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ABSTRACT

Conjugated polymer based block copolymers (CP-BCPs) are an unexplored class of
materials for organic thermoelectrics. Herein, we report on the electronic conductivity (o) and
Seebeck coefficient (a) of a newly synthesized CP-BCP, poly(3-hexylthiophene)-block-poly
(oligo-oxyethylene methacrylate) (P3HT-b-POEM), upon solution co-processing with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and subsequently vapor-doping with a molecular
dopant, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ). We found that the
addition of the hydrophilic block POEM greatly enhances the processability of P3HT, enabling
homogeneous solution-mixing with LiTFSI. Notably, interactions between P3HT-b-POEM with
ionic species significantly improve molecular order and unexpectedly cause electrical oxidizing
doping of P3HT block both in solution and solid states, a phenomenon that has not been previously
observed in Li-salt containing P3HT. Vapor doping of P3HT-b-POEM-LiTFSI thin films with
FATCNQ further enhances ¢ and yields a thermoelectric power factor PF = a’c of 13.0 pWm™'K-
2, which is more than 20 times higher than salt-free P3HT-b-POEM sample. Through modelling
thermoelectric behaviors of P3HT-b-POEM with Kang-Snyder transport model, the improvement
in PF is attributed to higher electronic charge mobility originating from the enhanced molecular
ordering of P3HT. Our results demonstrate that solution co-processing conjugated BCPs with a

salt is a powerful method to control structure and performance of organic thermoelectric materials.



L INTRODUCTION

Conjugated polymers (CPs) are an important category of electronic materials, and see a
number of uses stemming from their solution processability, mechanical flexibility, stretchability,
and the tunability of their physical properties via chemical modifications.['® Doping CPs to
modulate carrier concentration and control electronic conductivity is critical to enhancing
performance of many optoelectronic devices. For instance, doping has been shown to facilitate
trap-filling in organic field-effect transistors (OFETs), improve charge injection and collection in
organic photovoltaics (OPVs) and organic light-emitting diodes (OLEDs).”!*) Doping is of
particular importance for organic thermoelectric applications, where the carrier concentration n
impacts the electronic conductivity o, the Seebeck coefficient o and the thermal conductivity «,
which all directly influence the thermoelectric figure of merit ZT = a?cT/x.'* ') Optimizing
thermoelectric performance in CPs thus requires fundamental understanding of the influence of
chemistry, processing, and doping on both the polymer morphology and the resulting
thermoelectric properties.

Electrical doping of CPs is usually achieved via electron transfer from the host polymer to
molecular dopant in the case of p-type doping, or from the molecular dopant to the host polymer
in the case of n-type doping. Typically, incorporating molecular dopants into the polymer affects
not only the carrier concentration but also the polymer morphology, making it difficult to predict
the change in electronic conductivity with dopant concentration.!'’! Since the polymer-dopant
interaction strongly depends on the way dopants are incorporated into the polymer samples,
changing the doping method has a profound impact on ¢, a and thermoelectric performance. For
example, sequential doping methods where the polymer films is exposed to the dopant in vapor or

solution phases!!®24 are shown to give superior electronic conductivity compared to solution



doping where the polymer and dopant are co-processed from solution.?>2¢! This improvement in
electronic conductivity is due to the preservation of the underlying structure of the CPs after
sequential doping. Compared to solution doped films, sequential doping of films of
semiconducting polymers, such as poly(3-hexylthiophene) (P3HT) or copolymers of thiophene
and thienothiophene (pBTTT), possess one to several orders of magnitude higher electronic
conductivity.[227-30

While significant efforts have been devoted to controlling and optimizing thermoelectric
properties of CPs,?831"33] further improvement of the power factor, PF = o°c, and reduction of the
thermal conductivity, , are still needed to fully realize the potential of CP-based thermoelectrics.
The most common strategy to overcome such limitations is to fabricate blends of CPs with other
components such as different CPs, non-conjugated polymers, nanoparticles, or inorganic fillers.*4-
3¢) Adding a secondary component to CP blends has been shown to improve charge transport,37-3%!
enhance mechanical properties’®”! and reduce thermal conductivity.?® This improvement is
usually driven by enhanced doping efficiency, better percolation of electronic conduction
pathways and beneficial mechanical and thermal conductivity of the added components.
Nevertheless, using conjugated polymer blends poses inherent challenges as they usually do not
have well-defined and stable morphologies due to the phase separation between the different
components, which can result in significant long-range heterogeneity in morphologies. Thus, an
alternative replacement for CP blends is CP-based block copolymers, where the two components
are covalently linked. While BCPs hold great potential for use in thermoelectrics, thus far there

has been no detailed report on the structure-function relationships in molecularly doped BCPs for

thermoelectric applications.



To this end, in this work we investigate the thermoelectric properties (¢ and a) of poly(3-
hexylthiophene)-block-poly (oligo-oxyethylene methacrylate) (P3HT-H-POEM) upon solution co-
processing with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and then vapor doping with
the molecular dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ). We find
that while the thermoelectric PF of salt-free P3HT-b-POEM doped with F4ATCNQ is lower than
the homopolymer P3HT, co-processing P3HT-b-POEM with LiTFSI greatly improves its
molecular order and thus electrical conductivity upon exposing to FATCNQ vapor. As a result, PF
as high as 13.0 xuWm'K is realized in P3HT-h-POEM at the intermediate LiTFSI blending
concentration of » = [Li"]/[EO] = 0.02. We rationalize the improvement in molecular order of
P3HT-b-POEM to be due to the interaction between the oligoethylene glycol chains in the POEM
segment with LiTFSI in solution prior to deposition, which lead to the formation of aggregates in
solution and results in a higher degree of order in the resultant thin films.

