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DEPENDENCE OF POLYMER ELECTRONIC STRUC- 
TURE ON MOLECULAR ARCHITECTURE 

C.B. DUKE, A. PATON AND W.R. SALANECK 
Xerox Webster Research Center 
Xerox Square-ll4, Rochester, N.Y., 14644 
Submitted for publication August 21, 1981 

A review of the influence of macromolecular architec 
ture on the electronic structure of polymers is presented. 
Calculations of the density of valence electron states (DOVS) 
based on the CNDO/S3 molecular orbital model are presented 
for polyacetylene, poly(pphenylene), polyfpphenylene vinyl- 
ene), poly(ppheny1ene sulfide), poly(2,5-thienylene), poly(1,B 
heptadiyne), and poly(pxyly1ene). These DOVS are shown to 
provide good descriptions of measured valence electron photo- 
emission spectra in all cases for which such spectra are 
available. The model is applied to demonstrate the occurrence 
of short chain segments in mixed cis-trans polyacetylene. 
Relationships between macromolecular architecture and char- 
acteristic features in the photoemission spectra are demon- 
strated. In particular, criteria leading to extended pi-electron 
states are identified. 

INTRODUCTION 

In recent years considerable effort has  been devoted to 
modifying the electrical properties of polymers by doping. 
Several distinct applications of such materials have been 
envisaged, fncluding photoconductors, conductors, and battery 
electrodes. Perhaps the most important new-materials design 
issue is the selection of the host polymer so that the resultant 
doped material exhibits chemical stability, mechanical flexi- 
bility, and ease of processing as well as the desired electrical 
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properties. To achieve this combination of properties, a 
number of host polymers have been examined including 
polyacetylene [(CH) 1, poly(pphenylene1 [(C H I , poly(2,S- 
thienylene) [C SH 7 pol~(l,6-heptadiyne)~ &(C H 11 1, 
poly(pphenylen% k f i d e )  ([(C H IS] ), poly(pplfen$lefie 
oxide) ([(C H )Ol 1, poly(pxylyl8na (RC H )C H 1 1, and 
poly(pphen8leie 3fnyl fq)  ([(C6H4)C2H21 J, &?, %,&',abed in 
several recent reviews. 

Our purpose in this article is to examine the dependence 
of the electronic structure of such host polymers on their 
molecular architecture. We focus our attention on the density 
of valence-electron states (DOVS) beca? this quantity is 
measurable by photoemission spectroscopy. It is known that 
even in the best of cases the DOVS and photoemission spectra 
do not chang&&t# oligomers longer than approximately ten 
repeat units. ' Therefore we confine our attention to 
oligomers of sufficient size that the associated DOVS do not 
change upon increasing their length further. Our calculations 
are based upon the spectroscopically parameterized CNDO/S3 
molecular orbital model whose construction an$ verification 
for %mall" molecules is documented elsewhere. The depen- 
dence of polymer electronic properties W p l y m e r  structure 
also has been examined by other authors, ' Rnd a preliminary 
account of our work already$,W appeared. Our approach 
differs from those of others by virtue of our focus on 
calculations of quantities which are directly measurable by 
photoelectron spectroscopy. 

On the basis of our work we propose four major 
conclusions. First, the pi-electron states in polyacetylene are 
almost invariant under changes in molecular conformation 
between the various cis and trans forms. This bodes well for 
conductivity in these systems because it suggests that confor- 
mational disorder is not effective in breaking up the pi- 
electron wavefunctions. Second, we find that the nature of 
the occupied valence electron states for unsaturated ring 
systems (e.g., phenyl moieties) connected by saturated bonds 
[e.g., poly(pphenylene), poly(2,5-thienylene), poly(pxyly1ene)l 
are essentially different in character from those of acetylene- 
based systems [e.g., polyacetylene, poly(l,6-heptadiyne)l. 
Their pi electron states are divided into a narrow "non- 
bonding" pi-band (which is quite prominent in photoemission 
spectra) and a wider %onding" pi band. The width of this 
latter band is quite sensitive to the length and conformation of 
the linkage between rings, ranging from quite large ( % 3  eV) 
for planar poly(ppheny1ene) to less than a few tenths of an eV 
for poly(pxyly1ene). Thus, this band is sensitive to conforma- 
tional disorder. Moreover, the presence of heteroatoms [(e.g., 
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POLYMER ELECTRONIC STRUCTURE [1211]/179 

