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alkali metals, or electron acceptors, such as I and A§F5;
Doping can also be accomplished electrochemically - a élc1
which has lead to rechargeable batteries based on conductﬁ
polymers.? Doping levels are generally quite high (tygiC:nL
5-50 mole per cent) so that the phrase "doped polymers" c g
a bit misleading if taken in the context of semiconductor phy
sics. For doped inorganic semiconductors, the dopant is =
usually at very low concentrations and it represents al@mumr
tively minor perturbation on the band structure of the s:d 4
ductor and, therefore, on transport properties. This rig i
Structure model is of limited applicability, even qualitas the”
to doped conjugated polymers. For this reason, as wel :ese
fact that many aspects of the electronic properties of t e
materials are not well-established, theoretical underStaﬂrimen.
of conducting Polymers lags behind the rapid pace of EXP: %
tal developments. This statement includes theory relate .
transport properties and theory related to predicting new
conducting systems,

In th?s :aper, we will briefly summarize the optical ::d
electrical properties of phenylene-based conducting pOIymccep'
Systems: donor and acceptor doped poly(p-phenylene) aﬂdb: e
tor doped poly(p-phenylene sulfide). Comparisons will ot
to the much studied Polyacetylene system. Recent theore s
work® aimed at developing some predictive capability for a
tor doped systems will be discussed.

II. ELECTRICAL AND OPTICAL PROPERTIES

Several conducting Polymer systems have been discovetedb
recently including: poly(p-phenylene), PPP, announced Zed
Ivory et al,2 apq Poly(p-phenylene sulfide), PPS, ZTnnoun i
simultﬁe;u_sly by Rabolt et al,3 and Chance et al. Thﬁ
system ig especially sign?f-ifzznt, since it represents the

acceptor), and Potassium (a strong electron donor).

pPP.
only for PA, AsFs5 for a1} three, and potassium for PA ;ﬁl
In each case the sign of the carriers, as measured by nsport
effect, thermopover, etc.,1-4,7-8 is consistent with tra

d
in the polymer array, i,e,, P=type for acceptor doping ar
n=type for donor doping,
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Table I. Conductivities (S/cm) for doped polymers@

Polymer al[1] o[AsFs] o[K]P
o M 550 [0.13] 1200 [0.20] 50 [0.32]
id @ <10-4 500 [0.40] 20 [0.50]
X
& {@—S—)— <1074 3 [0.70]¢ <1074
X

—

a

Typical doping levels are given i
grobable dopant species (I3™, AsFg , K) Pe
bs indicated in the first column.

n brackets on the basis of
r monomeric unit

Results obtained by exposure of polymer to potassium naph-

cthalide solution (THF).

ioging at this level is accompanied by exte
b0 ification involving intramolecular cross
€nzothiophene 1inkages°7

i
\
|
l

nsive chemical
1inking to form

lmportant factors in determining whether or not 2 conducting
(1) the jonization

System is formed Mot
e tial of the ;21;;:-[);33 ?gl; r.‘rgle extent to which charge can
& delocalized along the chain. The former determines whit:i;r
detnOt charge-transfer occurs with a given acceptor;dt}ile t;e
chairmines whether or not the charges (holes) induce nrall
re 0 will be mobile. Thus con jugated polymers aré geneleadi
tgquired since electron delocalization in these systems i
low ionization potentials and large n—electron bandwidthns.
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Conjugation in m-electron systems is generally associate
with planarity, which affords maximum m-electron overlap.
Thus, at first glance, it is surprising that PPP and PPS
form conducting complexes since both are nonplanar systems.
Adjacent phenyl rings in PPP are rotated by ~23° with respec
to one another. Adjacent phenyl rings in PPS are nearly per
pendicular. 1Ip addition, the presence of aromatic moieties
might be expected to lead to localization, since, for i
example, in the PPP case a loss of aromaticity is required “;'
forming the mesomeric quinoid structure. We return to some 0»|
these questions in Section III. However, it is clear from
Table I that PPP and PPS have higher ionization potentials
than PA. The data also suggest that PPS has a lower electrol
affinity than either PPP or pa,

