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Charge Storage on a Conducting Polymer in Solution
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ABSTRACT: Magnetic and optical studies of poly(3-hexylthienylene) (P3HT), doped in solution with NO*PFg"
in both chloroform and in the more polar solvent methylene chloride (CH,Cl,), indicate a relatively small
difference in the energy of polarons versus that of bipolarons and imply that the weak effective electron-electron
Coulomb repulsion can be controlled by varying the solvent and/or the polymer concentration. As a result,
we have observed unambiguous magnetic and optical signatures characteristic of polarons in PSHT in CH,Cl,
at the lowest doping levels. The relative fraction of polarons and bipolarons has been analyzed in the context
of various proposed statistical models. A theoretical model is developed to include the effect (in such solutions)
of ionic screening on the effective Coulomb interaction. This model is tested by adding salt to a dilute solution

of doped polymer.

I. Introduction

In a nondegenerate ground state conjugated polymer
such as polythiophene or its soluble alkyl derivates (Figure
1a), the fundamental nonlinear excitations and the dom-
inant charge storage configurations are polarons and bi-
polarons.} The relative stability of these species depends
on the relative strength of the electron—phonon and elec-
tron-electron interactions in the polymer. The doubly
charged bipolaron is a bound state (resulting from the
electron—-phonon interaction) between two polarons.
However, the repulsive Coulomb interaction favors the
existence of two separated polarons. Hence, the energy
of creation of two polarons may be comparable to that of
a bipolaron.

In Figure 1b,c, we show the band diagrams with gap
states and allowed optical transitions appropriate for a
self-localized bipolaron and polaron, respectively.l:34
Clearly, the two have distinguishing optical and magnetic
signatures. A bipolaron with its two empty states in the
gap carries a double-positive charge and is spinless. Two
broad electronic transitions from the valence band to the
gap states are expected with energies less than the inter-
band transition. On the other hand, a polaron has one
unpaired electron in its lower gap state, and hence, along
with one positive charge, it has spin one-half. From Figure
1lc, a polaron should display an additional subgap tran-
sition between two localized energy levels.

From these magnetic and spectroscopic signatures,
studies of polythiophene and the poly(3-alkylthiophenes)
have provided evidence that upon dopingl® or photoex-
citation’ charge is stored in spinless bipolarons. These

tDepartment of Physics.

tCurrent address: Bell Communications Research, Red Bank, NJ
07701-7020.

$ Permanent address: Central Research Laboratories, Matsushita
Electric Industrial Co., Ltd., Moriguchi, Osaka 570, Japan.

+ Department of Physics and Engineering Materials Department.

I Engineering Materials Department.

0024-9297/89/2222-2917$01.50/0

results were obtained from measurements on the polymer
in the form of solid-state films and powders and on the
polymer in solution.®™®

There are reports by various groups,!® however, that
polarons are generated as well as bipolarons. This suggests
a near degeneracy in the energy of two polarons versus a
bipolaron, implying an equilibrium for the reaction

P* + P* =B

Even in the case where bipolarons have the lowest creation
energy, the entropy favors polarons so that a finite con-
centration of polarons can be expected. In this paper, we
address this question with visible-near-IR spectroscopy
and electron spin resonance data on the poly(3-hexyl-
thienylene) system.®?

The experimental results which we report here were
carried out with poly(3-hexylthienylene) (P3HT) in a
methylene chloride solution. By conducting the experi-
ments in this more polar solvent than that used in previous
work? (in chloroform), we find distinctly different behavior
for the doped polymer in solution. For example, in the
most dilute doping regime, our data indicate that charge
storage is predominantly in polarons, in marked contrast
with the low doping regime results of PSHT in chloroform.
Only at higher doping levels in methylene chloride do we
again observe the bipolaron as the dominant charge storage
configuration. This implies an important solvent depen-
dence to the polaron-bipolaron equilibrium described
above.

By performing the experiments on a doped conducting
polymer while it is in solution, it becomes possible to ex-
plore the effect of counterion screening on the interactions
in the polymer. The effective on-chain Coulomb interac-
tion between two polarons, although always repulsive, is
strongly dependent on the extent to which the “bare”
positive charge of the polaron is screened. To first order,
this is determined by the proximity of its counterion.
Second-order effects include the direct screening of the
polarons by the solvent itself. This can be considered weak

© 1989 American Chemical Society
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Figure 1. (a) Chemical structure of poly(3-hexylthienylene)
(P3HT). (b) Band diagram showing the gap states and allowed
transitions for a self-localized bipolaron. (c) Band diagram

showing the gap states and allowed transitions for a self-localized
polaron.
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Figure 2. Schematic drawing of counterion screening of charged
states on a conducting polymer in solution.

since even our “polar” solvent, methylene chloride, is only
weakly polar (compared, for example, to water).

Illustrated in Figure 2 are two possible limits. If, as in
a nonpolar solvent, the counterions are closely bound to
the polarons on a chain, the net polaron—polaron inter-
action due to the electron—phonon interaction can be at-
tractive. In a more ionic environment, such as a polar
solvent, the counterions are more loosely bound to the
chains. With a larger separation between charges in the
m-system and counterion, the net polaron—polaron inter-
action becomes more repulsive. To some extent, then, it
is possible to control the relative energies of the doubly
charged bipolaron in comparison to two singly charged
polarons. In this study of P3HT in solution, the strength
of the counterion screening has been altered by varying
the solvent, the polymer concentration, or the salt con-
centration of a conducting polymer solution.