II. RESULTS AND DISCUSSION

1. Structural control of P3HT-b-POEM via the addition of LiTFSI
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Figure 1: (a) Chemical structures of P3HT-b-POEM and LiTFSI. RR = regioregularity. (b) The
GISAXS in-plane linecuts of P3HT-5-POEM-LIiTFSI thin film samples (» = [Li']/[EO]). The
arrow denotes the location of the primary scattering peak (g*).



P3HT-b-POEM was synthesized by first synthesizing each block component separately.
The P3HT block with trimethylsilane(TMS)-protected pentynyl end-groups via Kumada Catalyst
Transfer Polymerization (KCTP) with an external initiator.*”! The POEM block was synthesized
via Atom Transfer Radical Polymerization (ATRP). P3HT-b-POEM was then synthesized via
CuAAC “click” reaction between P3HT and POEM blocks. More details of the synthetic
procedures are shown in Supporting Information (Schemes 1 —4 and Figures S1 — S2). In the first
phase of our structural characterization investigation, we use a combination of grazing incidence
small-angle and wide-angle X-ray scattering (GISAXS and GIWAXS) to study the self-assembly
of P3HT-H-POEM upon the addition of LiTFSI. The chemical structures of both P3HT-5-POEM
and LiTFSI are shown in Figure 1a. Here, we would like to note that coupling P3HT with the
POEM block not only introduces additional functionalities but also helps to improve the solution
processability of the materials due to the high solubility of POEM in various types of solvents. As
an example, we show in the Supporting Information photographs (Figure S3) of P3HT-b-POEM-
LiTFSI and P3HT-LiTFSI solution at the same LiTFSI solution volume ratio of ca. 30 %. Upon
addition of LiTFSI solution, P3HT-b-POEM solution shows no visible macroscopic solution
aggregation, in stark contrast to P3HT-LiTFSI solution where macroscopic particulates from
polymer precipitation are clearly observed. AFM height images of P3HT-b-POEM-LiTFSI thin

film (Figure S4) also show smooth (roughness < 2 nm) surface topography of all samples studied.

Figure 1b depicts the in-plane GISAXS profiles of P3HT-6-POEM-LiTFSI thin films at
different LiTFSI concentration » = [Li"]/[EO] where EO is the number of repeated ethylene oxide
units in the POEM block. The GISAXS profile of the salt-free (» = 0) sample only shows a weak,
broad peak at g* = 0.015 A"! which corresponds to a characteristic domain size (d* = 2rt/q*) of 42

nm. This scattering profile is consistent with fibril-like domain P3HT structures that have been



previously reported to form in P3HT-containing BCPs.[*'*] Upon adding LiTFSI, in-plane
GISAXS exhibits similar scattering profiles, but d* increases to 43 nm for » = 0.01 and 49 nm for
r=0.1. This increase in d* likely arises from the preferential swelling of the POEM domain with
LiTFSI. On the other hand, at » = 0.2, the GISAXS profile exhibits a broader g* peak and the
corresponding d* is smaller at 31 nm. While the origin is unclear, we postulate that high salt
loading likely leads to further disordering of the morphology and reduced d*. Overall, the GISAXS
profiles of P3HT-5-POEM with and without LiTFSI are indicative of weak phase separation and
do not form traditional periodic nanoscale BCP morphologies. The strong crystallization of the
P3HT block is the driving force behind the weak phase separation, a phenomenon which has been

well-documented in CPs-containing BCP literature.[*!~4]
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Figure 2: (a) Representative 2D GIWAXS images of P3HT-5-POEM thin films at different values
of . The complete set of GIWAXS images is shown in the Supporting Information. (b) and (c)
Evolution of side-chain stacking distance d100 and n-stacking distance doio as a function of r.



GIWAXS measurements were performed to probe the influence of LiTFSI on the
molecular packing and ordering of the semicrystalline P3HT domain. Figure 2a shows the 2D
GIWAXS images of P3HT-6-POEM-LiTFSI thin films at several representative values of r.
GIWAXS images for all samples are shown in Figure S5. The GIWAXS pattern of the » = 0 sample
contains scattering patterns from both the side-chain stacking direction (#00) and m-stacking
direction (010). The sample intensity appears more ring-like between the in-plane and out-of-plane
directions, indicating a nearly random orientation of crystallites. Note that POEM is amorphous
and likely contributes to the diffuse scattering around ¢ ~ 1.3 A’l. The addition of LiTFSI
influences the molecular ordering and orientation of P3HT domain. In the » = 0.02 and 0.10
samples, the intensity of the (£00) and (010) peaks increase, indicating an increase in the relative
degree of crystallinity (rDoC). In addition, we observe the (£00) reflections are predominately in
the out-of-plane direction and the (010) reflection is predominately in the in-plane direction, which
is indicative of stronger bias toward edge-on orientation of crystallites. At very high salt
concentration of » = 0.20, the structure is still more locally ordered than the neat sample, but
additional background scattering appears, which could originate from disordering of the polymer
and/or excess amount of LiTFSI not dissolving into the polymer matrix. The changes in rDoC and
crystallite orientation at different values of » can be further quantified by constructing a partial
pole figure of the (100) reflection for each sample, as shown in Figure S6. The overall
improvement of molecular order by the addition of a salt has been reported in the literature!** and
also shown in our previous works of oligoethylene glycol side chain-bearing polythiophene
derivatives'® and an oligothiophene-based liquid crystal with attached oligoethylene glycol

