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Role of Interchain Coupling in the Metallic State of Conducting Polymers
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We investigated the charge dynamics of the conductivity enhancement from 2 to 1000 S/cm in poly(3,
4-ethylenedioxythiophene):poly(styrenesulfonate) as induced by structural changes through the addition
of a polar solvent and the following solvent bath treatment. Our results indicate that the addition of a polar
solvent selectively enhanced the 7-7 coupling of the polymer chains, resulting in the reduction of
disorder and tremendously increasing the charge carrier mobility, which yielded an insulator-to-metal

transition. In contrast, the following solvent bath treatment selectively enhanced the intergrain coupling,
which did not affect the disorder or the mobility but increased the charge carrier density. Therefore, we
demonstrate that the conduction-character defining disorder in this conducting polymer system is

determined by the extent of interchain coupling.
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The discovery of conducting polymers in 1977 created
an interdisciplinary research field between chemistry and
condensed-matter physics [1]. The electrical conduction is
known to arise from the charge carriers induced by chemi-
cal doping and the mobility of the charge carriers along
m-conjugated polymer chains [2]. However, the nature of
the charge dynamics in conducting polymers is not yet
fully understood. While the charge dynamics in conven-
tional metals is well described by the Drude model [3], in
noncrystalline conducting polymers formed by the uncon-
trolled packing of 1D polymer chains the charge carriers
are localized by disorder and are typically transferred by
phonon-assisted hopping [4]. However, with the recent
progress in the synthesis and processing of conducting
polymers, which has improved their ordering and conduc-
tivity (oy.), the charge dynamics in many of these poly-
mers deviates from the hopping model [5,6]. Therefore, the
need for a new description of the charge dynamics for
highly conducting polymers has emerged, though progress
in developing this model has been slow.

One of the main issues is that the effective length scale
of the disorder has been debated considerably, pitting
the “homogeneous model” versus the ‘“inhomogeneous
model” [6-9]. In the homogeneous model, the “interchain
coupling” among nanoscale 1D conducting polymer
chains is considered to be critical for the 3D conduction
[7-9]. In contrast, in the inhomogeneous model, the “in-
tergrain coupling” among microscale high-conducting
crystalline grains embedded in low-conducting amorphous
media is considered to be more important [5—-8]. However,
earlier studies on the nature of the charge dynamics in
conducting polymers adopted control parameters involving
external stimuli, such as pressure and/or magnetic field or
different synthesis processes, which could not selectively
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change the interchain or intergrain coupling. Therefore, the
results were ambiguous and could not be used to settle the
debate about the two conducting models [7-9].

Poly(3, 4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), in which PSS acts as both a soluble template
and a charge-balancing counterion for PEDOT, consists of
hydrophobic, conductive, PEDOT-rich grains embedded in a
hydrophilic, insulating, PSS-rich matrix and thus is a model
system for the granular conducting polymers [10]. In particu-
lar, highly conducting states of PEDOT:PSS have been in-
duced by the addition and/or the bath treatment of a polar
solvent, such as dimethyl sulfoxide (DMSO), ethylene glycol
(EG), sorbitol, or glycerol, into the PEDOT:PSS aqueous
solution, increasing the oy by 2-3 orders of magnitude
[11-13]. However, the physics behind such an impressive
04 increase has not been clearly explained [14]. Studies have
suggested that the mechanism is due to polymer chain ex-
pansions [11] or due to the phase separation between the
conducting PEDOT-rich grains and the insulating PSS [12].

In this Letter, we investigated the charge dynamics of a
500-fold conductivity enhancement in PEDOT:PSS as in-
duced by structural changes through the addition of DMSO
and the additional EG-bath treatment by measuring the
x-ray diffraction (XRD), the temperature (7)-dependent
04, and the reflectance spectra [R(w)]. Our results indi-
cate that the addition of DMSO selectively enhanced the
-7 ‘“‘interchain coupling” of the conducting PEDOTs
through the increased interchain packing, resulting in sig-
nificant enhancement in o4, from 2 to 700 S/cm at 295 K.
A significant reduction of disorder and a huge increase in
the charge carrier mobility () were induced by adding
DMSO to PEDOT:PSS, which yielded an insulator-to-
metal (/-M) transition. In contrast, the additional
EG-bath treatment selectively enhanced the ‘“‘intergrain
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coupling” by removing the PSS content in the insulating
PSS matrix. The extent of disorder and p were retained
after the bath treatment, but the charge carrier density
was increased, resulting in oy = 1000 S/cm at 295 K.
Therefore, our results unambiguously indicate that the
homogeneous model is the governing conduction mecha-
nism in this conducting polymer system.

