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ABSTRACT
The performance of thermoelectric materials is characterized by the figure of merit (zT), which depends on knowing the thermal
conductivity (κ). Poly(3-hexylthiophene-2,5-diyl) (P3HT) films doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane
(F4TCNQ) are a prototypical conjugated polymer system studied for potential use in thermoelectrics. However, the few reports for
this system disagree as towhether κ increases or decreases upon doping. This disagreement is partly due to the use ofmeasurement
techniques that rely on knowing the volumetric heat capacity (Cv) to determine κ, even though the Cv of conjugated polymers
has not been systematically investigated as a function of doping. Here, we experimentally determine both Cv, using differential
scanning calorimetry and careful density measurements, and thermal effusivity, using time-domain thermoreflectance (TDTR),
to reveal how the κ of both regioregular and regiorandom P3HT changes as a function of doping with F4TCNQ. Our results show
that both Cv and κ change non-monotonically with the intercalated F4TCNQ:thiophene monomer ratio. At low doping ratios, κ
increases because of doping-induced crystal structure changes, while at higher doping ratios, κ decreases because of the increasing
density of F4TCNQ¯ counterions in the crystal lattice. We find that F4TCNQ-doped P3HT films can achieve zT values of 5.2 × 10−3.
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Introduction

oped semiconducting polymers are being developed as mate-
ials for thermoelectric applications due to their chemical
unability, mechanical flexibility, and material affordability
1, 2]. The thermoelectric energy conversion efficiency is typically
uantified using the figure of merit, zT, which involves the
lectrical conductivity, σ, the Seebeck coefficient, S, and the
hermal conductivity, κ, of a material via [3–5]:
his is an open access article under the terms of the Creative Commons Attribution-NonC
edium, provided the original work is properly cited and is not used for commercial purp
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𝜅
𝑇 (1)

where T is the absolute temperature, introduced into Equation (1)
to make zT dimensionless. Much of the last few decades of
work on doped conjugated polymer-based systems has focused on
strategies to improve the power factor [6, 7], σS2. Since increased
doping levels tend to increase σ and reduce S, there is typically
a doping level ‘sweet spot’ that maximizes the power factor.
ommercial License, which permits use, distribution and reproduction in any
oses.
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owever, there are very few studies that have examined the κ
f either p- or n-doped conjugated polymers [8–34], so there is
elatively little knowledge of how zT changes with doping for this
romising class of materials.

he thermal conductivity is an intrinsic property of a mate-
ial primarily composed of electronic (κel) and lattice (κlat)
ontributions [35], κ = κel + κlat, where charge carriers and
attice vibrations, respectively, serve as vehicles for heat transfer.
hermal conductivities of pristine (undoped) polymericmaterials
ypically fall in the range of 0.1 – 1.0 W m−1 K−1 [36, 37], and
rocessing techniques that enhance polymer chain alignment,
uch as mechanical stretching or nanoscale templating, can
ncrease κ bymultiple orders ofmagnitude [36, 38, 39]. Depending
n the experimental method used [40], thermal conductivity
easurements typically determine κ either in the cross-plane
perpendicular to the film) or in-plane (parallel to the film)
irection. Although advanced techniques can be employed to
etermine both directions if in-plane values for κ are sufficiently
igh [41–45], this is not true for most polymer thin films. Because
he polymer chains in both spin-coated and drop-cast films tend
o lie in-plane [46, 47], polymers usually show a higher κ, or more
fficient heat transfer, in the in-plane (along the chain) direction
han in the cross-plane (perpendicular to the chain) direction
48–52].

ne of the workhorse doped conjugated polymer systems
tudied for potential thermoelectric applications is poly(3-
exylthiophene-2,5-diyl) (P3HT; see Figure 1 for chemical
tructure) doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
uinodimethane (F4TCNQ; also see Figure 1 for chemical
tructure) [53–55]. Within the relatively few measurements of
performed on chemically-doped conjugated polymer systems
8–34], several have focused on F4TCNQ-doped P3HT [20–26].
ost of the work on F4TCNQ-doped P3HT measured the
ross-plane κ [20–23]. Disturbingly, the results from different
roups not only do not agree as to the value of κ, but also do
ot agree as to whether doped P3HT has a higher [20, 23] or a
ower [21, 22] κ compared to that of pristine P3HT. Among the
ew studies [24–26] that report an in-plane κ measurement for
4TCNQ-doped P3HT, only Degousée et al. [24] compared the
hermal conductivity of doped films to a pristine film, where an
ncrease in κ upon doping was observed.

e believe that one of the main issues in determining accurate
hermal conductivities for doped conjugated polymer films is
hat laser-based measurement methods directly probe either the
hermal effusivity, r, or the thermal diffusivity, α. Both of these
uantities are related to κ through the volumetric heat capacity,
v:

𝑟 =
√
𝜅𝜌𝐶𝑝 =

√
𝜅𝐶v =

𝜅√
𝛼

(2)

here Cv is the product of the mass density, ρ, and the specific
eat measured under constant pressure, Cp. Although published
ata on ρ and Cp exist for various types of pristine P3HT samples
22, 49, 51, 56–65] there has been no systematic study of how Cv
or even how either ρ or Cp) change in P3HT films as a function
f the extent of F4TCNQ doping. As far as we are aware, Ref. 22
of 14
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r

provides the only reported Cp measurement in the literature for
F4TCNQ-doped P3HT, and there is no experimental data on how
ρ changes with doping for P3HT films.

This lack of Cp and ρmeasurements means that different groups
measuring r or α have had to make differing assumptions
regarding how Cv changes with doping to extract values of κ.
For example, some studies [13–15, 20, 32] made the assumption
that doped P3HT films (or various other doped semiconducting
polymer systems) have identical Cv values to that of pristine
P3HT (or to the pristine polymer at hand). Another study [21]
approximated the Cv of F4TCNQ-doped P3HT by extrapolating
increases in Cp based on the measured increase in Cp reported
in Ref. 22; these workers also estimated doped film densities by
assuming that there was one F4TCNQ dopant for every two P3HT
unit cells. Still other studies [23–26] employed modeling to fit
thermal resistivities (as opposed to r or α) in order to avoid the
issue of how to treat Cv as a function of doping. Overall, we
believe that the conflicting data in the literature about how the
κ of conjugated polymers changes with doping arises because of
themany different assumptionsmade about howCv changeswith
doping.