chains.[?4



To provide more insights into structural evolution of P3HT-b-POEM upon adding LiTFSI,
we show in Figure 2b and c the side-chain stacking distance di00 and n-stacking distance doio as a
function of . The values of dioo and doio were calculated by fitting the (100) and (010) peaks to a
Lorentz function from out-of-plane and in-plane GIWAXS linecuts, respectively. As seen in
Figure 2b and ¢, both di00 and doio show non-monotonic changes in values with increasing . From
r =010 0.05, dioo increases to 1.65 nm from the initial value of 1.60 nm, which might indicate that
at least a portion of LiTFSI has infiltrated into the crystallite domain of P3HT despite the lower
polarity of P3HT block compared to POEM block. Interestingly, the value of dioo drops to the
original value of 1.60 nm at higher concentrations » = 0.1 and 0.2, perhaps due to changes in
mixing behavior of LiTFSI and P3HT-»-POEM. On the other hand, doio is found to reduce with
from 0.383 nm to 0.373 nm from » = 0 to » = 0.1 before slightly increasing to 0.377 nm at » = 0.2.
Later on, we will show that this observation is due in part to the electronic doping effect of LiTFSI,
leading to polaron formation, which in turn reduces the n-stacking distance.!*® The increase of do1o
in » = 0.2 sample could be due to the highly disordered structure at this concentration, as is
supported by UV-vis-NIR measurements described in the next section. Overall, these GIWAXS
results reveal that the addition of a salt results in significant improvements in local molecular
ordering of P3HT-b6-POEM, which will have direct influence on electronic conductivity and
thermoelectric properties of the materials.

2. Origin of improved molecular order of P3HT-b-POEM by the addition of LiTFSI
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Figure 3: (a) Raw UV-vis-NIR absorption spectra of P3HT-b-POEM-LIiTFSI in acetonitrile
solutions and (b) Normalized UV-vis-NIR absorption spectra of P3HT-5-POEM-LiTFSI thin
films. (c¢) Exemplary Spano fit performed on the » = 0.02 thin film sample. (d) Exciton bandwidth
W, (e) fraction of aggregates and (f) disorder parameter o4 extracted from Spano model fit.

To look into the origin of enhanced molecular order in P3HT-56-POEM by LiTFSI, we
study the interaction of P3HT-b-POEM with LiTFSI both in the solution and thin film states using
UV-vis-NIR absorption spectroscopy. Figure 3a and b show the absorption spectra of P3HT-b-
POEM-LiTFSI in acetonitrile (AN) solutions and thin films, respectively. We use a quartz cell
with very short path length of 100 um, enabling absorption measurement of a solution that has the
same concentration (10 mg/mL) as used to spin coat the thin film samples. The solution absorption
spectrum of P3HT-H-POEM shows a single broad absorption peak near 3 eV which corresponds
to the absorption of disordered P3HT. Upon solution blending with LiTFSI, we observe the
appearance of aggregate peaks near 2 eV, the relative intensity of which initially increases with

LiTFSI concentration from » = 0 to 0.05, but decreases at higher values of . Similarly, the relative



intensity of the aggregate peaks in P3HT-b-POEM thin films also increases until » = 0.05 and then
decreases at higher ». Such an observation indicates the formation of n-stacked aggregates in
solution upon adding LiTFSI. These aggregates in turn provide nucleation sites for crystal growth
upon drying, and directly translates to higher crystalline order in solid state samples after spin-
casting from solutions. Notably, in addition to the formation of aggregates in solution, the
introduction of LiTFSI also leads to formation of polaron absorption peaks near 1.2 ¢V and 0.5 eV
both in solution and solid state, indicative of electronic oxidizing doping of the P3HT block of
P3HT-b-POEM (indicated by the black arrows in Figure 3a and b. The electronic doping is a
surprising observation since LiTFSI is typically characterized as a redox-inactive ionic dopant.

More details of this observation will be discussed further in the next section.

To quantify the observed solution and thin film ordering, we employ Spano model fit 4743

on the UV-vis-NIR absorption spectra to deconvolute the contribution of amorphous and aggregate
parts. A representative Spano model fit is shown in Figure 3¢ for the P3HT-5-POEM thin film at
r = 0.02. From the fit, we extract three parameters of interest which are the exciton bandwidth W
(Figure 3d), the aggregate fraction (Figure 3e) and the disorder parameter o4 (Figure 3f). The
aggregate fraction was calculated by comparing the absorption strength of the amorphous and
aggregate portions using a previously reported procedure by Clark et al.**! As can be seen in
Figure 3d, adding LiTFSI significantly reduces /¥ both in solution and thin film, with the minimum
value of W achieved around » = 0.02 to 0.05. In the limit of weak excitonic coupling between co-
facially packed polythiophene chains, the interchain coupling leads to the formation of vibronic
bands characterized by . A reduction of ¥ is an indication of greater exciton delocalization across
the polymer chains, and thus indicates a longer conjugation length. Notably, in solution we observe

W approaches 0 within the limit of fitting error, indicative of fully extended, distortion-free P3HT



chains in solution upon interaction with LiTFSI/AN solution. This highlights the positive impact
of co-processing with LiTFSI/AN solution on improving molecular order of P3HT-6-POEM. The
increase of W at very high value of r likely originates from the disorder induced by the excess

amount of LiTFSI.

Interestingly, at the same r the value of W is always lower in solution compared to solid
state, indicating that P3HT chains in solution on average have longer conjugation length compared
to those in solid thin films. This difference is a surprising observation as the already-present
aggregates in solution are expected to grow upon spin-casting from solution. This seemingly
counterintuitive trend can be explained by comparing the fraction of aggregates in the solution and
thin film samples, as shown in Figure 3e. At the same r, the aggregate fraction is always lower in
solution, which suggests that there exist two populations of polymers: the highly extended polymer
chains as already described, and also a substantial portion of polymer chains that are highly
disordered. Upon spin-casting, those amorphous chains order to form fresh aggregates in the thin
film in addition to the ones already formed in solution, leading to the lower average conjugation
length observed in the thin film samples. Finally, as shown in Figure 3f, the disorder parameter od
for the thin film samples is also found to decrease to a minimum value near » = 0.02 — 0.05 before

again increasing at higher 7, similar to the trends observed for W.