II. Experimental Section

Details of the preparation and characterization of the polymer
can be found elsewhere.®? The soluble P3ATSs have a relatively
high molecular weight (=300 monomer units) and high purity.
Infrared studies have characterized these materials as 2,5-linked
linear polythienylene chains. Solutions were prepared by dis-
solving P3HT in methylene chloride; all samples were prepared
under a dry nitrogen atmosphere. The dopant (NOPFg) was
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purified by sublimation at ca. 125 °C under a reduced pressure
of ~2 X 107 Torr and then dissolved in acetonitrile. Both the
dichloromethane and acetonitrile were dried and distilled over
phosphorus pentoxide under dry nitrogen. Doped polymer so-
lutions were prepared by adding the appropriate amount of the
dopant solution (4 mg of NOPFg in 1 mL of acetonitrile) to
previously prepared dichloromethane solutions of PSHT. The
quoted y values are nominal and assume that the doping reaction
has gone to completion with each NO* ion, yielding a transfer
of one electron from a P3HT macromolecule. In chloroform, the
doping of P3HT was strongly dependent on the polymer con-
centration and, consequently, all samples were doped at high
polymer concentrations where the doping was more efficient and
then diluted.®® The doping of the dichloromethane solution was
efficient and exhibited only a very weak polymer concentration
dependence.

Volumetrically accurate amounts of solutions were sealed in
optical cells or in ESR tubes to ensure against loss of volatile
solvents during the measurements. Although we observed no
obvious signs of degradation or instability, all of our studies
routinely utilized freshly prepared samples. The solutions of both
the neutral polymer and the doped polymer were clear and stable
over long times with no indication of cloudiness, aggregation, or
precipitation. For example, doped CH,Cl, solutions were ex-
traordinarily stable for periods of more than a month. Therefore,
P3HT exists as a macromolecular chain in solution both when
neutral and when partially oxidized by doping. Quasi-elastic light
scattering from neutral polymer solutions yields a hydrodynamic
diameter of ~300 A.! Since the mean molecular weight® corre-
sponds to approximately 300 monomer units, this implies the
polymer is a wormlike chain in solution. The dilute regime (mean
separation between chains is greater than the hydrodynamic
diameter) is therefore restricted to polymer concentrations of ¢
< ¢ = 1 mg/mlL, or approximately 6 X 10 M. For ¢ 2 co,
interchain interactions become important. Doping experiments
were carried out at a polymer concentration of about ¢, the best
compromise for high signal intensity without significant interchain
interactions.

Magnetic resonance measurements were performed on an IBM
Instruments Bruker 200D electron spin resonance spectrometer
interfaced with an Apple Ile computer for data acquisition and
analysis. The visible-IR absorption spectrum was obtained with
a McPherson EU700 monochromator and either a photomultiplier
or an IR Industries Si/PbS two-color detector using standard light
chopping and lock-in amplifier techniques. The monochromator
grating drive and detector electrons were interfaced to an IBM
PCXT which collected and stored the data. In order to obtain
the optical density of P3HT alone, the optical spectrum of the
pure solvent was subtracted from the spectrum of the polymer
solution.

II1. Data

II1.A. Electron Spin Resonance Measurements.
Previous studies®® of P3HT in a chloroform solution in-
dicate a strong dependence of the magnetic susceptibility
on the polymer concentration. In a methylene chloride
solution, on the other hand, the susceptibility is inde-
pendent of the polymer concentration. In “nonpolar”
chloroform (dielectric constant = 4.73), ionic screening
caused by neighboring polymer chains becomes important
at concentrations near or greater than the overlap con-
centration cg; in effect, the medium becomes more polar
due to the dissolved polyelectrolyte and anions. As dis-
cussed above, a polar solvent will lead to a counterion
separation and thereby to a shift in the equilibrium toward
a greater fraction of polarons. With a more polar solvent
such as methylene chloride (dielectric constant = 9.73),
an increase in polymer concentration would be expected
to have a small effect on the ionic strength of the doped
polymer solution.

Figure 3 shows the dependence of the magnetic sus-
ceptibility on the nominal doping level v at a fixed polymer
concentration of ¢ = ¢y in methylene chloride. In the
pristine polymer, a susceptibility corresponding to one spin
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Figure 3. Magnetic susceptibility versus dopant level at a fixed
polymer concentration ¢ = ¢, in dichloromethane. The solid line
is the best fit given by the bead model with n = 582 (A = 0.16
eV) and p = 2.94. Inset: The initial behavior is reproduced with
n = 400 (A = 0.15 eV).
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Figure 4. Ratio of spins to charge versus dopant level at a fixed
polymer concentration ¢ = ¢, in dichloromethane. The number
of spins in the figure is the number of additional spins upon
doping; i.e., the background (pristine) signal has been subtracted
away. Inset: Temperature dependence of PSHT in CH,Cl, with
¢c=cpand y = 0.3%.

per 1000 rings is understood to originate from defects on
the polymer chains. The susceptibility initially increases
rapidly with dopant concentration, but saturates at one
spin per 60 rings.

The strong dependence of the number of spins per
charge on the amount of charge injected can be more
dramatically displayed by plotting the ratio of spins per
charge as a function of doping level, as in Figure 4. In
this figure, we include only the number of additional spins
in the solution; i.e., the background (pristine) signal has
been subtracted away. Because of the fundamentally
different spin/charge relationships exhibited by polarons
versus bipolarons, the spin-to-charge ratio plotted in this
curve can be thought of as a direct indication of the relative
fraction of polarons in the material (the remainder of the
charge being stored in bipolarons). In this context, note
that at the highest doping levels, one spin is present for
approximately 20 charges deposited on the polymer chains,
strongly indicating that bipolarons are the dominant
charge storage state in this regime. At low doping levels,
however, this is clearly not the case. At the lowest doping
level, the ratio approaches the value of 1.0, indicating that
charge is stored in the self-localized states associated with
polarons. This is consistent with the predictions of various
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Figure 5. Optical absorption spectra of PSHT in CH,Cl, at ¢
= ¢, at various doping levels: y = 0%, 0.3%, 1.0%, 3.0%, and
20%. The residual structure in the spectrum labeled as 0%
indicates the presence of residual dopant (<0.1%) remaining from
the original electrochemical synthesis.

statistical calculations which show that although the bi-
polaron is energetically favored, entropy favors the polaron,
particularly at the most dilute concentrations. In the low-y
regime, the temperature dependence of the magnetic
susceptibility in the range 20-300 K is shown in Figure 4
(inset). The magnetic susceptibility of the solution, frozen
throughout most of the measurement, exhibits a Curie law
characteristic of a localized paramagnetic spin.