To address both the conflicting reports of κ and the lack of Cv
data in the literature, in this paper we combine values of cross-
plane r, measured by time-domain thermoreflectance (TDTR)
[41, 66–69], Cp, measured by differential scanning calorimetry
(DSC) on samples of known mass, and ρ, determined directly
as the mass/volume ratio, to accurately determine values for the
cross-plane κ and zT for P3HT films as a function of the extent
of doping by F4TCNQ. Since regioregularity is known to influ-
ence the crystallinity, electronic structure, and thermoelectric
properties of conjugated polymers [70–74], we also explore how
κ changes for both regioregular (RR) and regiorandom (RRa)
P3HT films over a wide range of doping levels. Additionally, we
use grazing-incident wide-angle x-ray scattering (GIWAXS) to
correlate doping-induced changes toCv and κwith changes in the
polymer crystal structure.

We find that the way Cv changes as a function of the extent
of doping depends on the regioregularity of P3HT. For RR-
P3HT films, Cv values of lightly-doped films start slightly lower
than pristine RR-P3HT but gradually increase with higher
doping levels, eventually surpassing the value of the pris-
tine polymer. In contrast, RRa-P3HT films show a significant
decrease in Cv upon doping because of the doping-induced
conversion of amorphous polymer to more-ordered crystalline
domains. When these Cv values are combined with TDTR
measurements, we find that κ changes non-monotonically
with F4TCNQ doping, first increasing relative to that of pure
P3HT upon light-to-moderate doping followed by a subsequent
decrease in κ with heavier doping. By also measuring the
electrical conductivity, σ, of the doped films, we determine
that the non-monotonic changes in κ with doping result from
changes that occur to κlat as opposed to κel, a direct result
of doping-induced changes to the crystal structure of the
P3HT films. Finally, we also measure the Seebeck coefficient,
S, to monitor how zT changes with doping, which we find
can reach values of 5.2 × 10−3 in F4TCNQ-doped RR-P3HT
films.
Advanced Functional Materials, 2026
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FIGURE 1 Integrated pristine-film-thickness-normalized GIWAXS patterns for pristine and F4TCNQ-doped RR-P3HT (a,b) and RRa-P3HT
(c,d) films (see Figure S11 for the raw 2-D GIWAXS data). Figure 1a,c show out-of-plane integrations, which are dominated by the lamellar (h00) diffrac-
tion peaks, while Figure 1b,d show in-plane integrations, which show the (100) diffraction peaks with reduced intensity, as well as the monomer and
π-stacking peaks, (00l) and (0k0), respectively. The data show that doping changes the crystal structure of the RR-P3HT films, and induces crystallization
of the initially amorphous RRa-P3HT films. The inset in d shows the chemical structures of P3HT and F4TCNQ.
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Results and Discussion

he overarching goal of this paper is to rigorously determine,
sing TDTR, how the cross-plane κ and zT of F4TCNQ-doped
3HT films changes with the extent of F4TCNQ doping. To
ccomplish this, accurate values for Cv of doped films must be
etermined to extract values of κ from the thermal effusivities
easured with TDTR. The rest of this paper is organized as
ollows. With GIWAXS, we first articulate how doping with
4TCNQ changes the crystal structure of P3HT films in Sec-
ion 2.1. We then discuss in Sections 2.2 and 2.3 how Cp, ρ, Cv and
vary as a function of doping, and to what extent the changes
n these quantities are driven by structural and nonstructural
actors. We find that in both RR-P3HT and RRa-P3HT films, the
hermal conductivity changes non-monotonically, increasing at
ow doping concentrations compared to undoped films, followed
y a subsequent decrease at higher doping concentrations. The
ighest zT value achieved was 5.2 × 10−3 for highly-F4TCNQ-
oped RR-P3HT, as discussed in Section 2.4. Overall, the results
llow us to better understand the intertwined effects of how
dvanced Functional Materials, 2026

l

doping-induced changes to crystal structure and the introduc-
tion of molecular dopants impact thermal transport and the
thermoelectric properties of F4TCNQ-doped P3HT films.

Polymer films for GIWAXS, density measurements, TDTR, elec-
trical conductivity measurements, and Seebeck measurements
were prepared by spin-casting and doped via the sequential
processing (SqP) method [75], a two-step process where the
polymer film is cast onto a substrate prior to doping. The doping
step involves exposing a pre-cast film to a dopant solution
where the extent of doping can be controlled by the dopant
concentration. The SqP doping method has been shown to yield
films with more optimal thermoelectric properties than films
prepared via the blend-doping method [75], where both polymer
and dopant are cast from a single solution. To reach theminimum
sample mass required for DSC measurements, polymer films for
Cp determination were drop-cast rather than spin-cast. In drop-
casting, films are made by allowing the solvent of a polymer
solution to evaporate; this allows films to be made that are orders
of magnitude thicker than spin-cast films. Doped films for Cp
3 of 14
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re
easurements were prepared via the blend-doping method in
rder to precisely control the amount of F4TCNQ. See Section 4.1,
elow, as well as Section S1.2 for additional sample preparation
etails.

longside direct measurements of mass and volume that were
sed to determine film densities, mass measurements of films
aken before and after doping allowed us to also directly deter-
ine the amount of F4TCNQ that intercalates within films doped
ia the SqP method (see Sections S1.3 and S1.4 for measurement
etails). This allowed for direct quantification of the mole
atio of F4TCNQ-to-polymer thiophene monomer unit (3HT), as
ummarized in Table S1. For doped RRa-P3HT films, due to the
oss of polymer during the SqP doping process (see Figure S2), we
sed a spectroscopy-based calibration method where measured
ilm densities were used to determine the dopant:monomer mole
atios (see Section S1.4 and Figures S3 and S4).

