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EPR STUDY OF POLARONS IN A CONDUCTING POLYMER WITH NONDEGEN-
ERATE GROUND STATES: AsFg COMPLEXES OF POLY(p-PHENYLENE).

L. D. KISPERT and J. JOSEPH
Department of Chemistry, The University of Alabama
Tuscaloosa, Alabama 35486 USA

G. G. MILLER and R. H. BAUGHMAN
Polymer Laboratory
Allied Corporation, Morristown, New Jersey 07960 USA

ABSTRACT  EPR measurements of temperature-dependent suscepti-
biTity and linewidth are reported for poly(p-phenyiene) as a
function of exposure time to dopant. Most of the charge is in
bipolarons, rather than in the spin-associated polarons.
Observed decreases in high temperature spin concentration as a
function of doping time and post-doping anneal 1ikely arise
from both polaron-polaron reaction and polaron jonization to
form bipolarons. The susceptibility of all the investigated
AsF--doped samples strongly deviate from Curie-Weiss behavior
at ?ow temperatures. The observed temperature dependence can
be explained by the low-temperature condensation of isolated
polarons to form intermolecular polaron pairs in singlet
ground states. The interaction between spins is antiferro-
magnetic and the energy of the singlet-state polaron pair
relative to two isolated polarons (-2.4 to -4.8 meV) is
similar to that for the n-doped polymer (-2.4 to -2.7 meV).

INTRODUCTION

EPR measurements have been used to characterize electronic states
relevant for carrier transport in alkali-metal-doped po]y(pT
phenylene), (PPP), f!13y4 deuterated PPP, and phenyg ene oligomers.
Previous theoretical®s~»* and experimental studies®’ of AsFg- and
SbFg-doped PPP have suggested the formation of bipolarons (doubly-
charged, spinless cations) at high doping levels. From EPR measure-
ments' on alkali-metal doped PPP we observed the unpaired spin
concentration to be much less than the amount of alkali metal
dopant, further suggesting that much of the charge on the polymer
c¢hains is in bipolarons. Although g values and 1inewidths were
studied as a function of temperature, the most interesting result
is that the measured spin susceptibilities have a temperature
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dependence which is not Curie-Weiss over the entire temperature
range 7 to 300 K. This can be explained by an equilibrium between
separated polaron defects (radical anions, doublet state) and
singlet and triplet states formed intermolecularly via polaron
pairing. The energy separation (E) between the ground-state
singlet and the doublet state calculated from the data for Li, Na,
K, and Rb doped PPP varies surprisingly little, from -2.4 to -2.7
meY., Larger varijations in E for similarily doped, deuterated PPP
(-2.2 to -3.3 meV) might reflect the Tower molecular weight of the
deuterated PPP and the neglect of chain length effects in the
theory. For simplicity in these calculations, the triplet state was
assumed to 1ie -E above the doublet state. However, this assump-
tion is unimportant because relatively few spins are involved in
the triplet state at any temperature. At low temperatures, anti-
ferromagnetic spin-spin interactions favor spin pairing in the
singlet state rather than the triplet state, and at high tempera-
tures entropy effects favor predominance of isolated spins. Hence,
an equally good fit to the experimental data results if the energy
of two coupled polarons in the triplet state is higher in energy
than two isolated polarons by any energy greater than -E. No
triplet state is detected by EPR even at low temperature (5-10 K).
The absence of measurable triplet states can be due either éo their
low concentrations or the presence of strong spin exchange.

We have extended our EPR study to include AsfFg-doping of
PPP. Of special interest is whether or not this p-doped polymer
shows a similar temperature dependence of susceptibility as we have
found for the n-doped polymer.

