-230 1.121 1.120 410 1.196 1.199
030,320 1.157 1.155
130 1.091 2.091

(a) a : 3 896(1j), b -3.539(5), c !312.514(9) A, V * 94.0(2)0,
V 2;0.S5A ,Dcalc -1.70 cm . Based on 9degrees of
f reedom.

(b) a -5.S96(61, b - 3.540(3), ca 13.050(4) A,~-101.2(1)0,
V -234.2A.Dcalc -1.6 9 cm ased on4 degrees of
freedom.

Table V. Fixed Bond Distances (A) and Bond Angles (0) in
Polymer Repeat Units (a)

jgd = n AMLIS Z=Z
C2-S(O) 1.736 1.383 C2-S(O)-C4 88.9 104.1
C4-S(O) 1.758 1.370 C3-kI-C4 110.8 104.4
CS-N 1.385 2.399 C2-0I-01 217.3 112.5
C4-N 1.292 1.300 C1-C2-S(O) 128.6 127.0
C1-C2 1.376 1.385 C3-C2-S(O) 109.0 107.1
C1-C3' 1.389 1.385 01-02-0 122.4 125.8
C2-C3 1.422 1.405 C1'-C3-N 1.24.6 129.7
C4-CS 1.463 1.464 C2-C3-N 115.1 108.6
cs-ce 1.383 1.387 C11-C-C2 120.4 121.7
CS-dlO 1.392 1.387 M-C4-S(0) 116.3 115.6
C6-C7 1.385 1.387 Cs-C4S(0) 119.9 122.2
C7-CS 1.371 1.387 C5-C4-N 123.8 122.2
cS-C9 1.378 1.387 C4-C5-C6 21.6 120.0
C9-C1O 1.377 1.387 C4-CS-CIO 119.3 120.0

CE-C5-C1O 219:2 120.0
C5-C6-C9 120.0 120.0
C6-C7-C8 120.0 120.0
C7-CS-C9 120.0 120.0
Cs-C9-C1O 120.0 120.0
C9-C1O-C5 120.0 120.0

(a) C-H distances are fixed at 0.94 A; C-C-N1 angles at 1200.
Atoms in parentheses correspond to P30.
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overall isotropic temperature factor 3 was fixed at G.OA 2 . A
scale factor, one torsion angle per polymer repeat (r), and
three angles which define the orientation of chains in the unit
cell were refined. Final fractional atomic coordinates of the
repeat units are presented in Table V1.

DISCUSSION

Based on the observed fiber period and model compound
data, the chain direction in both polymers is parallel to the
fiber axis (c-axis). The length of the c-axis corresponds to
the repeat distance of a single mer unit, which is comprised of
a bisbenzazole and attached p-phenylene segment.

The b-axis is roughly the perpendicular distance between
the faces of two overlapping heterocyclic rings, while the
a-axis is the approximate distance between equivalent edges of
side-by-side heterocyclic rings. The structure and cell
parameters of PBO are similar to those of PELT, except that the
a and c-axes in PDZT are slightly larger, probably due to
conformational differences between chains and the larger size of
the sulfur atom.

Refinement of Primitive Cells. Analysis of the packing of
molecules in primitive cells revealed some serious shortcomings.
First, inclusion of longitudinal and lateral disorder to any
significant degree in the final structure is precluded since
primitive cells require perfect registry of adjacent chains. In
addition, close intermolecular contacts, which could not be
eliminated by refinement of the variable parameters, were
observed. The closest contacts (1...Rl, l.73A; 87...H9, 1.96A,
and H6...Nl0, 1.99A for PBZT, and Hl... 9', 1.76Ai H6...Hlo,
1.90A; and H7... 9, 1.90A for P3O) occurred between neighboring
molecules positioned along a. Thirdly, a close examination of
the x-ray photographs (see Figure 2) showed an inner row of
diffraction maxima which could not be indexed in a primitive
cell. This latter observation is consistent with the appearance
of a weak innermost equatorial peak (d - 11.5A) for PUZT film,
which was indexed 100 in a non-primitive cell [3). For these
reasons, further refinement of primitive calls was discontinued.

It should also be noted that refinement of primitive cells
for each polymer producld non-planar structures with reasonable
torsion angles (Y a 18.9 for PBZT and 12.0 for PRO).

Refinement of Non-Primitive Cells. The problems just described
for primitive cells are virtually eliminated with non-primitive
.unit cells (Z-2). The close H...H intermolecular contacts are
relieved, increasing to over 2.OA for the closest K...R contact.
Contacts larger than 2.1k are considered to be acceptable.
The non-priLitive calls are constructed by doubling the length
of the a-axis of the primitive cells. This permits a second
chain to be added at 0.5,0,w (relative to the first at 0,0,0),
thereby allowing axial shifts between well-aligned chains. w
can range over one translational interval along c. If v is
zero, the non-primitive cell reduces to a primitive one, and if
w is 0.5, the call becomes centered and hkl reflections are
absent if h+l is odd.

Additional lateral disorder can also be incorporated into
the overall structure by allowing the second chain to have a
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Table V1. Fractional Atic Coordinates of Repeat Units

PUT

C4' 0.0000 0.0000 0.0000
N' -0.0877 0.0140 0.0613
C3' -0.0562 0.0080 0.1679
C2' 0.0622 -0.0115 0.1866
s' 0.1320 -0.0221 0.0646
C1 -0.1312 0.0197 0.2533
C2 -0.0859 0.0116 0.3545
C3 0.0325 -0.0080 0.3732
C1' 0.1076 -0.0197 0.2879
S -0.1558 0.0222 0.4765
C4 -0.0240 0.0001 0.5410
N 0.0639 -0.0139 0.4798
CS -0.0185 -0.0017 0.6583
C6 -0.0925 -0.2341 0.7189
C7 -0.0856 -0.2305 0.8294
C8 -0.0050 0.0047 0.8795
C9 0.0692 0.2375 0.8199
CIO 0.0631 0.2363 0.7100
81 -0.2097 0.0327 0.2424
3I' 0.1861 -0.0327 0.2990
H6 -0.1463 -0.3910 0.6846
37 -0.1374 -0.3930 0.8691
H9 0.1277 0.4082 0.8555
R10 0.1170 0.4056 0.6654

PBO

C4' 0.0000 0.0000 0.0000
N' -0.1002 -0.1142 0.0555
C2' -0.0643 -0.0755 0.1668
C3' 0.0619 0.0671 0.1710
o' 0.1026 0.1149 0.0626
C1' -0.1334 -0.1553 0.2623
N1' -0.2224 -0.2558 0.2622
C3 -0.0642 -0.0787 0.3579
C2 0.0620 0.0641 0.3538
Cl 0.1311 0.1438 0.2582
31 0.2201 0.2444 0.2583
N -0.1000 -0.1210 0.4692
C4 0.0003 -0.0086 0.5247
o 0.1030 0.1085 0.4620
CS 0.0032 -0.0074 0.6461
C6 0.1060 0.1835 0.7017
36 0.1780 0.3203 0.4588
C7 0.1087 0.1847 0.8168
N7 0.1828 0.3223 0.8568
C8 0.0088 -0.0050 0.8763
C9 -0.0940 -0.1959 0.8207
39 -0.1661 -0.3326 0.8637
CIO -0.0970 -0.1971 0.7057
110 -0.1709 -0.3347 0.6656
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different azimuthal orientation relative to the first chain.
The refinement of this angle yes not undertaken due to the
small number of observed reflections, especially off-axis
reflections. Xn the case of PDO, an azimuthal rotation of the
second chain by 10 could occur in a more or less random
fashion. Such would not be the case for IZT since the
bisthiazole Hnit is centrosymetric and a flip of the second
chain by 130 can be seen to be equivalent to a translation
along C.

Z=. Figure 6 shows a c-axis view of the packing. As expected
from the crystal structures of model compounds, IZT adopts a
non-planar conformation in the non-primtive €p11 given in Table
I. Shifts of v a +/-0.3 (approximately +/-") bythe second
chain produce 9ptimm intermolecular contacts (n mam .*..
contacts are 2.4A). The mean torsion angle (T) is 46 . shifts
of v - +/-0.5 ( /-A) are also possible, but produce a slightly
higher R index.

Recent semi-empirical calculations on an isolated PUST unit
support a non-planar conformation for the polymer by predicting
a torsion angle of 290 for the minimu ene.rgy conformation [12).
Molecular mechanics calculations reach a similar conclusion, the
torsion angle being 20 . Semi-empirical calculations also
reveal a small barrier L0.11 kcal/mole) at 00, and a larger one
(0.74 kcal/mole at 90 [121. The small barrier is consistent
vith the proposal that the conformation may be subject to
packing considerations in the polymer and processing conditions.

Figure 6. c-axis view of the molecular packing of PSZT (top)
and PSO (bottom). The a-axis is horizontal.
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ZQ. -FPO molecules also adopt a slightly non-planar
conformationoia 4 cell shown in Table I. The mean torsion angle
() is 13 This contrasts with the planar conformation
observed in the crystal structures of model compounds 1111.
hh'ifts of v - +/-0.10 (+/-1.2A) and +/-o.5 (+/-GA) yield the
optimum intermolecular contacts. Shifts of v - +/-0.3 (+/-3.6A)
are also possible but only at the expense of a higher R index.
Figure 6 also presents a view of the molecular packing.

The final orientation angles, R index (calculated on the
basis of observed reflections only and equal to ( X j1FI/ZIFo)
and observed and calculated structure factor amplitudes are
given in Table VII.

For molecules stacked directly above one another, the
theoretical prediction of the minimu energy arrangement is that
chains are out of register by 1.5 A for PZT and as much as 3.OA
for PSO (13). D. Martin is currently using electron diffraction
data to investigate quantitatively the type of disorder 1141.

Table VII. Observed and Calculated Structure Factor

Amplitudes for PBZT and P3O

PBZT PBO

U1 c U(a) "1 12 12 (b)
2 0 0 87 92 2 0 0 86 86
0 1 0 139 144 0 1 0 104 108
-2 1 0 76 66 -2 1 0 132 136
12 1 01 12 1 O
14 0 01 48 51 14 0 0 38 40
6 0 0 12 2 6 0 0 24 20

1-6 1 01220
0 020Of 59 53 -12
1 6 1 0 (0 2 0 69 56
12 2 0 36 22 1-4 2 0 1
2 0 2 5 7 1-2 2 0 1 44 41

0 1 2 19 9
3 1 3 28 19

14 0 41
12 1 41 18 7
1-1 1 5 1
5 1 1 51 21 26

(a) Fc values are based on shifts of v- +0.30 for the second
chain. The placement of the first chain in the unit cell is
accomplished by placing the root atom (C4' in each case) at
the origin with the bond to its precursor (CS') pointing
along the positive x-axis and its precursor (C7' for PBZT and
C9' for P3O) in turn lying in the (x,-y) half-plans.
Orientation angles X, T and Z are -40.8, -92.7 and 9.3 f
respectively. They refer to the angle about a, b and c,
respectively, required to bring the chain into its correct
orientation. Positive rotation is counterclockwise when
viewed from positive infinity. Chain continuity is main-
tained via coincidence constraints imposed on pairs of atoms
related by translational syetry along c. The R index As
12.0% based on S Bragg maxima.

(b) v - 0.10 for te second chain. X,Y and Z angles are 90.3,
-91.3 and 158.1 , respectively. R is 11.4% based on 11
reflections.
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ABSTRACF

The room temperature crystal structures and the temperature related structural transitions I f p-
quinquephenyl (PQP), C30-122; p-sexiphenyl (PSexiP) C36H26; p-eptiphenyl (PSeptiP) C4OH30,
have been investigated as part of a research effort toward rigid rod polymers which are of great
interest for aerospace and electro-optical applications. The molecules are planar at room temperature,
observe the herringbone type of crystal packing and have a setting angle e of 56, which is similar to
that reported for the polymer poly(paraphenylene) (PPP). In contrast to PPP, the oligomers align in
the unit cell parallel to the (010) face and intersect the (100) face at an angle w. At room temperature
the cell dimension a increases by 4.lA for each additional benzene ring added to the oligomer, while
b and c remain more or less constant. At low temperature the unit cell parameters b and c are
approximately doubled and a remains the same as in the room temperature cell. Unit cell changes are
similar to that observed in previous measurements on the shorter polyphenyls. A time- dependent
structural transition, in contrast to the lower oligomers, was observed for PQP, PSexiP, and PSeptiP
at 110 K; however, efforts to determine the exact transition temperature were unsuccessful and a
low temperature structure could not be refined. High temperature measurements indicate the
oligomers to be thermotropic liquid crystals and the crystal -, smectic transition temperatures were
obtained for PQP, PSP, PSeptiP, and p-octiphenyl (POP) C46134.

S.0
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Poly (paraphenylene) (PPP) has been reviewed quite extensively.1-3 It can be

synthesized by many routes Illustrated in Figure I with the two most common being the

Kovacic method4 and the Yamamoto methods. PPP is an insoluble and infusible dark

brown material commonly called "brick dust". Its lower oligomers shown in Table I and

derivatives with phenyl pendant groups 6 exhibit measurable melting points and limited

solubilities, but is difficult to process. Yet PPP has been applied to many structural uses

ranging from solid state lubricants7-I0 to fibers I and nbbons12 . Tensile bars have been

fabricated out of PPP powder by powder-forming techniques1 3 and hydrostatic pressing 4

which exhibit tensile strengths up to 35 MPa (5000 psi). Recent calculations15 indicate that

if PPP could be obtained in high molecular weight and fabricated into fibers, it would

possess excellent compressive strength, surpassing other rigid-rod polymers such as poly

(paraphenylenebenzobisoxazole) (PBO) and poly (paraphienylenebenzobisthiazole) (PBT),

but have a limited tensile modulus. Objects made from PPP powder exhibit ablation-

compaction properties which allow fabricated parts to undergo controlled uniform

shrinkage from up to 80% of the original. 16

In general, the mechanical properties of fabricated PPP fall in between those of

polyimide and graphite. 14 PPP has excellent heat and solvent stability in addition to the

good macroscopic structural properties mentioned above. However the polymer has even

more interesting microscopic molecular properties. PPP becomes highly conducting n- or

p- type materials when it complexes with either electron donors (Na*, K+ , or Li+) or

acceptors (AsFs, SbFs, BFs-, or PF6"), respectively. 17 The highest conductivity occurs

with AsF5 increasing the conductivity of the virgin polymer from approximately 10-12

ohm-1 a -1 to greater than 104 ohm-1 a- 1 for the doped polymer - an increase of 16 orders

of magnitude! Different model structures have been proposed for the two types of

conducting materials. An intercalation model (see Figure 2) has been suggested by

Pradere, et al. 18 based upon the diffraction pattern of heavily doped PPP with AsFs.

Fibers of PPP increased in diameter by approximately 50% upon AsFs doping suggesting

diffusion of dopant molecules inside the fiber.

Figure 3 shows the other model proposed by Baughman, et al.19 in which the K

ions aggregate in columns between two parallel polymer chains. In this model the K Ions

do not stack over the center of the phenyl rings but over the midpoint of the HC-CH bonds

parallel to the molecular axis. This model lends credibility to the belief that PPP conduction

is strongly influenced by the ability of the molecule to form the quinoid resonance
structure23,2 4 since the quinoid resonance structure would have greater electron density

over the HC-CH bonds parallel to the molecular axis in contrast to the benzoid structure

where "doughnuts" of electron density exist above and below the ring planes.



preprint I

CDC

00

In

00

'Cd

01
0 WAt



Preprilnt I

TABLE I

PPP Oligomer Melting Points and Solubility

OEM. Meling oint OCSolubility. 91L

702 440 in Tolueneso.MeltI n Poin.t, -CHO H I "o,-
2102 8.5 in Toluenes

HO H

3

3202 0.22 in Toluene&
HfOH

4

3958 <0. 1 in Toluenes
H H 388b good in 1,2,4-Trichlorobenzeneb

388c unavailablec

475R <0.01 in Toluene
H H 437b poor in 1,2,4-Trichlorobenzeneb

6 429c unavailablec

545a insolubles
H O H 46Sb very linited in 1,2,4-TCBb

491b very limited in 1,2,4-TCBb

infusibled inolubled

a Kern, W., Ebersbach, H. W., and Ziegler, . Makromol. Chem. 1959,31, 154.

b Unroe, M. R. and Reinhardt, B. A. Synthesis 1987,11,981.
c Kambe, H., Mita, R., and Yokota, R. Thermal Anal. 1971,3,387.
d Kovacic, P. and Kyriakis, A. J. Amer. Chem. Soc. 1963, 5, 454.
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Figure 2. Intrcmalation model of arsenic pentafluoride doped PPP
showing d-values obtained from diffraction pattrn. Figure
is adapted from refemnce 18.

O K<I@

b , - I$. I,. I

2 ad(s) = 15.6A

Figure 3. Stacking model of potassium doped PPP showing d-values.
Figure is adapted from rnference 19.
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Tie emonic properies of FP also sugest that k has good nonlinea optical (L). prperies Recent. calculaons2 ' on t electrontic band strctues of pquaterphenyl, p-

quatetpywre, alnd n b ndicam ta te dped liom is nre polarizable
than its heteroa counerparts. Moreover, when doped with sodium atoms the
polal ies the oligomers increase. Jargest increase is with p-quterphayl
which doubles ins man polainblzo 15934 ev and almost Voipsu linearplrzblt
aong the molecular ais D 70.00 ev. Ids signficant increase in liner pty ()
is expected to lad o an even la increase in the thrd order pt () de the
scaling relationship between a and y.23 PPP has a band-gap of 3.2 ev24 which decreases
when the oligomer iength25 and the quinoid character of the oligomer backbone26

increases. Caculatons27,, optical m _m es 2 , and EPR studies30 demonstrate that
upon heavy doping with alkali metals or AsFS spinless bipolarons are formed in
coexistence with polarons. Optical measueents26 suggest a polaron-exciton defect to
occur over about five phenyl rings.

Since PPP is the simplest type of rigid-rod polymer it represents the least complicated
case of shape anisotropy. Paul Flory writes:

"These homologues (of PPP) offer unique examples that (i)
ae rigid with respect to the rectiline axis. i) are
effectively cylindrically symmetric about this axis, and (iii)
are devoid of possible vitiating effects of polar groups." 31

PPP oligomers are thermotropic liquid crystals to which theoretical calculations involving
the relationship of shape anisotropy to intermolecular forces32 and experimentation33 are
devoted to better untand and someday exploit liquid crystal ansitions.

The foundation of this work lies in the Air Force Ordered Polymer program which
has as one of its objectives the research and development of new materials for aerospace
applications. PPP has been around a long time but due to its intractability has not been
exploited as well as other materials. Also the existing synthesis methods produce otho and
mta substituted products in addition so the desired pan substituted isomer. For this reason
a new synthesis procedure was developed to produce pure para substituted product. This
procedure proved very successful not only in preparing pure p oligomers of PPP up to
nine benzene rings long in high yield, but also in the selective substitution of pendant
phenyl rings on the oligomer chain in an effort to increase the solubility of PPP allowing
for routine processing of the polymer by conventional means. lielatter goal (Io increase
PPs solubility) has not been significantly ramized so-date, but it has given us an excellent
oppounity to study the sructure of extended oligomer chains of PPP.