.1 Measuring Crystal Structure Changes in
4TCNQ-Doped RR- and RRa-P3HT Films via
IWAXS

ristine RR-P3HT films are known to be semicrystalline, contain-
ng domains of ordered, π-stacked polymer, andmore amorphous
egions with less regular polymer stacking between the ordered
omains. The presence of crystalline domains in both pristine and
oped RR-P3HT films is apparent from the intense (h00) peaks
n Figure 1a, which shows the out-of-plane integrated GIWAXS
iffraction (for measurement details, see Section S1.9). In con-
rast, pristine RRa-P3HT shows only a weak (100) peak with no
vertones, as seen in Figure 1c, indicating a film structure that
s mostly amorphous. In the in-plane integrations (Figure 1b,d),
he (h00) diffraction intensity is dramatically reduced, and peaks
orresponding to the periodicity along theπ-stacks (labeled (020))
nd along the backbone of the polymer chain (monomer peak
abeled (002)) appear. The facts that the out-of-plane (100) peak
Figure 1a) is significantly more intense than the in-plane (100)
eak (Figure 1b) and that the (020) π-stacking peak and (002)
onomer peaks lie primarily in-plane (Figure 1b) indicate that
or RR-P3HT, the crystalline domains lie predominantly edge-on
ith respect to the substrate. The difference between in-plane
nd out-of-plane diffraction is slightly reduced for RRa-P3HT
Figure 1c,d), indicating reduced edge-on texture.

s RR-P3HT films are doped with F4TCNQ, Figure 1a shows
hat the lamellar peaks shift to lower q, indicating an increase
n the lamellar spacing and thus a volume expansion of the
nit cell. This is because F4TCNQ¯ sits in the lamellar region
f the crystallites between the side chains, so the crystal lattice
ust expand in this direction to make space for the counterion
76–81]. Indeed, for the lowest doping level (0.015:1 F4TCNQ:3HT
atio) the (200) and (300) peaks are both clearly split in two,
ndicating a first-order phase transition and the co-existence of
wo distinct structures corresponding to doped and undoped
rystallite populations [81]. As the doping level increases, the
hase transition rapidly becomes complete, and the lamellar
pacing then remains roughly constant as the doping level
ncreases over a broad range (see Figure S12) [76]. Additionally,
igure 1b,d show that the initial doping-induced phase transition
lso causes the (020) π-stacking peak to shift to larger q (or
of 14
smaller spacing—see Figure S13), the result of a change in chain
tilt of the expanded unit cell [81]. The distance decrease in the π-
stacking direction is much less than the increase in the lamellar
direction, resulting in an overall increase in the unit cell volume.
This means that the density of initially-doped P3HT should be
smaller than that of pristine P3HT because of the large increase in
unit cell volume caused by the doping-induced phase transition,
as we detail further below.

The situation is somewhat different for RRa-P3HT, where dop-
ing induces crystallization of the initially-amorphous polymer
[82, 83]. This doping-induced crystallization is easy to observe
from the increase in diffraction intensity of both the lamellar
and π-stacking diffraction peaks in the doped material, as seen
Figure 1c,d. Doping-induced crystallization increases throughout
the low- to moderate-doping regime before gradually reaching a
limit at the highest doping levels tested, as seen by the growth
of the integrated (100) peak area in Figure 1c and Figure S14.
The doped lamellar and π-stack spacing distances for RRa-P3HT
are quite similar to those of doped RR-P3HT (see Figures S12
and S13), with peaks that do not change position significantly
with doping level, again indicating that the doped polymer
structure is fixed with F4TCNQ¯ filling in open sites in the
polymer lattice. This indicates that the doped film density should
increase with doping level, as also discussed further below. It is
worth noting that despite the doping-induced crystallization, the
film-thickness-normalized integrated (100) peak areas are much
smaller for RRa-P3HT than RR-P3HT across all doping levels
(Figure S14), indicating net lower overall crystallinity in doped
RRa-P3HT films. We expect that this difference in the crystalline-
to-amorphous ratio of the two doped P3HT varieties will directly
impact both the capacity of the respective polymer films to store
heat (Cv) and transport it (κ).

2.2 Determining Cv of RR- and RRa-P3HT as a
Function of the Extent of F4TCNQ-Doping

As mentioned above, to understand how doping-induced struc-
tural changes connect to the thermal conductivity, we need to
have access to the volumetric heat capacity, Cv, to extract κ
from the thermal effusivities measured by TDTR. Determining
experimental values for Cv, in turn, requires taking the product
of measured values for Cp and ρ, as per Equation (2).

2.2.1 Measured Pristine and F4TCNQ-doped RR- and
RRa-P3HT Film Densities

As mentioned in the introduction, the way the density of
F4TCNQ-doped P3HT films changes with doping level has not
been systematically studied in the literature, leaving κ studies
that require Cv to either assume [20] pristine P3HT density
values for doped films or extrapolate [21] increases in density
based on estimated amounts of intercalated F4TCNQ within
the unit cell. The density of pristine P3HT, in contrast, has
been examined in the literature using both experimental and
computational methods [56–58], and most studies agree that the
crystalline regions of RR-P3HT films have a density between
1.10–1.14 g cm−3 [56]. Given that the volumetric crystalline frac-
tion of RR-P3HT samples has been estimated to be between 30%
Advanced Functional Materials, 2026
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FIGURE 2 (a) Measured bulk film densities of pristine and
doped RR-P3HT (blue) and RRa-P3HT (green) films as a function of
F4TCNQ:3HT mole ratio; the dashed lines are fits to the data points;
the F4TCNQ doping concentrations used for the SqP doping method are
indicated for each point. The purple solid line is a theoretical construct
based on a model using the unit cell volume of the pristine and doped
crystal structures from x-ray scattering. The blue dashed line is a fit to the
measured data points assuming that the y-intercept has the expanded unit
cell volume of the doped crystal structure rather than the higher-density
pristine crystal structure (see Section S1.4 for details). (b) Measured
specific heat, Cp, of pristine and doped RR- and RRa-P3HT films as
a function F4TCNQ:3HT doping ratio, along with analytic fits (dashed
curves) to the data points. (c) Analytically-determined volumetric heat
capacities, using the product of the fitting functions from panels (a) and
(b), for RR- and RRa-P3HT films as a function of F4TCNQ:3HT doping
ratio. F4TCNQ doping concentrations used in the SqP doping method are
indicated for some points, with the full data given in Table S3. Effective
medium approximation (EMA) calculations for doped RR-P3HT (purple
curve) and RRa-P3HT (red curve) films using mole-fraction-weighted
contributions of the bulk Cv values of F4TCNQ and pristine RR- or RRa-
P3HT. Clearly, the EMA fails to correctly predict theCv of F4TCNQ-doped
P3HT, a direct result of the doping-induced structural changes that alter
the heat capacity of the composite doped systems.
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re
nd 90% [57, 59, 60], and that non-crystallinematerial should have
slightly lower density, overall film densities in the 1.10’s g cm−3