Here, multiple factors are in play that control the extent of molecular ordering. We suspect
that the formation of charged conjugated segments in solution provides attractive forces between
adjacent chains which promotes aggregation, similar to the observation of improved ordering in
mixed solutions of a conjugated polymer and molecular dopant.?! An alternative explanation is
the ionic crosslinking of the POEM block in the presence of LiTFSI which could bring the P3HT

segments closer thus induce aggregation. It is important to note that in our experiments we used



acetonitrile (AN) to dissolve LiTFSI prior to mixing with P3HT-b-POEM solution. Since AN is a
poor solvent for P3HT, it is also possible that addition of AN is responsible for the aggregation.[”’
To distinguish the effect of AN and LiTFSI, we perform a controlled experiment where we blend
P3HT-b-POEM with only pure AN (without LiTFSI) at identical ratios as those used for the
LiTFSI-containing mixtures. As detailed in Supporting Information section 5, at the same AN
blending ratio, the addition of LiTFSI always induces more aggregate formation in solution
compared to AN alone. We thus conclude that the improvement in P3HT-5-POEM molecular order
originates from the combination of solubility factor of AN and doping effect of LiTFSI in solution
prior to spin-casting.

3. The influence of LiTFSI on P3HT-b-POEM electronic conductivity
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Figure 4: (a) Photographs of P3HT-h-POEM thin films without LiTFSI (top) and blended with
LiTFSI at a concentration of » = 0.1 (bottom). The color bleaching of the thin film is indicative of
LiTFSI doping P3HT. (b) Ratio between the polaron and neutral peak intensity extracted from
UV-vis-NIR absorption spectra in Figure 3b and (c) electronic conductivity (¢) of P3HT-6-POEM
thin film as a function of .

Since we observe evidence of polaron formation in P3HT-56-POEM with LiTFSI, in this
section we look further into the influence of LiTFSI on the ¢ of P3HT-b-POEM. We note that all
the polymer thin film processing and conductivity measurements have been performed in an

oxygen- and moisture-free argon-filled glovebox, thus we exclude the possibility of electronic



doping due to exposure to ambient air. Shown in Figure 4a are photographs of P3HT-5-POEM
thin films on a glass substrate, with (» = 0.1) and without LiTFSI (» = 0). As seen in Figure 4a,
adding LiTFSI results in color bleaching of P3HT-b-POEM, providing another clear evidence of
electronic oxidizing doping effect of LiTFSI. To further describe the relative degree of doping, we
calculate the ratio of the polaron peak intensity near 0.5 eV and neutral peak intensity near 2.3 eV
from the absorption spectra in Figure 3b (which we term as the polaron/neutral ratio), as done in
prior studies.!??3! The polaron/neutral ratio is found to linearly increase at function of r, suggesting
an increase in doping level with addition of LiTFSI and the carrier/polaron concentration scales
with LiTFSI concentration until » = 0.2. As shown in Figure 4c, o of P3BHT-b-POEM increases by
more than 5 orders of magnitude from (6.5 + 5) x 10"® S/cm in the neat sample to (3 £ 0.2) x 10~
S/cm in 7 = 0.02 samples before dropping to ca. 6.2 x 10> S/cm in » = 0.2 sample. We attribute
the drop in o at high r to disordering of P3HT induced by excessive amount of LiTFSI as indicated
by UV-vis-NIR measurements (Figure 3).

Here, it is worth mentioning that the use of LiTFSI or other redox-inactive salts to improve
electronic conductivity of organic semiconductors have been reported in literature.[>44432-55] The
enhanced electronic conductivity in such cases have been attributed to factors such as changes in
dielectric constant or improvements in molecular order caused by the addition of the ionic dopants.
While there exist previous studies on LiTFSI doping of P3HT, 52357 our results are distinctive
as LiTFSI serves as an oxidizing dopant in P3HT-b6-POEM leading to a higher doping level and,
in turn, higher o compared to these previous studies. The oxidizing doping behavior is
demonstrated by for the presence of the polaron absorption peaks in the UV-vis-NIR (Figure 3b)
and the decreasing doso arising from the charged P3HT backbone (Figure 2c). Such structural

changes were not observed in refs 52 and 56. Moreover, the resulting maximum ¢ in our P3HT-b-



POEM-LiTFSlis 3 x 10 S/cm at 7 = 0.02, which is substantially higher than the ones reported in
ref 52 (~10° S/cm) and ref 56 (10”7 — 10° S/cm). Overall, we believe our study is the first to report
oxidizing doping behavior of a P3HT containing polymer with LiTFSI consistent with traditional
dopants, which could have important implications in for the field of molecular doping. A complete
understanding of the underlying mechanism for LiTFSI doping in P3HT-5-POEM will require
probing local nano-scale distribution of ions, using different type of salts and different chemistry
of non-conducting blocks, which is out of scope for this study.

4. Further improvement of electronic conductivity via vapor doping with F4TCNQ
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Figure 5: (a) Normalized UV-vis-NIR absorption spectra of different P3HT-6-POEM-LiTFSI
samples at an optimal FATCNQ doping condition of 5 min. (b) Ratio of polaron/neutral peak
intensity extracted from (a).