in poly(2,5- thienylenell can fragment this band, and thereby 
render it more analogous to that in polyacetylene than to that  
in poly(ppheny1ene). Third, the nature of the valence electron 
states for unsaturated ring systems connected by unsaturated 
or lone-pair linkages [e.g., poly(ppheny1ene vinylene), poly(p 
phenylene oxide), poly(ppheny1ene su1fide)l are distinct from 
both of the other two classes of polymer. In these materials 
the bonding pi-electron orbitals of the ring system hybridize 
with the pi or lone-pair orbitals of the  linkages and create 
bands whose width and character depends explicitly on the 
nature and extent of the hybridization. Fourth and finally, w e  
find that the pi-electron states of polymers whose ring systems 
are coupled by two or more saturated -CH - links are 
localized on the individual rings by the disordep inherent in 
typical polymeric solids. Examples of these systems are 
polystyrene, poly(pxyly1ene) and ply(2-vinyl pyridine). Such 
systems would not be expected to be good candidates for 
conducting polymers if extended pi-electron states along the 
backbone are required for high conductivity. They are, 
however, quite suitable for electrophotographic applications 
for whifh hopping conductivity yields adequate device perfor- 
mance. 

W e  proceed by defining our model calculations in the 
next section and then considering p lyace ty lene l ike  systems, 
aromatic ring systems with saturated linkages, and aromatic 
ring systems with non-saturated linkages, in turn. W e  conclude 
with a synopsis of our results. 

MODEL CALCULATIONS 

All of our calculations were performed for  electrically neutral 
molecules using the CNDO/S3 molecular orbital model. The 
molecular orbital eigenvalues of the neutral species are 
identified with the associated molecular cation energies in 
accordance with the procedures developed during the  construc- 
tion of this model. Since a review of the  details and 
applications of the model recently hes been given by Duke, 
we do not recapitulate them here. The parameters used in the 
calculations [as described in Ref. 91 are given in Table I. 

Comparison between the CNDO/S3 model calculations 
and measured photoemission y c t r a  is achieved via plots of 
the density of valence states, i.e., "DOVS." These plots are 
obtained by representing each CNDO/S3 eigenvalue by a 
normalized gaussian of width B and weight equal to twice the 
degeneracy of the eigenvalue. For typical gas-phase 
photoemission spectra 0.2 eV5B 5 0.3 eV, whereas for  photo- 
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TABLE I. Parameters used t o  d e f i n e  the  CNOO/S3 model. The 
interatomic Coulomb i n t e g r a l s  are spec i f ied  i n  terms o f  

dis tance  betw en 
[28.794(yA+yg)- e 

~ , ( e v )  I p ( e V )  BS(eV) B ~ ( ~ v )  r(ev) CM-’) 
1 
I H  13.60 ----- 1 0  -- 12.85 2.33 

IC(sp2) 21.34 11.54 20 17 10.63 3.78 

I;(sp3) 21.34 11.54 2 0  17 10.63 3.07 
35.50 17.91 31 26 13.10 4.32 

1s 21 .02 10.97 1 8  15 9.67 4.37(s)  

3.80(P) 

emission Q9q2 polymers and molecular solids 0.4 eV 
- B - 1 eV. ’ ’ The large values of Bfor condensed molecular 
phases have the consequence that for polymers such as 
polyacetylene photoemission from oligomers becomes identical 
to that from macromolecules when the oligomers contain 16-20 
carbon atoms in the backbone chain. Therefore it is not 
possible to verify via photoemission spectroscopy phase coher- 
ence within macromolecules over distances greater than about 
25A. In the other polymers considered here even smaller 
oligomers give photoemission spectra essentially identical to 
those of the polymer. A complete theory of the widths of 
photoemission lines from pppflers and molecular solids has 
been construcrjd elsewhere ’ and shown tqeescribe both 
the magnitude and temperature dependence of observed 
spectra. This theory reveals that the large values of 6 % 0.6 eV 
for polymers associated in part with the photoemission 
process itself and iy&gt with the disordered nature of the 
polymeric solid state. Hence, from the perspective of 
photoemission spectroscopy, oligomers containing 16 or more 
backbone carbon species are indistinguishable from macromo- 
lecules. 