re expected for RR material [57, 58]. Additionally, Refs. 57 and
8 suggest that the mass density remains practically constant for
R-P3HT as the molecular weight is varied. RRa-P3HT densities
ave been reported to be between 1.09–1.11 g cm−3 [56–58], which
s consistent with the idea that amorphous P3HThas amarginally
ower density than the more crystalline RR-P3HT.

irect measurements of mass and volume (see the experimental
rocedure in Section S1.3) resulted in density values for pristine
ilms of RR- and RRa-P3HT of 1.16(3) ± 0.04 and 1.10(3) ±
.04 g cm−3, respectively, which are the left-most points in
igure 2a (see also Figure S1), in good agreement with the
iterature described above. We also measured the bulk film
ensity as a function of F4TCNQ:3HT mole ratio for doped
R- and RRa-P3HT films by measuring the net gain in mass
nd increase in thickness of the films after doping. Since the
olvent used in the doping solution can dissolve some of the
re-cast polymer, particularly with RRa-P3HT, we performed a
alibration procedure that involved soak-doping andUV–vis-NIR
pectroscopy to approximate the F4TCNQ:3HT mole ratio for
Ra-P3HT films doped using the SqPmethod, which is described
n detail in Section S1.4. The data show that for F4TCNQ-doped
R- and RRa-P3HT films (see also Figure S1), there is a roughly
inear increase in density as additional dopant is incorporated into
he polymer films. F4TCNQ (molecular weight ≈276 g mol−1) is
eavier than a 3HT repeat unit (molecular weight ≈168 g mol−1),
o it is not surprising that a composite doped film that is ≈25%
y mole dopant has a significantly higher density than a pristine
olymer film.

e can understand the density changes upon doping in more
etail by considering the doping-induced structural changes seen
n the x-ray scattering data presented above. Based on its x-ray-
etermined unit cell volume of 466 Å3, the crystalline fraction of
ristineRR-P3HT should have a density of 1.20 g cm−3 (see section
1.4 for details). Since the measured density is 1.16 g cm−3, this
uggests that our pristine RR-P3HT films are ≈60% crystalline
nd ≈40% amorphous, presuming that the amorphous fraction
as the same 1.10 g cm−3 density as RRa-P3HT. Given that we
lso know from x-ray scattering that the unit cell volume of
he crystalline fraction of the RR-P3HT film increases to 518 Å3

pon doping (as also detailed in Section S1.4) and that crystalline
aterial is doped preferentially, the x-ray measurements thus
redict an initial decrease in density upon doping. Then, as
4TCNQ molecules begin to fill the expanded unit cell upon
ncreased doping, the purple solid line in Figure 2a shows how the
ensity would change given that there are no further structural
hanges and assuming that the crystalline fraction does not
hange upon doping. Clearly, our measured doped film densities
greewell within error with the x-ray-predictedmodel, indicating
hat we have a good molecular understanding of the density of
4TCNQ-doped RR-P3HT films. The fact that the density of the
ighest-doped sample we studied is a bit below the predicted
alue from the x-ray diffraction-based model is likely due to the
act that some lower-density amorphous material is also doped at
his concentration.

o better estimate the density of the doped RR-P3HT films
t lower doping levels, where it is hard to measure the mass
dvanced Functional Materials, 2026 5 of 14
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hange by direct weighing, we linearly fit the measured points in
igure 2a, but forced the y-intercept to have a value that would
orrespond to the density of a hypothetical expanded (doped)
tructure, as determined from the x-ray model (see section S1.4),
ut without any F4TCNQ in the lattice; this fit is shown as the
lue dashed line. We then used the measured 1.16 g cm−3 density
alue of the pristine sample and the densities calculated using the
lue dashed line for the doped RR-P3HT samples to determineCv
rom Cp, as described further below.

e note that for P3HT, the doping efficiency (the ability of
dopant to generate a mobile carrier) of F4TCNQ is 5%–18%
84–86], so that the F4TCNQ:3HT ratio we measure is not equiv-
lent to the carrier density. Instead, the ratio includes both inter-
alated F4TCNQ¯ ions that generate mobile carriers and F4TCNQ
pecies that form charge-transfer complexes or that produce
arriers that are otherwise trapped in the film. We also note that
Ra-P3HT is several hundred mV harder to dope than RR-P3HT,
s it has a deeper valance band. As a result, we cannot achieve the
ame doping levels with RRa-P3HT as with RR-P3HT; this can be
een in Figure 2a by noting how different the F4TCNQ:3HT ratios
re when doping with the same F4TCNQ solution (1 mg mL−1).
owever, since the doped crystal structures of the two materials
re similar, the way the density of the two materials changes
ith increasing doping level should also be similar, as we
bserve.