IT1.B. Spectroscopic Measurements. Most of the
optical work was completed by using a polymer concen-
tration of ¢ =~ ¢, The spectra at various doping levels were
also measured at lower concentrations; no significant
changes in the absorption spectrum were observed. Figure
5 shows spectra obtained at different doping levels (y). For
the neutral polymer, the interband transition is seen to
have a threshold at approximately 2.2-2.3 eV. Upon
doping at dilute levels (y < 1%), we note considerable fine
structure; one observes a defined peak at Aw = 2.05 eV and
broad but discernible peaks at the energies of 1.2, 1.6, and
2.2 eV along with the trailing edge of an infrared feature.
Using Fourier transform infrared interferometry, we have
found a broad absorption band at about 0.4-0.5 eV (al-
though the FTIR results are complicated by strong solvent
absorption lines in this spectral region). As the doping
level is increased, the subgap absorptions grow at the ex-
pense of the interband transition. These features broaden
and overlap such that at high doping levels (y =~ 0.20) there
is a broad peak at 1.5 eV accompanied by the rising edge
of a second absorption in the infrared, peaked at approx-
imately 0.6 eV (as inferred from FTIR studies). Consistent
with the sum rule, all the oscillator strength associated with
the interband transition has been shifted to two broad
peaks below the gap.

The higher dopant level data are consistent with pre-
viously reported optical spectra of heavily doped poly-
thiophenes and their derivatives.®® Aty = 20%, we see
oscillator strength as shifted away from the higher energy
(2.05 eV and interband) transitions into the two lower
energy gap states. These correspond to the possible ab-
sorptions for a bipolaron shown in Figure 1b and suggest
that at high doping levels charge is predominantly stored
in bipolarons. This is fully consistent with the magnetic
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Figure 6. Final states of optical transitions expected for a
positive, singly charged polaron state.

resonance results which indicate that at y =~ 0.2, only ap-
proximately 5% of the charge is stored in polarons with
the remainder in spinless bipolarons.

It is possible to estimate the strength of the Coulomb
interaction in this high doping regime by substituting these
values in the relation®7"?

haw, + hwy = E, - 2(Ug ~ Eg) (1)

where 2Up is the difference in Coulomb energy between
a singly and a doubly charged state and 2Ep is the binding
energy of the counterion. Because of the counterion term,
it is impossible to calculate the strength of the diagonal
Coulomb integrals directly. From the data of Figure 5, we
estimate Ug ~ Eg ~ 0.1 eV, suggesting that Coulomb en-
ergies on a polymer are roughly comparable to the energy
of interaction of the self-localized charges states on the
polymer with their associated counterions.

The gap states (see Figure 1b) associated with the bi-
polarons are located at approximately 0.6 and 1.5 eV above
the valence band. This is in relatively close agreement with
the values (0.34 and 1.67 eV) obtained by Bredas et al.1?
using a generalized SSH model?® (tight binding band
structure plus o-compressibility). The relatively small
shifts between experiment and theory are consistent with
relatively weak electron-electron Coulomb interactions,
even for P3HT in dilute solution.

At the lowest doing levels (below 1%) the magnetic data
summarized in the previous section indicate that charge
is stored predominantly in the form of self-localized
charged polarons. Thus, the complex spectrum evident
in Figure 5 at these doping levels must be understood in
the context of polarons. Based on the energy level
structure of Figure 1c, one would expect no more than
three transitions. Figure 6 shows (in more detail) the
optical transitions expected for a positive, singly charged
polaron state.! There are in addition to the interband
transition hw, = E, (where E, is the band gap) four
transitions which either add an electron or hole to the
polaronic state. The energy levels depicted in Figure 1 and
6 represent single-particle eigenenergies and, as such, do
not include any effects due to Coulomb repulsion. In the
absence of Coulomb interactions, and given electron-hole
symmetry, it is cbvious that

Wo = Wy (2)
and
wy + w3 T wy (3)

Including on-site and nearest-neighbor Coulomb interac-
tions in an extended Hubbard model,!® one finds that
transition 1 is not shifted. Transitions 2a and 2b have final
states which are identical except for spin considerations;
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two electrons localized on the polaron may, in general, form
either a triplet or singlet two-particle state. Therefore, we
expect the transition energy, Aw,, to be split into a doublet
when Coulomb energies are important. Transition 3 be-
tween localized levels in the gap (with no change in the
charge on the polaron) is unaffected by the Coulomb in-
teraction. Transition 4 exhibits a double-charged final
state in which the Coulomb repulsion characteristic of a
bipolaron will be important.

Although it is tempting to assign the multiple peaks for
dilute concentrations in Figure 5 to the many allowed
transitions sketched in Figure 6, the excellent agreement
of the bipolaron spectrum with that predicted by Figure
1b implies that the electron—electron Coulomb interactions
are weak and hence that the splittings alluded to above
are small. Therefore we use the results calculated!? for
polarons in the absence of Coulomb repulsion as a guide.
For weak electron—electron interactions, Bredas et al.l?
predict three peaks in polythiophene; at 0.5, 1.1, and 1.6
eV. These correspond nicely to the spectral features ob-
served in Figure 5 (at low doping): a peak below 0.5 eV
and two peaks at ~1.2 and ~ 1.8 eV, respectively.