< <  

POLY ACETYLENE-LIKE SYSTEMS 

Polyacetylene-like systems are polymers whose non-saturated 
backbone configuration is that of polyacetylene, i.e., alternat- 
ing double and single bonds, a planar conformation, and 120’ 
bond angles. In our calculations we use 1.35A for the lwth of 
the double bond and 1.44A for that of the single bond. The 
materials in this class for which we have performed calcula- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
02

 2
1 

Fe
br

ua
ry

 2
01

3 



POLYMER ELECTRONIC STRUCTURE [ 12 13]/18 1 

tions are polyacetylene itself and poly(l,6-heptadiyne). 
One of our major interests in polyacetylene is the  

influence on the DOVS of pe conformation of the (CHI chain. 
W e  have shown elsewhere that the pi-electron molecfjlar ion 
energies are almost unaffected by conformational changes 
between the various and trans forms. The sigma molecular 
ion energies, on the other hand, are quite sensitive to the 
conformation of the polymer, and are %table for use as 
fingerprints of the molecular conformation. 

Another important aspect of photoemission from polya- 
cetylene is the assessment of the spatial extent of molecular 
cation states generated by a photoionization event. For this 
purpose we show in Fig. 1 the evolution of the DOVS of trans - 
H(CH),H as a function of n. The emergence of t h e m  
electron band in the energy region -11 eV 2 E 2-7 eV and of a 
sigma-electron band in the region -17 eV<_ E< -11 eV is evident 
from the figure. For typical solid-state width parameters, 
i.e., @=0.7 eV, the calculated DOVS remain invariant under 
increasing n for n 2 16. Thus, we infer from the comparison of 
the calculated DOVS and the observed ultraviolet photoemis- 
sion spectrum (UPS) shown in Fig. 1 that in the sigma bands and 
the center of the pi band the molecular ion states extend over 
at least 16-20 carbon atoms in the (CH) backbone. The 
absence of the predicted small shoulder a? the low-binding- 
energy threshold of the photoemission spectrum implies that 
the photoinduced cation states at the upper edge of&e (CH) 
pi electron valence band are localized by disorder. ' Fro4 
the lower three panels of Fig. 1, we estimate that the  !'band- 
edge" states are localized to within n 510 carbon atoms, in 
contrast to the values n _> 16 characteristic of the center of the 
pi and sigma electron bands. Finally, comparing the photo- 
emission spectrum in Fig. 1 with the calculations for H(CH) H 
indicates that the (CHIx chains in the sample occur predbk- 
inately the trans configuration over spatial distances of at 
least 20 carbon atoms: a result inyrred independently from 
the optical properties of the sample. 

An interesting application of these ideas about localiza- 
tion is the study of the to trans isomerization which occurs 
when films of polyacetylene Ifre heated following their 
synthesis at low temperatures. The ultraviolet photoemis- 
sion spectra chayje wi th  variations in the cis-trans content, as 
shown in Fig. 2. An indication of the photoelectron spectra 
of the cis polyacetylene remaining when the isomerization is 
60% complete may be obtained by subtracting an appropriately 
weighted (i.e., by 0.6 in this case) spectrum of the all-trans - 
materia from that of the mixed cis-trans isomer. The 
results of this procedure are shown in Fig. 3 in which the 
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FIGURE 1. Calculated 
CNDO/S3 DOVS for a series of 
trans even polyenes. In the 
lower four panels a value 
of 8 =0.3 eV was used to obtain 
the DOVS from the  CNDO/S3 
eigenvalue spectrum, corres- 
ponding to the analysis of 
photoemission from individual 
molecules in the gas phase. 
The top panel contains the 
measured ultravi et  photo- 
emission spectrum9f of a f i lm 
of (CHI shifted to higher 
binding dhergies by 2.5 eV in 
order to preserve the same 
energy scale in all of the 
figures. Finally, the panel 
below contains the CNDO/S3 
DOVS for trans- H(CH) H 
e v a l u a t e d x g  8 4 . 7  % COP 
responding to the  solid state. 
I f 8  =0.7 eV, the DOVS for 
H(CH) H do not differ notice- 
ably f b n  that for H(CHIl6H 
for m 216, 

- 

\ 
DWE, et. at. 