.2.2 Measured Pristine and F4TCNQ-doped RR- and
Ra-P3HT Cp Values

pecific heat measurements show that pristine P3HT samples
ith higher degrees of crystallinity tend to have lower specific
eats [59, 61]. For example, a compilation of RR-P3HT samples
f varying Mw (10.5–87 kg mol−1) and polydispersity index (PDI)
easured with DSC at 20◦C shows that Cp values fall between a
ange of 1.3–1.6 J g−1 K−1 [49, 51, 59–64], whereas RRa-P3HT has
p values between 1.72–1.95 J g−1 K−1 [59, 61, 65]. Apart from a
inglemeasurement byKiefer et al. [22],who studied cold-pressed
3HT pellets and found a 12.8% increase in Cp upon doping with
0 mol% F4TCNQ, Cp values for F4TCNQ-doped P3HT have not
een presented in the literature. The lack of data has led groups
ither to assume that Cp does not change from its pristine value
pon doping [20], or to extrapolate [21] the result presented by
iefer et al. [22]

o remedy this situation, we performed DSC measurements on
rop-cast pristine RR- and RRa-P3HT films of known mass,
hown as the left-most points in Figure 2b and the calorimetric
races in Figure S5 in Section S1.5. The values we obtained fall
ithin the ranges found in the literature [49, 51, 59–65]. The fact
hat RRa-P3HT has a higher Cp than RR-P3HT, and knowing that
ach material has: 1) a similar number density of atoms per unit
olume (a proxy to ρ, as discussed above); and 2) the same average
ass per atom, reinforces the idea that having more structural
isorder allows for a higher number of molecular degrees of
reedom and thus a higher specific heat.

e then performed DSC on blend-cast F4TCNQ-doped RR-P3HT
ilms with varying amounts of dopant at controlled F4TCNQ:3HT
ole ratios, as shown in the calorimetric traces in Figures S6
of 14
and S7. We find that Cp decreases with increasing F4TCNQ:3HT
mole ratio, as seen in Figure 2b, a result that stands in contrast
to that reported in Ref. 22. We measured bulk F4TCNQ to have
a Cp that is the same, within error, as RR-P3HT (see Figure S5),
which suggests that the Cp drop in the doped films is not directly
caused by F4TCNQ having a different specific heat, but instead
due to changes in the crystal structure that reduce the number
of thermally-excitable degrees of freedom relative to the pristine
polymer. We also see in Figure 2b that the Cp of F4TCNQ-
doped RRa-P3HT rapidly decreases upon initial doping and
then decreases more slowly at higher doping concentrations. We
believe that the larger initial drop in Cp of RRa-P3HT films upon
doping is due to doping-induced crystallization (cf. Figure 1c,d)
[82, 83], as the creation of new crystallites should lower the
number of thermally accessible degrees of freedom available to
the material.

2.2.3 Pristine and F4TCNQ-doped RR- and RRa-P3HT
Cv Values

Most studies in the literature that required Cv values for pristine
P3HT films in order to extract thermal conductivities typically
either referenced outside measurements [21, 87, 88] for ρ and Cp
or performed measurements of only one or the other of these two
variables (see Table S6 for a compilation of studies) [20, 22, 49, 51,
63]. The fact that nearly every such study utilized inconsistent ρ
and/or Cp values for pristine RR-P3HT resulted in values for Cv
that ranged from 1.22–2.08 J cm−3 K−1 (see Table S6). On the other
hand, as far as we are aware, theCv of pristine RRa-P3HThas only
been presented once in the literature, at 1.84 J cm−3 K−1, based
on external ρ and Cp values [21]. For F4TCNQ-doped P3HT films,
Zhao et al. [20] assumed that the Cv of doped P3HT remained
unchanged from the pristine polymer, while Kiefer et al. [22] and
Plunkett et al. [21] both suggested that Cv increases upon doping
(see Section S2.1 for a detailed description of the Cv assignments
made in Refs. 21 and 22).

Here, we analytically determine Cv values for pristine and
F4TCNQ-doped P3HT films by fitting our measured ρ and Cp
data to analytic functions, as seen in Figure 2a,b, and then
multiplying the two functions, as summarized in Figure 2c and
Section S1.6. We find that the Cv’s of pristine RR- and RRa-P3HT
films are 1.49 and 1.89 J cm−3 K−1, respectively, as seen via the
left-most points in Figure 2c. The higher Cv of RRa-P3HT is
due to the intrinsic disorder of the amorphous film, while in
RR-P3HT films, the presence of crystalline domains results in
a comparatively lower number of thermally excited degrees of
freedom per unit volume. As RR-P3HT is doped with F4TCNQ,
Cv immediate decreases slightly due to the volume expansion
that occurs within the crystalline domains of the film, the result
of the doping-induced phase transition described above. Cv then
slowly increases asmore F4TCNQenters the film at higher doping
levels, eventually surpassing the value of pristine RR-P3HT at
roughly the 1:5 F4TCNQ:3HT ratio. As RRa-P3HT is doped,
however, a much more significant decrease in Cv occurs at low
F4TCNQ:3HT mole ratios due to doping-induced crystallization,
as discussed above. The small increases in Cv at the highest
doping levels of both P3HT varieties is believed to be driven by
additional thermally-excitable degrees of freedom introduced by
the increasing number of dopant molecules within the unit cell.
Advanced Functional Materials, 2026
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e can also compare our experimentally-derived Cv values to
hose expected from the effective medium approximation (EMA),
hich is commonly used to estimate the physical properties of
omposite materials. In the EMA, the Cv of doped P3HT can
e estimated using the mole-fraction-weighted contributions of
he Cv’s of bulk F4TCNQ (2.3 J cm−3 K−1, which is the product
f ρ, 1.57 g cm−3 [89], and our measured Cp) and the pristine
olymer; these estimates are shown as the purple and red curves
n Figure 2c for RR- and RRa-P3HT, respectively. Since the Cv
f bulk F4TCNQ is larger than that of both P3HT varieties,
he EMA predicts an increase in Cv as the F4TCNQ:3HT ratio
ncreases, thus significantly overestimating Cv across nearly all
oping levels. This is because the EMA does not account for
oping-induced changes to the polymer’s crystal structure, which
eads to significant changes in Cp (for RR- and RRa-P3HT) and ρ
for RR-P3HT only). Therefore, the use of the EMA to estimate Cv
n doped conjugated polymers, as was done in Ref. 21, is likely to
ead to significant errors.

.3 Determination of κ as a Function of RR- and
Ra-P3HT and F4TCNQ-Doping

ith experimentally-derived Cv values in-hand, we next deter-
ine cross-plane thermal conductivities using time-domain ther-
oreflectance for films of pristine and F4TCNQ-doped RR- and
Ra-P3HT. The thermal modeling implemented (see Section S1.7
or details) combines TDTR-measured thermal effusivities (r)
ith the above-determined volumetric heat capacities (Cv) to
ack out values for κ.