PEDOT:PSS aqueous solutions (Clevios PH1000) were
purchased from H.C. Starck. Solutions with or without
5 wt % DMSO were drop cast on glass or Si substrates to
form PEDOT:PSS films with thicknesses of 60 um to
80 pum. For an additional solvent treatment, some of the
DMSO-treated samples were then immersed in an EG bath
for 15 h at room temperature (RT). The XRD patterns
were obtained using a Rigaku D/max-2500 diffractometer
in a conventional 6-26 geometry, with Cu-Ka radiation
(A = 1.540593 A) at 40 kV and 100 mA. The work func-
tions were measured using a KP 6500 Digital Kelvin
Probe (McAllister Technical Services. Co. Ltd.). For the
T-dependent oy, measurements over the 7 range from 5 K
to 295 K, both the four-lead and Van der Pauw methods
[15] were used in a continuous-flow He cryostat. The R(w)
spectra were measured over the spectral range of 0.01 eV to
6.1 eV at RT using a Bruker Vertex 70 FT-IR spectrometer
(0.01-1 eV) and a Perkin-Elmer Lambda 750 UV/Vis/NIR
spectrophotometer (0.5-6.1 eV). The optical conductivity
spectra [o(w)] were calculated by the Kramers-Kronig
(K-K) transformation of R(w) with proper extrapolations,
as discussed earlier [16].

Figure 1(a) shows the XRD patterns obtained from the
three different types of PEDOT:PSS samples prepared with
various solvent treatments: the PEDOT:PSS sample with-
out solvent treatment (denoted as pristine), the PEDOT:
PSS sample treated with DMSO (denoted as DMSO-P),
and the DMSO-P sample with an additional EG-bath treat-
ment (denoted as EG DMSO-P). The six distinct peaks at
26 values of approximately 3.8°, 6.7°, 10°, 13.8°, 17.7°,
and 26° correspond to lattice spacings of approximately
23,13.2,8.8, 6.4,5.0, and 3.4 A, respectively, as calculated
using Bragg’s law [17]. The long-distance (23 A) peak
observed at 3.8° can be attributed to the alternate ordering
distance of the PEDOT and PSS chains in the plane, that is,
the lamella stacking distance [d(;o0)], because the widths of
the PEDOT and PSS chains are 7.5 and 15.5 A, respec-
tively, based on their chemical structures [18]. The spacing
of 3.4 A calculated from the peak at 26° is known to be the
-7 stacking distance [d(g;p)] of the aromatic rings of
PEDOT [19]. However, the identities of the other peaks
are less clear; our presumptions about the identities of the
other peaks are as follows: the peak at 6.7° represents the
interdigitation packing distance for PSS, and the peak at
17.7° represents the -7 stacking distance for PSS.

Interestingly, there is a clear difference in the two peaks
at 3.8° and 26° of the PEDOT:PSS samples with and
without the DMSO treatment; with the DMSO treatment,
the d (o) peak shifted to a lower angle, while the d (g, peak

(@) " = Pristine
il \ —e— DMSO-P
@ —A— EG DMSO-P
c
§ Lamella stacking distance,
2 9100)
> ]
@ 7z stacking distance,
£ d
£ (010) -
0 1 1 1 1 1
5 10 15 20 25 30
26()
(b) '
Pristine z DMSO-P
50 0
21.7 A e N N 245 A (d(100))
771177) 27 )l g7 2/
/ )
71 (1/1(//, 7 (7/1 4/,
50 A [/3:41 A (dgio)

21.7 A 311 A

FIG. 1 (color online). (a) X-ray diffractograms measured from
the three types of PEDOT:PSS samples. (b) Schematic diagrams
showing the structural change of the PEDOT:PSS by the polar
solvent addition as inferred from the x-ray data. The stacking
distances (d(j90) and dg;0)) and crystalline domain sizes of the
d(010) stacking are indicated in the figure.