An important effect in the PPP and PPS systems is the
potential for chemical modification on doping. Shacklette
et al” have shown that oligomers of ppp (biphenyl,
_;;té_r—phenyl, etc.) polymerize to form PPP on exposure to :
AsFs, eventually forming a conducting PPP/AsFs5 complex wit
conductivity comparable to that obtained starting with the 1
geIIr. In the PBS cage. exposure to high levels of AsFs
SbF5 results ip substantial intramolecular bridging to forms-
dibenzothiophene linkages, ag indicated by infrared Specttoo-
COPY and chemical analyses.? The limit of this bridging Pr
cess is polybenzothiophene, The highest conductivity -

achieved in ppg without measurable chemical modification i
~0.01 S/cm.7

The optical Properties of the polymers undergo dramattil: |
changes on doping, Electronic absorptions intrinsic to t
polymer decrease ip Intensity and are replaced by us¥
transitions in the near-infrared region.%,9-11 At high X"
doping levels, the absorption due to the new transitions eed
tends to very low €nergies, effectively masking the infrai

ons of the polymer. SPecthS“’Zi? red 1
sults are symmarized in Fig, | for pa,l10 PPP,S PROSE ans
Polypyrole, 1l Absorption bands intrinsic to these polans
are located at |,g§ eV, 3.5 eV, and 3.6 ey and 2.8 eV re"h
Spectively, At low doping levels, new peaks appear in the
near-infrared (aroung l eV) for PA, PPS, and polypyrole:
For Pppp, Spectra at 1oy doping levels have not, as yet, in-
been obtained, The spectrum for PPP in Figure 1 was Obt:izes -

§ a terphenyl filp to AsFs, which polyne ing
d forms PPP/AsF 5 complexes.? At high dfp
tra for PA/AsF5 show absorption through high
(as for PPP). For PPS, the spectra atthe
(.ioping levels do not show nearly as much absorption in
infrared, This w

wit
eaker infrareq absorption is consistent
the lower conductivity fqop PPS/AsF 5

levels, the Spec
out the infrareq
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FIGURE 1

Absorption spectra for acceptor-doped polymers
n solitons has been
d near-infrared

the other polymers
ates present in

and a

F
put fgiwzia a theoretical model based o
transition to explain the dopant-induce
of FIGURE 1at 0.8 ev.l2 However, since
all~trang PAlack the two degenerate ground st
SYstematic , they cannot support soliton states,
explanation of all the FIGURE 1 data with 2

Soliton
model is not possible. Brédas et all3 have shown else-
istent,

Where

q“alitsziteadpolarOH model offers an internally cons

ﬂear-.infraredesm-'iption of these data. In that model, the

tion (i,e absorbing species is a delocalized radical—

tlectrop ¢ -, a hole or polaron) produced by loss of an

of deloca]_i the acceptor. This model suggests that the extent

Pheny] ringzation of the polaron in ppp is about three or four

Th 5

3ppare§t§}(tent of delocalization in the PPS systems is also

dﬂping" };fabout 3 or 4 monomeric units, as judged from the

("tetramer'- PPS “oligomers”: (CgH4)352 ("trimer") or (CgH4) 453

™ exposur )+ The near infrared transition energies, induced

ire 1.55 i to AsFg5, of the trimer, tetramer, and polymer

etfamef’an;u’ and 1.21 eV respectively. Thus the

€gard tq the polymer are nearly indistinguishable with
optical properties. Howeverl, the conductivity of

® dopeq
oligomers is less than 10=7 s/cm.