.3.1 Measured Pristine RR- and RRa-P3HT κ Values

n the literature, cross-plane κ measurements on non-aligned
ristine P3HT have been performed using thermoreflective
TDTR/FDTR) [21, 87, 88, 90], photoacoustic (PA) [91], and
lectro-thermal (3ω, TET/PLTR2, TWA, Hot Disk TPS, Flash-
SC) [20, 22, 23, 49–51, 63, 92, 93] techniques. Although high-
requency laser-based and electrothermal methods require a Cv
alue, techniques in the low-frequency regime (particularly 3ω)
23, 24, 50, 92] do not require Cv to be known as thermal
esistivities are directly measured [94, 95]. We note, however, that
lectro-thermal methods such as 3ω do not work well when the
aterial of interest is electrically conductive, as is the case for
oped conjugated polymers; they require an electrical insulator
etween the electrode and thin-film, which can then affect the
esulting thermal measurement. In Table S6, we provide a list
f cross-plane κ studies on pristine P3HT films tabulated by
easurement technique, film processingmethod, P3HT type, the
alue of Cv used in extracting κ (if any) and the final estimated
value. The range of published cross-plane κ values for pristine
3HT films spans 0.05–0.83 W m−1 K−1, well over an order of
agnitude, and the reasons for thewide range in κ are not entirely
asy to decipher (see Section S2.2 for an analysis of how polymer
roperties and film processing techniques may impact κ and,
eyond Cv assignments, likely contribute to the wide range of
eported values).

ere, we measure a higher cross-plane κ for pristine RR-
3HT films, 0.31(1) ± 0.02(3) W m−1 K−1, than for pristine
dvanced Functional Materials, 2026
RRa-P3HT, 0.22(7) ± 0.01(7) W m−1 K−1, as shown by the left-
most points in Figure 3 (Figure S8b shows an example of the
thermal model fitted to data). We selected both P3HT varieties
to have roughly the same molecular weight (see Section 4.1)
to ensure that the percent regioregularity alone is the reason
behind differences in the κ. Our measurements agree with
reports in the literature that show that κ increases with the
degree of polymer regioregularity [21, 92]. Since undoped P3HT
has no charge carriers to transport heat, the changes to κ
with regioregularity must be vibrational in nature, indicating
that κlat increases with greater film crystallinity, as shown by
our GIWAXS data for pristine RR- and RRa-P3HT in Sec-
tion 2.1.

2.3.2 Measured F4TCNQ-doped RR- and RRa-P3HT κ
Values

Cross-plane κ measurements on F4TCNQ-doped P3HT in the
literature have been performedmuch less frequently than pristine
P3HT samples, although both thermoreflective (TDTR) [21]
and electrothermal (3ω, Flash-DSC, Hot Disk/TPS) [20, 22, 23]
measurements have been presented (see Table S7 for a summary
of the reported data). Refs. 21 and 22, both of which published
results on films doped to a single level alongside pristine films,
reported a doping-induced 20%–50% decrease in κ. In contrast,
Refs. 20 and 23, which measured κ across a variety of doping
levels, reported a roughly 60% initial increase in κ upon doping
compared to pristine P3HT samples. Additionally, Ref. 20 saw
κ decrease as higher doping levels were reached, while Ref.
23 did not see any drop in κ at the highest doping levels
investigated.

The results of our TDTR measurements show that the κ of both
F4TCNQ-doped RR- and RRa-P3HT changes non-monotonically
as a function of the extent of doping, as seen in Figure 3. P3HT
varieties show a rise in κ at low doping levels compared to
their respective pristine films, followed by a lowering of κ at
the highest doping levels tested. The non-monotonic trends of
κ with doping level strongly suggests that there are at least two
competing factors affecting thermal transport in doped P3HT
films.

One possible explanation could involve competing changes in the
electrical and lattice contributions underlying κ. The Weidmann-
Franz law [96, 97], κel = σL0T, where L0 is the Lorenz number
assigned as the Sommerfeld value, 2.44 × 10−8 W Ω K−2, can
be used to approximate the electronic contribution (κel) to the
overall κ if the electrical conductivity, σ, is known. We measured
the electrical conductivities of our doped P3HT samples, shown
in Figure 4a, with additional details presented in Section S1.8.
The highest σ we measured across all of our doped P3HT
films was 7.9 S cm−1, which means based on the Weidmann-
Franz law that κel can be no more than 0.006 W m−1 K−1 (see
Table S4 for κel approximations at each doping level). This value
represents less than 10% of the observed increases in κ with
doping, which leads us to conclude that the changes in κ across
all doping levels must come from changes in κlat. This idea also
agrees with literature claims that the κ of doped semiconducting
polymers with low σ (<10 S cm−1) is entirely influenced by κlat
[30, 98, 99].
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FIGURE 3 Thermal conductivities, determined from effusivities (see Figure S9) measured via TDTR and the Cv values in Figure 2c, of doped RR-
and RRa-P3HT films as a function of F4TCNQ:3HT doping ratio. Non-monotonic changes to the thermal conductivity are observed with increasing
doping level, with κ increasing upon light doping and then decreasing upon further doping. Thermal diffusivities plotted as a function of F4TCNQ:3HT
ratio are also displayed in Figure S10.
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hus, the initial increases in κ we observe at low F4TCNQ:3HT
ole ratios in RR-P3HT films and low-to-moderate ratios in RRa-
3HT films are due to doping-induced crystal structure changes
hat alter κlat. For RR-P3HT, the initial increase in κ with doping
hrough the 0.05:1 F4TCNQ:3HT mole ratio level is correlated
ith the doping-induced phase transition that occurs within the
ame doping regime, as mentioned above and documented in
igures S12 and S13. This phase transition also decreases the
ilm paracrystallinity and increases the crystalline coherence
ength (Figure S16). For RRa-P3HT, the increase of κ with
oping through the 0.1:1 F4TCNQ:3HT mole ratio tracks closely
ith increasing levels of doping-induced crystallization, as also
iscussed above and shown in Figure S14. To understand the
on-monotonic dependence of cross-plane κ on doping level, we
onsider different theories of thermal transport.