shifted to a higher angle, implying an increase in d(; o) and a
decrease in d(gyq), respectively. In addition, both peaks
became larger and sharper, indicating that the crystalline
domains grew in terms of number and thickness. The stack-
ing distances calculated using Bragg’s law and the vertical
crystalline domain sizes of the d ) stacking calculated
from the Scherrer formula [17] are indicated in the sche-
matic diagram presented in Fig. 1(b). As shown in the
diagram, the changes of the distances d( oy and dgg)
indicate that the layers consisting of alternating PEDOT
and PSS polymer chains became more planar with the
DMSO treatment, and consequently, the interlayer stacking
distance of the PEDOTSs decreased. It is well known that a
decrease in d ) corresponds to an increase in the degree of
molecular packing and thus to an increase in the local
crystallinity, as revealed by the peak sharpening and the
surface roughening (see the Supplemental Material [20])
[21]. Based on our observation, we can conclude that the
-7 interchain coupling of conducting PEDOTS in the
PEDOT:PSS film was improved with the DMSO treatment
because the interchain distance and local ordering of poly-
mer chains exponentially affect the 7-electronic overlap,
which provides a pathway for 77-7r interchain charge trans-
fer over an individual polymer [22]. In this case, the inter-
grain coupling did not increase significantly because the
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same amount of insulating PSS matrix remained in the
PEDOT:PSS films with and without DMSO treatment and
the lateral grain diameter increased slightly from 52 to
55 nm (Table S1) [6].

For the EG DMSO-P sample, d(;0) and d o) were the
same as those in the DMSO-P sample, indicating a similar
level of interchain coupling. Meanwhile, there were
changes in the peak intensities; the long-periodicity peaks,
such as d(), increased, while the short-periodicity peaks,
such as d ), decreased. These changes imply a shift in the
orientation of the PEDOT:PSS layers from the horizontal
direction to a more perpendicular direction with respect to
the substrate with the EG-bath treatment because in a §-26
geometry, only the lattice orders parallel to the substrate
can be detected. These structural changes are induced by
the selective removal of the excess PSS in the PEDOT:PSS
films by the additional EG-bath treatment, as evidenced by
the decrease in the peaks from PSS alone in the absorption
spectra of PEDOT:PSS in a previous report [13] and
the decrease in the work function of the PEDOT:PSS
samples from 5.2 to 5.0 eV in our experiment [23]. After
the bath treatment, we found that the thickness of the film
decreased by as much as 30%, indicating that a large
amount of PSS in the insulating matrix is removed, and
therefore, a significant increase of the intergrain coupling
between the PEDOT-rich grains can be assumed to have
occurred.

Figure 2(a) plots the oy (T) values of three different
types of PEDOT:PSS samples. For the pristine sample,
04.(T) increased rapidly to a maximum of approximately
2 S/cm as T increased from 5.5 K to RT. This strong T
dependence and the extrapolation to zero conductivity at
0 K are characteristics of typical insulators. In addition, the
large ratio of the resistivities, p(5.5 K)/p(295 K) > 6000,
indicates a high level of disorder in this sample [9,24]. In
contrast, the DMSO-P sample exhibited a weak 7 depen-
dence and a 350-fold increased maximum o4, at RT.
Further enhancement of o4 up to 1000 S/cm was induced
in the EG DMSO-P sample. The o4, values for both the
DMSO-P and EG DMSO-P samples can be extrapolated to
a finite value above 200 S/cm as T approaches 0 K. This
behavior is characteristic of metallic conduction. The re-
duced activation energy, W = (A Inog./AInT) vs T, in the
inset of Fig. 2(a) demonstrates the crossover of the slopes
from a negative value (pristine) to positive values (DMSO-
P and EG DMSO-P) at low T, which clearly reveals that the
solvent treatments induced an [/-M transition in our
samples [25].