While LiTFSI can electronically dope P3HT-b-POEM, the resulting o is relatively low due
to the low level of doping, as judged by the weak intensity of the polaron peak (Figure 4b).
Therefore, to further increase o to reach higher levels of thermoelectric performance, we further
dope the thin films with the molecular dopant 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4ATCNQ). We note that different strategies of solution mixing and



sequential doping have been employed to introduce molecular dopants such as FATCNQ into
conjugated organic semiconductors.[*>?”381 Here, we choose to follow the vapor doping method
where one first casts a thin film of the polymer to be doped and then infiltrates FATCNQ from the
vapor phase. This method has been shown to lead to homogenous doping through the thickness of
the thin film and minimal disruption of the underlying self-assembled structure of P3HT.!1823:24.27]

UV-vis-NIR measurements revealed the extent of doping of P3HT-56-POEM-LiTFSI thin
films after vapor doping with FATCNQ (Figure 5a). An optimal doping time of 5 minutes was
selected because the UV-vis-NIR absorption spectra remain unchanged above this time and o
levels out (as shown in later in Figure 7). As seen in Figure 5a, vapor doping the samples with
F4TCNQ decreases the intensity of the neutral P3HT absorption peak near 2.3 eV, and leads to the
appearance of new absorption peaks at 1.4 and 1.6 eV corresponding to the FATCNQ anion and at
0.5 eV corresponding to the sub-band gap transition for polarons. The absorption structure from
above 3.0 eV is a convolution of the FATCNQ anion (~3.1 eV) and neutral FATCNQ (~3.4 eV).
These absorption features are consistent with the expected integer charge transfer (ICT) doping
mechanism between P3HT and F4ATCNQ.

To compare an approximate extent of doping between different P3HT-5-POEM-LiTFSI
thin films, we took the peak intensity ratio between the polaron peak at 0.5 eV to the neutral peak.
The addition of LiTFSI results in a positive impact on doping efficiency, evident by the increase
in the polaron/neutral ratio with increasing LiTFSI concentration as shown in Figure 5b. The
doping efficiency is highest in » = 0.2 sample despite its more disordered structure as indicated by
UV-vis-NIR measurement. This observation suggests that degree of order is not the major factor

affecting doping efficiency in the P3HT-H6-POEM system investigated in this work. Note that the



polaron/neutral ratio is also influenced by LiTFSI doping as demonstrated in Figure 4b. At the

moment we are not able to separate the contribution from LiTFSI- and F4ATCNQ-doping.
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Figure 6: Representative (a) in-plane and (b) out-of-plane GIWAXS linecuts before and after 5
min of FATCNQ doping. GIWAXS patterns of F4ATCNQ-doped samples at all values of » are
shown in the Supporting Information. (c), (d) Calculated values of d100 and do1o of different P3HT-
b-POEM-LiTFSI samples before and after 5 min doping with F4ATCNQ vapor.

GIWAXS measurements were performed to understand the influence of FATCNQ vapor
doping on the molecular packing of P3HT-5-POEM-LiTFSI thin films. For the P3HT-6-POEM-
LiTFSI thin films, F4ATCNQ vapor doping does not lead to significant disruption of the underlying

molecular packing structure, as indicated by similar GIWAXS patterns before and after vapor



doping with FATCNQ (Figure S5 and S7). The notable changes correspond to the location of the
(100) and (010) peaks as seen through the in-plane and out-of-plane linecuts acquired from the 2D
GIWAXS images (Figure 6a and b) and quantified through calculation of di00 and doio (Figure 6¢
and d). A table of d-spacing values of all the samples before and after doping with F4ATCNQ is
shown in the Supporting Information (Table S1). As observed in the in-plane linecuts, the =n-
stacking peak (010) shifts to higher ¢ for all samples after doping with FATCNQ (indicated by the
arrows in Figure 6a). The shift of the (010) peak to higher g is indicative of the reduction in the n-
stacking distance upon doping. This reduction is due to the delocalization of polarons between
adjacent chains, leading to attractive forces that reduce the m-m spacing.[*®) Importantly, for
LiTFSI-blended samples at » = 0.02 and » = 0.10, the relative intensity of the n-stacking peak after
doping is much higher than the neat sample, highlighting the interplay between LiTFSI and
F4TCNQ, and the importance of the two dopants in increasing overall doping efficiency. The final
doio 1s ca. 0.35 — 0.36 nm for all samples which is similar to the value reported in literature for
F4TCNQ-doped P3HT homopolymer.[?2) On the other hand, the out-of-plane linecuts shown in
Figure 6b indicate a shift in the (100) peak to lower ¢ after FATCNQ doping. The shift in g value
corresponds to the increases in dio1 from ca. 1.6 nm to ca. 1.8 nm after doping for all samples,
values which are also similar to the reported value of fully-doped P3HT homopolymer.!*?! The
increase in the side-chain d-spacing is due to the intercalation of FATCNQ into P3HT side-
chains.[?%?223] Qur combined UV-vis-NIR in Figure 5, GIWAXS data in Figure 6, together with
the depth-profile probed by GIWAXS (Figure S8) suggests that FATCNQ penetrates the whole

film thickness and efficiently dopes the P3HT block even in the presence of the POEM and LiTFSI.
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Figure 7: (a) Electronic conductivity (o) of different P3HT-b-POEM-LiIiTFSI thin films as a
function of FATCNQ vapor doping time. (b). Maximum electronic conductivity (omax) of each
FATCNQ-doped P3HT-h-POEM-LiTFSI thin films.