With these assignments (based upon theory and con-
sistency with the bipolaron spectra at higher doping levels),
the relatively sharp peak at 2.05 eV and the weaker feature
at ~2.2 eV are unexplained. A similar weak feature was
observed in spectroscopic studies of doped P3HT in
chloroform.’® As noted in earlier studies,” there is a blue
shift of the w—=* transition for P3HT in solution as com-
pared with either films or macromolecular aggregates. The
straight-chain conformation characteristic of the solid state
has a 7—7* transition that onsets at ~1.9 eV, whereas in
dilute solution, the onset is at ~2.2 eV. Moreover, ex-
perimental evidence and calculations (in the context of the
conformon model'¥) imply that the straight-chain con-
formation is restored in the vicinity of a polaron or bipo-
laron.® Since the persistence length is expected to be quite
long,'16 at dilute concentrations such straight sections may
well extend beyond the region of the polaron distortion.
Thus the structure at Aw near 2.0-2.2 eV may arise from
interband contributions from these locally straight-chain
regions, rather than from gap states associated with the
self-localized polarons.

IV. Analysis of the Magnetic and Spectroscopic
Data: The Statistics of Polarons and Bipolarons

As noted in the Introduction, the competition of the
indirect attraction between two polarons via the self-con-
sistent structural distortion and their Coulomb repulsion
leads to a near degeneracy in the energy of two polarons
versus that of a bipolaron, implying an equilibrium in the
reaction

Pt + Pt = B2+

Even in the case where bipolarons have the lowest creation
energy, the entropy favors polarons (there are more sta-
tistically independent configurations for two polarons each
with two possible spin degrees of freedom than for a single
spinless bipolaron), so that a finite concentration of po-
larons can be expected, particularly at low doping con-
centrations and at relatively high polymer concentrations.
In this section we explore the statistics of a system of
polarons and bipolarons by analyzing two simple models
with the goal of obtaining the free energy and, thereby,
the concentrations of the two species as a function of the
doping level. We examine the different models, each
successful to some degree, in order to gain insight into the
important features that determine the equilibrium between
polarons and bipolarons.
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IV.A. The Bead Model. Let us first consider a simple
model of the statistical mechanics of polarons and bipo-
larons on a chain.'” The configurational entropy of placing
P polarons and B bipolarons on a polythiophene chain is
an important component of the free energy. Given a chain
of N sites, it is possible to derive an expression for the total
number of configurations in the continuum limit (1 « B,
P < N) by considering the polarons and bipolarons to be
solid beads on a ring (periodic boundary conditions). The
number of configurations for P beads of length pa and for
B beads of length ba on a ring of circumference Na (where
a is the lattice spacing) is the sum (or integral) of the
possible configurations of each of the beads, i.e.

dx; dxpep

Q= )T T,
g e

(4)

where x; is the position of the ith bead. As will become
evident, one need not distinguish between polarons and
bipolarons at this stage of the calculation. The first bead
(a polaron in this case) can be placed from the origin, 0,
to the end of the second bead x, (less one polaronic bead
length pa). Then

3-pa % _(x2-pa U )
0 a a '

If the next bead is a bipolaron, then

(xa - pa - ba )2

%8y, - pa dx, a 6

a a 2! ©)
pa

and so on

x5 — pa — ba \? x4, - 2pa - ba \®
R ™
patba 2! a 3!

etc. Hence, the final integral has the following form
Q=

xpsp — Bba + (P - )pa \B*FV dxp,p
Ng-Pa a

f :
Bba+(P-1)pa

which yields

(B+P-1)!
®

o (N - Bb — Pp)#+B

1 (P + B)!
This is the number of configurations for P polarons and
B bipolarons on a ring of N sites but for only one distin-
guishable sequence, for example, BBPPBPPP ... etc. To

account for all the distinguishable ways to put P polarons
and B bipolarons on a ring, a multiplicative factor must

be introduced:
P+ B
Q= 91( 2 ) (10)

9

which yields
(N-B- pp)(P+B)
- B!P!

This is the total number of configurations for P polarons

(11)
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and B bipolarons on a ring of N sites.

Now it is possible to calculate the free energy for P
polarons and B bipolarons on a ring corresponding to a
polythiophene chain. Denote by E, the energetic cost of
adding a polaron to a chain of polythiophene rings, cor-
responding to the oxidation reaction

PTC — P* + ¢ (12)

Similarly let Eg denote the energetic cost of adding a
bipolaron to the system, corresponding to the reaction

PT® — B? + 2¢” (13)

Given these definitions, the Helmhoitz free energy of a
system containing P polarons and B bipolarons is

F=PE,+ BEg-kTIn Q-kRTPIn 2 (14)

The last term is due to the spin degree of freedom of the
polarons. This free energy determines the equilibrium
chemical potentials up and ug for polarons and bipolarons,
respectively. Making use of Stirling’s approximation for
In (x!), straightforward differentiation yields

up = (8F/3P) ~ Ep - kT In (N - Pp - Bb) +

LT(P + B)p
m + RTInP-kTIn2 (15)
and
up = (OF/3B)p ~ Eg - kT In (N - Pp - Bb) +
f—T—(I—J'-'-—B)b + kT ln B (16)
N-Pp+ Bb

According to the theory of chemical equilibrium, ug = 2up.
Hence, a second equation of up can be obtained by writing

Mp = HUB — MP
ie.
kET(B + P)(b - p) 2B
/..Lp—(EB-Ep)+ N+Pp—Bb + kT In 'F

17

An expression for the system’s equilibrium polaron con-
centration as a function of temperature and the amount
of injected charge can now be derived by combining the
two equations for u, and using the law of charge conser-
vation @ = P + 2B. With A defined as the difference in
energy between polarons and bipolarons

A= 2Ep - EB (18)
the combined equations yield the relation

4B(N - Pp - Bb) ] 4 ET(B + P)(2p - b)

p2 N-Pp-Bb
(19)

len[

The last term in this equation is negligible in the low-
density limit where the concentration of injected charges
is still dilute. Defining the variable

= eb/kT

our expression becomes
_ 4B(N - Pp — Bb)
= 2

With the relation B = (@ + P)/2, this yields a quadratic
equation for the polaron concentration P. If we assume

U] (20)
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Figure 7. Series of plots of the polaron concentration P as a
function of the injected charge Q for different values of the pa-
rameter 7 in the bead model. Beginning with the lowest curve:
n = 592, 220, 80, 29.6, 10.8, 4.0, 1.48, 0.56, 0.20, and 0.072.