Why would one perform a crystal smcture when smctural information can be.obtained through IR or NMR spectometry? With a good crystal structmr one can obtain
accurate unit cell parameters, atomic coordinates, and bond distances and angles. In a
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concise description of the technique, X-rays 1 ecord areas of high do==U~ density from
which atoms can be locaed. So the basic ifomation obtained fium such a study is atomic
coordinates from which we obtain bond distances, bond angles, dihedral angles, ?in&
planarity. and atomic thermal factors which descuibe the dynamics the atoms are
experiencing. Nf unit cell inWmaton is included, dlone pacing diagram and inWtertmic
distances and angles are obtained. Tbis information i importnt to both synthetic and
theoretical chemists whom are designing other systems. For example, the polymers
poly(paraphenylene sulfide) PPS, poly(paraphenylene vlnylene) PPV. and
poly(paraphenylene bisthiophene) PPBT we being considered for their NWO and
conduction prees Structural information about part substituted phenyl units is
importat to optimize the mole culgometry in order so achieve the dlesiedct whether
it be x elect=o conjugation or smauctural stength Our work on the pendant PPP oligomers
has been published elsewhere and in this report is recent findings on the crysta structures
and phase transitions of the non-substituted PPP oligomers p-quinquephenyl (PQP), p-
sexiphenyl (PSP), and p-septiphenyl (PSeptiP).
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EXMDOMNALNMODS

Samples of PQP, PSP, and PSeptIP were obtained from Druce Reinhardt of the
Polymer Branch in polyarsalline form The samples wene fixther purified by sublimation
in order to obtain single crystals suitable for strcture determination. Density
mea--eent were made by flotation in solvent mixtures continn ihooehn (p
1.316 g/cm3) and methanol (p - 1.0 gicm,3).

Ctystals were selected from representative samples, discrminuating on the basis of
siz and well defined crystal faces. They were observed under crossed polarized filters to
determine extinction boundaries. Single crystals when viewed under crossed polarized
filters are birchingent and when rotated on the microcope suag will go completely dark at

some angle, of rotation. Cystals not meeting this cditri were rejected as being twinned or
polycrystalline aggregates. Good crystals were mounted on glass fibers using
cyanoacrylate adhesive, the fibers were inseted into standard brass or stainless steel pins
and the pins mounted into goniometers.for X-ray analysis.

Upon mounting the goniometer on the Enraf-Nonius CAD4 diffractometer and
centering the crystal in the X-ray beam,. a rotation photograph was taken using two
complete rotations of the crystal. Observation of this photograph usually revealed:

A) if the crystal diffracted well enough and for enough out in the 20 range to collect a
suitable data set for structure determination and

b) if the beazT collimator needed to be changed so that the cross-section of the X-ray
beam matched the crystal size.

Automatic search routines for strong diffraction peaks were initiated on crystals
which showed promise. Once a suitable unit cell was found, reflection data sets were
collected on the CAD4 interfaced to a DEC Mcro PDP-I I computer. Data sets collected at
room temperature (appoximately 22C0 were followed by low temperatur data sets (110 K
or -16YOC). Thet crystal was cooled to low temperature using the Enraf-Nonius FR558
liquid Nitrogen QyostaL

Raw reflection data were copied onto a VAX 111730 computer and processed us ing
software in the Structure Determination Package (SDP)34. Structure solutions were found
by the software MULTAN 1 1/8235 and/or SHELXS-9636 and were subsquently refined by

4t full matrix least-squares vreatment of all non-hydrogen atoms. Hydrogen atoms were
placed in idealized positions since subsequent isotropic refinement of hydrogen atoms did
not yield appreciably better results due to the seduced data-to-parameter ratio.

The temperature programmable Enraf-Nonius FR553 Guinier-Simon camera
equipped with another Enraf-Nonlus FR558 Liquid Nitrogen CQyostat was used to obtain

* variable low temperature structural data on PQP, PSP, and PSeptiP. The moving
fllmramingtemperature option on the camera's controller facilitates the determination of
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strucural uansitions. Diffemtial scanning calorimetry (DSC) measurements were
performed on a Dupont 910 appmt interfaced with an Omntm 35053 three module
controller.

0
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PSULTS

Table II summarizes the crystallographic and data collection parameters, and final
reiement results for the structure determined at inom temperature. Complete data sets
could not be collected at low temperatur due to problems with the crystals. Space group
and unit cell information for the room and low tenperanni polyphenyls are summarized in
Table M. Experiments are in progress to obtain better structural data for the low
t r e tucures of PQP. PSP, and PSeptiP.

Figure 4 shows the PQP molecule with the carbon atoms of the asymmetric unit

labelled. Tables TV and V contain the atomic positions, bond distances and bond angles

respectively. Figure 5 shows a steeoview of the crystal packing in the unit cell. PSP is
shown in Figure 6 with the carbon atoms of the asymmetic unit labelled. Atomic positions

are in Table VI and bond distances and angles are contained in Table VII. The
s o wing of the crystal packing within the unit cell is shown in Figure 7.

The PSeptiP molecule with the carbon atoms of the asymmetric unit labelled is shown
in Figure 8. Atomic positions, bond distances and bond angles are presented in Tables
VIII and IX, respectively. Reflection data for PSeptiP were not of sufficient quality to
refine all of the carbon atoms anisotropically. Figure 9 depicts a stereoview of the crystal
packing in the unit cell.

Literature reports PPP to be infusible4, but for comparison purposes its theoretical
melting point has been determined to be 1020 K by the extrapolation of experimental
melting points of PPP oligomers (see Figure 10). Using similar methods, extrapolated
melting points of 620 K and 1260 K have been reported for poly (tetrafluoroethylene) 37

and Kevlar38, respectively. It should be noted that these polymers mentioned above are
expected to degrade before reaching thes theortical melting points. Extrapolations of this
kind are based on melting point depression association with end group concentration in
polymers.39 An extrapolated crystal density of 1.36 glcm3 has been calculated (see Figure
11) using experimental densities from crystalline oligomer model compounds. This
theoretical density is smaller than that measured for PBO and PBT (1.65 and 1.69 g/cm 3,

respectively) which is consistent with calculations15 that PPP fibers would have a lower
modulus since modulus is directly proportional to density. However the force constant. K,
which is derived from the energy/strain curve fit, is larger for PPP than for PBO or PBT

making PPP mom resistant to strain. Indeed, calculations15 on PPP indicate that it will not
fail with up to 15% tensile stain and 3% compsvestrain.
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Crystallographic Data

NAME -Quiquepenyl p-Sexlpeny p-Septiphenyl

Formula C3oH22 C36H26  C23

FW 382.51 458.61 534.70

Melting Point, C 388 437 468

Crystal System Monoclinic Monoclinic Monoclinic

Space Group P21/c P2V/c P21/c

Z 2 2 2

aA22.056(4) 26.24 1(5) 30.65(2)

b,A 5.581(1) 5.568(l) 5.564(3)

cA 8.070(l) 8.091(3) 8.056(5)

e, 90.0 90.0 90.0

97.91(1) 98.17(2) 100.57(5)

To90.0 90.0 90.0

volumeA 3  982.9(5) 1170.2(8) 1350. 1(8)

Dentyd,g/CM 3  1.292 1.302 1.315

Densityap, SCM3  1.291 1.288 1.311

Crystal Dimensions,
num 0.29x0.2gx0.05 0.35x0.50x0.05 0. lOxO.l1OxO.50

Crystal Shape Flatt Rectangular Plate Needle

'Cell Determined 25 Reflections 25 Reflections 25 Reflections
90<2<360 9<20-c25* 90<2D<360

Radiation Mo (graphite) Mo (graphite) Mo (graphite)

Scan Type(A"Mw

Scan Rate, *Anmm. 1.27-5.49 1.27-5.49 1.27-5.49

S-ca Agle, ~ .&.3Tu 0.or'u.a341Mw I .8 ): .Ma-n-



PoWer 4SKIAWma 4.KVI2 0ma 45KV/20nA Prqprnt 1

]:)crA~petur 4.00mm 4.00mm 4.00mm

Check Reflections 3 every 200 ef 3 every 200 refl 3 every 200 refl.
12°04<24 12049d4e 220<9<6

Orientation 3 every 2 hrs. 3 every 2 hrs. 3 every 2 hrs.
Reflections 16029<W W4<20 2204o<W

Teinerare, C 22 22 22

20 Range 2-50 2-50 2-50

Data Collected, 131.0-7,11 131, 0-6, 19 0-36,16,19
h.k,I

Total Number of 5776 4593 3188
Reflections

Unique Number of 663 623 527
Reflections >3a

Number of 136 163 73
Parameters Varied

Average Decay 1.006 1.004 1.004
Correction

Absorption 0.7 0.7 0.7
Coefficient,cm-1

Absorption none none none
Correcton

R 0.050 0.062 0.067

RW 0.060 0.091 0.074

Maximum Shift/erro 0.03 0.01 0.01
in final cycle .

,, 114 .I.I. I RWo--._

I I1 I : I I I I I I



Preprint I
cc go 00 c0c000

CP at~ 0%O @0% G%0% 0P% 0%% 0%

.d 00 r- 0%_

v~rcc G0 00 t
m%~ 00% @%0C% 0% 0% P% C% ow a-

o p 0 00C 00C 00 00 00 C
a'.% Q'% a%% % 0 0% 0%0 C% C

%0 en% CN c

C4 %00%

~~ eq

0 W'
%0

eq eq eq .. ,

C4r' rW r4ae en~O c

e4 eqe r4- C~4 -

IV- ,if C
go '000 oo 0% Cp

ffL
0.0 VIC 6 V6



Preprint I

u -4

Lf

C-
03 q-4*

u -

u uii

Li cL

C
D

0

n2



Preprin~t I

TABLE lV

Positional Parametems Equivalent Isouroc Thermal Factors and
Their Estimated Standard Deviations forp-Quinquephenyl

Ato 2 BA 2)

C3 0.3384(2) -0.1788(9) 0.2567(5) 4.1(1)
C4 0.3163(2) 0.0007(g) 0.3521(4) 2.63(8)
C7 012515(2) 0.0042(7) 0.3830(4) 2.7 1(8)
CS 0.2115(2) -0.1726(9) 0.3206(6) 5.1(1)
C9 0.1511(2) -0.1737(g) 0.3475(5) 4.8(1)
CIO 0.1263(2) -0.0020(7) 0.4393(4) 2.62(g)
CII 0.1663(2) 0.1751(9) 0.507(6) 4.8(1)
C12 0.2267(2) 0.1775(9) 0.4743(5) 5.0(1)
C13 0.0614(2) -0.0037(7) 0.4698(4) 2.59(7)
C14 0.0204(2) -0.1789(8) 0.4079(5) 4.6(1)
C15 0.0397(2) 0.1773(9) 0.5622(5) 4.3(1)
CI1 0.4390(2) -0.0065(9) 0.2967(5) 4.1(1)
C2 0.3989(2) -0.1807(9) 0.2300(5) 4.601)
C6 0.4180(2) 0.1739(9) 0.3906(5) 4.4(1)
Hi1 0.481 -0.012 0.281 5.4*
H2 0.4 13 -0.302 0.162 6.0*
H3 0.312 -0.302 0.209 5.3*
H5 0.343 0.299 0.485 5.5*
H6 0.445 0.297 0.436 5.4*
H 8 0.226 -0.301 0.260 6.6*
H9 0.125 -0.298 0.298 6.2*
Hil 0.152 0.304 0.562 6.1*
H12 0.253 0.302 0.523 6.9*
H14 0.034 -0.297 0.337 5.8*
HI5 0.066 0.305 0.601 5.1*

Starred atoms were refined isotropically.
Anisotroically refined atoms are given in the form of the isotropic euivalent
displacement parmter defined as: (4/3)[a23191 + b2B2, + c2B3.3 + ab(cos I)B1,2

+ ac(cos P)B1,3 + bc(cos d)B2,]
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TABLE V

Bond Distances (A) and Bood Angles (*) for pQjznquephenYl

Atomn I Atomn 2 Distance Atomn I Atom 2 Distance Atomn I -Atomn 2 Distance

C3 C4 1.392(6) CIO C13 1.482(5) CS C9 1.376(6)
C3 C 1.378(6) ClII C12 1.373(6) CI C 1.374(6)
C3 H3 0.950(4) CII Hi 1 0.950(5) C8 HS8 0.951(5)
C4 C5 1.386(6) C12 H112 0.951(4) CI C6 1.379(7)
C4 C7 1.481(5) C13 C14 1.378(6) C9 CIO 1.372(6)
C5 C6 1.388(6) C13 C15 1.380(6) Cl HI 0.951(4)
C5 115 0.951(5) C14 CIS' 1.378(6) C9 H9 0.951(4)
C7 CS 1.372(6) C14 H14 0.950(5) C H2 0.950(5)
C7 C12 1.376(6) C15 H15 0.950(4) C6 H6 0.950(4)
CIO C11 1.373(6) C15 C14 1.378(6)

Atom I Atom 2 Atom 2 Anale Atom I Atomn 2 Atom 3 AndI

C4 C3 C2 120.7(4) C12 Cii 1111 117.8(4)
C4 C3 H3 120.3(4) C7 C12 CII 122.8(5)
C C3 H3 119.1(4) C? C12 H12 118.4(4)
C3 C4 C5 117.7(3) CiI C12 H112 118.8(5)
C3 C4 C7 121.3(3) CIO C13 C14 122.8(4)
C5 C4 C7 121.0(4) CIO C13 C15 119.9(3)
C4 C5 C6 121.4(4) C14 C13 C15 117.3(4)
C4 C5 115 119.1(4) C13 C14 C15' 122.0(4)
C6 C5 H15 119.5(4) C13 C14 H14 117.7(4)
C4 C7 C8 120.9(4) C15' C14 H14 120.2(4)
C4 C7 C12 124.3(4) C13 C15 C14' 120.8(4)
C8 C7 C12 114.9(4) C13 C15 H115 119.0(4)
C7 C8 C9 122.1(4) C14' C15 HiS 120.1(4)
C7 C8 H8 119.4(4) C Cl C6 119.1(4)
C9 C8 H8 118.5(4) C Cl Hi 120.7(4)
CS C9 CIO 123.2(5) C6 Cl Hi 120.3(4)
CS C9 H9 118.3(5) C3 C Cl 121.1(4)
CIO C9 119 118.4(4) C3 C H2 119.5(4)
C9 CIO CiI 114.6(4) Cl C H2 119.3(5)
C9 CIO C13 123.4(4) C5 C6 Cl 120.0(4)

* Cil CIO C13 122.1(4) C5 C6 H16 119.9(5)
CIO CiI C12 122.6(4) Cl C6 H6 120.2(4)

* CIO CiI 1111 119.6(4)

Numbers in parentheses are estimated standard deviations in the least significant digits.
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TABLE VI

Psitional Pmazmeters Equivalent Isouqip Themal Factor and
Their Esimaed Smndard Deviations for p-Seziphenyl

A~tom x vzB(A; 2)

C1 0.0276(2) 0.007(l) ,0.0409(6) 2.5(1)
C 0.0620() -. 174(1) 0.0066() 4.5(2)
C3 0.1117(3) -0.174(1) 0.0849(8) 4.5(2)
C4 0.1321(2) 0.001(1) 0.1953(6) 1.6(0)
Cs 0.0982(2) 0.179(l) 0.2214(8) 3.9(2)
C6 0.0456(3) 0.179(2) 0.1529(9) 5.7(2)
C7 0.1875(3) -. 008(1) 0.2729(7) 3.6(2)
C8 0.2203) 4.181(2) 0.2399(9) 5.4(2)
C9 0.2696(2) -. 178(1) 0.3188(8) 4.4(2)
CIO 0.2910(2) 0.002(1) 0.4253(7) 3.1(1)
Cli 0.2569(3) 0.175(1) 0.4563(9) 5.3(2)
C12 0.2051(2) 0.173(1) 0.3828(9) 4.6(2)
C13 0.3443(2) 0.001(1) 0.5074(7) 2.7(1)
C14 0.3781(2) -. 174(1) 0.4752(8) 4.1(2)
C15 0.4320(2) -. 177(2) 0.5448(9) 4.7(2)
C16 0.4488(3) 0.003(2) 0.6560(9) 5.3(2)
C17 0.4149(3) 0.179(2) 0.6951(9) 4.9(2)
CIS 0.3661(2) 0.183(1) 0.6192(8) 3.4(l)
H2 0.052 -. 296 -. 074 5.2*
H 3 0.133 -0.304 0.064 5.6*
H5 0.111 0.314 0.286 4.5*
H 6 0.023 0.293 0.189 7.1*
H 8 0.212 -. 293 0.153 6.8*
H9 0.290 -. 316 0.310 5.7*
Hi 1 0.270 0.306 0.525 6.5*
H12 0.182 0.293 0.411 5.8*
H14 0.365 -. 306 0.408 5.8*
H15 0.455 0.291 0.510 5.1*
H16 . 0A84 0.005 0.707 6.4*
Hi? 0.426 0.295 0.779 6.6*
HIS 0.345 0.316 0.639 4.2*

Smvd atom were refined isotopically.
Anisoeroplcally refined atom are given in the form of the isotroic equivalent
displacement pwewe defined as: (4/3)[a2BI1 + b2B2. + c2B3.3 + ab(cos T)B1.2
+ ac(cos P)BI.3 + bc(cos cL)Bz.3]
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TABLE VII

S ~Bon Distnce (A) and Bond Angles (S) for p.Seodpbeny1

IAtoml Atom 2 Distance Atom I Atom 2 Disance Atom 1 Atom 2 Distance

CI Cl' 1.506(6) C9 H9 0.951(7) CS 115 0.950(6)
C1 C2 1.41(1) ClO CII 1.36(2) C16 C17 1.39(1)
Cl C6 1.36(2) CIO C13 1.461(8) C6 H6 0.951(9)
C2 C3 1.366(9) CII C12 1.40(1) C16 H16 0.950(8)
C2 12 0.951(7) Cll HI 1 0.950(7) C7 C8 1.38(2)
C12 H12 0.950(7) C17 CIS 1.339(8) C9 CIO 1.386(9)
C3 C4 1.378(8) C13 C14 1.37(1) C7 C12 1.38(1)
C3 H3 0.950(7) C13 CIS 1.426(9) C17 H17 0.951(8)
C4 C5 1.366(8) C14 CIS 1.446(9) CS C9 1.321(9)
C4 C7 1.501(8) C14 H14 0.950(7) CIS H18 0.950(7)
C15 C16 1.38(2) C8 H8 0.950(8) C15 H15 0.951(8)
C5 C6 1.413(9)