Furthermore, we compared our o4 (7T) data with
those obtained via various conduction models.
Figures 2(b) and 2(c) present the fitting results. For the
pristine sample, the data were well-fitted to the quasi-2D
variable-range  hopping (VRH) model: o4.(T) =
aoexpl—(To/T)/***], where o is the conductivity at
infinite 7, Ty is the characteristic temperature, and x is
the dimensionality of the system [26]. The fit to the
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FIG. 2 (color online). (a) T dependence of oy, for the three
types of PEDOT:PSS samples. The inset plots the reduced
activation energy, W = (Alnoy./AInT). (b) Log of o4 vs
(1/T)"/27* plot for the pristine sample data. The straight line
indicates that the quasi-2D (1.74D) VRH model is suitable to
describe the data. (c) Log of oy, vs 1/T plots for the solvent-
treated samples. The solid curves are calculated from the FIT
model. The insets in (b) and (c) present the fit results for the
other samples.

pristine sample yielded x = 1.74 and T, = 4365 K for
the entire 7 range [Fig. 2(b)], while the other samples
did not display any good fits [Fig. 2(b), inset]. These
results indicate that the charge transport in the pristine
sample can be attributed to the phonon-assisted hopping
between quasi-2D localized states.

However, the o4.(T) data of the solvent-treated PEDOT:
PSS samples were well-fitted to the fluctuation-induced
tunneling (FIT) model [Fig. 2(c)], which represents tunnel-
ing through plane-parallel junctions of the barrier potential
Vo, area A, and width w: 04.(T) = oy exp(— TI—‘TO), where
Tl = 2AV02/7TeszW and TO = T1(2h2/7T2m*V0W2)]/2. kB
is the Boltzmann constant, m™ is the effective mass of the
charge carrier, and # is the reduced Planck constant [27].
The pristine sample did not yield a good fit [Fig. 2(c),
inset]. As apparent in the equation, the FIT model yields a
finite o4.(0). The fits to the DMSO-P and EG DMSO-P
samples yielded T, = 38.3 K and 7, = 40.1 Kand 7| =
45.0 K and T, = 49.6 K, respectively. The T; and T,
values from the solvent-treated PEDOT:PSS samples are
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comparable to those obtained from the highly conducting
polyacetylene samples in earlier reports [28].

The change in the conduction model that fits the oy (T)
data from the quasi-2D VRH to the FIT through the plane-
parallel junctions with the DMSO treatment confirms the
increased 77-7r interchain coupling as revealed by the XRD
results. In the pristine sample, the charge transport between
sheets consisting of several intertwined PEDOT:PSS chains
is suppressed by the absence of finite interchain coupling
because of the corrugation in the sheets [29]. Thus, the
macroscopic conductivity is dominated by hopping trans-
port between the quasi-2D conducting sheets, yielding a
localized insulating state in the macroscopic sample.
However, in the DMSO-P sample, the interaction between
the polar solvents and the PEDOT:PSS chains increases the
planarity of the quasi-2D PEDOT:PSS sheets (perhaps by
polymer chain expansion [11]). Thus, the increased packing
of the sheets and the strong interchain coupling facilitate
tunneling of the charge carriers between the sheets, con-
sequently yielding a delocalized metallic state in the macro-
scopic sample. Meanwhile, a similar level of interchain
coupling in the DMSO-P and the EG DMSO-P samples
caused similar tunneling barriers.

Figure 3 plots the R(w) values of the three types of
PEDOT:PSS samples over a wide spectral range. In
the infrared (IR) region, the metal-like signatures of
PEDOT, such as the well-defined minimum at the plasma
frequency (wp) and high R(w) in the far-IR arising from the
intraband transitions, were observed [30]. The two small
peaks observed in the ultraviolet region (near 5
and 6 eV) are due to the interband transitions in PSS [31].
The corresponding o(w) values reveal the dynamics of the
charge carriers [32]. The features of the peak centered at
approximately 550 cm ™! and a decrease toward o4 (RT)
with decreasing w result from the weak localization of the
charge carriers induced by disorder [33]. The charge dy-
namics of weakly localized conductors can be quantita-
tively analyzed by the localization-modified Drude
(LMD) model [16,33] as follows:

2

w C
s | U H UG

B _ C
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U'LD(CU) =
[1- (3m>'/2]},

where 7 is the mean free time, C = 1, k. is the Fermi wave
number, and [ is the mean free path. The parameter kr/
characterizes the extent of disorder in localization theory
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FIG. 3 (color online). R(w) values of the three types of
PEDOT:PSS samples. The inset shows the o(w) values obtained
from the K-K analyses of R(w) and the theoretical fits to the
LMD model (dashed lines). 1 eV = 8065 cm™!.