- 
-19 -I? -15 -13 -I I -9 -7 

BINDING ENERGY ( O W  
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POLYMER ELECTRONIC STRUCTURE [ 12 I5]/183 

resulting difference spect&$ilso are compared with model 
calculations of the  DOVS. ’ It is evident from this figure 
that the C HI0 DOVS provides a good qualitative description 
of the difSerence spectrum, suggesting that the remaining 
segments of polyacetylene are about eight carbon atoms long. 
Merging this finding with other data to provide a self 
consistent model of the lengths and connectivities of the 
polymer chains in fibrilar polyacetylene is a complex task, 
however, because not all of the available spectroscopic data 
are internally consistent. Nevertheless, the analysis reveals 
clearly the level of structural detail which can be extracted 

I 1 I I I 

20 15 10 5 0 
BINDING ENERGY (eV) 

FIGURE 2. UPS spectra, obtained with synchrotron radiation 
at 40.0 eV photon energy, of 40c/60t-(CH) and - trans-(CH)x are 
shown normalized for the appropriate sdtraction. The inset 
shows an activation energy versus t y s  composition curve for 
(CHI, from Ito, Shirakawa and Ikeda. 
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CNDO/S3 

CIS FOLYENES 

(CHI@ 
VANDERBILT 
AND MELE 

20 IS 10 5 
BINDING ENERGY (eV 

FIGURE 3. Difference curve for the&-(CHjx portion of the 
4Oc/6Ot-(CH), spectrum. One extreme of a shif t  of the 
relative energies of the spectra of Fig. 1 before 
subtraction, AE=0.5 eV, is seen to make inconsequential modifi- 
cations in the major features of the difference spectra. The 
density of states curve for "infinitel$ long-chain trans-cissoid- 
(CH), is from Vanderbilt and Mele. The DOVfor in i te  cis 
polyenes calculated using the CNDO/S3 model are s h o w n 5  
illustrate that the major features of the difference spectra are 
predicted by this model for C8H10. 

from analyses of valence-electron photoemission spectra using 
spectroscopically validated molecular orbital models. 

Turning to poly(l,6-heptediyne), the  focus of our interest 
is the influence on the DOVS of the changes in electronic 
structure wrought by the propyl side groups. W e  show in Fig. 4 
the evolution of the DOVS for poly(l,6-heptadiyne) as a 
function of n in the series of model molecules trans - 
H[CH(C H )I H. Thus, Fig. 4 for poly(l,6-heptadiynemthe 
precise !n&d of Fig. 1 for polyacetylene. It is evident that 
the substituents induce substantial changes in both the  pi- and 
sigma-electron contributions to the DOVS, leading to profound 
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FIGURE 4. Calculated 
CNDO/S3 DOVS for a series of 
subs t i  tuted even-polyenes, 
H[CH(C6H7)1 nH (n-1,2,3 and 4) 
which become poly(l,6-hepta- 
diyne) in the  limit of large n. 
The value B =0.3 eV for the  
width parameter was used to 
obtain the spectra shown in 
the lower four panels whereas 
the solid-state value, f3 =0.7 
eV, was utilized to construct 
the uppermost-panel for 
H[CH(C6H7)14H* 

I L I I I I I  

-19 -17 -15 -13 - 1 1  -9 -7 
BINDING ENERGY ( eV) 

alternations in the DOVS relative to that  of polyacetylene. 
Consequently, although the (-CH=CH-) chain in the  backbone 
of - trans- poly(1,b-heptadiyne) is nearly identical in structure to 
that of polyacetylene, its electronic structure is discernably 
differgnt. We also predict a small red shift by about the main 
TI -+ TI absorption band of poly(1,bheptadiyne) relative to that 
of polyacetylene. Moreover, poly (1,bheptadiyne) is predicted 
t o  be more susceptible to chemical a t tack because the 
backbone carbon species attached to side-group carbons 
exhibit an electron deficiency of only 0.06e relative to a value 
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of 0.11 - 0.12 e for the other two carbon species in the backbone 
and to a uniform value of 0.09 e for the carbons in (CHI . The 
predicted increase in chemical instability of poly(l,6-%epta- 
diynqgelative to polyacetylene is consistent with available 
data, but the predicted chaqps in the DOVS and the red 
shift  of the lowest energy TI+ n transition have not yet been 
either verified or disproved. 