Atom I Atom 2 Atom 3 Angle Atom I Atom 2 Atom 3 An~le

Ci' CI C2 118.7(6) C8 C9 H9 117.2(7)
C1' Ci C6 123.5(6) CIO C9 H9 117.0(6)
C2 Ci C6 117.8(5) C9 CIO C1I 114.0(6)
C1 C2 C3 120.2(6) C9 CIO C13 123.7(7)
CI C2 H2 121.0(6) CII CIO C13 122.1(6)
C3 C2 H2 118.7(7) CIO ClI C12 122.5(7)
C2 C3 C4 124.0(7) CIO ClI HI1 117.3(6)
C2 C3 H3 118.1(7) C12 CI1 HII 120.2(7)
C4 C3 H3 117.9(6) C7 C12 CII 119.8(7)
C3 C4 C5 114.3(5) C7 C12 H12 120.2(6)
C3 C4 C7 120.8(5) Ci1 C12 H12 120.0(8)
C5 C4 C7 124.9(5) CIO C13 C14 121.5(6)
C4 C5 C6 124.1(6) ClO C13 CIS 123.8(6)
C4 C5 H5 117.6(5) C14 C13 CIS 114.7(5)
C6 C 1'H5 118.3(6) C13 C14 C15 123.9(6)
CI C6 C5 119.3(7) C13 C14 H14 117.7(6)
CI C6 H6 120.3(6) C15 C14 H14 118.4(7)
C5 C6 H6 120.3(8) C14 C15 C16 117.0(7)
C4 C7 C8 124.5(6) C14 C15 H15 121.7(7)
C4 C7 C12 117.6(7) C16 C15 Hi5 121.4(6)
CS C7 C12 117.9(6) C15 C16 C17 120.3(7)
C7 C8 C9 119.9(7) C15 C16 H16 119.4(8)
C7 CS H8 119.0(6) C17 C16 H16 120.3(8)
C9 CS H8 120.9(8) C16 C17 CIS 120.7(8)
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Bond Angles (1) for P-Scuiphcnyl (Qmdnucd)

Atom I Atom 2 Atomn 3 Angle Atom I Atom 2 Atom 3 Angle

ca C9 CIO 125.7(7) C16 C17 H17 119.9(6)
cis C17 H17 119.4(7) C13 CIS C17 123.3(7)
C13 CIS HIS 117.9(5) C17 CIS HIS 118.8(7)

Nmbers in prnbees an estimated stmandd deviations in tie leas signfficant digits.
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TA3LE VM

Positional P=wunw. Equivalent sourc Thermal Facts and
Their Esmated Standar Deviations fbr P-Septipenyl

toM x a B( 2)

CI 0.044 0.501 0.480 2.1
C2 0.028 0.323 0.568 4.4
C3 0.016 0.681 0.411 3.8
C4 0.092 0.502 0.457 2.1
C5 0.121 0.320 0.524 4.3
C6 0.166 0.318 0.503 3.6
C7 0.182 0.504 0.415 2.6
C8 0.153 0.677 0.345 4.1
C9 0.109 0.677 0.366 4.3
CIO 0.2289(2) 0.497(2) 0.3923(9) 2.8(2)
C11 0.259 0.322 0.456 5.0
C12 0.302 0.321 0.437 4.7
C13 0.3196(2) 0.501(2) 0.3504(9) 2.4(2)
C14 0.290 0.674 0.284 5.1
C15 0.246 0.673 0.303 4.8
C16 0.3664(2) 0.500(2) 0.327(1) 2.4(2)
C17 0.3966(3) 0.324(2) 0.401(l) 4.0(2)
CI8 0.4406(3) 0.326(2) 0.384(1) 5.1(3)
C19 0.4563(3) 0.505(2) 0.293(1) 3.6(2)
C20 0.4267(3) 0.680(2) 0.219(1) 4.7(3)
C21 0.3828(2) 0.683(2) 0.236(1) 4.2(2)
H5 0.115 0.212 0.606 5.1"
H6 0.186 0.215 0.591 4.2*
H8 0.164 0.808 0.268 4.4*
H9 0.097 0.811 0.321 4.6*
HII 0.252 0.219 0.536 5.3*
H12 0.324 0.211 0.518 5.0*
H14 0.297 0.812 0.202 5.0*
HI5 0.227 0.808 0.235 5.1*
H17 0.386 0.197 0.462 4.3*
HIS 0.460 0.201 0.432 5.2*
H19 0.487 0.508 0.282 4.5*
H20 0.437 0.805 0.155 4.5*
1121 0.363 0.808 0.188 4.4*
H3 0.0297 0.8067 0.3196 4.0*
H2 0.047 0.197 0.647 4.0*

Starred atoms were remIned isomopically.
Anisotpically refined atoms are given in the form of the isotmpic equivalent
displacement parmeter defined as: (4/3)[a2Bi., + b2B2,2 + c2B3.3 + ab(cos yB1,2
.+ at(cos P)B1.3 + bc(cos at)B2,31
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TABLE D(

Bond Distances (A) and Bond Angles 0) for P-Septiphenyl

Atom I Atom 2 Distance Atomn 1 Atm 2 Distance Atomn I Atom 2 Distance

CI C2 1.361(9) CII HII 0.92(1) C8 C9 1.39(1)
CI C3 1.369(9) C12 C13 1.389(9) CIS HIS 0.95(2)
CI C4 1.522(9) C12 1112 1.043(9) CS HS 1.06(2)
C2 H12 1.046(9) C13 C14 1.360(9) C19 C20 1.40(1)
C3 H3 1.150(9) C13 C16 1.49(2) C9 H19 0.88(1)
C4 C5 1.38(2) C14 CIS 1.38(2) C19 H119 0.951(8)
C4 C9 1.36(2) C14 H114 1.06(2) CIO CII 1.366(9)
C5 C6 1.41(2) C15 H15 1.06(2) C20 C21 1.38(1)
C5 H15 0.94(2) C16 C17 1.40(1) CIO C15 1.38(1)
C6 C?7 1.39(1) C16 C21 1.40(1) C20 H20 0.96(2)
C6 H6 1.03(1) C17 CIS 1.38(1) CII C12 1.36(2)
C? CS 1.36(1) C17 H117 0.96(2) C21 H21 0.950(9)
C? CIO 1.489(g) CIS C19 1.38(1) C2 C3' 1.394(8)
C3 CT' 1.394(8)

Atom I Atom 2 Atom 3 _An~Le Atom I Atomn 2 Atom 3 Anl

Cl C2 C3' 121.9(6) Cl C3 C2T 119.6(6)
C2 CI C3 118.5(9) Cil CIO C15 114.1(5)
C2 Cl C4 121.3(5) CIO CII C12 123.7(4)
C3 CI C4 120.2(4) CIO CII HII 119.3(4)
Cl C2 112 126.7(4) C12 CII 1111 115.3(4)
Cl C3 H13 115.1(4) Cli C12 C13 122.2(3)
Cl C4 C5 120.5(3) CII C12 1112 117.3(3)
Cl C4 C9 121.7(3) C13 C12 1112 118.3(3)
CS C4 C9 117.7(3) C12 C13 C14 114.7(5)
C4 CS C6 121.1(5) C12 C13 C16 122.5(7)
C4 C5 HS 123.6(7) C14 C13 C16 122.8(8)
C6 CS H15 113.9(8) C13 C14 C15 122.7(4)
CS C6 V7 120.0(4) C13 C14 H14 123.8(3)
CS C6 116 113.8(3) C15 C14 1114 113.1(3)
C7 06 H16 122.3(3) CIO C15 C14 122.7(3)
C6 C7 CS 117.7(3) CIO C15 1115 123.3(3)
C6 C7 CIO 119.2(4) C14 C15 HIS 114.0(4)
C8 C7 CIO 123.0(4) C13 C16 C17 122.0(8)
C7 CB C9 121.7(g) C13 C16 C21 120.7(8)
CV CS HS8 117.5(8) C17 C16 C21 117.2(7)
C9 CS 118 120.7(7) C16 C17 CI8 122.2(9)
C4 C9 CS 121.6(9) C16 C17 Hi? 118.7(8)
C4 C9 119 131.5(8) CIS C17 H117 119.1(9)
C8 C9 119 106.6(9) Cl7 CIS C19 120.3(9)
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Bond Angles (0) for P-Sepdhenyl (Contined)

Atom I Atomn2 Atom 3 An~qe AtomnI Atorn2 Atomn3 Anle,

C7 CIO CII 124.5(7) C17 cis HIS 120(2)
C7 CIO C15 121.5(7) C19 CIS HI8 119.4(g)
CIS C19 C20 118.3(8) C1 C20 H20 118.0(9)
cis C19 H19 120.5(9) C16 C1 C20 119.6(8)
C20 C19 1119 121.3(9) C16 C21 H21 119.3(8)
C19 C20 C1 122.4(9) C20 Cl 121 H2 122(l)
C19 C20 H120 119.5(8)

Numbers in parenheses am~ estimated standard deviadons in &he least signifrant digits.
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DISCUSSION

7-09unitCell parmetrofthe n 5 6and 7polyphenyl sis (where ais the
-umber of phenyl units in the molecule) agree well with the n - 2,3. and 4 oligomers,

namely biphenyl, p-terphenyl, and p-quaterphenyl, allowing for space group
9M ns6 Matoas as shown in Table ElL The a cell parameter is increased by approximately
4.14 A with the addition of aphenyl group to the end of the molecule, which is less than
the length of the phenyl strutural unit (approximately 4.3 A). Direct alignment with the
long axis of the unit cell is difficult to achieve and a strucul anomaly is predicted to occur
such as a:

( i) Phenyl ring deformation (chain compression or expansion),
( ii ) Molecular axis linear deviation (chain bending or kinks), and
(iii ) Cell axis alignment deviation (chain tilting).

Simple observation of the stereoviews of the oligomers in Figures 5,7, and 9 rr.'eals
that the molecular axis is tilted away from the long crystallographic axis. BiphenyK0 p-
terphenyl4 1. and p-quaterpbenyl 42 also possess this anomaly. Figure 12 presents different
views of PSeptiP showing how the molecules align parallel to the ac or (010) plane and the
setting angle 8 as the angle the benzene planes of the "averaged" oigomer make with the ac
(010) plane of the unit cell. Figure 12 also shows the molecular axes intersecting with the
ab (001) and be (100) planes defining an intersection angle toand 0, respectively. This
angular data is tabulated below in Table X and shown in Figure 13.

TABLE X

Intersection Angles and Setting Angles for p-Polyphenyls

COMPOUND co, * 0.30 0,t± 0.30 :k 0 .30

Biphenyl 22.5 56 72.5

p-terphenyl 19 57 73

p-quatcrphenyl 11.5 56.5 73

p-quinquephenyl 9.5 56.5 73

p-sexiphenyl 26 55 71

p-septiphenyl 6.5 57 72.5
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Intersection Angles and Setting Angles for p-Polypbenyls

90

sos

70-

60.

50.
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40

30

20

101
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Figure13. Intersection angles co and#* and the setting angle 9 for p-Polyphenyls.

ppp polymerb as been detrmined6 3 IDohave 9 57o by ncoporating the setting
angle into the data refinement and defining the molecular axes to be perpendicula to the
(100) plane and parallel to the (010) and (001) planes. The average setting angle of 5&3±t
D.3* observed far the PPP oligomers agrees very well with that derived for the polymer.
7bTe intersection angle # remins relatively stable at aproimately 72 * 0.30 and does not
appear to approach 900 defined for PPP. The intrection angle. co. however fluctuates
with oligoam chain length. With p-sexlpbenyl being the exception, co decreases with
oligomer chain length approachina value ofzero defined for PPP. At this tm itis not
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clear u to why PSP does not fit the data vend. Prhaps PSP exists u a polymoipb and
changing the conditions of aystalimation will inluence the cystal stuur. p-Sexiphenyl
has been suggested " to be good model compound fr PPP due to highly similar X-ray
Photoelectwc= Specuoscopy (XPS) spec. We report that. structurally speaking, p-
sexiphenyl. possessing the maximum w of 26". is a poor model for the polymer.

PQP, PSP. and PSeptiP all possess a renter of symmetry making one half of the
molecule identical to the other. Observations of edge-on drawings of the oligomers (see

Figure 14) confirmed by a calculation of the angles between the atoms making up the

molecular axis (see Table XI) revealed that the oligomers e straight. Interestingly

enough, the largest deviation is again with p-sxiphenyl with a 3.6 ink between phenyl
rings 3 and 4 (at the asymmetric point) and a 3.3' kink between phenyl rings 2 and 3 setting

thet rinal phenyl ring as 1.
The C-C bond distances within and between the phenyl rings of PQP, PSP, and

PSePtiP all agree quite well with expected values The endocyclic bond angles of the chain
axis carbon atoms are less than the expected 120", which is consistent with the lower
oligomer structures 384 0 . This narrowing of the benzene ring would make the overall

oligomer or polymer slightly longer than expected from calculation making direct alignment

with the long crystallographic axis difficult. p-Sexiphenyl, once again, has the widest
range of these endocyclic bond angles varying forom 114.0" to 120.3". The other bond

angles agree well with the expected values. In summary, out of the three structural

anomalies predicted to occur, anomalies ( i ) and ( iii ) are the largest and probably the mos:
important factors in accounting for the discpancy between the the calculated and observed

unit cell parameters.
Fitting all of the carbon atoms to a least-squares plane reveals that for the room

temperature structure of the oligomer all of the phenyl rings lie in the same plane (see
Figure 14). This planar structure is thought to be the averaged structure of all the rotational
degrees of freedom belonging to the phenyl units of PPP oligomers. Measurements of

libational tensors for the lower oligomers'1 reveal that the rings do have a high degree of

torsional motion. The largest deviation frora the oligomer plane was 0.05 A for C9 of

PSeptiP. Measurement of inter-ring torsion angles confrmed this averaged planarity in

PQP, PSP, and PSeptiP. PPP coormations simulated in the absence of crystal packing
fo est 5 have the rings perpend*cW to each other and calculations on a uinmer4 5 indicate
inter-ring torsion angles of mtely SO0. This suggests that constraints within the

unit cell are strong enough t overcome the onho hydrogen repulsion. A double well

potentia 46 exists as a result of the competition of these two forces.
The oligomers in this study pack in a herringbone (non-parallel) structure 7 also

observed in the lower oligomers and calculated to occur in the polymer. No close
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Tablemi

nls(0) Detwme Molecula Axis Carbon Atms

_________ Tables Anjges

CA-C7-C1O 178.5
PQP C7-CIO-CI3 179.5

CIO-C13-C13' 178.7

CI'-CI-C4 176.4
Cl-C4-C7 178.2

PSP C4-C7.C1O 177.6
C7-CIO-C13 178.3
CIO.C13-C16 178.0

C1'-C1-C4 179.6
C1-C4-C7 179.8
C4-C7-CIO 178.2

PSeptiP C7-CIO-C13 178.0
C1O-C13-CI6 179.2

____________C13-016-019 178.1

13-10 7-4 1

PQP Asynitric Unit

16 13-10 7 41

PSP Asymmetzic Unit

19 16-13 1 7 4-1

PSepuiP Asymmetri Unit

molecular inactions of any significance are found. the clos one being (C2)-CI-H6 at
2.9 A and 90 (the CI-H6 db cistc s2.6 A) occunming in p-sexiphenyl.
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Low tepeature(110K) stnucur dtnlnations for PQP, PSP. and PSeptiP are
CWrendY underwy. Rmswch done an dhe lower polyphenylOS4 50 have discovered that a

tUctUrAl transition occurs such that the waveraged" plaa struchne observed at room
temlperature changes to a monplanar configuration at lower tempoerature. The low

temeraureunit Cell i a supstuur of the rom temperature unit cell with the
parameters b and c aprimtely doubled to account for the greater dipacmn Of the
sonplanu molecule. The tepertures of these tiusitions wre presented in Table II and
arePlotted imigur 15 along with the meltng points of the PPP oligomers upto p-

Melting Point and Transition State
of PPP Oligomers

600-

T oo-d

20

In

Fi=15 lo f addr(-e admetng v.olgme ent ()

doigue 15 t ftansition .C'tHCfrQ.P and eti b ambo-vse -oigemeraenh,)

but therom tmpeaurestrctues areplanarand DSC mam nt ---- indicatethat no
transitions occur until the vicinity of the melting point is reached. Upon cooling to 110 &,
both PQP and PSP single crystals index to unit cells slightly larger than the room

tmeare unit cells. After approximately one day, a structural transition occurs to a



monoclinic unit cell where band~ ewe piniaeydled fro th orgia uni cell. n
MP ra nformed %D an orthorombic unit cell with b and c apoiteyduldfrom

the original unit cell within the time it took the sofswwsat find 25 suong reflections and
index them - approximately I to 2 hoors Unfortunately. it has wo been possible yet to
resolveWi the low temperature reflection data io a struce or Mmac rump verificat onL

We believe these oligomers to have a time dependent phase transition. DSC
measuremets taken an polycrystalline samples cooled to -1400C at a rate of 100Cfmin.

show no transition. Low temperature X-ray photograps cooling as low as -1300C and
holding the sample there for as long as five days shows no transition taking place. We
conclude that the transition temperature most exist between these two temperatures
(between 143 and 110 K) as indicated in F4gur 15 by the eror bars and is time dependent.
This transition temperature, being much lower than the other polyphenyls and to have a
time dependency, could be explained by a non-first order phase transition such that is
observed for biphenyl48'51 for which a soft mode exists below its transition temperature.

DSC measurements on PQP, PSP, PSeptiP, and p-octphenyl (POP), shown in
Figure 1 6a-d, respectively, indicate that the samples undergo tranitions around the melting
point which have been attributed to liquid crystal tansitions. PQP (Figure 16a) shows a
small peak at 4 1 BC probably indicating the nematic -+ isotropic trainsition after the melting
point at 388C in total agreement with previous reports.34-36 PSP (Figure 16b) likewise
shows good agreement with previous research 34'52 with peaks at 41op.,4400, and 4740C
probably indicating a high ternmat crystal -4 crystal transition, crystal -+ smectic phase
transition, and a smectic -+ nematic phase transition. We observe a higher temperature for
the crystal -+ crystal transition than that reported by Wunderlich, et &l..17 Unfortunately
decomposition of the sample did not permit the observation of the nematic -4 isotropic
phase transition .34-52 7T DSC of PSeptiP (FRem 16c) shows thre peaks at 420P.,4730,

and 486*C probably indicating a crystal -+ crystal transition, crystal -+ smectic phase
transition, and a smectic -4 nemtic phase transition in the same manner as PSP.
Wunderlich, et al.53 reports a smectic -4 nematic transition at 534C which is approximatly
5T0 higher than what we observe. This discrepancy can not be explained at this time. POP
(Figure l6d) shows two peak probably indicating a amctic -+ nematic transition at 5l00C
after the melting point (sharp peak at 489C). Sample decomposition did not permit going
to higher -praue for PSeptiP and POP. Single crystals of POP are attempting to be
grown in order to perform a sctr et er---mination completing this series.

Our findings are plotted next so published VAlues 34 53 in Flure 17.
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Figure 17. Plot of high temperature liquid crystal phase transitions for

PPP oligomers n= 4 - 8.

If PSeptiP and POP follow the examples of the lower polyphenyls, the nematic -. isotropic
transitions could be as high as 7000 and B00°C for PSeptiP and POP, respectively. These
temperatures are much higher than thermal decomposition5 4 will allow stability to the
polymer and any practical use of the mesophase region will require special containments
such as high-pressure, inert atmosphere cells.