n kinetic-gas theory, κ depends on the number of thermally
xcited vibrational modes, their velocities, and their scattering
ates. One interpretation of our results in Figure 3 is that
ristine P3HT lies at or near the amorphous minimum-thermal
onductivity limit described by the Cahill-Pohl model [100–103].
ow levels of doping increase structural order and coherence,
s supported by the GIWAXS in Section 2.1, allowing vibrational
odes with longer wavelengths than the minimum mean-free-
ath limit to propagate. Once RR- and RRa-P3HT films take
n doped structures, the lack of decrease in Cv across varying
oping levels, as seen in Figure 2c, rules out a large decrease in
hermally populated vibrational degrees of freedom. Therefore,
ithin kinetic-gas theory, the κ trend from low to high film
4TCNQ:3HT ratios must primarily reflect changes in vibrational
elocities, scattering rates, or both. In the absence of structural
of 14
changes at high doping levels (as seen in Section 2.1), heavier
doping adds local mass and force constant disorder through
F4TCNQ– incorporation. This local disorder increases scattering
rates and pushes mean-free-paths back toward the amorphous
minimum-conductivity limit.

The Allen-Feldman framework for transport in amorphous
solids yields a similar microscopic explanation for the non-
monotonic cross-plane κ trend. In the Allen-Feldman frame-
work [104, 105], heat-carrying vibrations are classified along
a spectrum from highly mobile, extended modes to strongly
localized ones. Our results imply that the structure changes that
occur as pristine P3HT films are lightly doped with F4TCNQ
allow modes to have greater diffusivities and/or longer propa-
gation distances. Then, increases in the F4TCNQ:3HT ratio at
higher doping levels cause vibrational modes to become more
localized. It makes sense that incorporating F4TCNQ dopant
anions into the P3HT crystallites, which have very different
vibrational frequencies than the surrounding polymer (e.g.,
the exterior of the dopant molecule consists of C-F and C≡N
bonds), serve to further localize the vibrational modes that are
responsible for thermal transport. For RRa-P3HT, the decrease
in κ only occurs after doping-induced crystallization is com-
plete, which occurs at roughly 0.11:1 F4TCNQ:3HT, as seen in
Figure S15.

We note that our view of increased mode scattering (kinetic-gas
theory) or increased mode localization (Allen-Feldman frame-
work) caused by the presence of dopant counterions stands
in contrast to that of Guo et al., [32], who claimed that the
cross-plane κ decrease seen upon doping conjugated polymers
Advanced Functional Materials, 2026
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FIGURE 4 (a) Electrical conductivity (black lines connected to circular data points) and Seebeck coefficient (red lines connected to square data
points) plotted as a function of F4TCNQ:3HTmole ratio for RR-P3HT (blue data points) and RRa-P3HT (green data points). (b) Figure of merit zT (black
lines connected to square data points) and power factor values (purple lines connected to circular data points) for F4TCNQ-doped RR-P3HT (blue data
points). Only the most-doped RRa-P3HT film had a measurable Seebeck coefficient, so only this film has a reported power factor and zT value (see inset
table outlined in green).
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s due entirely to the lattice expansion of the unit cell within
rystalline regions. Here, however, we see in Figure 3 that
he doping-induced lattice expansion actually enhances the
ross-plane κ.

verall, we believe that the conflicting literature reports of
ncreases and decreases to κ upon doping P3HT can be under-
tood based on our finding of non-monotonic changes in thermal
ransport with doping. The competing effects are: 1) doping-
nduced changes to the crystal structure, which occur at low
oping levels leading to increases in κ); and 2) increased mode
ocalization due to the increasing number of F4TCNQ¯ ions in
he lattice at high doping levels, resulting in a decrease in κ. For
xample, when Zhao et al.’s κ data on doped RR-P3HT is plotted
dvanced Functional Materials, 2026
as a function of F4TCNQ:3HT ratio [20], as seen in Figure S17,
the rise and fall in κ closely resembles the nonmonotonic trend
observed in ourmeasurements in Figure 3. In addition, Takayama
et al.’s data on doped RR-P3HT [23], which saw an increase in
κ upon doping without any decrease at higher doping levels,
also mirrors our data in Figure 3 because all of their samples
remained in the low-doping regime (based on their reported σ).
Both Keifer et al. and Plunkett et al. found that κ decreases when
RR-P3HT was doped with F4TCNQ [21, 22], but the samples in
these works were all heavily doped (≥0.2:1 F4TCNQ:3HT mole
ratios), at the high end of what we show in Figure 3. If Ref.
21’s value for κ is adjusted to reflect the film Cv we report in
Figure 2c, then our κ data and those in Refs. 21 and 22 all
converge to about 0.3 W m−1 K−1 for heavily-F4TCNQ-doped
9 of 14
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R-P3HT. In Section S2.3, we present amore detailed comparison
f literature-based κ results and our findings.

.4 Determination of zT for F4TCNQ-Doped RR-
nd RRa-P3HT Films

he thermoelectric figure of merit zT (Equation (1)) allows a
omparison of the efficiency of different thermoelectric systems.
ost studies on doped polymers only report power factors, σS2,
ue to the inherent difficulties of measuring κ. Maximizing only
he power factor is equivalent to the assumption that the thermal
onductivities of doped polymer films do not change with doping
evel. With our well-characterized values for cross-plane κ’s in-
and, we can calculate values of zT for F4TCNQ-doped P3HT
ilms as a function of doping level. These calculations are upper
ounds due to the fact that our measurements of σ and S are
n-plane while our measurements of κ are cross-plane, and we
xpect in-plane values of κ to be higher than cross-plane values
24, 48–51].

lectrical conductivities (circles) and Seebeck coefficients
squares) of our F4TCNQ-doped P3HT samples are plotted in
igure 4a, with additional details described in Section S1.8. As
xpected, σ increases while S decreases as P3HT films become
ore doped. In Figure 4b, the power factor of doped RR-
3HT (circles) shows an increase with increasing doping level.
igure 4b also shows zT (squares) as a function of F4TCNQ:3HT
atio for doped RR-P3HT films, with the numerical data
resented in Table S5. We are able to report zT only for the most
eavily-doped RRa-P3HT film due to limitations in being able to
eliably measure σ and S for the lower-doped samples. We find
hat the zT of doped RR-P3HT films is over an order of magnitude
arger than that of the most-doped RRa film, primarily because
R-P3HT is significantly easier to dope.