[34]. As presented in the inset of Fig. 3, the LMD model
fits the o(w) values of each sample well, except for
the IR-active vibrational (IRAV) modes observed at
400-2000 cm™!. The parameters obtained from the fittings
are listed in Table I. The o4 (RT) values obtained indepen-
dently from the dc transport measurements agreed with the
o p(w — 0) values within the error range, confirming the
accuracy of the R(w) measurements and the adequacy of
the LMD model fits to the PEDOT:PSS sample data. In
addition, the w p values were obtained from the LMD model
fits and correspond well with the @ values at the R(w)
minima. Assuming that m™ is equal to the free electron
mass, the n and pu values were calculated from wp* =
4me’n/m* and o4, = nepu, respectively, (Table I).

Upon the addition of DMSO, the w dependence of o(w)
in the far-IR region became weaker, and the conductance-
maximum o shifted to a lower value. Furthermore, as
mentioned above, the extrapolated dc conductance value
increased significantly. This change in o (w) is reflected in
the increase of the order parameter, kr/, from 0.96 (pris-
tine) to 1.39 (DMSO-P), which crosses the loffe-Regel
criterion, kpl/ = 1, defining the point where disorder-
induced /-M transition occurs [26,35]. Thus, the addition
of DMSO induced an /-M transition with a huge increase
in w in the PEDOT:PSS sample. This observation corrob-
orates our conclusion from the o4 (7) measurements.
Furthermore, it can be deduced that the /-M transition
between the pristine and DMSO-P samples is mainly in-
duced by the reduction in the material’s disorder because
wp and 7 only change by an insignificant amount.
Therefore, the comprehensive results from the structural,

The measured dc conductivities, parameters obtained from the LMD fits to o(w), and the calculated charge carrier

concentration and mobility. Five samples were measured for each sample condition.

Sample o4 (S/ecm)  opp(0) (S/cm) wp (eV) 7 (fs) kpl n (102 /ecm®)  w (cm?/Vs)
Pristine 2.0 0.9 - 1.09 = 0.03 5.63 £ 0.20 0.96 = 0.02 0.86 = 0.05 0.015 = 0.008
DMSO-P 660 = 100 590 = 90 1.19 £ 0.04 4.18 = 0.11 1.39 £ 0.08 1.03 = 0.07 4.0 =09
EG DMSO-P 960 *= 140 860 £ 120 1.44 = 0.02 3.83 +0.12 1.44 £ 0.08 1.50 £ 0.04 4.0 0.7
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transport, and optical measurements confirm that the en-
hancement of interchain coupling is the major factor for the
reduction of disorder and the manifestation of a metallic
state in our conducting polymer system.

However, the increase in o(w) after an additional
EG-bath treatment is due to the increase in the charge
carrier concentration (n) by a factor of 1.5, which coincides
with the increase in the average oy of the DMSO-P sample
compared with that of the EG DMSO-P sample. This
increase in the n results from the reduced excess PSS
by the EG-bath treatment, as mentioned above, whereas
the extent of disorder remains similar, as indicated by
the similar kz/ and w values shown in Table I. Therefore,
it can be concluded that the enhancement of the intergrain
coupling does not significantly facilitate the charge
transport in the PEDOT:PSS, indicating that the homoge-
neous model describes the conduction mechanism well.

On the critical evaluation of our results, one could argue
that the phase separation of the PEDOT-rich grains and the
PSS-rich matrix occurred with the DMSO treatment [12],
significantly thinning the intergrain boundaries. The
additional EG-bath treatment removed only the phase-
separated PSS contents. According to this scenario, the
inhomogeneous model can still be thought to describe
the conduction mechanism of our sample. However, we
reject this conduction scenario because of the following
observations. With the additional EG-bath treatment, the
volume faction of conducting PEDOT-rich grains in-
creased from 32% to 46%. According to a 3D percolation
observation of globular conducting particles in an insulat-
ing matrix [36], such a volumetric increase of the conduct-
ing grains increased the w twice because the conducting
paths in the material increased. However, our u values did
not increase with the additional EG-bath treatment
(Table I).

In summary, our results demonstrate that the
conduction-character defining disorder in PEDOT:PSS is
determined by the extent of interchain coupling of the
PEDOT:PSS chains in the quasi-2D localized states in
agreement with the homogeneous model. This work may
contribute to the fundamental understanding of the con-
duction physics of conducting polymers and the develop-
ment of a realistic strategy for improving the conduction of
conducting polymers.
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