Also the plot indicates that a high temperature phase transition exists between the
crystal -4 crystal transition and the melting point. In addition is the low temperature phase
transition mentioned earlier (see Figure 15). Nuclear magnetic resonance (NMR)
studies55.56 in this temperature range indicate that the phenyl rings undergo 1800 flips along
the molecular axis for the amorphous phase. The rate of flipping is rapid at room

temperature and increases dramatic.- -. as the tempaeatue rises. At low temperature the rate
of ring flipsS2 decreases to about 20 - 300 and the low temperature cell and structure
predoinateS.

Slow scan rates (10*C/Ain.) were used primarily to obtain accurate melting point
data. Decomposition, which is so common with the polyphenyls, may be preventing the
observation of many liquid crystal transitions. Additional DSC experiments using a faster
scan rate and pressurized containers are suggested in hopes of fully studying the phase

*transitions of the higher polyphenyls.
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CONCLUSIONS

The higher oligomers of PPP follow the same pawten as the lower oligomers
previously studied. The nnit cell parameters are very simila with the exception of
crystallographic axis a increasing with oligomer length to acconiodate the growing chain.

* All the oigomers have simflar space groups, bond distnces and bond angles. Linear,
planar molecular structures are observed in all but the herringbone crystal structures ame
Very different. The longer even numbered olignes --P a shewed in the unit cell much more

* than the longer add numbered oligomers. The setting angle for the cligomers match that of
PPP polymer.

Low temperature transitions for PQP. PSP. and PSeptiP exist between 110 K and
140 K and ame time dependen4 but detailed molecular structures could not be resolved nor
could a transition, temperature be pinpointed. Liquid crystal transition states were observed
but due to sample decomposition at temperatures above SV0C need to be studied further.
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General Displacement Pmin-t- - Us.fo P.Qunquephenyl0

=Name U(1.Ij UC2.2 U(3.31 U(1.2) U(1.3) U(2.3)

Cl 0.036(2) 0.062(3) 0.058(2) 0.08(3 0.011(2) 0.003(3)
C2 0.048(2) 0.054(3) 0.074(3) -0.007(3) 0.008(2) -0.013(3)
C3 0.037(2) 0.059(3) 0.063(3) 0.001(3) 0.015(2) 4.013(3)
C4 0.028(2) 0.041(2) 0.031(2) 0.008(2) 0.004(1) 0.004(2)
C5 0.046(2) 0.053(3) 0.060(2) 4.-015(3) 0.011(2) -0.014(2)
C6 0.039(2) 0.061 (3) 0.069(3) -. 012(3) 0.013(2) 4.005(3)
C7 0.036(2) 0.032(2) 0.033(2) 4.010(2) -. 001(2) 0.002(2)
CS 0.035(2) 0.0603) 0.105(3) 0.005(2) 0.036(2) -. 033(3)
C9 0.053(2) 0.050(2) 0.082(3) 4.010(3) 0.0 14(2) -0.044(2)
CIO 0.045(2) 0.026(2) 0.028(2) -. 014(2) 0.001 (2) 4.002(2)
Cli 0.034(2) 0.058(3) 0.096(3) 0.002(3) 0.027(2) -. 032(3)
C12 0.051(2) 0.054(2) 0.086(3) -0.012(3) 0.018(2) .0.044(2)
C13 0.028(2) 0.042(2) 0.029(1) 0.015(2) 0.006(1) 0.003(2)
C14 0.056(2) 0.048(2) 0.069(3) -0.022(3) 0.007(2) -0.034(2)
C15 0.024(2) 0.055(2) 0.087(3) -0.016(2) 0.019(2) -0.021(3)

The formi of the aniswopc displacement parmete is:
exp[-2x 2(h2a2Uj,1 + k2b2U2, + l2c2U3,3 + 2bkbUI,2 + 2hlacUi.3
+ 2klbcU2.3)] where ab, and c are reciprocal Iatice constants
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*~ A~~A

Generl D~slacen n wr Exjpresiom s, F~far p-Seiphenyl

-Nam U(1.11 U(2,2) U(3.31 U(1.21 U(I.31 U(2.3:)

Cl 0.017(3) 0.049(3) 0.030(3) -4.001(3) 0.010(3) -0.000(3)
C2 0.041(4) 0.0604) 0.064(5) 4.020(4) -0.014(4) -4.027(4)
C3 0.058(4) 0.044(4) 0.064(4) 0.029(4) 4.007(4) 4.028(4)
C4 0.015(3) 0.012(3) 0.036(3) 0.001(2) 0.017(2) 0.000(3)
CS 0.032(3) 0.027(3) 0.086(5) 0.014(3) 0.001(4) -. 032(4)
C6 0.048(5) 0.079(5) 0.083(6) 4.009(5) -. 009(4) -. 042(5)
C7 0.059(4) 0.048(4) 0.026() 4.008(4) 4.005(3) 4.001(4)
CS 0.043(4) 0.076(5) 0.085(5) 0.007(4) 0.003(4) 4.037(5)
C9 0.029(4) 0.053(4) 0.081(5) 0.007(4) 0.002(4) 4.03 1(4)
CIO 0.032(4) 0.051(4) 0.031(3) 4.011(4) 4..007(3) 0.006(4)
CII 0.046(4) 0.074(4) 0.076(5) 0.027(4) 4.0 13(4) -. 045(4)
C12 0.029(4) 0.055(4) 0.085(5) 0.002(4) 4.011(4) 4.01g(5)
C13 -0.045(4) 0.025(3) 0.032(3) 0.005(3) 0.010(3) 0.009(3)
C14 0.05 1(4) 0.049(4) 0.053(4) 0.029(4) -. 009(4) 4.005(4)
C35 0.038(4) 0.065(4) 0.070(5) 0.01 4(4) 4.008(4) 4.010(5)
C16 0.074(5) 0.070(5) 0.053(4) 0.014(5) 4.007(4) 0.008(5)
C17 0.049(4) 0.071(5) 0.060(5) 4.004(5) -. 013(4) -0.006(5)
C18 0.026(3) 0.047(4) 0.054(4) 0.01 0(3) 0.004(3) .. 014(4)

The form of the anisotrapc displacement parameter is:
exp[-2c 2(h2a2Uj9j + k2b2U2, + 12c2U3.3 + 2hkabU1l2 + 2hlacU.
+ 2k~bcU 2,3 ] where 0.b and c an reciprocal lattice constants.
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A~A

General Displacement Pa mein Evresdos Us. for P-y!ipbeyl

Name UM(.1 UQ2.) U3(33) 13(12 13(1) U3(2.3)

C1 0 0 0 0 0 0
C2 0 0 0 0 0 0
C3 0 0 0 0 0 0
C4 0 0 0 0 0 0
C5 0 0 0 0 0 0
C6 0 0 0 0 0 0
C7 0 0 0 0 0 0
CS 0 0 0 0 0 0
C9 0 0 0 0 0 0
CIO 0.029(5) 0.062(7) 0.014(4) 0.003(6) 4.001(4) 0.003(6)
Cil 0 0 0 0 0 0
C12 0 0 0 0 0 0
C13 0.024(4) 0.047(6) 0.019(4) -0.006(5) 0.002(4) 0.006(5)
C14 0 0 0 0 0 0
C15 0 0 0 0 0 0
C16 0.036(5) 0.019(5) 0.037(5) -0.002(5) 0.006(4) 4.00D9(5)
C17 0.037(5) 0.055(7) 0.064(6) 0.007(6) 0.025(4) 0.013(7)
CIS 0.059(7) 0.091 (9) 0.054(6) 0.014(7) 0.014(5) 0.020(7)
C19 0.020(4) 0.070(7) 0.052(5) 0.005(6) 0.020(4) -0.004(7)
C20 0.052(6) 0.072(g) 0.056(7) -0.002(7) 0.016(5) 0.014(7)
C21 0.030(5) 0.060(7) 0.077(7) -. 019(6) 0.024(4) 0.011(7)

The form of the anisc*pc displacement parameter hs:
exp[-2xc2(h2a2UIl + k2b2U2, + 12c2U3.3 + 2bkabUj,2 + 2hlacU,
+ 2kUbcU2.3)] where ab, and c am reciproal lattice constantL



Preprint 2

(C)-H ...O0 INTERACTIONS IN NITROANILINE
DERIVATIVES

Kenneth N. Baker and Albert V. Fratini
Department of Chemistty, University of Dayton, 300 College Park Dayton,

OH 45469-2357

W. Wade Adams
Materials Laboratory, Wright Research and Development Center, WPAFB, OH

45433-6533.

David A. Grossie
Department of Chemistry, Wright State University, Dayton OH, 45435

ABSTRA4CT

The design of organic second order nonlinear optical (NWD) materials depends on factors
such as the nature and position of substituents on the aromatic ring and the hydrogen bonding

patrsof donor and acceptor groups. In order to investigate the effect of alkyl substitution on
the amino group and placemen, %#f bulky groups on the aromatic ring of nitroaniline derivatives,
the crystal structures and unit cell packing of 2-[2-(N-methylamino)-5-
nltroplienyllbenzothlazole, 2-[2-(NN-dlmethylamlno)-5-nitphenyi1-benzoeiazol,
2-[2-(NN-diethyamin)-5-idtrpenyljbenzothlazole, and 2-(trimethslylethynyl)-4-nltro.
NN-dimethylaniline have been determined. Jn all four compounds, ALkyl group attached to the
amino, nitrogen atom prevent the formation of Inemlclrhydrogen bonds between amino
and nitro groups. Instead, the molecules exhibit (C)-H-O4 intermolecular interactions between
the nitro group and the hydrogen atom on the aromatic ring and alkyl groups. Two distinct
types of packing - herringbone patterns and planar stacks - are observed, with the closest
interactions associated with the planar stacks. The dilyamn ubstituents extend above and
below the molecular planewhlch is comprised of essentially coplanar ring systems.
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IMODUcnION

Mhe crnPt emphasis in designing second order noWlna optical waials is to combine
election conjugation. polarizbiliyand set ictInto a moecular solid. Polymers mre very
good Candidates for the first zequhvremnt because of their extensive x electro conjugation.
Nitroaniline, derivatives (2methylnitzoaniline' and 24nyinitmthylanline?, for example),
having conjgation and polarizability, awe kow to exhibit strong x"M optical notilinearities.
Quite often compounds that have the fMnerP factors crystallize in a morphology that incudes a
center of symmetry, negating the effects of conjugation and polarizability and nullifying the e~
zeponse. In order to incrase, our knowledge of the factors that infuence the fm susceptibility
of an organic material, a series of compounds were, synthesized and subjected to x-ray
crystallographic analysis. This seies includes: 2-[2-(NN-dimethylamino)-5-nitropbenyl]-

benzthizol, 1; 2-[2-(N-methyl-amino)-5-nitrophenyl].benzothiazole, 2; 2-{2-(NN-dithyl-
amino)-S-ntUopheqylj-bunzthiazole,, 3; and 2-4utheysyleynl)4-nito-NN-dmethnlin,

4.

Each of the four compounds crystallize in a centric lattice which elininates a second order
NWO response. In spite Of thei siiarities, the compounds exhibit two type of packing motifs

and have some inteesting close contacts that ar different from those nomially found in

M a c - v I Ma c ,-C ft j 1 I ( C 1 5 ) s

12 3 4
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EERDIMAL

The compounds were synthesized by Bruce Reinhardt, Materials Laboratory, WPAFB.
Suitable cr ystals were selected from bulk crystalline samples ad observed under crossed
polarizing filters to determine extiriction boundaries. Single crysta were mnounted using
cyanoscrylate adhesive onto glass fibers attached to long HObe pins and inserted Into arcless
goniometer heads. The crystals were centered on a EnraINonius CAN4 diffiuctometer for data.
collection and rotation photographs taken to Judge how well each crystal diffracts. Reflection
data were transferred to a VAX 11L/730 computer for futher analysis using SDPNVAXS. Space
group identification was accomplished with the aid of the computer program LOOK6 which
confirmed the systematic absences found in the reflection files. Structure solutions were found
Using SHELXS 7 or muLTANO and refined using full-matrix least-eqates. Hydrogen atoms
were placed in idealized locations calculated fromn geometric conisiderations and assigned a fixed
C-H bond distance of 0.95A. Subsequent Isotropic refinement of hydrogen atoms did not
significantly improve the structure due to the reduced data-to-parameter ratio. Coystal data and
data collection parameters are tabulated in Table L
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RESULTS

Mbe molecuar structume of 1, 2,3, and 4 ame shown in Figures 1,3.,5, and 7, respectively,
with the non-hydron atoms labeled and the hydrogen aoms omtt except for HI in 2 which

'fIam an intmoleculr hydrogen bond with the nitrogen atom of the benaotazole ring. Tables
-, IV, Vi, and V mmAiZe the repective atomic coordinates. Bond distanm and angles are
listed in Tables M, V, V/I, DLX Stereoviews of the molecular packing in the unit cell are shown
in Figures 2,4,6, and 8. The close interactions in the foEmenioned compounds are stunmarized

In Table X.

*@
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DISCUSSION
All four compounds sepoeted hene crystallize in centric space groups, thus eliminating the

possiilt of k0 activity. TWo different types of unit cci packing are observed& Both of t

dialky b m aohiazole, derivatives, 1 and 3, pack tn the herringbone or non-parallel motif. This

hs te simplest type of packng for polyaromnatic compounds." Compound 1 (see Figure 2)

displays, a more complex herringbone die&hm than 3 (see Figure 6). This is probably due to

ore restricted roo in the unit cell than i Wdeal to accommodate the balky bePiaothiazole group

which pefel3 to orient along the b axis. If the Cl-C? bond (the band connecting the

iethP yiazole group to the nittuanifine root) is extanded through tie molecule, the molecules

-within the unit call intersect at -11?* and 1l46* for 1 and 3, respectively. This makes the

nitroaniline plane of 3 to lie closer to a clytalographic face than that of 1. However, the

nitroauine plane is not as important as the nitraniline axi , also called the polar axis. The

polar adis of 2 is just 2.50 off bron being in the ac (010) plane, whereas the polar axis of 3 is

22 out of plane with the (010) plane. Moreover, the polar axe for both 1 and 3 are directed

along the c axis making the c axis the mode of charge carrier motion.

Compounds 2 and 4 pack in a layered motif a shown in Figures 4 and 8, respectively.

Compound 2 is the only one of the four studied that did not crystallize in a monoclinic space

group. In addition, 2 is als die only compouand out of the four studied that does not have its

nitromilline plane or polar axis directly related to a crystallorhi p1lane or axis. The molecules

of 4 are stacked along the c axis. The polar axis of compound 4 is only 70 from being parallel

to the b axis and is 190 from occupying the ab (001) plane ming the b zzis die mode of charge

cavrier motion in ii, case.

Compund2 does no order well in the unit call. The molecule stacks parallel to the a axis,

with the molecules being tilted 2?* from being perfectly perpenicular to the a axis. The

nitroanuurie plane is 230 from occupig the (101) plane within the unit cell (see Figure 4). The

polar xis of the nitroaufine moiety does not correpond well to any crStlorpi axes.

In describin the molecula structure, two categories dearly enmerge - the tbenz-otdazole

derivatives of nitroaiine and the silyl derivative of nitrosniine. The aromatic rings are

essentially coplanar in the btaw athazole derivatives, wit the dihedral angle between the

nitrosailie and the b-enzothiazole rings systerns of 5.1, OA, and 5.6, for 1, 2, and 3,

resecivey.Mesotiaeble deviatons are found when examnining the amin and ultr groups.



Preprint 2

'3 swaylmnogop tam relatve to the nitroaniine plane so that amino carbon n-a r etend
owt of the nitroaniline, plane in order to maximnize the distance between them and the sulfur atom
.of the b enzo thiazole ft~. Ie #ange. about the disfikylamino nitrogen atoms in counipound I
and 35we all within 7AO of the 109.50 expectd in an kleal qp? hybrdized atom. However, in

the mehlarnino function of compound 2, the methyl group Is coplanar with the aromatic rn

system, and the angles around the nitrogen atom are within 40 of 12(0. This indicates that, while

the dinetl- and ieyamngrSt of I and 3 wre tetrahedral, the methylamnino grou of 2
is trigonal planar. This change in the cngrainof the nitrogen sam may be traced to two

discret factors: (1) the Oterk interaction of an alkyl group with the b enzaothiazole sulfur am
v if the nitrogen is planar, and (2) the conugation of t amino nitrogen atom to the aromatic ring.

This latter factor is real;e with the observed shortening of the C2-N3 bond distance in 2 vs.

I and 3 (1.353, 1.421, and 1.426 A, respectively).

In the dialkyl bztiaoederivatives, compounds 1 and 3, the sufur atom is cis to the

amino group, but is trans in 2, the monoalkyl derivative, via the Cl-C7 bond. The trans
geometry observed in 2 is probably due to an italecular hydrogen bond forming with the

~amino hydrogen atom, HI, and the bnohaoenitrogen atom, Ni (see Figure 3). The

hydrogen bond is observed with a N-N contact of 2.7 A. In this case of compound 2, the
orientation in which a hydrogen bond can form would be preferred. The cis orientation found

in the dialkyl beazothiazole derivatives is due to a lesser level of steric repulsion between the

amin nitrogen ato -and th benzothiazole sulfur am when compared to the repulsion between

adjacent nitrogent atoms ff a nerplana ring cofomtn Is adopted. Molecular modelling

calculations using PCMODEL of the two possible planar 1fgmA o for t dimethyl
derivative indicate that the cis arranganent is momre stable.

In the silyl derivative of nitroaniline, the silyl grou kntruc the benzene ring with an
angle of about 11P. The carbonm-carbon triple bond deviate slihty (mS*) from linearity making

the rou slihty bent. The rather larg themal ellipsoids of the three carbo atoms attached

to the silicon atom indicate that the C22-Si bond is rotating rapidly. The diehylamine group
is slihty twed (m1r) from coplanarity with the benzene ring.

The nitro pop i all four compounds mnvualy identical, only differing in the degree
of coplanarity with the benzene ring, 8.29,2.4?, 9.49, and 2.500 in 1, 2,3, and 4, respectively.
The greater deviation for the d-aky rin compounds, I and 3, may result from the uneven
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•tmolecular contact between the nitro oxygen atoms and a neighboring molecule.

ORTEP diagrams of the doe ineractions ms resembling hydrogen bands of 1, 2,3, and

4 we smm in Fpigum 9 tdmmgh 12, repectively. The close ieraction distances and angles

ae also presented in Table X. Although these neractions re not close enough to be considered

hydrogen bonds", they do influence e centricity and dose packing elatioships discussed

above.

Two types of (C)-H.-O iteractions are observed involving 1) hydrogen atoms from the

aromatic be thiazole ring systern and 2) hydrogen atom from the alkylamino group. The

shortest distances in all four compounds are associated with the hydrogen atoms of the

benzothiazole ring and of these, the most interesting occur with the layered suctures 2 and 4.

These compounds appear to maintain the network structure needed to propagate a charge over

large distances. All of the beazothiazole ring hydrogen atoms appear to favor this interaction

while the majority of the alkylamino hydrogen atoms appear to favor crosslinking two parallel

layers. This crosslinking is probably due to the close proximity of the molecules caused by the

screw axis of the monoclinic space group. ckGlycinel also contains this type of crosslinkng.

The C3-H3.-.02 interaction seen in 4 is the shortest observed and the observed angle of 154.20

is very dose to 152.7 ° which is the average of 59 (C)-H...O hydrogen bond containing

StructuMe found in the Cambridge Structual Database".