he highest zT for F4TCNQ-doped RR-P3HT that we found,
.2 × 10−3, which corresponds to the most heavily-doped film
hat we tested, is either comparable to or higher than the very
ew published zT values found in the literature for this polymer-
opant combination (see Table S8). For example, if one combines
habinyc and colleagues’ reported thermopower values [106]
or vapor-doped RR-P3HT with the κ measured for vapor-doped
igh-Mw RR-P3HT in Ref. 21, one obtains a comparable zT value
f ≈5 × 10−3. Drop-cast RR-P3HT films that were blend-doped
ith F4TCNQ by Zhao et al. and Kiefer et al. yielded zT values
f 5 × 10−4 and 1 × 10−4, respectively [20, 22]. Compared to our zT
esults for doped RR-P3HT, the fact that the zT values reported in
efs. 20 and 22 are lower by an order of magnitude is likely due
o their utilization of the blend-doping method, which has been
hown to yield films with poorer thermoelectric properties than
hose that prepared using the SqP doping method [75].

Conclusions

ith well-characterized film densities and specific heats and
hus volumetric heat capacities, we have shown that the ambi-
uity in the literature regarding whether the thermal con-
uctivity of F4TCNQ-doped P3HT films increases or decreases
pon doping relative to pristine P3HT can be understood in
0 of 14

a

the context of: 1) ambiguities in the values of Cv chosen to
determine κ from measured thermal diffusivity or effusivity
data; 2) the extent to which the film has been doped; and,
3) the competing influences of doping-induced changes to
the P3HT crystal structure and the mode localization effects
of F4TCNQ¯ ion intercalation. We conclude that changes in
the cross-plane κ of P3HT films as a function of doping are
entirely vibrational in nature. The increase in κ at light-to-
moderate doping concentrations in both RR- and RRa-P3HT is
due to doping-induced crystal structural changes, specifically
the doping-induced phase change of the unit cell for RR-
P3HT and doping-induced crystallization in RRa-P3HT, that each
enhance cross-plane heat transport. The subsequent decrease
in κ at the highest doping levels result from intercalated
F4TCNQ¯ ions further localizing vibrational modes within the
P3HT crystallites. Finally, with accurate values for cross-plane
κ, we were able to determine zT upper limits for F4TCNQ-
doped P3HT as a function of doping level. A peak zT value of
5.2 × 10−3 was determined for RR-P3HT doped with 6 mg mL−1

F4TCNQ via the SqP method. Further studies are needed to
map changes of Cv and κ for P3HT films doped with other
molecular dopants to optimize these systems for thermoelectric
applications.

4 Experimental Section

4.1 Poly(3-Hexylthiophene) (P3HT) Materials

We used RR-P3HT (97.6% regioregularity (RR), Mn =
28.65 kg mol−1, Mw = 60.15 kg mol−1, PDI = 2.1, sourced
from Ossila) and RRa-P3HT (Mn = 19–34 kg mol−1, Mw = 60–
95 kg mol−1, PDI = 2.8–3.1, sourced from Rieke Metals) to make
films for TDTR, electrical conductivity, Seebeck coefficient,
DSC and GIWAXS measurements. We used RR-P3HT (91%–94%
regioregularity,Mn = 20–35 kg mol−1,Mw = 50–70 kg mol−1, PDI
= 2.0–2.5, sourced from Rieke Metals) and RRa-P3HT (same
as above) for bulk film density and F4TCNQ:3HT mole ratio
measurements. All of the above values for Mn, Mw, PDI and
%RR were provided by the supplier and were not independently
verified. The range in values of Mn and Mw were also provided
by supplier Rieke Metals. Any density difference between films
made from 97.6% and 91%–94% RR P3HT fall well within the
density measurement error of our experiments (± 0.04 g cm−3).
In addition to the measurements described in the main text, we
also performed DSC measurements using the aforementioned
91%–94% RR-P3HT to test for any regioregularity dependence on
Cp. We found no discernable difference in Cp between 97.6% and
91%–94% RR-P3HT in their bulk-powder morphology. However,
as drop-cast films, we found that the Cp of 97.6% RR-P3HT is
≈10% lower than 91%–94% RR (see Table S2). See Section S1.1 for
details on how we sourced all solvents, substrates and deposited
metals.

4.2 Instrumental Methods

We utilized a Perkin-Elmer DSC 8000 instrument to per-
form differential scanning calorimetry, a thermoanalytical tech-
nique used to measure how much energy was required to
heat sample material, to determine Cp; this experiment is
Advanced Functional Materials, 2026

tive C
om

m
ons L

icense



d
m
t
c
i
L
d
m
b
S
i
t
t
(
a
t
S

A

B
S
a
g
L
U
e
t
N

F

N

C

T

D

T
c

R

P
R

2
P
A

3
e
I
3

4
s
E
8

5
D
S

A

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.76788 by B
enjam

in J. Schw
artz - U

niversity O
f C

alifornia, L
os A

ngeles , W
iley O

nline L
ibrary on [08/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
re
escribed in detail in Section S1.5. We utilized an amplitude-
odulated, low-pulse energy ultrafast laser system to perform
ime-domain thermoreflectance (TDTR), a pump-probe opti-
al technique used to measure thermal effusivity; this exper-
ment is described in detail in Section S1.7. We utilized a
akeshore MeasureReady M91 FastHall system in the Van
er Pauw configuration to perform four-point-probe measure-
ents to determine electrical conductivities, and a custom-
uilt instrument that applies thermal gradients to determine
eebeck coefficients; both of these experiments are described
n detail in Section S1.8. We utilized the Synchrotron Radia-
ion Lightsoure (SSRL) at SLAC National Accelerator Labora-
ory to perform grazing-incidence wide-angle x-ray scattering
GIWAXS) experiments, an x-ray diffraction technique, to char-
cterize the nanoscale structure and morphology of polymeric
hin-films; this experiment is described in detail in Section
1.9.
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