T
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III. VEH CALCULATIONS

It has been demonstrated that good insight into the ground
state properties of polymeric szstems can be obtained by
quantum chemical calculations.l# However, the SCF (Self-
Consistent-Field) ab initio Hartree-Fock techniques, which
have proved very successful on small molecules, become almost
prohibitively expensive when applied to polymers of interest
Cheaper semiempirical techniques could in principle be used,
but are generally less reliable.

Recently, Nicolas and Durandl3 have developed an inter-
esting approach based on the use of valence effective
Hamiltonians (VEH). Applied to hydrocarbon molecules,!0 the
VEH technique affords one-electron energy levels of ab initid
double zeta quality at a cost comparable to semiempirical
techniques such as Extended Huckel. The VEH model has re-
cently_been applied to polymer calculations.’»16 It has bees
shown, 7 through calculations on polyacetylene and polydiacet”
lyene, that the polymer VEH method also provides ab initio
double zeta quality results for band structure and density
of states. Perhaps more important with regard to the con~
ducting polymers area, the VEH technique provides reliable
lonization potentials and bandwidths. The ionization
potential determines whether a particular acceptor is ‘33133"1‘e
of ionizing (or partially ionizing) the polymer. The band-
width of the highest occupied band provides a measure of the
extent of the delocalization 1in the system and can be

roughly correlated with the mobilities of the charge carriers

in that band. Thys bandwidths of the highest occupied band
should show a qualitative correlation to conductivities
achieved in similar polymers upon acceptor doping. Cangien
is needed on the latter point because of the demonstrated
inadequacy of 4 rigid band model to explain the properties
of highly conducting doped polymers.l7

In this section we report, in summary form, VEH
calculations for a wide range of hydrocarbon polymers in
order to provide 4 systematic and theoretically consistent
description of the valence electronic properties of systems
of interest in the conducting polymers area. The complete
methodology for obtaining molecular one-electron effective
Hamiltonians frop first principles has been developed in
ref. 15 and hasg been extended for polymer systems in ¢
Efizfs. 7 and 16. The main advantages of the VEH model aré
: ¥ 4t 13 completely theoretical; (11) it is not basis SEtL—h
ependent; and (111) 1t gives ap initio quality results e

Zigligible SOmputer time, due to the evaluation.of hile ontlve
cyiizgon tatestgla and the complete avoidance of SCF iterd
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The VEH results for ionization potential (IP) bandwidth
of the highest occupied band (BW), and m-electrom bandgap
(Eg) are summarized in Table II. Also included in the table
are experimental estimates of IP and E, where available and
the maximum conductivities (o) obtaineﬁ on doping with I (a
relatively weak electron acceptor) and AsFs5 (a strong electron
acceptor). Representative references for the experimental IP,
kg, and o values are 1-5, 7-11, 18-27. The theoretical IP
values have been scaled downward by 1.9 eV to correct approxi-
mtely for polarization energy and possible shortcomings of
the model.’ Though the 1.9 eV correction is quite
reasonable, 28 our IP results should be viewed as having been
scaled to the experimental estimate for trans polyacety-
lene, 8,18

The IP values are in good agreement with available experi- .
mental estimates. The IP for PPP and PPS are significantly i
larger than PA, thus explaining why Iz works only for PA. The ‘
[P for polybenzothiophene, PBT, the product expected after
Intramolecular bridging of PPS, is seen to have a substantial- 5
ly lover IP than PPS. In fact, our theoretical estimate agrees ’
Wth the experimental estimate from junction measurements OF ‘:
heavily doped (and therefore chemically altered) PPS. The Bi
‘alues also show a satisfactory qualitative correlation to the ‘.
¢nductivities achieved on AsFg doping.