2p = b (see ref 18 and the discussion in the following
paragraphs), this equation is greatly simplified to

P = %[[(@p - 1)2+27Q(1 - @P)]'* + (@p - 1] (21)

where # = P/N and @ = Q/N.

Figure 7 shows a series of plots of the calculated polaron
concentration as a function of the injected charge @ for
different values of the parameter ». For any positive value
of the parameter A (bipolaron formation energetically fa-
vorable over two polarons), this curve exhibits a maximum
whose height and position depend on the magnitude of A
and the temperature. This demonstrates the essential
point that the extra entropy of two polarons over a single
bipolaron always permits a nonzero concentration of po-
larons. As bipolaron formation becomes increasingly fa-
vorable (A becomes arbitrarily large), the maximum po-
laron concentration becomes very small. All curves exhibit
an initial linear regime that quickly yields a square root
behavior, which, as will be shown, dominates the inter-
mediate doping regime in our data. At sufficiently high
doping levels, the polaron concentration saturates and
eventually begins to decline. Finally, if bipolarons are not
energetically favored over polarons (A zero or negative),
the polaron concentration linearly increases as a function
of the injected charge for all practical doping levels, i.e.,
those below the half-filled case.

Included in Figure 3 is a plot of the calculated polaron
concentration as a function of the injected charge & in
direct comparison with the experimental data. A best fit
of the data suggests that the polaron width is approxi-
mately three thiophene rings (having fixed the bipolaron
width to be approximately twice the polaron width) and
vields A ~ 0.16 eV i.e., bipolarons are indeed energetically
favored over polarons. The statistics of the model ignore
any interaction between polarons and bipolarons (e.g.,
polaron~bipolaron Coulomb repulsion) except for recom-
bination. The plateau in the magnetic susceptibility versus
doping level above 10% may imply such an interspecies
interaction. An excellent fit for the data below 10% may
be obtained (Figure 3, Inset), yielding approximately the
same A of 0.15 eV.

Hartree—Fock semiempirical optimizations'® of the ge-
ometry of polarons and bipolarons on a polythiophene
chain indicate defect widths of about four rings for the
polaron and six rings for the bipolaron, in good agreement
with our estimates.
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The essential difference between the bead model and
a previously proposed box model!? is the enumeration of
the total number of possible configurations of polarons and
bipolarons. In a box model, a polymer chain is broken into
a collection of boxes into which one can place the charge
storage species. In the bead model, a charged species is
allowed to move all over the chain in a continuous fashion,
subject only to the restriction that it not pass through other
“beads” on the chain. The failure to account for this
“positional” entropy may be responsible for a poorer fit
of the data with a box model. Nevertheless, both models
vield bipolarons as the lowest energy charge storage con-
figuration. It is apparent, however, that the bead model
more accurately reflects the entropic contribution to the
free energy in the real system. Simple Hiickel calcula-
tions!? (including a o-compressibility term) have been
carried out for the energetics of polarons and bipolarons
in polythiophene. The results indicate that a bipolaron
is favored over two polarons by 0.26 eV. On the basis of
the value A =~ 0.15-0.16 eV, obtained from analysis of the
experimental results, we conclude that the electron-elec-
tron interactions (which are not explicitly included in the
Hiickel calculations and which favor singly charged po-
larons with respect to doubly charged bipolarons) reduce
the energy difference by about 0.1 eV.

It is also possible to understand the initial behavior of
the magnetic susceptibility in terms of the conformon
model.* Simply by studying the competition between the
w-electron delocalization energy and chain conformation
entropy of a conjugated polymer in solution, it is predicted
that locally rigid regions containing one or more w-electrons
are stable. Given a chain of N repeat units and an electron
density of ¢ on a chain, the number of conformons P is

P ~ N(gc)!/2 (22)

where ¢ is the statistical weight for creating a conformon,

Naively assuming half of the total number of
“conformons” has an odd number of electrons and conse-
quently exhibits a spin, one finds a susceptibility that
depends on the concentration of electrons ¢ (corresponding
to charge injected) as c¢/2, This square root dependence
is characteristic of bimolecular kinetics were linear ag-
gregates can form from smaller species and is inherent in
both the bead and box models at low doping levels (see
eq 21).

IV.B. The Attractive Hubbard Model. One can
reproduce the functional dependence of the polaron con-
centration on the doping level with a simple Hubbard
model'®? (in the atomic limit) with an attractive on-site
interaction U for two electrons. We calculate both the
equilibrium polaron population and the concentration of
electrons by varying the chemical potential. Whereas the
bead model calculations was done with the canonical en-
semble, in this calculation we use the formalism of the
grand canonical ensemble.

Consider a one-dimensional lattice of N sites filled with
n electrons and a Hamiltonian:

H = Z[en,- - Un”n,-l] (23)

where ¢ is the energy of an electrons on a site, n; is the
number of electrons on site i, and U is the magnitude of
the attractive on-site interaction between electrons with
spin up (}) and electrons with spin down (}). We define
the site energy of an empty site as zero. The hopping term
t is set to zero in the localized “molecular” limit.