Once again 2 is unique in this study to have an amino hydrogen atom available (N)-H...O

ieractions hinteractions of this type hold a great deal of interest in this stdy," with the desire

to produce acentric nmterials through hydrogen bonding. U nfonately a search for nearest

neighbors revealed no oxygen atoms within 3.6A of the amino hydrogen atom. Indeed, the

amino hydrogen atom forms a good intramolecular hydrogen bond with the nitrogen atom of the

IePaohiazole ring system and with nothing else.
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CONCLUSIONS
The frequency of (C)-H ...O contacts in substituted nitroaniline derivatives suggests that they

play a significant role in detertnining the packing arrangaent and thus the observed centricity
of these structures. Bulky substizuents, such as benotiazole and - hm-ethylsilyl, in addition to
being electron doors to the nitroaniline ring, may disrupt t (N)-H.--O interaction, but no
definite effect on centricity is observed. The (C)-H ...O0 angle does not correlate with the values
expected for a typical hydrogen bond when the H*.O contact is beyond 2.8A. A netodk of
(C)-H..-O contacts is favored over isolated (C)-H ...O iteractions. Compounds 2 and 4 pack in
a layered motif presumnably favored by the extensive network of (C)-H**-O interactions and the
shortest contacts are associated with this layered motif.
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Table 1. Crystal Data and Data Coliecdon Parametezi

Formula C o2S CAtO 2s C, ,.NO2S qvHvN4O 2Si
Color Brown Yellow Yellow Yellow
PW 29935 2833 327A1 26239
F(000) 624 296 as 560
Cy" Dimeioms, mm .55 1.6 x.8 .05 z.15 3t a5 .1 x.15 x.75 .3 X.5 .6
Sbape Diamon Rr Needle ecIpf
]Aditmion MoKc MoKu MoKa MoKe
Wrumgth,A 0.71073 0.71073 0.71073 0.71073
Tempeure 23 230 230 230
OyW Form Momodnc ruc Mooodi c Monodic
Spar Group P2VAO P1 12,/ P2/c
Refiectiom ued for cel commu

munber 25 23 25 23
0 range 15-26 4.18 6-18 6-12

Celn Cotm
AA 9.070(l) 11.956(1) 7A66(6) 20.238(6)
bA 15.432(1) 4.18(1) 20.884(2) 10.444(4)
CA 10.147(5) 3.896(1) 10.714(2) 7.129(2)
o° 90.0 92.20(1) 90.0 90.0
16 9132(2) 90.20(1) 109.96(2) 93.05(2)
TO 90.0 106.18(1) 90.0 90.0

Cell Volume.A3  1419.9(10) 634.2(3) 1570.1(20) 1505.9(20)
Z 4 2 4 4
Clculactd Density, g/cm' 1.40 1A9 139 1.16
Absorpdoc Coefficiem, cm" 2.2 2.5 2.1 1.5
Sew Type aO CW20 n12e coO
Scaem, *Mnn. 1.0-5.5 0.7-2.8 03-5.5 0.57-2.79
Scan Width 0.55 + 034"u 0.8 + 034tO 0.55 + 034ta 12 + 034um0
Range of Dat

60 0-41 0.30 0-30 0-32
b 0/16 -16/16 -10/10 -10/10
k -28/28 0/19 0/29 0/15
1 -18/18 -s5 -15/15 0/30

Numeical Abs
am. tr. coef. 0.9911 0.9885 - 0.9606
MIn am. ooef. 0.8541 0.9446 - 0.9329

Refaectiom Mee.
Total 21220 6094 9360 5592
Uuqu 6606 2979 4697 5266
Obv

Po'>3v(]) 2540 1888 2332 1536
Aveasta speamm I 0.016 0.025 0.029 0.044
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Ta"l L Crysta Data and Data Coliecuon Para m (continued)

1 ~ 2

?aumtuu 231 225 276 164

R 0.048 0.074 0.042 0.085

Rw 0.055 0.070 0.062 0.108

S 1.96 0.75 IAS 2A9

(AWamu 0.08 0.01 0.06 0.01

(A *=u (e/A'$) 0.31(6) 0.27(5) 033(5) 030(5)

0A)w(/L).96 MS .55 .75
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Table IL Positional Parameters and Equivalent Isotropic Thermal Factors for
2-[2N.me)byiJ~w aZO5haZ l

Atom x Vz M(AY

Si 0.51307(6) 0 .42W064) 0.73034(5) 4.71(1)
01 1.0399(2) 0.6326(1) 1.233(2) 6.52(4)
02 0.8941(2) 0-5306(l) 1.2331(1) 6.33(4)
N2 0.94W62) 0.58s2() 1.20062) 4.60(4)
N3 0.68092) 0.5698() 0.6909(2) 4.16(4)
NI 0.590M() 0.3749(1) 0.9643(2) 4.01(4)
C2 0.7503(2) 0-5724(1) 0.8178(2) 3.74(4)
Cl 0.7150(2) 0.560() 0.9095(2) 3.23(4)
C6 0.7791(2) 0.5119(0) 1.0356(2) 3.48(4)
CS 0.8758(2) 0.3771(1) 1.0668(2) 3.69(4)
C4 0.9145(2) 0.6394(2) 0.9779(2) 4.95(5)
C3 0.8093) 0.6367(2) 0.8534(2) 5.36()
C14 0.5976(3) 0.6464(2) 0.6582(3) 10.68(9)
cis 0.7759(3) 0-5463(2) 035857(2) 6.68(7)
C7 0.6128(2) 0.4361(1) 0.8795(2) 3.30(4)
C9 0.4903(2) 0.3147(1) 0.9141(2) 3.91(4)
CIO 0.4443(3) 0.2406(2) 0.9793(3) 5.48(6)
Cli 0.3449(3) 0.18662) 0.9155(3) 6.27(6)
C12 0.2916(3) 0.2044(2) 0.7894(3) 5.73(6)
C13 0.3344(2) 0.277(2) 0.7236(2) 5.09(5)
CS 0.4360(2) 0.3328(1) 0.7876(2) 4.01(4)
H6 0.759 0.470 1.0911.7
H4 0.982 0.683 0.997 3.60
Hf3 0.866 0.679 0.796 4-2D
H14a. 0.523 0.632 0.387 7A1
Hlft 0.54 0.665 0.739 7.50
H14C 0.663 0.694 0.627 7.30
HIS& 0.718 03535 0."0 4.14
Hl~b 0.821 0399 0.571 7.9
Hl~c 0.832 0.A93 0.613 10M5
f10 0.472 0.229 1.067 3.67

1111 0.30 0.139 0.962 4.3
ff12 0.224 0.165 0.747 3.04
Hf13 0.291 0.294 0.636 3AI

'Anisaoopkcaly Weined atoms we Sime In the form of She Isotroc equivalent dislacment porameter
dfined as: (4/3X&%2 ,, + Ib. + c2Bn + ab(cos y)Dn + ac(cos P)DO + bc(cos 60Bj

'tHyoen aoms Wooe rflood booopile.By.
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labe M.L Bond Distas (A) and Bood AqjJS (R) for 242.N4dlisdyaunno-4tro-
pbmyj - nmotbiaole

Atom I Atom 2 Distance Atom 1 Atom 2 Distance Atom I Atom 2 Dimnce

Sl C7 1.751(2) Cl C6 1394(2) C6 H6 0.573(3)
SI C8 1.721(2 Cl C7 IA74(3) C4 114 0.928(3)
01 N2 1.2S(2) C6 CS 1.367(3) C3 H3 0.884(3)
02 N2 1.217(2) CS C4 1.369(4) C14 H14s 1.000(2)
N2 CS 1.469(2) C4 C 1.378(3) C14 Hl4b 1.001(2)
N3 C2 1.421(2) C9 CIO 1391(3) C14 HI4c 0.999(3)
N3 C14 1.438(4) 09 CS 1393(3) cis HIS 0.951(3)
N3 C1S 1.433(4) CI0 CIl 1.378(4) CIS HlSb 0.927(2)
NI C7 1.298(2) C1I C12 1.386(4) C1S HlSc 1.002(4)
NI C9 1.388(3) C12 C13 1.367(3) CI0 HIO 0.934(3)
C2 Cl 1.403(31 C13 CS 1.406(4) Cli HIl 0.935(2)
C2 C3 1.389(3) C12 H12 0.956(3) C13 H13 1.018(4)

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Ande

C7 Si C8 88.94(9) C6 CS C4 122.5(2)
01 N2 02 123.4(2) CS C4 C3 118.3(3)
01 N2 C5 118.1(2) C2 C3 C4 121.2(3)
02 N2 CS 118.5(2) SI C7 Ni 115.5(1)
C2 N3 C14 113.9(2) 81 C7 Cl 123.3(1)
C2 1 CiS 115.0(2) NI C7 Cl 121.2(2)
C14 N3 CiS 110.9(2) NI C9 elO 125.1(2)
C7 NI C9 110.7(2) NI C9 CS 114.8(2)
N3 C2 CI 118.5(2) CI0 C9 CS 120.1(2)
N3 C2 C3 122.0(2) C9 0 CIlI 118.1(2)
Cl C2 C3 119.4(2) CI0 Cli C12 121.8(2)
C2 Cl C6 118.9(2) CIl C12 C13 121.2(2)
C2 Cl C7 123.3(2) C12 C13 CB 117.8(3)
C6 Cl 07 117.9(2) Si CS C9 110.1(1)
Cl C6 C5 119.7(2) 81 CS C13 128.8(2)
N2 CS C6 118.7(2) C9 CS C13 121.2(2)
N2 CS C4 1183(2) Cl C6 16 117.9(2)
CS C6 16 122.3(2) CS C4 14 123.3(2)
C3 C4 H14 118.4(2) C2 C3 H3 1178(2)
C4 C3 113 120.7(2) N3 C14 H14a 106.8(2)
N3 C14 Hl4b 108.0(2) N3 C14 H14c 111.6(2)
H14. C14 Hl4b 109.5(2) H14. C14 Hl4c 109.5(2)
H14b C14 H14c 109.5(2) N3 cs HiS 109.2(2)
N3 C15 HlSb 100.0(2) N3 C1 HlSc 107.9(2)
HIs cs HlSb 105.3(2) ISsa cs HISc 110.8(2)
HISb cs HiSc 122.7(2) C9 010 HI0 122.2(2)
ClI C0 HI0 119.5(2) CI0 C1l H 1 117.7(2)
C12 CI HIl 120A(2) Ci C12 H12 119.9(2)
C13 C12 H12 119.0(2) C12 C13 H13 122.7(2)
C8 C13 H13 119.4(2)
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Ta") IV. Pouicpia Paraaar ad Equivalent Isovopic Uffmal PActora for
2-[2-(Nmdtbymdw)541wophecy1bmole

Atom x vz B(A~f

Si 030543(5) 0.11315(4) 0.309(2) 2.89(l)
01 1.0363(2) 0.3242(2) -0.0363(7) 6.00(6)
02 0.9035() 0.1869(2) 4.0970() 5.23(6)
m2 0.9365(2) 0.2725(2) 0.0025M7 3288(5)

N13 0.6206(2) 0.4431(l) 0.6434(6) 3.18(5)
NI 0.4600(2) 0.2672(1) 0.5849(6) 2.79(4)
C2 0.6963(2) 0.4022(2) 0.4899(6) 2.46(5)
Cl 0.6615(2) 0.3004(2) 0.3945(6) 2.39(5)
C6 0.7423(2) 0.2599(2) 0O262=) 2.7 1(5)
CS 0.85462) 0.3167(2) 0.1723(7) 2.76(5)
C4 0.8895(2) 0.41502) 0.2717(7) 3.10(5)
C3 0.81 17(2) 0.4571(2) 0.4274(7) 3.02(5)
C14 0.6527(2) 0.3463(2) 0.7726(8) 3.61(6)
C7 0.5430(2) 0.2376(2) 0.4399(6) 2.40(5)
C9 0.3579(2) 0.1902(2) 0.5993(7) 2.64(5)
CIO 0.226(2) 0.1975(2) 0.7348(g) 3.46(6)
Cil 0.1592(2) 0.1148(2) 0.7315(8) 3.W06)
C12 0.1688(2) 0.0259(2) 0.5935(9) 3.89(6)
C13 0.2718(2) 0.0168(2) 0.460() 3.30(6)
CS 0.3666(2) 0.1003(2) 0.4612(7) 2.63(5)
H16 0.722(2) 0.193(2) 0.15 1(6) 0.7(5);"
H14 0.969(2) 0.4502) 0.230() 1.5(6)
m3 0.837(2) 0.526(2) 03501(7) 0.7(5)
HI 0.5W02) 0.406(2) 0.674(7) 1LOW6
H14c 0.712(3) 0.558(2) 0.939(8) 2.7(7)
11am 0.591(3) 0.559(2) 0.879() 3.5(8)

H14b 0.680() 0.590(2) 03595(8) 2I3V)
Hio 0.248() 0.26() 0.841(7) 1.0(5)
1111 0.0862) 0.1 17(2) 0.828() 1.9(6)
H112 0.101(2) 4.030(2) 0588(8) 1.906)
H113 0.277(2) -0.044(2) 0.347(7) 1.6(6)

OAaishoplcafy on - ami we 51w in th fo,. of &e Isotopic equlvalu dlplwsmm perimete
deflid wi (4/3X&%321 + b'B, + c%",. + ab(coe 7)5 + waxo F)D,, + bc(cou )Bo,

O~m ato wue =Rod. b ~~~.
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Tabl V. Bond Disown (A) uad Bond Anoin C) for 2"4uno)-S-tropbMyiJ-

omI Atom 2 Disomne Atom I Atom 2 Disance Ao= I Atom 2 DIstinc

51 07 I.1Z4i,2) C4 C3 13W94) CS C4 1.380(3)
SI CS 1.728(2) C4 H14 0.96(2) C13 Hi3 0.96(3)
01 14 1.227(3) C3 11 0.97(2) 06 H6 0.95(2)
02 M2 1.215(4) C14 HI4c 0.99(3) C13 CS 1.393(3)
14 CS 14504) C14 Hide 0.903) C6 0S 1.382(4)
N43 C .1.333(3) C14 Hl4b 0.95(3) C12 H12 0.96(2)
N3 C14 1.449(3) C9 C10 1.395(4) 01 C7 1.470(3)
M4 HI 0.89(2) C9 CS 1.397(4) C12 C13 1.382(5)
NI C7 1.303(3) C10 Cil 1.376(3) CI C6 1.390(4)
NI C9 1.396(3) C10 HID 0.93(3) Cii Hil 0.96(3)
C Cl 1.430(4) CII C12 1.3884) C C3 IAIO(3)

Atom I Atom 2 Atom 3 Antle Atom 1 Atom 2 Atom 3 Angle

C Si CS 89.3(l) CS C4 H4 118(2)
01 14 02 123.1(3) C3 C4 H4 123(2)
01 14 CS 118.0(2) C C3 C4 121.3(2)
02 N42 CS 119.0(3) C C3 H3 120(l)
C N3 C14 12335(2) C4 C3 H3 119(1)
C N3 HI 116(2) 14 014 Hldc 112(2)
C14 N43 Hi 121(2) N43 C14 H14a 109(2)
C NI C9 111.0(2) N43 C14 14b 111(2)
14 C Cl 121.2(2) Hldc C14 Hide 103(3)
14 C C3 120.7(3) H14c C14 Hl4b 110(2)
Cl C C3 118.2(2) Hide C14 H14b 111(3)
C 01 06 119.0(2) Si C NI1 115.2(l)
C CI C7 121.9(2) Si C7 CI 120.0(2)
06 CI C 119.2(2) NI C CI 124.9(2)
Cl C6 CS 12D.7(2) NI1 C9 C10 125-W()
Cl 06 IN6 121(l) N41 CS CS 114.6(2)
CS 06 11 119(1) CIO C9 CS 119.9(2)
14 CS 06 119A(2) C9 010 Cil 118.9(3)
142 CS C4 11935(2) 09 010 HiD 120(l)
06 CS C4 121.1(2) 011 C10 1110 121(1)
CS C4 CS 1193(v) C10 011 C12 12038(3)
C10 Cl ff11 121(2) C12 C13 1113 122(2)
C12 Cil 1111 118(2) CS C13 H113 121(2)
Cil C12 C13 121.6(2) Si CS CS 109.9(2)
Cil C12 Hf12 119(2) 81 CS C13 128.8(2)
C13 C12 1112 119(2) C9 CS C13 121.2(2)
C12 013 CS 117.7(2)
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7*ki Vi. Fosdtomal Paamtuu md Bquiva boutapk 7beima Pacto for 2-"2(NN-d~ethyl-

Atom x zAL

SI 0.8974(1) 0.05716(3) 0.74746(5) 3.37(1)
01 0.4498(3) 4.2005(1) 02461(2) 5.69(6)
02 0.5576(3) .0.1149(1) 0.1852(2) 5.47(5)
NI 0.3066(3) 0.05875(9) 0.4919(2) 3.02(4)
N2 0.5325(3) .0.1488(1) 0.2700(2) 3.81(5)
m 0.8410(3) .0.06865(9) 0.8046(2) 2.93(4)
CI 0.7522(3) -0.047(1) 0.3682(2) 2.63(4)
C2 0.7536(3) .0088(1) 0.6700(2) 2.66(4)
C3 0.6767(4) .0.1499(1) 0.6375(2) 3.68(5)
C4 0.5996(4) .0.1694(1) 0.5068(2) 3.73(6)
CS 0.6062(3) -0.1275(1) 0.4085(2) 3.11(5)
C6 0.6801(3) -0.0670(1) 0.4362(2) 2.94(5)
C7 0.8152(3) 0.0212(1) 0.5905(2) 2.58(4)
Co 0.9268(3) 0.1283(1) 0.6734(2) 2.95(5)
C9 0.8707(3) 0.1199(1) 0.5360(2) 2.88(5)
CIO 0.880(4) 0.1712(l) 0.4536(2) 3.75(6)
CIl 0.9480(4) 0.2292(1) 0.5139(3) 4.23(6)
C12 1.0082(4) 0.2367(1) 0.6513(3) 4.13(6)
C13 0.9967(4) 0.1869(1) 0.7322(3) 4.00(6)
C14 1.0506(4) .0.0797(1) 0.8601(3) 3.74(6)
C15 1.1106(4) .0.1479(2) 0.9058(3) 5.08(8)
C16 0.7420(4) .00859(1) 0.8963(2) 3.68(5)
C17 05441(4) .0.0538(2) 0.8363(3) 5.36(8)
113 0.677 0.178 0.707 5.3
H4 0.543 -0.210 0.485 5.3
m 0.681 .0.039 0.366 4.2
HIo 0.843 0.166 0.362 5.1
HI 0.955 0.26,5 0.460 5.7
H12 1.053 0.277 0.689 .5
H13 1.039 0.192 0.826 5.5
H14a 1.063 0.069 0.808 4.0
HI4b 1.126 -0.051 0.943 4.0
HISa 1.044 .0.168 0.862 4.0
HISb 1.169 .0.134 0.918 4.0
HISc 1.044 .0.167 0.972 4.0
HIE 0.834 .0.068 0.999 4.0
H16b 0.709 0.134 0.390 4.0
Hl7a 0.54 .0.034 0.861 4.0
H1Tb 0.462 .0.081 0.780 4.0
H17c 0.501 -0.066 0.944 4.0