AROMATIC RING SYSTEMS WITH SATURATED LINKAGES 

Another class of qopner matrices which has received con- 
siderable attention as suitable hosts for dopants is that 
based upon incorporating unsaturated pi-electron ring systems 
(e.g., phenyl moieties) into otherwise saturated backbones 
[e.g., poly(p-xylylene), bisphenol-A polycarbonatel , attaching 
them together directly to form polymer chains [e.g., poly(p- 
phenylene), poly(2 ,&thienylenell , or attaching them as 
pendant groups to a saturatedbackbone [e.g., polystyrene, 
poly(N-vinyl carbazole), poly(2-vinyl pyridinell . If the linkages 
are more effective than the fluctuations in the molecular ion 
energiei gr+ @e individual rings, an extended-state polymer 
results. ’ ’ ’ If not, the electronic states of the polymer are 
molecular cations and Bmjoca l ized  at individual sites along 
the polymer backbone. ’ ’ Therefore the suitability of such 
materials for doping to high conductivity depends on the 
effectiveness of the linkages, the degree of disorder in the 
solid-state polymer, and the influence of the dopant on both 
the structure and disorder of the initial polymer. Indeed these 
materials span the entire range from tolerable conductors 
when heavily doped [poly(p-phenylenell to Fermi glasses 
exhibiting range-li mi ted transport [undoped polystyrene, 
poly(bviny1 pyridinell . In this section we  illustrate two main 
aspects of the dependence of the effectiveness of the linkages 
on molecular structure. First, we show how the pi-electron 
molecular ion states go from delocalized to localized in poly(p 
phenylene) as opposed to poly(pxyly1ene). Second, we i l l u s  
trate the effect of heteroatoms in the  aromatic ring by 
considering poly(2,S-thienylene). A detailed discussion of 
localization in penda@s9fp polymers like polystyrene has 
been given elsewhere, ’ ’ and hence is not reiterated here. 

The presence of the phenyl moieties in the backbone of 
poly(p-phenylene), designated by (C H ) , results in pi-elec 
tron molecular cation states which a& &darnentally different 
from those obtained for polyacetylene chains. The doubly 
degenerate highest-energy e (n molecular orbital in benzene 
consists of a ttnon-bondin@orbital (indicated by IT n) which 
exhibits nodes at carbon atoms forming the links with the 
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FIGURE 5. Calculated 
CNDO/S3 DOVS for a 
series of poly-phenyls, 
H(C H H which become 
poly?p-$flenylene) in the 
limit of large n. The mole- 
cules are taken as planar, 
and comparison is made 
with available gas-phase 
ultraviolet photoeypsion 
spectra t& benzene and 
diphenyl. The gas-phase 
spectra in the figure are 
shifted to higher binding 
energy by about 1 eV in 
order to retain the same 
energy scale in all the 
figures. Evaluation of the 
DOVS is described in the 
text and the caption for 
Fig. 4. 

MAlER ct TURNER 

I I I I I 

-17 -IS -13 - 1 1  -9 
BINDING ENERGY (eV) 
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neighboring phenyl moieties, and a fibonding" orbital which 
exhibits maximum amplitude at these linking carbon species. 
In diphenyl, for which the calculated DOVS and observed gas- 
phase ultraviolet photoemission spectra are shown in Fig. 5, 
the non-bonding molecular ion states remain near the energy (- 
9.25 eV) of the corresponding molecular ion state in benzene 
whereas the  bonding orbitals form antibonding (antisym- 
metric, ra) and bonding (symmetric,a molecular ion states 
as noted in the figure. This beha&or persists as longer 
oligomers are built-up, leading to a n  intense narrow non- 
bonding TI band in the center of a llbondingll TI band for (C H ) . 
As shown in the upper two panels of Fig. 5 ,  the6 n%& 
bonding Tband is predicted t o  be a prominent feature of the 
DOVS of (C H ) although the bonding TI band is so broad that 
its intensit9 && smeared out in the solid state. No 
photoemission spectra are yet available to test the validity of 
these predictions for (C H 