Having demonstrated that F4ATCNQ vapor doping is an effective method to introduce
electronic carriers into P3HT-H-POEM-LiTFSI thin films while maintaining the molecular
ordering, we proceed to measure ¢ as a function vapor doping time (Figure 7a). Upon exposing
the samples to FATCNQ vapor, ¢ quickly rises, levels out around 5 min of doping. To emphasize
the effect of » on o of the samples, we plot in Figure 7b the maximum electronic conductivity (omax)
obtained for each F4ATCNQ-doped P3HT-h-POEM-LiIiTFSI thin film as a function of . The value
of ¢ for the salt-free (» = 0) sample is 0.61 £ 0.10 S/cm, which is more than an order of magnitude
lower than the o of 14.7 £ 1.7 S/cm of the exact same P3HT homopolymer block we used to
synthesize the P3HT-b-POEM BCP. We attribute the lower ¢ of the neat sample to the highly
disordered morphology of P3HT-5-POEM sample compared to P3HT homopolymer sample based
on the results of the GIWAXS measurements and the presence of the electronically insulating
POEM block that impedes charge transport (See Supporting Information Figure S9). Upon
introducing LiTFSI, the maximum conductivity quickly rises, which the highest o of 31.6 £ 1.8

S/cm achieved in » = 0.02 sample. When normalizing to the P3HT volume fraction, an effective o



of ca. 83 S/cm is obtained, which surpasses the o of P3HT homopolymer (Details of volume
fraction calculation is shown in Supporting Information Figure S11). The improvement in o in the
low r regime could originate from a combination of multiple factors: (i) improved molecular order,
(i1) the presence of carrier concentration induced by LiTFSI doping, and (iii) increasing doping
efficiency with F4ATCNQ. For » > 0.02, ¢ monotonically decreases with increasing r. Since the
doping efficiency still increases with » (Figure 5b), the drop in ¢ at high value of r is likely caused
by a reduction in the apparent charge carrier mobility arising from the higher degree of disorder
determined through the UV-vis-NIR analysis, and/or the TFSI" and FATCNQ™ counter ion
scattering effect that can negatively impact carrier mobility.[**-6!l We note that, since TFSI" and
FATCNQ" counter ions are likely to at least partially reside in the POEM domains, the scattering
effects in our case are expected to be weaker than in cases of homopolymer doping.

5. Improving thermoelectric properties through the addition of LiTFSI
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Figure 8. (a) Correlation between Seebeck coefficient and conductivity for different P3HT-b-
POEM-LIiTFSI thin films after vapor doping with FATCNQ. The solid symbols represent
experimental data. The dashed lines at each color represents the fit of Kang and Snyder’s charge
transport model to the experimental data set of the same color. The fits were performed using s =
3 (see more details in the text). (b) The fitted results of o£o from Kang and Snyder’s model in (a)
for each P3HT-h-POEM-LIiTFSI thin film. The error bar for each value of oz was calculated from
the uncertainty of the fit. (c) Correlation between the maximum measured conductivity Omax in
Figure 7b and the fitted values of oro at each value of . The dashed line is guide to the eyes.

The benchmark figure of merit, Z7, for thermoelectric materials depends on a, o, and «,
according to ZT = o’cT/ . In this equation, the numerator a’c represents the power factor, PF, of
a material at given a and ¢ values. While ¢ describes transport of a carrier under influence of an
electric field, a describes the migration of charge carriers under a temperature gradient. The PF of
a material is related to the Fermi level within the electronic density of state (DOS) and carrier
scattering processes.[?! To understand the correlation between ¢ and & of the FATCNQ-doped
P3HT-b-POEM-LiTFSI thin films, we plotted o as a function of ¢ on the log-log scale (Figure 8a).
Fundamentally, one can express ¢ and a of a system as a sum of contribution of states at each

energy E using the following equations:(®*]
_ _6f
o = 0g ( _6E) dE (1)

_k E-E i
=2 T (=5dE ()

Here, ok is the transport function, f{E) is the Fermi-Dirac distribution, whereas EF, ks, e, T
are the Fermi energy level, Boltzmann constant, elementary charge and temperature, respectively.
Generally, both a and ¢ depend on the carrier concentration n via Er but these dependencies have
opposite trends: increasing » fills more states and increases o but also brings EF closer to those
transport states and thus, decreasing a. Expectedly, for all samples, « is found to decrease with

increasing o as shown in Figure 8a. Similar slopes were observed for all o — ¢ data, suggesting



similar transport mechanism among the samples. Additionally, from » = 0 to 0.02, we observe a
gradual “right” shift of a — o curves where ¢ values are observed to increase at the same
corresponding a value; whereas for » equal or large than 0.05, the trend reverses as the a.— ¢ curves
shift to the left where ¢ values decrease for a given value of a.

To further understand the transport mechanism in the F4TCNQ-doped P3HT-b-
POE/LiTFSI samples, we model the o — o relation using a theoretical model proposed by Kang
and Snyder.[®+5] While recently there exists more complex transport models built upon this
original model that can further capture localized/delocalized transports or influence of
disorder,'®*” we choose to use the original Kang-Snyder model since this model is simple yet has
been shown to successfully model thermoelectric properties of a wide range of CPs and can be

used to extract our mobility-related parameter of interest oy as described further below. The Kang-

Snyder model assumes that above a transport edge Et, or has a power law energy dependence with
the power s but below E:, carriers are completely localized and do not contribute to the transport

as follows:

N

E—E,
0s(E,T) = 05, (D) x () (E > ED

=0(E<E) ()

Notably, as shown in equation 3, the Kang-Snyder model needed only two parameters
og,and s to successfully model a — o data for a wide range of organic semiconductors.[*! Here,
0g,1s energy-independent and functions as a weighted mobility and thus determines the magnitude
of o. Importantly, oz can be directly related to the charge carrier mobility without knowledge of

carrier concentration #. On the other hand, s determines the magnitude of energy-dependency of
o, where s = 1 is typical for 3-dimensional crystalline solids but s = 3 can be expected when charge

carriers are scattered by ionized impurities such as molecular dopant anions and other salts.!* To



fit our o — o data to the Kang-Snyder model, we systematically change s from 1 to 3 and then fit
each of the a — o dataset to find og,. In our case, fitting to Kang-Snyder model using s = 3 gives
the better fit than s = 1 or 2 for all the & — ¢ data, indicating a strong energy dependence of charge
transport above FE; which is similar to many other organic semiconductors reported in
literature.[¢4%] The fits of the data to the Kang-Snyder model with s = 3 are shown as dashed lines
in Figure 8a and the fits with s = 1 and s = 2 are shown in the Supporting Information (Figure S12
and 13).