"Ambovadkany robed mam we m b de fan of . uo opic equivalm dplwam pwmeer
aesed s:. (4/3Xsa 2 ,,+ b'3, + c€5, + Ab(cm y) + ac(cm P)50 + b u(coo a)BA

WydmI ss f 1e Imd picaly.
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•~ b VfL Bod) and Bood Agi (') for 4stbmio)-"tro-

A tom1 Atom 2 DW Atom I Ato 2 Distace Atom I Atom 2 Dince

SI C7 1.751(3) C3 C4 1.381(3) C12 H12 0.951(3)
SI CS 1.733(2) C3 13 0.951(3) C13 H13 0.931(3)
01 N2 1.226(3) C4 CS 1.382(4) C14 CIS 1.525(4)
02 M42 1.216(3) C4 H.4 0.950(3) C14 H14 0.721(4)
NI C7 1.304(3) CS C6 1.371(3) C14 Hl11 1.069(2)
NI C9 1.387(3) 06 H6 0.950(2) CIS HIS& 0.694(3)
N2 CS 1.466(3) CS C9 1.397(4) CIS Hlb 0.494(4)
lN3 C2 1.426(3) CS C13 1.395(3) CIS HISc 1.075(3)
N3 C14 1.490(3) C9 CIO 1.392(4) C16 C17 1.526(5)
N3 C16 1.462(4) CI0 CII 1.379(4) C16 H16 1.140(2)
Cl C2 1.408(3) CIO HI0 0.950(2) C16 H16b 1.031(3)
Cl C6 1.403(3) ClI C12 1.393(4) C17 HI7 0344(3)
Cl C7 1.466(3) ClI HII 0.950(3) C17 HI7b 0.994(3)
C2 C3 1.400(3) C12 C13 1.375(5) C17 H17c 1.115(3)

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Aie

C7 Si CS 89.2(2) CI C6 H6 120.1(2)
13 C14 H14a 103.1(2) N3 C14 H14b 115.4(2)
C7 NI C9 111.2(2) CS C6 H6 120.0(3)
01 N2 02 123.5(2) SI C7 NI 115.1(2)
CIS C14 H14a 113.8(3) C15 C14 Hl4b 103.6(2)
01 N2 CS 117.8(2) Si C7 Cl 123.7(2)
02 N2 CS 118.7(2) NI C7 CI 121.3(2)
Hida C14 H14b 105.8(3) C14 015 1H5 10.5.9(3)
C2 N3 C14 113.9(3) Si CS C9 109.6(2)
C2 N3 C16 116.9(2) Si CS C13 129.2(2)
C14 C15 Hlb 72.0(4) C14 CIS HISc , 143(3)
C14 N3 C16 1133(2) C9 CS C13 121.1(2)
C2 Cl C6 118.6(3) NI C9 CS 114.8(3)
HI c15 HlSb 152.2() HIS CIS HI1 80.7(4)
C2 Cl C7 124.2(2) NI C9 CIO 125.4(3)
C6 Cl C7 1173(2) CS C9 CIO 119.7(2)
HlSb C15 HlSc 126.1(4) N3 C16 C17 111.9(2)
N3 C2 CI 118.6(2) C9 CIO CIl 119.0(2)
N3 C2 C3 121.7(3) C9 ClO HI0 120.2(2)
N3 C16 He16 106.8(2) N3 C16 Hl6b 1I.2(2)
Cl C2 C3 119.7(2) Cli CI0 HI0 120.8(3)
C2 C3 C4 121.1(2) CIO CII C12 120.9(3)
C17 C16 He16 109.9(2) C17 C16 Hl6b 101.3(2)
C2 C3 13 119.0(2) CIO CIl HI1 119.S(3)
C4 C3 H3 120.0(3) C12 Cl 1ill 119.6(3)
Hie3 C16 H6b 115.7(2) C16 C17 H17 83.1(3)
C:3 C4 CS 118e"() CII C12 C13 120.9(2)
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T~bI VIM (continued)

Atom I Atom 2 Atom 3 ANeAtom I Aom 2 Atom 3 Angle

C3 C4 H14 121.1(3) CiI C12 1112 119A(3)
C16 C17 H17b 106.1(3) C16 C17 1117c 102.3(2)
CS C4 H14 120.7(2) C13 C12 H12 119.7(3)
N2 CS C4 118.9(2) CS C13 C12 118.3(2)
Hl7a C17 11T 134.3(4) Hl7a C17 1117c 113.0(4)
N2 CS C6 118.9(2 CS C13 1113 120.5(3)
C4 CS C6 122.3(3) C12 C13 1113 121.2(3)
Hl7b C17 Hl7c 108.6(3) N3 C14 cis 1153(2)
Cl C6 CS 119.9(2)
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ITbk yin. Positiona Paramee and Bqulaluzt botropi Thoual Factor fmr 2A-ftDthlysilYl-
fyl$,*N-NNbyfthnyin •

Atom x z 0(A2)"

Si 0.87838(9) 0.0253(2) 0.3013(3) 6.47(4)
01 0.6651(2) 0.5391(4) -0.0576(6) 7.2(l)
02 0.5645(2) 0.5119(4) -0.1628(7) 7.6(1)
Ni 0.6519(2) -0.0613(4) 0.0821(6) 4.9(1)
N4 0.6180(2) 0.4706(4) 0.1064(6) 5.4(1)

Cl 0.645(2) 0.0688(5) 0.0848(7) 3.9(1)
C2 0.6973(2) 0.1524(5) 0.0226(6) 3.6(1)
C3 0.6872(2) 0.2834(5) -. 0340(6) 3.8(1)
C4 0.6277(2) 0.3328(5) -0.1008(7) 4.1(1)

Cs 0.5755(3) 0.29(5) -0.15w7) 4.6(1)

C6 0.5844(3) 0.1230(5) -0.1444(7) 4.5(1)
CII 0.5934(3) -0.1428(6) -0.1179(9) 6.5(2)
C12 0.7140(3) -0.1266(6) -0.105(1) 6.4(2)
C21 0.7575(3) 0.1112(5) 0.0714(7) 4.1(1)
C22 0.8074(3) 0.0842(5) 0.1594(8) 5.1(1)
C23 0.8559(5) 0.009(1) 0.546(1) 13.1(3)
C24 0.9012(5) -0.1239(9) 0.225(2) 23.5(4)
C25 0.9428(5) 0.139(1) 0.307(2) 18.7(4)
13 0.724 0.344 0.006 S.0"
115 0.532 0.290 -0.199 5.0
H6 0.547 0.065 -0.181 5.0
Hllb 0.558 -0.119 -0.023 5.0
HlIlc 0.606 -0.239 -0.101 .. 0
HI 1a 0.74 -0.128 -. 254 5.0
Hli2b 0.730 -0.172 0.019 5.0
H12c 0.749 0.059 -0.140 5.0

H12a 0.708 -0.194 0.212 5.0
H23c 0.817 -0.055 0.554 5.0
.123. 0.896 -0.024 0.630 5.0
123b 0.842 0.099 0.593 5.0

H24c 0.913 -0.115 0.085 5.0
H24. 0.942 -0.159 0.303 5.0

O24b 0.862 -0.187 0.234 5.0
125c 0.967 0.137 0.182 5.0
125b 0.922 0.230 0.326 5.0
112.a 0.976 0.119 0.419 5.0

•AnlsouOpaUy rtefutos a em giSei I. the fom of d, isoropi equivaet displacemet pameter
deined or. (43)( a ,, + MBn + c%" + ab(cos y)92. + w(cos p)R + bc(cm a)Bn]

"kiydmge aioms wee rdined lsovpicafy.
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Table DL. Bond Diawws (A) md Bond Angles 1r) for 2-Mimfntl11ykdMyy).4-nktro-

Atom I Atom 2 Distmce Atom I Atom 2 DisUce Atom 1 Atom 2 Distance

Si C22 1.819(6) N4 C4 1.455(7) NI C12 1.447(7)
Si C23 1.832(8) CI C2 1.426(7) C21 C2 1.195(7)
Si C24 1.72(2) CI 06 1.396(8) NI CI1 1.471(7)
Si C25 1.77(1) C2 C3 1.387(7) Cs C6 1.371(8)
01 N4 1.227(6) C2 C21 1.425(7) NI CI 1.368(7)
02 N4 1.215(6) C3 C4 1.373(7) C4 C5 1.3835(7)
C3 H3 1.000(7) C5 15 0.999(6) C6 H6 1.000(7)
CI1 HIb 1.04(1) CI1 HIlc 1.041(7) CIl Hila 1.039(6)
C12 Hl2b 1.040(6) C12 Hl2c 1.040(g) C12 Hl2a 1.040(7)
C23 H23c 1.040(7) 03 H23a 1.039(7) C23 H23b 1.041(6)
C24 H24c 1.039(6) C24 H24a 1.039(6) C24 H24b 1.040(6)
C5 H25c 1.039(6) C2 H2Sb 1.041(6) 05 1125a 1.039(6)

Atom I Atom 2 Atom 3 Angle Atom I Atom 2 Atom 3 Angle

C22 Si C23 109.4(4) NI CI C6 119.7(5)
C22 Si C24 110.4(4) C2 CI C6 118.1(5)
C22 Si C25 110.1(4) Ci C2 C3 118.9(4)
C23 Si C24 107.5(5) Cl C2 C1 124.2(4)
C23 Si C25 105.2(5) C3 2 C21 116.5(4)
C24 Si C25 114.1(5) C2 C3 C4 121.0(4)
Cl NI CIlI 119.6(4) N4 C4 C3 119.7(4)
CI NI C12 123.8(4) N4 C4 CS 119.4(4)
CII NI C12 113.8(4) C3 C4 CS 120.8(5)
01 N4 02 123.4(5) C4 C5 C6 119.1(5)
01 N4 C4 118.0(4) CI C6 CS 122.0(5)
02 N4 C4 118.6(4) C2 C21 C22 175.0(5)
NI CI 0 122.1(4) Si C22 C21 173.0(6)
C2 C3 13 120.0(4) C4 C3 13 119.0(4)
C4 CS H5 119.7(4) 6 S 115 121.2(4)
CI C6 116 119.0(4) CS C6 16 119.1(5)
NI CIlI HIb 108.9(5) NI CIlI Hllc 110.0(4)
NI CII H111 109.3(4) Hb Cli Hllc 109.3(4)
HIb CIl HIla 109.5(4) HIlc CIl HIla 109.5(4)
NI C12 H12b 110.3(5) NI C12 Hl2c 108.6(4)
NI C12 Hl2a 109.5(4) Hl2b C12 Hl2c 109.3(5)
Hl2b C12 Hl2e 109.3(4) HI2c C12 Hl2 109.3(4)
Si C23 H23c 110.3(4) Si C23 H23& 110.6(4)
si C23 H23b 107.7(4) H23c C23 H23& 109.4(4)
H23c C23 H23b 109.6(5) 23a C23 H23b 109.3(4)
51 C24 H24c 107.6(4) 51 C4 H24e 111.2(5)
Si C4 HAb 109.6(4) H24c 04 H24a 109.5(4)
124c 4 H24b 109.5(5) H24a C24 1.24b 109.4(4)
Si C25 H2c 110.2(4) Si C5 H25b 108.6(4)
Si C25 1125s 109.6(4) H25 C25 H25b 109.4(4)
H25c C25 125& 109.5(4) H25b C25 1125 109.5(4)
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Table X. Summary of Close neracdons

Intmcdon c-o C-H.O _ .

CIO -RIO -- 01 3A46 150.470 2.601
cS -RlSc - O1 3.744 160 * 2.78Ss
CS -HlSc - 02 3.4388 133.12• 2.64L
C15 -H1Sa ... 02 3.284 111.090 2.818 A

CII -HII -02 3.42 L MS4J9s 2.652 k
C12 -B12 02 3.419 117.90 2.8611
C13 -H13 -02 3.316 k2.00 • 2.6701
C3- H3 -. 01 3.535 120.920 2.939 A
CIO - HI0 ... 01 3.633 A 128.040 2.988 A

C1. 1 -.. 1O 3.46 L 14AS * 2.611
cs. -HlSc01 3.604 A 147.61 * 2.765A
C17 -Hl7b -02 3.640 k 18.55 0 2.739 k
CIS - HISa ... 01 3.823 A 117.90 0 3.284 A
C1S - HISb - 01 3.823 A 106.030 3.450 A
C17 - HI7a -- 02 3.702 A 143.510 2.895 A
CIS - HIS& -. 02 3.709 A 137.40 0 2.935 A
CII - HII -. 02 3.884 A 17138 * 2.935 A

4

C3 -02 3A46k 11421 Mu AL
C12 -Hl2b - O1 3.646k 167J20 2.622k
C12 -Hb - 02 3.67o 145.070 2.765
C12 . HI2a- 02 3.896& 133.730 2.796
C12 - Hl2c -. 01 3.685 A 119.54 0 3.061 A
C12 - Hl2c -. 02 4.128 A 157.20 * 3.151 A
C13 - H3c - 01 3.445 A 104.45 0 3.035

SD
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CAPTIONS FOR ILLUSTRATIONS

Fiur 1. Molecular structure of 2.{2-NN-Dlamno)--niftbn lbnotizle
(1). Hydrogen atom have been removed for clarity.

Figure 2. Stereoview of the unit C4l for 2-42-(NN-Dimtlnino)-5-nkroPhenYllbenzO-
thiazle (1) looking down the c ais.

Figure 3. Molecular structure of 242-(N-Metamno)-5-GitrRPhenYl1bnohizl (2).
Hydrogen atoms have been omitted for clarity, except for the hydrogen atom
involved in the internal hydrogen bond.

Figure 4. Stereoview of the unit cell for 2-(2.(N-Methylazino)-5-nitrphenyllbenzo-
thiazle (2) with the unit cell axes labeled.

Figure 5. Molecular structure of 24[2-(NN-Diethylamino)-5-nitrophenyljbenzothiazole (3).
Hydrogen atoms are removed for clarity.

Figure 6. Stereoview of the unit cell for 2-12-(NN-Diethylamino)-5-nitroheyljbenzo
thiazle (3) viewed down the c xis of the unit cell.

Figure 7. Molecular structure of 2-Tethylyethynyl)-4-nitro-N-dimethyliline (4)
Hydrogen atoms are removed for clarity.

Figure B. Stereoview of the unit cell for 2e(Thylsilylhnyl)-4-nitro-NN-dsimehyl-
aniline (4) looking down the b axis of the unit Cell.

Figure 9. Close (C)-H ..O intractions for 2-[2-(NN-Dmethylmino)-5nizophenyl]-
beazthiaole(1).

Figur 10. Close (C)-H ... 0Iteractions for 2-[2-(N-Methylamino)-5nirophenyl~benzo-
thiazole (2).

Figure 11. Close (C)-H**O interactions for 2-[2-(NN-Diethylamnino)-S-nitrphenyllbenzo-
thiazle (3).

Figure 12. Close (C)-H...O bteractions for 2-(Trimethyllletn)-4-nitro-NNdimehYl-
aniline (4).
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APpendix A. General Displacemnent Parameter Expressions, U's, for
2-[2m(NNylatymino.afropbe ylnotisZole

Name U(1.1l U(2.2) U(3.3) U(1.2) U(1,3) U(2.3)

SI 0.0615(3) 0.0738(4) 0.0411(2) -0.0176(3) -..079(2) 0.0061(3)
01 0.087(1) 0.085(1) 0.074(1) .O0669) -0.0241(8) -0.0242(9)
02 0.084(1) 0.112(1) 0.0440(g) .0.004(1) -0.0106(8) 0.00509)
N2 0.0543(9) 0.070(l) 0.0501(9) 0.0104(9) -0.0072() -0.0177(9)
N3 0.0526(9) 0.067(l) 0.0382(8) -0.0045(9) 0.0000(7) 0.0099(8)
NI 0.0564(9) 0.0470(9) 0.0488(9) 0.0012(8) -0.0068(8) 0.0043(g)
C2 0.0455(9) 0.058(1) 0.0389(9) -0.001(1) 0.0031(8) 0.0013(9)
CI 0.0385(9) 0.046(l) 0.0377(8) 0.0041(8) 0.0032(7) -0.0027(8)
C6 0.0454(9) 0.049(1) 0.0379(8) 0.0068(9) 0.0023(8) 0.0006(9)
C5 0.0443(9) 0.055(1) 0.0408(9) 0.0069(9) -0.0004(8) -0.0103(9)
C4 0.063(1) 0.065(1) 0.061(1) -0.018(1) -000D4(1) -0.005(1)
C3 0.074(1) 0.076(1) 0.054(1) -0.027(1) -0.002(1) 0.012(1)
C14 0.137(2) 0.181(3) 0.0662) 0.102(2) -0.042(2) -0.036(2)
C15 0.079(2) 0.123(2) 0.050(1) 0.022(2) -0.007(1) -0.019(1)
C7 0.0428(9) 0.046(1) 0.0363(8) 0.00509) 0.0013(7) -0.0001(8)
C9 0.052(1) 0.042(1) 0.055(1) 0.003(1) 0.0033(9) -0.0007(9)
CIO 0.080(2) 0.053(1) 0.075(1) -0.002(1) -0.002(1) 0.009(1)
CII 0.081(2) 0.049(1) 0.108(2) -0.010(1) 0.012(1) 0.003(l)
C12 0.063(1) 0.061(1) 0.094(2) -0.009(1) 0.005(1) -0.020(1)
C13 0.056(1) 0.072(1) 0.066(1) -0.009(1) 0.001(1) -0.014(1)
CS 0.046(1) 0.056() 0.050(1) -0.001(1) 0.0050(9) .0.007(1)

The form of the anisotoic displacement paramter is:
exp[-2 2 (bVU,., + k2b2'Uu + 12c2u,., + 2bkabU,. + 2hlaU 1 + 2kUu
where ab, and c are reciprocl latice constants.
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AppN 1x B. General DisplacamenI Parmeter Expressons, U's, for
242-(N-methmlno)-5-nhtrPhmyljbenzotizle

Name U(Ij) U(2.2) U(3.3) U(1.2) y(l 3) U(2.3)