By simply calculating the grand partition function and
the appropriate derivatives, one can derive expressions for
the average number of unpaired electrons (polarons) and
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for the average filling (@, the amount of charge injected).
Let p’ denote the chemical potential with 8 = 1/kT, then

z = Tr e BHwWN) = | 4 207Blw) 4 g B2U-2)  (94)

Redefining the chemical potential as u = u’ - ¢, the ex-
pression reduces to

z =1+ 2¢f + PU (25)

The doping level y is then calculated as the average num-
ber of electrons in the system divided by the total number
of sites, N:

1
(M-—Eazy (26)

and y = (n)/N. Denoting B as the number of paired
elecrons, i.e., those electrons in any doubly occupied sites

1 9z U+
28 U Tz
In this picture, the spinless, paired electrons bound to each
other on one site can be thought of as the equivalent of

bipolarons. It is then possible, by charge conservation, to
calculate the number of singly occupied sites P:

P=(n)-2B = 2e%/2 (28)

A singly occupied site with its unpaired electron can be
identified as the equivalent of a polaron. In other words,
a singly occupied site would exhibit a magnetic suscepti-
bility.

It is possible to rewrite eq 28 in a form reminiscent of
the square root dependence of the polaron concentration
on the amount of charge injected found in the previous
models. Let us define

Au,U) = zefY /2 (29)

Charge conservation then yields the following quadratic
equation:

(27

Q=P+2B=P+ AP? (30)
with the solution
-1+ (1 + 44y)'/?
p= ( ¥)
24

Note that in the very small y limit, the polaron concen-
tration P =~ y; i.e., the initial doping regime is linear. Only
when the doping level becomes sufficiently large does a
crossover to square root behavior occur. In Figure 8, we
see numerically generated curves of P versus y for an at-
tractive on-site interaction U of 0.20 and 0.21 eV. Note
this curve is symmetric and reaches a maximum about
(n)/N =y =1, as expected. For this concentration, we
must have p = -U/2. Plotted alongside is the magnetic
susceptibility versus doping level data of Figure 3. The
observed magnitude of the maximum of P fixes A in the
half-filled case to a value consistent with that derived from
eq 29. The abcissa is multiplied by a factor of 6 in the
experimental data in order to match the theoretically
generated curves above. In this way, we identify one site
with the approximate physical extent of a bipolaron, i.e.,
six rings.

The favorable fit suggests that, in this simplified picture,
an attractive pairing interaction between electrons (or
holes) and localization over approximately six thiophene
rings are all that are necessary to interpret the data. This
model predicts that bipolarons are favored over polarons
by =0.2 eV, comparable to the more rigorously derived
results presented above. This conclusion is consistent with
previous work on polythiophene systems in the solid
state,>7 where bipolarons are also found to be favored.

(31)
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Figure 8. Magnetic susceptibility data of Figure 3 is plotted along
with curves generated by a simple Hubbard model with only an
on-gite attractive interaction of U = 0.20 and 0.21 eV. The
ordinate is the number of unpaired electrons per site and the
abcissa is the average number of electrons per site. The exper-
imental data are plotted as if one site is equivalent to six PSHT
rings.

V. Discussion

V.A. The Role of Ionic Screening. In previous work
on P3HT in solution in chloroform,® it was concluded that
bipolarons (rather than polarons) were the most energet-
ically favored charge storage configuration. This was based
on the following understanding® of the strong polymer
concentration dependence at a fixed doping level (see
Figure 10). At low polymer concentrations (¢ << ¢g; i.e.
essentially no polymer—polymer interaction), the number
of spins per charge drops to a negligible value (statistically
half of the polymer chains have an odd number of charges
and thus are forced to support a polaron; hence ~1 polaron
per 600 thiophene rings is a minimum). This implies that
the energetics of an isolated doped polymer chain in
chloroform solution favors the spinless bipolarons. At high
polymer concentrations (¢ = ¢,), bipolarons are still dom-
inant, four out of five charges are still in bipolarons, al-
though the equilibrium is slightly shifted toward polarons.
As discussed in section III.A, an increased concentration
of doped polymer leads to a more ionic medium where
counterions are less strongly bound to the charged poly-
cation. When ionic separation occurs (to a polyelectrolyte),
the effective Coulomb repulsion between charges in a
bipolaron is increased. Taken to the extreme, this ionic
self-screening of the doped polymer can lead to a desta-
bilization of the bipolaron with respect to two polarons.
Evidently, the energy difference between polarons and
bipolarons does change with polymer concentration. Al-
though bipolarons remain the dominant charge-storage
state even at ¢ > ¢, the increase in effective Coulomb
interaction must be sufficiently large to account for the
observed rise in the polaron population.

A possible test of these ideas was to redo these exper-
iments in a more polar solvent such as methylene chloride
(the principal subject of this paper). One would expect,
in this case, that the solvent would more strongly solvate
any charged states on the polymer chains and, hence, any
effect neighboring doped chains might have would be
minimized. Indeed, there is no polymer concentration
dependence exhibited in either the magnetic or optical data
of the methylene chloride solutions at a fixed doping level.
The doping data are also in agreement. The spin-to-charge
ratio indicates that charge is predominantly stored in
polarons at low doping levels. Evidently, the on-chain
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Figure 9. Magnetic susceptibility versus concentration of added
salt solution of tetrabutylammonium perchlorate at a fixed
polymer concentration, ¢ = 0.1¢,, and fixed dopant level, y = 2%,
in chloroform. A 0.1 M salt concentration is equivalent to a volume
fraction of 2 X 1078 on the abcissa. The ordinate is the spin to
charge ration f,/f.