The coupling bet%e&# the phenyl moieties in poly(p- 
phenylene) can be reduced by inserting saturated hydrocarbons 
in between them. Poly(pxyly1ene) has an ethyl linkage 
between i ts  phenyl moieties. It is a convenient material to 
study because of i ts  ease of f 9 i c a t i o n  by vapor-phase 
pyrolysis of f2.21 Paracyclophane. The valence electron 
photoemission spectrum of material prepared in this way is 
compared with B o d e l  DOVS ca lcyp ions  and analogous spectra 
of vapor-phase and solid-state p-xylene in Fig. 6. It is 
evident from Fig. 6 that for 1 eV 2f-3 2 1.2 eV the DOVS of p- 
xylene and 1,2-di(p-tolyl)ethane are in good correspondence 
with the UPS data  from condensed p-xylene and thin-film 
poly(p-xylylene). Moreover, for fixed values B Q, 0.7 e V  the 
DOVS of p-xylene and oligomers of poly(pxyly1ene) are 
indistinguishable. We infer, therefore, that  the n-electron 
locations near I,, =7.5 eV are localized on the individual phenyl 
moieties both in condensed p-xylene and in poly(pxyly1ene) 
films, Le., the ethyl linkages between the phenyl moieties in 
poly(p-xylylene) have reduced the  coupling between them to 
the point that  the bonding aband has a width comparable to 
the non-bonding T band, and both widths are small relative to 
the fluctuations in the relaxation energies of localized pi- 
electron phenyl radical cations. 

We next turn to  our last topic in this section, the effects  
of heteroatoms in the  unsaturated rings. The contributions to 
the DOVS from the bonding TI bands in ring architectures like 
the polyphenyls can be rendered more similar to the TI bands 
in chain architectures like polyacetylene by utilizing asym- 
metric rings. A good example of this possibility is poly(2,5- 
thienylene) which is comprised of thiophene molecules in a 
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I - 
15.0 10.0 5.0 

BINDING ENERGY(BV1 

FIGURE 6. Comparison of m e q e d  ultraviolet photoemis- 
sion spectra of as-phase pxylene (second panel), condens 
phase pxylene" (third panel), and thin-film poly(pxyly1ene) 
(top panel) with densities of valence states (DgVS) calculated 
using the CNDO/S3 molecular orbital model. The calcula- 
tions corresponding to the gas-phase spectra utilize a gaussian 
of width B = 0.03 eV to represent each molecular-ion eigen- 
value (lower panel). Those corresponding to the  condensed 
phase spectra in the fourth and fifth panels embody B =1.2 eV 
and 1.0 eV, respectively. The calculated DBVS labelled poly(p 
xylyene) in the fifth panel of the figure was calculated for the 
pxylylen$7dimer 1,2-di(p-tolyl)ethane using an experimental 
geometry2* corresponding to the B modification of poly(p- 
xylylene). All of the  spectra have been shifted to align them 
with the gas-phase results. The energies of the lowest 7r - 
electron ionization peaks for the condensed phase spectra are 
indicated in the figure. 
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FIGURE 7. Calculated 
CNDO/S3 DOVS for a series of 
polythienyls, H(C H S) H 
(n=1,2,3 and 41, whfcl? $come 
poly(2,5-thienylene) in the 
limit of large n. A symmetriz- 
ed versioggf the structure of 
thiophene and an antisym- 
metric planar orientgvon of 
the thienyl moieties were 
utilized in the calculation. 
For thiophene, comparison 
with the ultraviolet photo- 
emgion spectrum of Baker g 
g., is shown in the lower two 
panels. The photoemission 
spectrum is shifted to higher 
binding energies by 0.5 eV in 
order to retain the same ener- 
gy scale in all of the figures. 
Evduation of the DOVS is de- 
scribed in the text and in the 
caption to Fig. 4. 