SI 0.0301(2) 0.0273(2) 0.0509(3) 0.0064(2) 0.0051(2) -0,004(2)
01 0.036(1) 0.065(1) 0.119(2) 0.0032(9) 0.029(l) -0.013(0)
02 0.050(l) 0.049(1) 0.120(2) 0.0113(g) 0.023(1) -0.024(l)
N2 0.034(1) 0.047(1) 0.065(2) 0.0095(9) 0.013(t) -0.002(1)
N3 0.036(l) 0.0270(9) 0.057(1) 0.0072M) 0.003(1) -0.0068(9)
NI 0.0305(9) 0.0273(9) 0.047(1) 0.0069(7) 0.0052(9) -0.0012(9)
C2 0.032(l) 0.028(l) 0.033(1) 0.0080(s) -0.000(1) 0.001(1)
CI 0.028(l) 0.026(1) 0.036(1) 0.0057(g) -0.000(1) 0.000(1)
C6 0.033(l) 0.027(1) 0.041(l) 0.0065(s) 0.001(1) -0.000(1)
C5 0.029(l) 0.037(l) 0.039(1) 0.0088(9) 0.003(1) 0.001(1)
C4 0.031(l) 0.038(l) 0.044(2) 0.002(1) 0.002(1) 0.001(0)
C3 0.037(1) 0.028(l) 0.046(2) 0.0037(9) -0.000(1) -0.000(1)
C14 0.051(l) 0.031(1) 0.056(2) 0.014(1) 0.003(l) -0.007(l)
C7 0.031(1) 0.0263(9) 0.033(l) 0.00808) 0.000(1) -0.0000(9)
C9 0.029(l) 0.031(t) 0.040(l) 0.0080() 0.002(1) 0.00101)
CIO 0.036(1) 0.042(1) 0.055(2) 0.0133(9) 0.008(1) -0.001(1)
ClI 0.032(1) 0.051(1) 0.062(2) 0.012(1) 0-008(1) 0.000(1)
C12 0.028(1) 0.044(1) 0.069(2) -0.001(1) -0.000(1) 0.003(1)
C13 0.034(1) 0.032(l) 0.0562) 0.002(1) 0.000(1) -0.001(1)
CS 0.026(l) 0.033(l) 0.041(1) 0.0066(8) 0.003(1) 0.001(1)

The form of the anhsotroic displacement parameter is.
exp[-291hVa2U 11 + k2b2 U~ + lfc2U,3, + 2bkabUu + 2hlacU1,,+ 221bcUu))
Mhere ab, and c are reciprocal lattice constants.
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Appendix C. Gena Dlsplacesuen Paaew Expessons, U's, for
24[2 -d ehyl mo)-5-nmrpbmnyljbenzoeblazl

Name U(1)f V(212 -U(3.3) (1.2) 2(1a) U(23)

SI 0.0620(3) 0.0360(3) 0.0268(2) -0.0075(3) 0.0112(2) 4.0007(2)
01 0.092(1) 0.062(l) 0.055(1) -0.019(1) 0.016(l) -0.0273(9)
02 0.098(1) 0.068(1) 0.0355(g) 0.003(1) 0.0153(9) -0.0068(9)
NI 0.046(l) 0.037(l) 0.0302(7) -0.0004(8) 0.0101(7) 0.0010(g)
N2 0.052(l) 0.049(1) 0.0384(9) 0.004(1) 0.0084(8) -0.0147(9)
N3 0.0412(9) 0.040(1) 0.0271(7) .0.0012(8) 0.0074(7) 0.0017(7)
Cl. 0.036(l) 0.034(1) 0.0293(8) 0.00069) 0.0093(7) -0.0008(g)
C2 0.036(1) 0.035(1) 0.0290(8) 4.0010(9) 0.0096(7) -0.0015(8)
C3 0.059(1) 0.040(1) 0.042(1) -. 009(1) 0.0182(9) -0.003(1)
C4 0.054(1) 0.042(1) 0.046(1) -0.012(1) 0.017(1) -0.011(1)
C5 0.038(1) 0.043(1) 0.0323(9) 0.002(1) 0.0058(8) -0.0096(9)
C6 0.040(1) 0.038(1) 0.03 12(9) 0.0015(9) 0.0086(8) -0.0025(8)
C7 0.035(1) 0.036(1) 0.0253(8) 0.000 7(9) 0.0080(7) 0.0003(g)
CS 0.044(1) 0.034(1) 0.0345(9) .0.0004(9) 0.0138(8) 0.0011(9)
C9 0.038(t) 0.037(l) 0.0345(9) 0.0017(9) 0.0124() 0.0018(9)
CIO 0.058(1) 0.046(1) 0.040(1) -0.002(1) 0.0187(9) 0.009(1)
CII 0.066(1) 0.042(1) 0.059(1) 0.000(1) 0.029(1) 0.012(1)
C12 0.064(1) 0.036(l) 0.063(1) -0.007(1) 0.030(1) -0.002(1)
C13 0.070(1) 0.041(1) 0.044(1) -0.008(1) 0.023(1) -0.004(1)
C14 0.041(1) 0.047(1) 0.045(1) -0.000(1) 0.004(1) 0.003(l)
CIS 0.063(2) 0.060(2) 0.064(2) 0.004(1) 0.014(1) 0.011(1)
C16 0.057(1) 0.051(l) 0.0314(9) -0.003(1) 0.0140(9) 0.002(1)
C17 0.054(1) 0.104(3) 0.050() -0.001(2) 0.024(l) -0.004(2)

Tim form of &he uuuotroplc'& dislacemeot pmawe IW
exp[-2pF (V 2 U,1 + k~b'VU 41 2U,., + 2hkabUu, +. 2haUu + 2kfbCUo~
wbere ab. and c we, reciprocal lattce constants.
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Appendix D. General Displacement Parameter Exprotas, U's, for
2-(mehlllylehyay)U-N,N4ethyanll

Name U(1.l) U12.2) U(3.31 U(1.21 U(1.3) U(2.3

Si 0.0375(9) 0.064(l) 0.102(l) 0.0159(9) -0.0179(9) 0.004(l)
01 0.101(3) 0.057(2) 0.113(3) 0.005(2) -0.006(3) -0.002(2)
02 0.094(3) 0.076(3) 0.119(3) 0.036(2) -0.011(3) 0.009(2)
NI 0.065(3) 0.034(3) 0.0663) 4.00Y7(2) 0.007(2) -0.003(2)
N4 0.0793) 0.064(3) 0.062(3) 0.016(2) 0.004(3) 0.004(2)
Cl 0.050(3) 0.057(3) 0.040(3) -0.003(2) 0.001(2) 0.004(2)
C2 0.043(3) 0.054(3) 0.040(3) 0.001(2) 0.004(2) 0.005(2)
C3 0.053(3) 0.052(3) 0.041(3) 4.001(2) 0.001(2) 0.002(2)
C4 0.055(3) 0.0563) 0.043(3) 0.009(3) 0.006(2) 0.004(2)
C5 0.05 1(3) 0.076(4) 0.048(3) 0.01 3(3) -0.005(2) 0.002(3)
C6 0.0503) 0.069(3) 0.05 1(3) -. 004(3) 4.005(2) 4.001(3)
CII 0.088(4) 0.062(4) 0.096() 4.024(3) 0.012(4) .. 01 1(3)
C12 0.077(4) 0.055(4) 0.111(5) 0.010(3) 0.003(4) .0.012(3)
C21 0.05 1(3) 0.050(3) 0.055(3) -0.002(2) 0.000(2) 4.002(2)
C22 0.055(3) 0.065(3) 0.07 1(4) 0.005(3) -. 005(3) -. 007(3)
C23 0.161(8) 0.22() 0.119(7) 0.064(7) 4.008(6) 0.045(6)
C24 0.285(g) 0.2899) 0.30(l) 0.2206) -. 182(7) -0.163(8)
C25 0.136(8) 0.26(1) 0.30(1) 4.059(8) 4.111(7) 0.128(9)

Tbe form of the aniotroic dislaement parameter is:
exp~j-2jP(hVa2U21, + kb2UU + fc3U,, + 2MmbUa + 2bl5cUu+ 2klbcUuIJ
where ab, and c awe reciprocal batice constat.
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Hyperpolarlzabuls od PVWtiphr andlyp~ph n Oligorners
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Semlempirical AMI calculations ar presented for the second hyperpolarizasbles., of
po .p nen a olgom Calated resuls are com pared with

experimenal degenerate four wave mbdng results and static fidd estimates from these

experimental results. The relative calculated values are shown to agree quite well with the

*experimental vaues when the latter ae corrected for dispersion effects. -
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ktroduction

any recent studies of noninw optical pop es hae shown tht ystems with

electrons capable of delocaelation over a forge dbsace, such a polyacteems and

phenl enes, exi*A larme second byperoaaublus (b) aO referred to as td-order

hypemplarfla t or th-orderm c op l nemrlis).1 "e queio aris a to

what Is the dependence of7 on chain length, or the number of repes m" in nf onlgoine series.

The PUrpose of this pe to compar perimental and aklaed resuts for poyp-fhne

and all trans polythiophene oligomer of various lengt This comparison Is usually complicated

by the fact that mod Measurements are made at laser *quences (.e. dynamic or timedependent

fields), while calculations using the fib field (PF) ao ation can only predict static (time

Independent) hyperpolarzalties. If this fact Is allowed for however, the applicability of

semiempirical based FF calculations In providing fast, accurate estimates of static

hyperpolarizablties wil be demonstrated.

An FF method has been implemented In the MOPAC program2 and is used in this work to

calculate the hyperpolarizabltles. This method is based on the following expressions for the

energy and dipole moment of a molecule Interacting with an electric field

E(F) - E(0) -,il°Fi - (/2!) oijFIFj* (1/3!) , rjkFiFfk- (1/4!) 7q ldFiFjFkFl- .. (I)

Pi a Pe + .qFj + (1/2) PJk Fk + (1/6) /qPldFjFkFI + (2)

where the Einstein convention of surmed repeated Indices has been used, po Is the permanent

dipole moment and aq P and , d are tensor elements of th ewr polauzaby and the rt

and second hyperpolarizanblies osPeCtVely. of the molecule. 3 The detals of the FF method and

Simplementto~n in the MOPAC program have been given elsewhere.4

0
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Polyp-henylene Oligomers

The crientationel average of the7 tenow. which Is delned in terms of b component as

(7 OA U + 1 8 {l00 7yyyy + 7= + 2t7yy + 113o=+ 7yyzzfl' (3)

was calculated for the plana conformat of poly~ppheny4ne cllgomners, H(C6H4)nlt The

shorter ollgorners might depar somewhat from planaiz in the gas phase, but t present

approach Is consded to be adequate to compaom calculations against exprimntal values

obtained In solution.

Table 1 shows the calculated results for -c 3 using an AMI harnitonlan5 and the

experimental results by Zhao of al.1 (labeled Exp). The expeimtal technique used was

degen~erate four wave rnbdng (DFWM) whch yields-I (w; w, w.w. Isiwal known that frequency

dispersion effects can greatly Influence the cj i- values, rendering It larger tn the static limit.

This Is also complicated by the fact that different expriments hae different dispersion effects. For

example the dc electric field Induced second-harmonic (EFISH) generation technique gives 7 (-2;

w., w. 0). Zhao et a.' have estimated the effect of dispersion In DFWM, under the assumption that

momt of the nonlinearity of a delocalized x cloud comes from the lowest excite stae, by the

formula

,Y(D) - I(wo2 -w2 4MoJ74( l) (4)

where 7~ (0) and7 - () awe the statc and frequency dependent vales respectively. Als o -~

2r/As andw arc/ with c the velocity of light andA the waveength at which the DFWM

exper11Ner was performed. The experietal results were thus corrected using eq. 4 and the

results are also shown in Table I In the column labeled Exp-or. ft can be seen tha the

agreement between the estimated static experfmarital values and t calculated AMI values Is neOw

very reasonable, given the approimations Involved. The experimental values listed for n&S are
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Wit OVKId) groups M AIgH2 ) p ta l o one another on the ceira rkg Thes

wrep are eessmy for solubiity but also make comparisons with t dama ureiable. The

values of 7could be modified by elther gm lcl changes fIt Vi ligomer orshihs fIth

* absortptio The LIV rad oo t a. Iricats~hatmax for nalldoes rotfaui

Sion the cuiv gerated' by n- Ito 4. Both down elets sCW be *uit substantiaL

Equat1on 4probably overs tie emewhaWt m h crtondueto thedspersion effect

due tot aprocmatlon involved;namely the ncluion ofony one ccke ofate fInthe

tratmariL1 It can be see In FSgure I howeve, that there is Indeed an Imiprovement of he

agreement between calculated and expeIMental values after Including t eq. 4 correction for

dispersion.

The largest discrepancy Is observed for benzene Itself. However, -c7 o foported from an

FSH measurement on benzene A - 1.06#~ m) is 14.0wxO-W esu6. Without any correction t

sii Comes close to owr Calculated value, Indicating the difference In experimental dispersion

effiects mentioned above. In any case, our predicted value for benzene is undoubiedly below the

experimental results from whatever source. Our calculakted components of te tenson be

cMpare with thoS reported by Perrun at &17, obtained using ab irdo methods at both the SCIF

level and Including correlation In the MP2 ;,F -- -1- -oW- With a 4431 G basis augmented on

carbon with a difuse p and d function of exponent 0.05, the <I3 value Is 7.68x10M es at the

SCF leve and 10"2x03 esu at t MP2 leveL The most frnport conclusion is that fthelr'i

valufem predcular to the ring) Is about 80% oftheij value (Along the oligomneraxds). whit

the sernleniplrical results ginv only 1.2% for t sao rat A ebriar unersbiio ohesurns

'yzz cmponent hsbeenobserve d npacetyeneolomers One reson for that mustile

1n#th lckodf dblkydo the ai ai a mlctfiteesnlmfla acltos asn

them to stronogly udrsiaigtecmoeto h7tno soitdwt h ieto

perpenicular to theftg Howeve, as the length dfte ch grws 7xxx grows faster then

I= and evertuafy donwaes the value of c7 3 lessening the signficance of the discrepancy.
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Polythiophene O1gomers

Experiental dat are Also avalable fo t thlopherie mers.1 Hire again toe

dUgreemert beween cicais and experknul values Inr es rap dly wih the number di

repeat urdms as was po ed ou by Goldfb of aO The dffene here ar even More

p rounced than In the previous p-phwiyen case and the values 07 are linrger. There ae

averal possle coformations for thophen. digomers and. for rasons discussed In deta by

Gldarb et a. 9, calculations in this work am restricted to the al trad s form in whic to hI-unit

8,.C,S dihedr angle Is 180.0. Table 2 shows the AMI cacated vsleO the eerimental

DFWM resuts1 and expeu-mentalcorrected values using equation 4. The experImental-corrected

estimate of the static hyperpolarizabilty again shows a greaty improved agreement wlth the

semlempkical results. Also the growth as a function of n no longer has the essentially exponential

growth of the experimental c'7(a) > values, as can be clearly seen in Figure 2. The remaning

discrepancy can probably be explained In a simlar manner to the pphenylene ollgomners case.

and can thus not be corrected within this approack wIthout Increasig the basis size

Conclusions

The results of this study Indicate that the semlempircal calculation o second

hyperpoazables deveoped wiin the MOPAC program Is Indeed capable of obtllng

reasonable estimates for these systems. Even more importarny. this study demonstrates the

Imporlance of accounig for frequency dependence In calculating hpp*lmrdble These

effects are shown to be very large In some caes and awe almo ceairnly larger than correlation

errors in the calculated static values. It shm be born in mind tha our aemlempircal Calculations

ae about four orders d magnitude faster than ab kno calculations with mediumrabed basis saes

and incorporaft correlation at the MP2 level, which Is the minum leve d b fto theory

necessary to improve agreement wth experimenlal results In a signilicant way.

A study df the energetics. structure. a hyprpolarlzablies df other conformations of

smal thlophene ollgomers and related cyclic.dlens systems Is underway.
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Table 1: Second HyParpoazablls c7 % fo polyp hnlmeolgmr

Number of AMI OWFMbO VWFM
Subunits -1(0) eg) I.1 (0)

1 0.7 3e.4 23.8
2 16.2 174.0 33.3
3 77.4 510.0 18
4 197.2
5 367J 120 0 d 297.3
S 573.5
7 804.6

aunits amre 10-3 .b fetlVl*frmRef. I have been multipled by 6 to make their series
expansion consistent with our eq. 1.

Cfte value of N -4 was niot reported In Ref. 1.
0 6101121derivative

Table 2. Second Hyperpolarizablhties cj o for polythlophene cligomersa

Numnberof AMI DWFMb oWFM
Subunits 17(0) '1 (W) 0&7.(o)

1 1 25 13
2 22 138 43
3 103 O60 184
4 284 4800 539
6 544 1560 1246
6 931

aunils are l-36 esu
h~xeena values from Ref. I have been multiplied by 6 to make their series

expansion consistent with our sq I.
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Figure Captions

Figure 1: Second Hprpolarlzablity versus number of units for p*Ol y smenln oligomers. Mwe
arve libeed "Exp Ithe DFWM rmit from refI and the o labe "Co-.Ex" s the
sam resit co arectd for dispersion using equatlon 4.

Figure: ±Secod Hyperpoiarlzalky versus number d units for polyhoee oligomeri. The
curv lbed " is the Dwm remi frm rf I and ft on W 'Corr - s the
sam remit corrected for dispersion using equation 4
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QUASI-PARTICLES IN POLYMERIC CONDUCTORS
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ABSTRACT

The studies reported here are part of an effort to understand the electronic structure and
statistical properties of quasi-particles In polymeric materials. These are soltons, antisolitons,
polarons, and bipolarons, and in one way or another each of them is known to play a role In the
conduction of electric current in those materials. We have used pristine and doped polyacetylene
as our example to study the geometrical and electronic distortions associated with quasi-particles
In oligomers and infinite polymers. The computational approach has been based on the semi-
empirical self-consistent LCAO-MO theory at the AMI level of approximation for finite systems and
the corresponding LCAO-CO theory in the tight binding approximation for Infinite systems.

INTRODUCTION

Although conducting polymers In general and polyacetylene In particular have received much
attention in recent years, there are comparatively few first-principles theoretical calculations aimed
at understanding the electronic structure of quasi-particles. Most of the calculations performed
have used the Su, Schrieffer, and Heeger (SSH) harniltonian [1). This work was Indeed a very
important stepping stone, mainly because It showed that the soliton model of polyacetylene could
be used to explain a number of properties of this material; optical, electrical, and magnetic. No
other model can claim such an accompishment This success prompted other work and different
extensions and modifications of the SSH harmitonan, too numerous to quote. Most notably
however, H. Fukutome has very recently performed a very complete study of a Padser-Parr-Pople
(PPP) unrestfted Hartree-Fock (UHF) model of polyacetylene [21. The SSH approach however,
Is still too crude for the kind of accuracy that is needed since It Is basically a Huckel-type
approximation with sigma bond compressiblity and electron-electron Coulomb Interactions are
completely neglected. Moreover, the SSH model does not have an analytical solution and needs
a number of empirical parameters specific to polyacetylene (or the particular polymer under study)
In order to be able to make some quantitative predictions.

On the other hand, a few sell-consistent LCAO-MO calculations have been performed on fite
olgomers of polyacetylene, both semi-emprical [3] and Ab Inito 14). The e.celhnt agreement that

w we report below between one of our semi-empidcal calculations and the ab Initio result reported In
fef. 4, convinced us that the SCF-LCAO-MO semn4mpidcal theory Is completely adequate for the
purpose of a systematic study of the electronic structure associated with quasi-particles. This
methodology Is still first-principles based and although there are Indeed parameters incorporated
Into the theory, these are anomic in natre. Therefore, the same theory with the same parameters
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specific system.

We can mention here the only calculation of the Infinite polymer of which we are swam; that of
Statstrom and Bredas [53, who used the Valence Electron Harnltonlan (VEH) method to study the
band structure at various doping levels.

Many fundamental aspects of the electronic and structural properties of the conductrng
polymers (in particular the highly conducting ones) are not well established, and at this tMtheoretical understanding lags behind the rapid experimental developments. In what toilo.s we
expect to contribute information that will ultimately prove useful for a thorough understaning of
the mechanisms of conductivity In polymers.