EXPERIMENTAL

PPP as a powder was taken from the samp&e preparation used
previously for the alkali-metal doped samples.! Four different PPP
samples were doped with AsFg for varying time periods. The
exposure time to AsFg was five minutes for sample A, 24 hours for
sample B, 24 hours for sample C (followed by room temperature
storage under argon for six weeks), and four days for sample D. All
samples were exposed to excess AsFg during the doping period and
then evacuated. Except for sampleU, all samples were stored in
vacuo. The measured dc conductivity (four-probe method) of sample
C at the end of the 6-week storage period was 30 S/cm, and the
elemental analysis was 19.1% As, 29.31% F, 47.10% C, and 3.92% H,
which corresponded to CcHg (AsFg)g. 39- The location of the
excess hydrogen comparetfwfgé that for ghe parent polymer (CgH

theoretical for the infinite polymer and Cghq 7C1g g5g observed) is
unknown, but probably is associated witg g'panglé%rived species.
Since the investigated AsFg-doped samples did not evidence Curie-
Weiss behavior at low temperatures, measurements on another doped
PPP sample were used to establish both that the deviations from
Curie-Weiss is not an artifact and that Curie-Weiss behavior is
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obtainable for other samples of PPP. Specifically, X was measured
for a sample of K-doped PPP which had been heated to 400°C at
59%c/min in an argon atmosphere. Such thermal treatment degrades
the complex, resulting in a dramatic decrease in electrical
conductivity. This material exhibits an EPR spectrum which is
stable in air for at Teast several weeks and is quite different
from that for the unannealed complex. The measured spin concentra-
tion for sample E s 0.009 spins/per phenyl {about equal, to that of
the AsFc-PPP sample D), the conductivity is 7 x 107° S/cm, the
elementdl analysis provides CgHe 94K ggp, 2nd the EPR linewidth is
4.9 G at 300 K, broadening to Bfkg G é% 5.1 K. While this material
is not highly conducting, in contrast with the AsFg-doped PPP and
the unannealed K-PPP, it does have a similar spin concentration to
that for the highly conducting,complexes. Details of the EPR
measurements are given e1sewherej

RESULTS AND DISCUSSION

In Table 1 are listed the experimentally observed number of Curie
spins at room temperature for samples A, B, C, D and E, along with

Table I. EPR Data for SamplesA,B,C,D andE.

Curie Linewidth (Gauss) A/B
Spins Per
sample  Phenyl (50 K) 300K 50K 8K (300 K)
A — 0.90 ceem = 3.5(a)
B 0.041 2.46 2.46 2.3 2.0la
c 0.020 7.37 6.56 6.50 1.2(b)
D 0.004 3.60  3.60 3.60 2.0(2
E 0.009 ———— 5.32 6.65 -—--

{a] Sample consisted of a mixture of particle sizes (200-600 u).
{b) o= 30 S/cm. Particle size (50-100p) was smaller than that
for the other samples.

the Dysonian peak-to-peak linewidth at 300 K, the A/B ratio at 300
K, and the Lorentzian linewidths at 50 and 8 K. Al1l AsFg-doped
samples exhibited a Dysonian 1ine shape at 300 K which changed to
Lorentzian and s1ightly narrowed or was lTinewidth invariant as the
temperature decreased.

The experimental results obtained on sample A are qualitative-
ly similar to those reported at this conference by Maurice et al.
Below 50 K, the EPR spectrum consists of two components, a narrow
line (AH _ ~0.5G) and abroadsr]ine(AH ~1 G). The presence of
two comﬂ%%ents was attributed® to diffusiVe and less mobile spins.
The narrow-1ine component was not observed in samples B, C and D.
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The observed spin concentrations (Table I) are all much higheg
than those observed in the undoped polymer {about 2.5 x 10~
spins/phenyl), and the room temperature linewidth of the undoped
polymer (4 - 5G)' is in the range of 1inewidths observed for the
polymer complexes (0.9 - 7.4 G). With increasing doping time
(sample A to sample B to sample D), the radical concentration
decreases. This is expected since polarons (radical cations)
created by the initial doping process can annihilate in pairs to
form lower energy bipolarons (spinless), and these polarons can
also be ionized by additional dopant to form bipolarons. In the
series, sample A to sample B to sample D, the linewidth increases
with decreasing radical concentration, as is expected for decreased
spin exchange with decreasing spin concentration. An exception to
this correlation is that of sample C, which differs from sampie B
in having been annealed at room temperatures for six weeks. The
two-fold decrease in radical concentration during the anneal might
result Qfom the known dopant-induced increase of chain conjugation
1ength,1 which permits recombination of isolated polarons to form
bipolarons. The dependence of A/B ratio upon doping time and
sample annealing is not directly interpretable in terms of
conductivity changes of the samples since this ratio depends upon
the ratio of skin depth to particle dimension. This aspect is
important, since doping is 1ikely to be nonuniform at short doping
times and the present doping process tends tc aggregate small
particles to make larger particles. Larger particle aggregates
were physically removed in order to formulate sample C, which has a
d.c. conductivity of 30 S/cm and the smallest A/B ratjo.