'sHho 
I I  I ,  I 

-18 -13 - 1 1  -9 -7 
BlNDlNQ ENERQY (oV) 

fashion analogous to the construction of poly(ppheny1ene) 
from benzene rings. For thiophene the two highest-energy 
orbitals (corresponding to the e ( a )  orbitals in benzene) 
areaorbitals with a nodal plane kough the sulfur and the 
center of the back C-C bond, and with a nodal plane through 
the two carbon atoms adjacent to the sulfur, respectively. 
These orbitals correspond to the two isolated low-binding- 
energy ionizations between 9 e V  and 10 e V  evident in the lower 
two panels of Fig. 7. The highest-energy thiophene orbital 
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generates a "bonding" n band in the  polythienyls nearly 
identical to the upper portion of the nband in trans- 
cissoid/transoid polyenes. The lower portion of the polyene 
bonding IT band is greatly distorted in the polythienyls, 
however, because the totally symmetric 71 orbital in thiophene 
contains a substantial admixture of the sulfur p, orbital. Thus, 
the main effect  of heteroatoms in the  unsaturated ring is to 
distort the bonding n bands relative to the phenyl ring 
systems. In the particular case of poly(2,5-thienylene), this 
distortion makes the upper part of the bonding IT band similar 
to that  in polyacetylene, thereby providing a ring molecular 
architecture whose electronic structure is analogous to that  of 
a comparable chain architecture. 

As in the case of the polyphenyls, the non-bonding mo- 
lecular ion state in thiophene (the ionization peak near 10 e V  
binding energy in Fig. 7) remains nearly invariant as poly- 
thienyls are formed by joining multiple thiophene rings. In 
(C SH i t  becomes a non-bonding band ( n n )  which is a 
pr$mir?e#t feature of the calculated DOVS as shown in the 
upper four panels of Fig. 7. In this particular case, the non- 
bonding TI band lies at the high-binding-energy extremity of the 
low-binding-energy bonding nband. This behavior is similar to 
that  observed at low binding energies in the phenylene oxides 
and sulfides, as may be discerned upon comparison of Fig. 7 
with Fig. 8. 

- 

AROMATIC RING SYSTEMS WITH LONE-PAIR OR UNSAT- 
URATED LINKAGES 

In the preceeding section w e  found that  as the  phenyl moieties 
in poly(ppheny1ene) were separated by saturated linkages, the 
bonding n bands collapsed and ultimately the polymers 
became Fermi glasses with injected charges forming localized 
molecular ion states. Such need not be the case if t he  linkages 
are unsaturated or have lone pair electrons which can 
hybridize with the bonding n orbitals on the phenyl rings. 
Good examples of this phenomenon are the phenylene oxides 
and sulfides, as well as poly(ppheny1ene vinylene). W e  
consider these materials in this section. 

The CNDO/S3 predictions for (C6H -0) and (C H -S) 
are quite comparable to those for (C H 9  'The cdcdate6 
DOVS for oligomers of polyfp-phenyleng dl\Fi'de) are shown in 
Fig. 8. In these cases, however, the bonding n band is split 
into two parts, depending upon whether the phenyl a-electron 
linkages with the p orbitals on the chalcogens are bonding ( a  b) 
or antibonding ( IT in character. As in the case of (C H )x, 
the  most promindht n-electron contribution to the D6Vd IS 
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predicted to be the strong, sharp peak caused by the non- 
bonding II molecular ion states. Also as in the case of 
(C H4)x, the lower-binding-energy antibonding II -electron 
stt&es are smeared out to the point of being hard to identify in 
the DOVS in the solid state. For (C H , (C H -0) and 
(C6H -S) all three, however, the CNb&& rn8def prgdicts 
that qheiowest-bindingenergy molecular ion states are II - 
electron states which extend throughout multiple monomolecu- 

FIGURE 8. Calculated 
CNDO/S3 DOVS for the 
dirner and tetramer (n=2 
and 4) derived from 
HS(C H -S),H which cor- 
respohd to poly(ppheny1- 
ene sulfide) in the limit of 
large n. A publishe4itruc- 
ture of the polymer was 
used to construct the 
oligomers. Evaluation of 
the DOVS is described in 
the text and the caption 
for Fig. 4. 

I I I I I I 

p=0.3w 

I I I I I I 
-19 -17 -15 -13 - 1 1  - 9  - 
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lar repeat units. Therefore the doping of these materials with 
acceptors in principle could produce electrical behavior com- 
parable to that observed in polyacetylene. If the localized 
non-bonding 71 -electron states had exhibited the lowest bind- 
ing energies, we  would have anticipated difficulty in achieving 
high conductivities and mobilities via acceptor doping. 