Coulomb repulsion term has been sufficiently raised (by
removal/screening of the counterions) that (A/RT) is
smaller for P3HT in methylene chloride than in chloro-
form. Statistical considerations (entropy) can then cause
a shift of the equilibrium toward polaron formation at low
doping levels and at room temperature. Only at higher
doping levels does one see a majority of bipolarons, in
agreement with the results of the statistical models de-
veloped in the previous section. This competition of en-
tropy and energy is not important for experiments carried
out at low temperatures. For experiments at the moder-
ately low temperature of 100 K, for example, (A/kT) will
be three times larger than at room temperature, leading
to a larger # by a factor of 10° and a polaron population
at least a factor of 100 less. Consequently, entropic con-
siderations are not expected to play a role in low-tem-
perature measurements, such as in the photoinduced
studies of polythiophene,” where they are too weak to effect
the energetically favored bipolaron population.

A classic test of ideals such as (doped) polymer—polymer
ionic screening leading to polyelectrolyte behavior is to
prepare the system in its nonpolar, noninteracting (dilute
polymer concentration) state and to introduce a completely
different ionic species to see if the screening effect still
exists. This was precisely done in a series of experiments
by adding salt (tetrabutylammonium perchlorate) to a
P3HT solution in chloroform at low polymer concentration
(¢ = 0.1cy) and at a low doping level (y = 2%). Without
salt, one observes few spins (spin/charge = 1/80) so that
most of the charge is stored in bipolarons. As one adds
more and more tetrabutylammonium perchlorate to the
solution, the spin signal grows dramatically. At higher salt
concentrations, the spin to charge ratio has increased to
1/8 (Figure 9), indicating a controlled increase in the
number of polarons by an order to magnitude! We con-
clude that ionic self-screening is a useful concept in un-
derstanding the magnetic and optical properties of doped
conducting polymers in solution and consider this in more
detail in the following section.

V.B. The Hubbard Lattice Gas Model. In an effort
to understand in greater detail how ionic screening can lead
to behavior such as observed in Figure 9, we have studied
a Hubbard lattice gas model.1%2° Given a lattice of L sites,
v chains, N monomers per chain, and n dopants (and,
hence, counterions) per chain, one can write as dimen-
sionless volume fraction the concentration of monomers
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as ¢ = Ny/L and the concentration of dopants as ¢g =
nv/L. The solution has a characteristic Debye screening
length, «, where «? is proportional to the concentration of
counterions plus the concentration of salt: 2 = (con-
stant)(cgy + cq). Let ¢kT be the binding energy of a
counterion to its coion:

€= eoe"““ (32)

where Debye screening is assumed to be operative on the
binding between counterion and coion. Let UkT be the
binding energy of two neutral polarons to form a bipolaron.
In this nomenclature, a neutral polaron is a polaron with
its bound counterion. Therefore, the number of neutral
polarons is the number of associated counterions, while the
number of charged polarons is the number of dissociated
counterions. Charged bipolarons (i.e., with one or more
counterions missing) are excluded on energetic grounds.

To calculate the statistical properties of this system, one
needs to write down the partition functions for the polymer
and solvent. Given L — Nv solvent sites and a counterion
chemical potential of u, the solvent site partition function
is

z,=l+ee=1+2, (33)

where x, is a shorthand notation and 3 is set equal to one
for convenience. The grand partition function is then Z,
= z,L"M Likewise, given the polaron chemical potential,
up, and examining the possible states of a polymer site
(empty, charged polaron, neutral polaron, or neutral bi-
polaron), we can write

z, =1+ et + etrtice + eHiptucd-U =
1+ x, + 2% + x, 2%y (34)

where we define x, = exp(u,). The ionic screening de-
pendence is contained in the quantity ¢ = e, £./t = exp(g,),
and y = eV, The grand partition function of the polymer
is Z, = 2,™ and for the entire system Z = Z,Z,.

Tfle total number of dopants is the total number of
counterions, i.e., the number of bound counterions plus the
number of dissociated counterions. The counterion
chemical potential allows us to write this statement as

P 1 azs
cg=——c+(1-¢)— — (35)
¢ 2p TR 2y Ope
where we have divided the number of species by L to get
concentrations. Similarly, the polaron chemical potential

allows us to write another expression for cy:
1 9z
= —¢ (36)

Cq =
2, Ay

Furthermore, if one calculates the concentration of bipo-

larons
1 9z
Cp = z_p 30° 37

then charge conservation leads to the concentration of
polarons

cp = cq — 20y (38)

Carrying out the calculation, eq 35 yields

X%, + 2x,%% 2y X,
=— o+ (1-
cq - c+ (1 c)1 .y (39)
and
¢ x, + %%, + 2x,%% 2y

fe—m (40)

c 2p
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Note that f is in fact the doping level of the polymer.
Combining eq 39 and 40 yields the simple expression
c zP X¢

= — 41
l-¢ x, 1+x, (41)

which together with eq 34 and 40 allows us to derive the
appropriate ranges for the critical parameters y (or U} and
% (or t, which contains the Debye length).

An expression for the polaron concentration as a func-
tion of salt or polymer concentration can be derived from
eq 34, 37, and 38, yielding

fs = f_ 2xp2£c2y/zp (42)

where f, = c,/c, or the number of polarons per monomer
unit. To write this expression in terms of the desired
parameters and known variables, we substitute the ex-
pression for 2z, from eq 34 into eq 40, and we solve the
quadratic equation for x, exactly. To derive the correct
limiting expression, one must be in the right ranges of the
parameters and limits of the equations, Calculation of the
nominal polymer concentration yields a dimensionless
volume fraction of ¢ ~ 105-10"%. From careful analysis
of eq 41, this implies that x, must be at least as small.
Since a reasonable regime for ¢ is 10%~10%, one can conclude
%, < 1. Given a doping level of f = 0.02 for the salt con-
centration data of Figure 9 and assuming a large y, the
quadratic equation can be reduced to