As we have previously done for the alkali-metal complexes of
PPP, the temperature dependence of the susceptibility was analyzed
using equations we have derived assuming an equilibrium between
isolateF polarons and polaron pairs in singlet or triplet ground
states. 1f the enthalpy changes in combining two isolated
polarons to make a polaron pair in singlet state is E and the
corresponding enthalpy change to make a polaron pair in triplet
state is -E', then

22
x = LR + 2R%Zexp(E'/KT)] (1)

where R is the concentration of unpaired polarons and Z is the
number of energetically equivalent positions a polaron can be
located on any of the neighboring chains in order to form a singlet
or triplet two-poiaron state. The concentration of unpaired
polarons in Eqn (1) is given by

{1+ NZ[1 + 3 exp((E + E')/KT)1exp (-E/KT)}Z - 1 2)

R = 71T + 3 exp((E + E')/KkT)1exp (-E/KT) ,

where N is the total concentration of polarons. These equations
differ from those in reference 1 only in the generalizations that
E' is not required to equal E. The symbol E replaces the previous-
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1y used symbol J in order to clarify that E contains both magnetic
and electrostatic contributions.

For reasons mentioned in the discussion of the results for
alkali-metal complexes, the concentration of triplets is relatively
unimportant for the analysis of susceptibility as a function of
temperature. This is because both E and E' are negative (antifer-
romagnetic interaction) and [E'|l> |E). The latter is true since
we can approximateE =J + E. and E'=J - Ec, where J arises from
the magnetic interaction and E. (positive) corresponds to the
Coulomb repulsion between polarons.

The comparison between observed and calculated spin suscepti-
bilities for samples B, C, D, and E are shown inFigure 1. Sample
E shows Curie-Weiss behavior., Calculated susceptibilities for
samples A, B, C, and D (solid 1ines in Fig. 1) were obtained from
Eqns. 1 and 2 assuming E' is infinite. Equally good fits result
jf E' = E. Since Z corresponds to energetically equivalent
positions of polarons in pairs, this parameter was constrained to
be an integer between 2 and 12. However, both the agreement with
experiment and the calculated energy E is not very dependent upon
Z. Best agreement was obtained for Z values of 4 or 6 for sample
A, 12 for samples B and C, and 2 or 4 for sample D. The calculated
E values for samples, A, B, C, and D were -2.4, -2.9, -3.6, and -
4.8 meV. The number of spins (both isolated and paired) per phenyl
calculated from Eqns. 1 and 2 are roughly consistent with the
results in Table 1 that are derived from the observed susceptibili-
ty at 50 K. The radical concentrations are: Sample A {(0.082),
sample 8 (0.037), sample C (0.019), and sample D {0.003).

5

Figurel X vs 1/T for AsF-
doped PPP [sample B(A), C(O%,
D()] and for potassium-doped
PPP heated to 400°C in an
argon atmosphere [sample
E(A)]. The solid curved lines
are x calculated from Eqgns.
(1) and (2) for samples B, C
and D.

X(10™emu/mole phenyl)
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We conclude from these results that the low-temperature
condensation of isolated polarons to form polaron pairs,
predominantly in singlet states, can explain the temperature
dependence of susceptibility in the AsFg-doped PPP samples. The
interchain coupling between polarons is antiferromagnetic, and,
according to this analysis, the energy difference between isolated
polarons and polarons coupled to form a singlet state in the AsFg-
doped complexes is between -2.4 meV and -4.8 meV. This energy is
about the same magnitude as we derived for the alkali-metal
complexes of PPP (-2.4 to -2.7 meV).

This work was supported in part by the United States Depart-
ment of Energy (Office of Basic Energy Sciences). This is DOE
Document QR0-4062-90. We thank Rita Hogan for the analytical work.
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