Finally, in Fig. 9 w e  show the analogous results for 
poly(ppheny1ene vinylene). As in the case of diphenyl, the 
non-bonding riband is well resolved already for the dimer, 
stilbene. The pi-electrons on the ethyl linkages hydridize 
effectively with the bonding IT electrons on the  phenyl 
moieties for the planar geometry shown in Fig. 9. Obviously 
this hybridization depends sensitively on the phenyl-ethyl 
conformation, and would disappear if the two were orthogonal. 
Nevertheless, a wide IT band can result even if phenyl moieties 
are widely separed,  as is known to be the case for the 
diphenyl polyenes. 

SYNOPSIS 

The localized or extended character of the wave function 
of charges injected into a polymer is determined by the 
interplay between disorder-induced fluctuations in the site 
energies of localized molecular ions at the various sites along 
the polymer chains and the linkages between these sites both 
on the same chain and on different chains. Of the polymers 
considered herein the best possibilities for achieving extended 
states are predicted to occur in polyacetylene, poly(2,5- 
thienylene), poly(pphenylene), and poly(p-phenylene vinylene) 
due to their higkenergy pi-electron donor bands, although the 
latter three are more sensitive to conformational disorder than 
the former. The non-bonding pi-electron bands characteristic 
of unsaturated ring polymers, while prominent in the ultravio- 
let photoemission spectra, are not particularly useful in 
achieving either dopability or high mobility. For undoped 
polymers in the solid state, injected charges will reside in 
disorder-induced localized states at the edges of bands of 
allowed states, although the occurrence of massive charge 
transfer may enable the accessing of extended states nearer 
the cerfer of the band to form lldirtyll be., low mobility) 
metals. If the linkages between the molecular ion sites on the  
backbone are too weak, however, all the states associated with 
injected charges are localized at individual sites along the 
polymer chain and a Fermi glass is formed. Examples of t% 
limit are thpght to be pi-electron states is poly(pxylylene), 
polystyrene and poly(2-vinyl pyridine). The presence of 
dopants adds additional disorder to the already disordered 
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FIGURE 9. Calculated 
CNDO/S3 DOVS for a series of 
oligomers of poly(ppheny1ene- 
vinylene), H[(C H )C H I C H5 
(n=1,2 and 3), %h4ch2 b 8 c b d  
poly(ppheny1ene vinylene) in 
the limit of large n. For 
stilbene, comparison with the 
ultraviolet photoem93ion 
spectrum of Yip et al., is 
shown in the lower two panels. 
The photoemission spectrum is 

gies by 1.01 eV in order to 
retain the same energy scale 
in all of the figures. Evalua- 
tion of the DOVS is described 
in the text and in the  caption 
to Fig. 4. 

shifted to higher binding ener- - 
W - a 
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polymer chains, thereby rendering t h e  criteria for  extended 
("band-like") states still more stringent. The morphology of 
t he  polymer is a critical ingredient in t h e  doping process, with 
fibrilar morphologies like t h a t  of polyacetylene being unusually 
well suited to t h e  achievement of high doping levels by vir tue 
of the  adsorption of t h e  dopants at the surfaces  oS4he  fibrils, 
possibly resulting in conducting surface channels. Thus, we 
can  say that open morphologies to faci l i ta te  high dopant 
concentration, low (high) site energies for  acceptor  (donor) 
polymer matrices, and s t rong (i.e., int imate)  linkages between 
nearest-neighbor molecular ion sites all are necessary criteria 
for  achieving high conductivity in molecularly doped polymers. 
Two of these criteria, those of t h e  low (highksite energies and 
int imate  site linkages, imply chemical instability of t h e  
polymer upon doping, and t h e  latter also suggests t h e  lack of 
mechanical flexibility. Consequently, design of a stable, 
flexible, conducting polymer requires tailoring t h e  linkages 
between local molecular ion sites [e.g., t h e  S species in p o l y ( p  
phenylene sulf idell to provide good electronic  mixing between 
these sites but ye t  to remain both stable and flexible under 
dopant induced charge transfer. This felicitous combination of 
properties has  not  y e t  been deinlpnstrated - in t h e  polymer- 
dopant systems studies thus far,  although an  understanding 
of t h e  molecular origin of t h e  various properties enables 
systematic  synthet ic  approaches to their simultaneous acquisi- 
tion. 
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