-1+ (1 + 8fyx2)Y/?
4z %y

x (43)

p

‘Making the reasonable assumption that 8fy%2? > 1, we
further simplify eq 43. In this limit, we also find x, ~ cx,,.
Finally, the expression for the spin (polaron) concentration
of eq 43 can be written only in terms of the adjustable
parameters y and ¢ (f and ¢ fixed):

1/4
fo = %2[1 + (yf’ii’t?) ] (44)

Recall y is the exponential of U, the binding energy for
a bipolaron. Likewise, t represents the binding energy of
a counterion to a polaron and contains all the salt con-
centration dependence and some monomer concentration
dependence in an exponential of an exponential. The
calculated polymer concentration is at least an order of
magnitude less than that of the salt and is hence neglected.
The solid line in Figure 9 is the best fit to eq 44 and yields
approximately 0.40 eV for both binding energies. Although
this energy is too high to be accurate, it is certainly in the
right range. If there is no salt added to the solution, the
polymer concentration dependence becomes important in
the exponential. Unfortunately, this functional form was
unable to reproduce the dramatic polymer concentration
behavior reported by Nowak et al.®® and shown in Figure
10. This suggests that the doped polymer interchain
interaction is of a more complex nature than a simple ionic
screening theory can accommodate. More work is neces-
sary to elucidate the nature of the interchain interaction
in a concentrated solution of doped conducting polymers.

VI. Conclusion

The small difference in energy of the charge storage
configurations in a doped soluble conducting polymer in
solution provides an opportunity to control the magnetic
and optical properties of the polymer. Specifically for
P3HT, to have significant numbers of polarons, it is best
to dissolve and lightly dope the polymer in more polar
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Figure 10. Number of spins per thiophene ring as a function
of doped polymer concentration (in chloroform) at a fixed dopant
level (y = 0.08). The polymer concentration is given in units of
cg, Where ¢y ~ 6 X 107 M.

solvents such as CH,Cl,. Otherwise, in less polar solvents
such as CHCl,, a small equilibrium population of polarons
can exist by having high polymer concentrations or by
simply adding salt. Nevertheless, bipolarons are the en-
ergetically more stable species and dominate the optical
and magnetic data in most cases, specifically in nonpolar
solvents or in more polar solvents with the polymer doped
to a high doping level.

From the results presented in this and earlier stud-
ies®915.16 of doped conducting polymers in solution, we
conclude that the concepts developed in studying the
one-dimensional conductors in the solid state are readily
applicable to conducting polymers in solution whether
isolated or in the semidilute regime. In solution, the
screening due to either foreign ions or to neighboring doped
polymers can enhance the effective electron—electron
Coulomb repulsion enough to allow the statistical me-
chanics of the system to favor a dominant equilibrium
population of polarons over its energetically more stable
bound state, the bipolaron.

Statistical considerations become important in under-
standing the dynamics of charge storage in P3HT in so-
lution precisely because this system allows entropy to
become important; i.e., the polymers are free to sample a
much greater configurational space in solution than in the
solid state. This is substantiated by previous experimental
results together with this work. Solid-state data have failed
to produce conclusive optical or magnetic signatures of
polarons. On the contrary, since the data are in agreement
with what is expected for bipolarons, it has been concluded
tha;t bipolarons are energetically favored. With the poly-
mer in solution, a number of possible interactions (as well
as the configurational entropy) can change the relative
energy between polarons and bipolarons. We find that
bipolarons are still the more stable species; however, the
difference in energies is sufficiently reduced to allow en-
tropy to play an important role. Hence, for the first time,
we see optical and magnetic signatures (at low doping
levels in a polar solvent) that can reasonably be assigned
to polarons.
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Graphical Method for Polymerization Kinetics. 3. Living
Polymerization with Nonequal Propagation Rate Constants
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ABSTRACT: According to Schulz et al., the propagation rate constants depend upon the degree of polym-
erization in the initial stage of the anionic polymerization of methyl methacrylate in tetrahydrofuran at -46
°C. This work deals with the non-steady-state kinetics for the living polymerizations with nonequal propagation
rate constants, using the graphical technique. Several cases have been taken into account, and expressions
for the number- and weight-average degrees of polymerization, the heterogeneity index, and the molecular
weight distribution function are derived. The relationships between the reaction conditions and the molecular
parameters of the resultant polymer have also been established.

Introduction

Terminationless polymerization was first described by
Ziegler'™® and later by Mark.* For living polymerization
with the initiation rate constant equal to the propagation
constant, Flory® has given the Poisson distribution for the
polymer formed. However, it was Szwarc®’ who actually
discovered living polymerization in 1956 on the basis of
highly convincing experiments. Two years later, Gold® took
account of the fact that the rate constant of initiation is
different from that of propagation and obtained the im-
proved Poisson distribution. It is of interest that several
authors®'2 have estimated the individual propagation rate
constants from their own experimental data. Maget!® have
studied theoretically the molecular weight distribution for
living polymerization with n reaction steps and nonequal
rate constants. However, the other important molecular
parameters, such as the number- and weight-average de-

tPart 2 cf. ref 17.
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grees of polymerization and the heterogeneity index, have
not yet been reported. Mita!4 has dealt with this problem
with the assumptions of instantaneous initiation and m
propagation steps, but little improvement has been made.
Recently, Schulz and co-workers!? have reported that the
propagation rate constants vary with the degree of po-
lymerization in the initial stage of the anionic polymeri-
zation of MMA in THF at —46 °C and compared the ex-
perimental results with numerical solutions of the related
kinetic equations. Obviously, it is necessary to treat com-
prehensively living polymerization with nonequal propa-
gation rate constants. Using the graphical method!*17 and
Laplace transformation, all the molecular parameters for
the resulting living polymer are derived in this paper.

1. General Treatment

The differential equations for the formation and dis-
appearance of the living n-mer Ny, N, ..., N,,, as well as
for the consumption of initiator Ny, are given by the fol-
lowing equations:
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