Plotted in Figure 8b is the gg values from the Kang-Snyder fit for each FATCNQ-doped
P3HT-b-POEM-LIiTFSI thin film using s = 3. As shown in Figure 8b, o is increase from (7.5 +
1.04) x 10*to (1.5 £ 0.13) x 10”2 S/cm from = 0 to 0.02 then reduce to (1.4 £ 0.14) x 10* S/cm
from » = 0.02 to » = 0.2. This trend agrees with the qualitative observation from the raw data in
Figure 8a, in which the “right” shift and “left” shift of the a — ¢ curve are indicative of higher and
lower values of o5, respectively.l*! As of note in the Kang-Snyder model, the trend in oy can be
directly related to the trend in the charge carrier mobility. Meaning, higher values of o, correlates
to higher charge carrier mobility. We show in Figure 8c the correlation between the measured
maximum conductivity omax of FATCNQ-doped P3HT-H6-POEM-LiTFSI thin films (Figure 7b) and
the fitted value of gz, (Figure 8b). omax is shown to correlate well with o, indicating that the
improved omax likely originates from the high carrier mobility induced by enhanced molecular
order upon addition of LiTFSI. Overall, we have shown that modeling of a — ¢ relationship can
give valuable information about trends in carrier mobility of the samples which can be challenging

to measure by other means.
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Figure 9. (a) The Seebeck coefficient (o) of vapor FATCNQ-doped P3HT-H-POEM-LiTFSI
samples at optimum doping condition (~ 5 min). (b) The Power Factor (PF) of 5 min-doped P3HT-
b-POEM-LiTFSI samples. (¢) Correlation between measured PF and fitted og shown in Figure
8b. The dashed line is guide to the eyes.

Finally, we compute the power factor PF = a’¢ to study the influence of LiTFSI on the
thermoelectric properties of FATCNQ-doped P3HT-b-POEM-LiTFSI thin films. The PF of all
samples across the whole conductivity range is shown in Supporting Information Figure S14. In
Figure 8d we show the maximum PF of FATCNQ-doped P3HT-H-POEM-LiTFSI system at
different values of 7. The PF quickly increases by more than an order of magnitude from 0.6 = 0.1
uWm'K? at » = 0 to a maximum value of 13.0 £ 0.7 xuWm'K? at » = 0.02 before decreasing at
higher salt concentrations. This optimized PF values is ca. 50% higher than the optimized PF of
F4ATCNQ-doped P3HT homopolymer of 8.1 + 1.0 uWm™'K"2 (See Figure S15).

To see whether the enhancement in PF originate from changes in a, we plotted in Figure
9b the value of a for the optimal FATCNQ doping time of 5 min. As seen in Figure 9b, « is found
to reach a minimum near » = 0.05 before slightly increasing at higher LiTFSI concentration. The
salt-free ( = 0) sample has the highest a of 112.0 + 2.8 ¢ V/K; the = 0.05 sample has the lowest
a 0f 49.5 + 0.6 uV/K whereas the » = 0.1 and 0.2 samples have the values o of 52.8 + 1.0 4 V/K
and 64.8 = 0.2 uV/K, respectively. The trend of a from » = 0 to 0.05 can be explained by the

increase in doping efficiency/carrier concentrations with » as demonstrated in Figure 5b. The slight



increase of a at high salt concentration could originate from the broadening of the DOS, or could
be due to the influence of ion movement; the exact cause is as-yet unclear. However, similar to a

[22.27] it is evident that « is not as sensitive to the morphology of the materials as

previous study,
conductivity, only varying from ca. 50 uV/K to ca. 110 uV/K across the whole range of . Overall,

we attribute the improvement of PF is dominated by the increase in . Indeed, similar to o, the

measured PF shows strong correlation with o, as demonstrated in Figure 9c.

I1I. CONCLUSION

In conclusion, we explored how solution co-processing the block copolymer P3HT-b-
POEM with LiTFSI controls the molecular ordering and resulting thermoelectric properties.
Overall, co-processing P3HT-5-POEM with LiTFSI solution led to an initial marked enhancement
in molecular order, as shown by both GIWAXS and UV-vis-NIR absorption spectroscopy before
dropping at high LiTFSI concentration. We attributed this improvement to the interaction between
LiTFSI/AN and P3HT-6-POEM chains in solution, leading to the formation of P3HT aggregates
in solution. This pre-aggregation results in highly ordered P3HT-5-POEM-LiTFSI thin films. In
addition, blending P3HT-b-POEM with LiTFSI resulted in electronic doping of P3HT-b-POEM,
leading to a more than 5 orders of magnitude increase in electronic conductivity. Due to the
increase in molecular order, the FATCNQ-vapor doped P3HT-h-POEM-LiTFSI thin film yielded
o as high as 31 S/cm at » = 0.02, which is ca. 50 times larger than the neat thin film (» = 0). By
correlating experimental a and o through a model proposed by Kang and Snyder, we showed that
the enhanced o resulted from improved charge carrier mobility of the LiTFSI-containing P3HT-b-
POEM thin films. This translated to a PF of 13.0 xuWm 'K compared to the value of 0.6 xWm"

'K in the neat P3HT-H-POEM sample. Our results demonstrate that co-processing conjugated



polymers with ionic dopants to control molecular ordering can be a powerful strategy in
modulating thermoelectric material properties.
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VL EXPERIMENTAL

1. Materials and sample preparation

Detailed synthesis of P3HT-5-POEM are shown in Supporting Information (Schemes 1 —
4 Figure S1 — S2). LiTFSI (battery grade) was purchased from Sigma Aldrich and dried in high
vacuum for 24 h before using. Anhydrous chloroform and acetonitrile were also purchased from

Sigma Aldrich and used as received.