METHOD

The theoretical method used for the calculations was the semi-empirical SCF-MO theory at the
AM1 level of approximation [6) as Implemented in the MOPAC 5.0 program (QOPE #455). The
AMI harml',rdan has been shown io correct for some deficiencies present in the older MNDO
harntorda.. The geometries of all the systems studies were fully optimized with due
allowance for the symmetry constraints In each case. Convergence of the calculaion was difficult
In some of the examples, especially for doublet and triplet states. In each case the optimization
was very carefully performed by running a first step with the keyword PRECISE (thus increasing
the criteria for terminating all optimizations, electronic and geometric by a factor of 100). In
subsequent runs, the gradient was decreased even further by using the SIGMA method due to
Komornick and Mclver [7] while at the same time making the criterion for self-consistent
convergence even stricter (using the keyword SCFCRT= 10-10 or SCFCRT, 10-11). In this way
the gradient norm was usually rerluced to less than 1 (In kcaV/A or kcal/degree) even when more
than seventy geometrical variables were simultaneously optimized. For Infinite systems we used
the 'cluster approximation" developed by Stewart [8] (the name is misleading because Born-von
Karman cylic boundary conditions are actually used; it Is thus an approximation to a full crystal
orbital (CO) calculticn). This approach is known to be an excellent approximation to the ful CO
result when the unit coll used Is large enough to ensure that atoms at one end of the repeat unit
have a negligible density matrix element with atoms at the other end. Since the repeat units we
used are almost 27A long, this condition is very rigorously met even In the examples studied,
where there Is an extended x system. However, In at least one example (see below) the full CO
calculation was performed as a check (using the MOSOL program, OCPE #495). thus verifying
that the results were the same to four significant digits for the optimized geometrical variables,
heats of formation and degrees of bonding. Obtaining the band structure however, requires the
full solid state calculation invoMng sampling of the Bdllouin zone using a regular mesh. The
advantage of the approximation is of course that it takes 1/5 to 1/10 of the CPU time required by
the full CO calculation.

We mimicked the effect of a dopant in the repeat unit by using the "Sparkles provided In the
MOPAC program. These are uncharged species which immediately ionizes the polymer. They
can be regarded as unpolarizable Ions of diameter 1.4 We used an acceptor dopant In the
polaron calculations; the effect of the sparkle being that a net positive charge Is left in the x
system.

The degrees of bonding were calculated from the density matrix using the definitors given by
Merano et al 19j, for molecular and nfinite polymers as wel These are known to be an acurate
measure of the Integrated electron density associated with a bond, and have the important
advantage that the same basic formalsm (based on the first-order reduced density operator) is
used both for molecules and Infinite polymers. In the cases we studied, the degrees of bondinggive a much better description of the bond afternation (or lack of it) than the bond lengths, since
the former are more directly associaed with the electronic structure.

For almost all the examples, we caned out caloulations both at the open-shl restrided Hartree-
Fock (ROHF) and unrestricted HartMeFock (UHF) l" i.s of the theory. The differences between
both descriptions Is discussed below.

DESCRIPTION OF THE SYSTEMS SIUDIED

As already stated, It was our purpose to study the electronic stnucture of quW prtes such as
soltons, polaomns, etc. A satic neural solton (S) can be considered the same as a radical. The
effect of te solton on the geometrica structure Is to ip the bond altemaion from one to the
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CHARGE and SPIN RELATIONSHIPS OF.

* QUASI -PARTICLES

Charge Spin

Neutral Solinon (S) 01/
Charged Soliton (S ") or (S) *1 0

Soliton - Antisollion Pakr (SS) 0 0, ±1

PoLaron (P+) or (P 1/2

Bipolaron (bP++) or (W-) :!20

other of the two degenerate phases in the material. A soliton can be positively charged
(carbertium Ion) or negatively charged (carbanlon). The three situations are deplcted in Fig. 1.
These schemes In Fig.1 should not be taken too strictly however, since they do not show the
essentially delocaized nature of the quasi-particles, but are Intended to allow easy electron
counting. Now, soritons are known to be topological particles. Therefore, In Infinite systems they
are always created In pairs, called soliton-antisoliton pairs (SS*) (This can also be seen as arising
from stability conditions.) Any of the two members of the pair will cancel the effect of the other
member next to It. so to left mnd tight of the pair the bond alternation will be the same (df Fig. 2)..
What happens In between, and how that depends on the distance between soliton and
antisoliton, can only be determined by calculation and will be discussed below. One such pair can
also be regarded as a (singlet or triplet) bradical.

One electron can be removed from or added to a region of the material where a solton-
antisoliton pair has been created, giving rise to a positive or negative polaron respectively (P* or
P-). (They can alsobe rgarded as aradcal cation or radcalnMon respectvely In "t static case.)
Removal or addition of two electrons results In a positive or negative bipolaron (bP'4or bl~t) or a
dication or dianion respectively. Figure 3 attempts to give a graphical representation of polarons
and bipotarons, while at the same time emphauizing the delocaized nature of the particles. Again,
both at right and left of a polaron or bipolaron, the bond alternation Is the same; L~e. we have either
phase A or phase B at both sides of the quasi-particle In a polyacetylene chain (df. Fig 3). Once
again the detailed geometrical and electronic structure can only be deterined by calculation.

These particles have very unujsual relations of charge-spin, In most cass at variance with
elementary particles such as protoru and electrons. Table 1 gives a summary of the charge and
spon associated with soltons, softon-antisolton pairs, polatons, and bipolarons.

The actual systems we used as case studies are: (1) The polyacetyen olgomner chain C2lH23
for studying the Isolated soltn and te Meeat unit C22M2 for stucd)4ng the ($36) pair In an Infinite
system. We used the same repeat unit to study the polaron P* created from the (83W) by
kIebling an 800ptor W~pdd In the calculation. These systerre are depicted In Figure 4.
RESULTS AND DISCUSSION

I. solioris

Owe fully opllrIfed the geometry of ithe C2 H23 cilgomer with a neutrhl solton at the central
carbon atom, under C~v symmetry as described above. The ground state of the systm Is of
course a doublet, and we performed the catculiatlon both at the UHF an ROHF level of theory.
The UHF resuit "ie no bond length alternat and no degree of boning alternatlon, except
dose to the ends of Ow ch"n. due to the tmnal effects. Close Io the solton sft., all bond
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Figure 5
Bond length alternation In A In neutral
and positive soiltons in C21H23 oligomer
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Figure 6
Degree of bonding alternation in neutral
and positive volitons in C21H23 oligomer
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bengths, are i AOA and all degrees of bonding awe 1.33. Now, the UHF wavdfucln mI Mfa Preprint 4
elgent unction Of the OPeorW ta represents the spon squared, $2. The theoretca value forf this
cue Is S2 a 0.75. The UHF result Is S2~ a.66, Le. there Is a very large soin contarnation. This Is

proabl du tolowlying excited states of higher spon multilcty such as quartet, sextt etc.
These excited states probably have no bond lengh alletlorLo in any case thi level of spin
wZ~tafninalon Indicates that the UHiF wavef unction Is not a sufficiently accurate represertallor of
the doublet. it appears the UHF description exaggerates the opening of fth shells due to the
magnetic Interactions tha originates In the unpaired spin. On the other hand, because of the way
it is obtained, In the ROHF wavef unction, only the singly occupied orbital contributes to the spon
density wave away from the sollton, which Is unresistic. So neither type of wavefunctlon can give
an accurate description of all the popertles of Interest when the nurnber of a and P spins Is not
the same. It will probably be necessary to resort to some method for Incorporaitin correlation to
Improve over both the UHF and ROHF descriptions. Some preimninary calculations along that
direction hae already been cardied away I our laboratory at the MP2 level, and they confirm, as
expected. the above discussion. As regards the bond lengths and degrees of bonding

*alternation, the ROHF calcuilation gives quite accurate results. At the same time the agreement
between thoe fragment-based approximate ab Irdto calculations [101 and ours, lends additional
Credtiityto the seffernllcalapoc X in thes tuations.

'Therefore, we used the ROHFIAMI calculations hereaftr, which Is of course the same as
Ciosed-sheil RHF/AMI In the cases where there Is the am nurriber 01 a arnd 0 spins.

Figure 5 shows the difference In adjacent bond lengths ar, plotted against carbon site distance
from the soliton, for both the neutral and the positively charged quasi-particles. Only the right hall
of the molecule Is Included In the plot. since the other hall can be derived by symmetry. Ar - 0
Implies no bond alternation, and this happens precisely at the solton center.

* The plot In Figure 5 also shows a horizontal fti drawn at the value of A6-i 0.095 A
corresponding to Infinite polyacetylene, as obtained through a full CO calculationi with the
MOSOL program. This value Is In very good agreement with the experimental resul of
Arm-0.104k The end effect Is clearly visible In Figure 5In that the values of Arfor the last carbon
atoms exceed the Infinite polymer value.

Both curves for the neutral and positiv solitons, can be approximated by a function of the form
Ar =Ara tanh(M) as proposed by Sueot al, In ref. 1. Taking for Ar. the value quoted above, we
obtain the best fi for the neutral soliton when 6.2. This Is a measure of the extent of the quasi-
Particle, and Is in very good agreement with the result obtained by Boudreaux ot al. f3J, who found
1-3 through a calculation on C41H43 using the UNDO hamiltonlan and Ar. a 0.1CMA (in ref. 1, the
authors came up with 1.7).

The values of Ar for the positive softon are In excellent agreement with those OW~ii by Viar
st al. (41 who carried out an ab nWgo calculation on the same oligomer C21H.2s as we did, using a
double-zeta 6-31 G basic set. Al the bond lengths we obtained by geometry optimnization agree
wfthin 1% with the ab In~to ones. The hyperbolic tangent that best Interpolates among the
calculated points, Iscalculated with 1.7 9Ar,..11l2Is used (asIn ref. 5) orwithl.ImSIAr .09~o5
Is Used, as we did for the neutral soltlon. In any case this Is somewhat larger than the value 6.5
obtained In ref. 3. The difference could be due to the fac that we used the AMI harriltordan and
Boudreaux of al. wed the MNDO one. The agreement Is sill very good however.

We also Calculated the degrees 01 bonding BAB between consecutive carbon atom, and
hBAB analogously to0 &r or both t neutral and positive soltn. Except for the last three points
where the vRV dsrpnyIs sigtl large, we again have an agreement within 1% with the ab Inito
vrahe I re. 4 for the positive soliton. This, and the agreement for the bond lengths mnentioned
above, gave us an assuance that the ser-rpnclmethod we used Is snicietl relabl for this
purpose. The result for ABA9 versus carbon shte distance from the ceter, are shows n i6 Sur .
Once galithe value for the Infinite polym e Msown as a horizontalline, as calculated wIth the
MOSOL proga. Again, the end effects are visible I the last few points. it Is an hteesig and

60-1leteY Inew rsult that it hyperbolic tangent Interpolates very well among the calculated
Points.wihl3 11r the neutral soltn, and W. for the positive one.This rheans tha the relation

hese curvffes ond the solution of the soliary wave equation in 4#4 Seld theoy 1111 goes
beyond the gometrca disrbuton cased by the defc" and reflects In the associated electron-
dads"t dsrbuion.
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We calculated the singlet state of neutral solton-antsolton pairs In Iinit systems using the. cluster a described above, and CaH22 as the repeat unit Besides, we repeated the
calculation for separation of R0.15,9 and 11 bonds between the solton and anusolton. Table 2
shows the heats of formation of the system for the different separations and the heat of formation
of the C22H22 repeat unit when it Is used to represent pistine polyacetyiene. This comes out to
be 141.65 kcaftmo or 1.87 katmW per CH unit. The full CO calculation with the MOSOL
program gives 12.93 kcMlW for the same quantity; showing that the cluster approximation Is
providing the correct energies to within hundredths of a kcallmol. As Table 2 shows, the
calculated heats of formation are Independent of the solton-antisofton separation, within the
uncertainty of the method of a few hundredths of a kcalmol. This result Is at varance with a
previous calculation by Bredas et al. 112, who used a Huckeltype method with sigma bond
compressibility and cyclic polyene molecules with about 110 carbon atoms to represent the
system. These authors find an attractive Interaction between solton and antisolton In the
electronic ground state of the system, Ie. the energy of the system when the sollon and
anlisoliton are In close proximity Is about 0.9eV lower than that corresponding to a large
separation. This is tantamount to stating that when they are In dose proximity we have the
perlectly dirnenized state. and when they are separated by a distance larger than approximately
twice the width of a solton, then we have two transitions: for Instance, A4 B4A. (This meaning
hat the system Is In phase A left and rght of the pair and In phase B In between.) The energy

would then rise rapidly when R goes to Infinity, to Its asymptotic value of twice the energy of one
isolated solton. The two Emits R40 and R-0 o cannot be argued of course, but the total energy
should depend on the exact shape of the solton pair at Intermediate distances. Interestingly, we
obtained an unexpected result regarding this point. The two bond lengths adjacent to the solton
and to the antisoliton are constrained to be equal, but in spite of that, the bond length alternation
Is not changed by either particle. Their alternation to the right of each soiton for example,
recovers to what It was to the left two bonds past the quasl-paticle. This picture is even clearer
when the degree of bonding alternation Is examined. It decreases somewhat together with the
bond lengi alternation, without ever vanishing, and recovers together with the latter, too. In fact
It decreases from Its Infinite polymer value of 0.74 to 0.65 at the center of each soliton, L.e. less
than 0.11 This Implies that the two bonds at each side of either soliton have the same length but
very different degrees of bonding: one is a double bond. BAB=1.75 and the other Is single,
BA-I.10. Fgure 7 shows precisely that, for the case when both quasi-pa icles are nine bonds
apart, but the same Is true Irrespective of the separation. In case there were an Influence of a
different environment left and right of each particle, we checked carefully the situation when they
are eleven bonds apart. Then each of the particles has Its left and right neighbor at exactly the
same distance In a C22122 repeat unit. The same picture Is obtained also In this case. This Is of
Cuse consistent with our finding that the energy Is the same Irrespective of the separation. t Is
so consistent with the snall energy of creation of the soltonantlsolton pair. According to the

results in Table 2, this Is orgy 5.55 kcatMol (or 024 eV). Exactly at what distance, both parts of the
pair start behaving as Independent particles we of course do not know. Trying larger separations
would entail using larger repeat units, making the system Intractable at this level of the theory.
The question imnediately arises regarding the nature of the Interaction between both particles. In
other words, how does each of them know about the presence of the other when their separation
Is as large as eleven bonds? (it should be kept in mind that their wldth Is two bonds or three bonds
to each ide of the center.) The answer to this question Is not dear to us at the present time.

The desciption based on the mor, ul-iplstO picture (based on a 8S1-type of calculation)
do has already been pubished In a book on the subject 113] by S. Kivelson.

'-'Acooralngt= study however, the details of the shape of the pair are at the very least
debatable matter. Moreover, we can conclude that due consideration of electron-electron
Interactions Is absolutely necessary for an accurate descrption of the details of the electronic
Sltrucure of Vim asytems.

3. Polarons

Although the polaron calculations are sil being rum the two values for the energy that weO •hady have, one for the situation with the two parts of the system nine bonds apart and the other
ve bonds apart, hw there is Indeed an attractive Interaction n this case. The values are

E(R.m)-71.10 klftnoi and E(R-),2.30 kcalmol. Their difference amounts to 4.8 kOalmn,
or 0.21 eV. in his case, we Ind a betr greement with Bredes el a calculation 1121of an
mlaU:ve Irmcuon of 0.35 V.



Table 2 Energies of the soliton-antisoliton pair

for different separations Preprint 4

n0

S f (kcal/mol) H f.
Normal C2H2 141.65
n R

0 1 14720 5.55

.2 5 147.19 5.54

4 9 147.26 5.61
5 11 147.28 5.63

In both our calculations, we placed the dopant above the plane of the polymer, 3.5A on top of
the hydrogen bonded to the carbon atom where the center of the left soflion Is. This of course
destroys the C2 symmetry and gives rise to a large dipole moment. of about 18 debyes.

Energetically. It takes about 121 kcaL1nl (or 5.2 eV) to Introduce the dopant (i.. lonize the
polymer) and create the polaron, as compared with the energy of the system with a neutral solton-
antisoilton pair. A more detailed study of the electronic sucture is presently underway.

LINES OF FUTURE RESEARCH

This research can be extended to include negative polarons and positive and negative
bpolarons In polyacetytene. Several Ieus regwdng ths subject need clarification.

Also. other Interesting highly conducting polymers can be studied with these techniques.
Including (SN)x which Is know to be sec ngducn at very low to.eqwre.

Figure 7
Bond length and bond order alternation
in polyacetylene (C221122 repeat unit)
with a mutral koln.santolo pair
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Then, the next Stop would be the detailed Study Of the band stractue associated with quasi- Preprint 4
particles. The few publications On this subject are not In agreement with one another. ForS example, Fukwtomaes calculation 121 (se above) gives a structur of levels in the band gap verydifferent from what Is routinely accepted from the 6SH-type of work. This Is a challenging
calculation In any case. because Hariree-Fock based methods, whether ab Inio or seriV-mpirlcal
are know to exaggerate niotorously the band gap and riot give very accurate densities of states.

There are also some* very Important theoretical Issues to explore. For Instance, which Is the
relation (If any) between conductivity and hyperpolarizabilties. This subect can be investigated
with the same tools described here.

The statistical mcanical aspects of quasi-particles, are also essentially unexplored, for
Instance the coupling of two fernious Into a boson, as in the~ rainof a solton-ardsoliton pair.
Can thisbe considered apalron? Dmesitobey astrct Bose Enstein statistic? Does it bear anyrelation with Cooper-tpe pairs? These are only a few examples of unanswered questions.

Finally. it would certainly be worth exploring In more, detail an Interesting, very recent
suggestion by Mazunder and Ramasesha 1143 about a bipolaronic mechanism forsuperconductivity in organics to see If the same idea can be applied to polymers of other
Structures arnd compositions.

Somne of these Issues will be addressed In our laboratory, and the results published elsewhere.

CONCLUSIONS

We have been abe In this investigation to use some new tools and ideas and have found some
previously unreported aspects of the electronic structure of quasi-particles.

Ours Is one of the first calculations of Infinite polymers when quasi-paticles are present, and thefirst to our knowledge In which the dopant is explctly taken Into account. This is also the first
calculation (at this level of theory) of the Interaction between the two parts of the system In a
soliton-antisolthon pair or insa polaron.

The difference between the ROHF and UHF descriptions had not been pointed out before.The question still remains, If correlation has to be includled, which is the rrinimum level of theory
necessary for an accurate descrpton of all the properlies of the systemr. We Woten to address this
Issue.

We also believe that the use of the Idegree of bonding wavr (DOBW) Is the most descriptive
tool available to understand, In the most pictorial way, the characteristics of the electron density
distribution. We have shown as well that the DOBW also can be described by a hyperbolic
tangent functional dependence with the istance from the cerder of the sollton.

Finally, we have found some unexpected features of the electron structure associated with a
solton-antisollton pair, that we believe are Irroortant for the detailed understanding of this, and
probably other quasi-particles.
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