Note that the BN value for PPS is fairly large, 1.2 eV, i
‘ompared to the perpendicular PPP case, 0.2 eV. This result
Is a direct indication of the important role played by the
sulfur atoms in providing a communication path for the
"systems of the perpendicularly oriented phenyl rings in PPS.
sur i Eg values obtained by the VEH technique areii‘;.‘l o :
" Prisingly good agreement with experiment - especla i’l . .
N consider the fact that no excited state information has
®el included in the parameterization because of the well
r:wn Poor performance of one-electron ab initio techll'-liquis
sygirding excited state energies. Eg values for nong aﬂs _
tendems are not given because of the previously ment?orec, |

;ECY for this method to give spurioule11°W
e theoretical results for polydiacety enes,
%gR}ic.-CEC-C(R)):- suggest these materials ghould also for;le '
ag ¥ conducting complexes, perhaps even with iodine. o , ;
Ve doped a number of PDA systems (different R groups) : it
g%eand AsFs5, but have not found any casé where a <:ogdu<i:l vity w
sub:ter than 10~6 S/cm can be achieved. With AsFs iOP &»
n 1tantial chemical interaction with the R groups 2 for
e cated in some cases. The large R 8roups, necessarylso
mposolid—state synthesis of PDA single crystals, maylamer/
o S¢ steric restrictions which inhibit favorable poly .
Pant interaction. !
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TABLE II. Summary of VEH results for ionization potential (IP),2 band:::th
of highest occupied band (BW), and bandgap (Es). All energ

in eV; conductivities in S/cm.

R. R. CHANCE et al

Polymer IPC

Polyacetylene

trans 4.7 [4.7]

cis-transoid 4.8

trans-cisoid 4.7
Polymethylacetylene 4.5
Poly(1,6-heptadiyne) 4.4
Polydiacetylene

acetylenic 5.1 [5.2]

butatrienic 4.3
Poly(p-phenylene)

coplanar 5.5

twisted (22°) 5.6 [5.5]

perpendicular 6.9
Poly(m-phenylene)

coplanar 6.2

twisted (28°) b2
Poly(p-—phenylene

vinylene) 5.1
Poly(p-phenylene

xylylidene) 5.6
Polybenzyl 6.5
Poly(p-phenylene 6.3

sulfide)
Polyhenzothiophene 5.5 [5.6]

Theoretical 1P
polarization e

after subtract ing 1.
nergy,

2.8

45l
0.6

1.2

1.3

£gC o(AsFs)
1.4 [1.8] 1200
1.5 [2.0] =
1.8
1.4 -
1.4 [1.8] 0.1

2.1 [2.1] 0

3:2 -

= [3.5] 500
A5 =

- [4.9] 0.001
2.5 [~3] 3
3.4 &

= 0

= 0.01
3.1 [~3] 3

o(1)

—_—

500

107

il |

for
9 eV to correct, approximately,

unkno¥™
Zero conductivity i the table indicates 0<10™3 S/cm; dash indicates
<

Experimental e
8iven in bracy,
d

BYW values re

8timates for IP and E
ets.

g» Where available, are

c;:.mf#""‘ld
fer to the smallest possible unit cell taking into ace
axis Symmetry,
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IV, SUMMARY

Though PPP clearly has a higher ionization potential and a
higher bandgap than PA, the profiles of their optical and
electrical properties for the doped systems are very similar.
They both would appear to form "simple complexes” on doping.
This behavior is in contrast to the PPS system where chemical
wdification is seen to play an important role in achieving
high conductivity on doping. Polymers which undergo chemical
wdification may be the most technologically significant of
the conducting polymer systems, since processible polymers
suich as PPS can be used in that case. With this dopant-induced
chemical modification, there need not be any conflict between
the flexible backbone needed for processibility and the rigid
backbone which is apparently required for high conductivity.
feither PPP nor PA is processible via conventional polymer
techniques.

The general similarity of doped-PPP
Particularly with regard to their electrical properties, is
i observation which requires some emphasis, especially with
fegard to developing theoretical models for these highly
tonducting doped systems. Models, such as the soliton model,
¥hich can be applied to PA but canmnot be generalized to PPP,
Wst be viewed with caution, particularly when extended to

deseribe high doping levels.

and doped-PA,
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