Solutions of P3HT-b-POEM and LiTFSI were prepared by dissolving the materials in
anhydrous chloroform and anhydrous acetonitrile, respectively, at a concentration of 10 mg/mL
and stirred overnight. P3HT-56-POEM solution was then filtered through a 0.45 um filter before
mixing with LiTFSI solution to achieve P3HT-b-POEM-LIiTFSI mixed solution at different
LiTFSI concentration. The mixed solutions were then spin-casted under argon atmosphere onto
the prepared substrates at 2000 rpm for 2 min. Film thicknesses of all samples in this study were
kept at ca. 60-70 nm, as confirmed by spectroscopic ellipsometry measurements. Prior to sample
deposition, all substrates were cleaned by sonication in acetone and isopropanol for 15 min each
and then exposed to oxygen-plasma cleaning for 10 min.

2. F4TCNQ vapor doping procedure

Vapor-doping of FAaTCNQ was performed in an argon-filled glove box. Approximately 5
mg of dopant were placed in a small ceramic crucible within a glass jar (diameter, ~5 cm; height,
~4.5cm) and then the glass jar was inserted into a preheated stainless-steel container for at least 30
min on top of a hotplate. The temperature of the hotplate was set to 220 °C which was shown to
be the optimum temperature for sublimation of FAsTCNQ. During the vapor doping process, the
thin film sample was placed upside down above the glass jar. The sample was kept at a constant
temperature of 50 °C during the doping process by using a custom-built sample holder containing
a thermoelectric module.

3. Electronic conductivity and Seebeck coefficient measurement

Both electronic conductivity and Seebeck coefficient measurement were performed on
samples deposited on top of lithographically-fabricated gold electrodes on quartz substrates.
Electronic conductivity was measured either using the 4 point-probe method (for conductivity

above 107 S/cm) or with interdigitated electrodes (IDE) (for conductivity below 107 S/cm). Four-



point probe conductivity gold contacts had a channel length of 0.2 mm and a channel width of 1
mm. Seebeck measurement gold contacts consisted of two 1-mm? gold pads adjacent to two 0.2-
mm x 1-mm gold bars. The distance between the gold pads (temperature probes and/or voltage
probes) and gold bars (voltage probes) was 3 mm apart. Each IDE device has N = 160 gold
electrodes, each electrode has the length / of 1 mm, width w of 2 yum and the distance between two
adjacent electrode is d = 8 um. Detailed IDE fabrication process is described in our prior
publication.®®]

Four-point probe conductivity measurements were performed using a custom-designed
probe station in an argon glove box. Voltage and current measurements were performed using a
Keithley 2400 source measure unit and Keithley 6221 precision current source. A constant current
was applied to the outer contacts, and the resultant steady-state voltage response was recorded
from the inside contacts. The resistance (R; ohms) of the sample was extracted from the slope of
the VI sweep using Ohm’s law (V' = IR).

The Seebeck coefficient (o) measurements were performed also in an argon glove box
using a custom-built setup. Peltier elements 5 mm apart provided the temperature difference (AT
= Thot — Tcold). A minimal amount of thermal conductive paste was applied to the tips of the thermal
couple to ensure good thermal contact between the thermocouple and the gold pads. The voltage
probe was either placed on the 1-mm? gold pads or 0.2-mm x 1-mm gold bars depending on the
magnitude of the conductivity of the sample. A delay of 100 - 200 s was used for voltage
measurements to ensure that a steady-state temperature gradient was reached. The Seebeck
coefficient was calculated from the slope of a linear fit for the AV versus AT plot. The

measurements were taken within an approximate AT of +3 K around 300 K (room temperature).



Appropriate correction was applied to final Seebeck coefficient calculation depending on the

geometry of the voltage and thermal contacts.[®”]

4. Grazing incidence wide-angle X-Ray scattering (GIWAXS) and small-angle X-ray
scattering (GISAXS)

GIWAXS/GISAXS measurements were performed at beamline 8-ID-E of the Advanced
Photon Source, Argonne National Laboratory with 10.86 keV (A = 0.11416 nm) synchrotron
radiation. Samples were enclosed and measured inside a low vacuum chamber (10 mbar) to
minimize concerns about radiation damage as well as to prevent extraneous scattering from
ambient air. The measurement time was chosen to be 10 s per frame. For each sample, 3 data sets
were taken from 3 adjacent spots on the sample and then summed in order to enhance the signal-
to-noise ratio. In our work, the samples were tilted at an angle of incidence of 0.14° with respect
to the incoming beam. This angle was chosen to be above the estimated critical angle of sample
(ca. 0.11°) but below the critical angle of the Si substrates (0.165°). The scattering signal was
recorded with a Pilatus 1MF pixel array detector (pixel size = 172 um) positioned either 228 mm
(GIWAXS) or 2185 mm (GISAXS) from the sample. Each data set was stored as a 981x1043 32-
bit tiff image with 20-bit dynamic range. The Pilatus detector has rows of inactive pixels at the
border between detector modules. In order to fill these gaps, after each measurement the detector
was moved to a new vertical direction and the measurement on each spot was repeated, then the
gaps were filled by combining the data from two detector positions. Each image was also subjected
to detector nonuniformity, detection efficiency, the polarization effect and solid-angle variation
correction. Vertical line-cuts were performed as a function of intensity along the gz direction. All

the data processing and extraction were executed using the GIXSGUI package for MATLAB.["!

5. UV-vis-NIR absorption spectroscopy and Spano model fitting



The UV—vis-NIR absorption spectroscopy measurements were performed using a
Shimadzu UV-3600 Plus UV-VIS-NIR Dual Beam Spectrophotometer at the Soft Matter
Characterization Facility (SMCF) at the University of Chicago. Absorption spectra of thin films
were performed on samples deposited atop quartz substrates whereas solution absorption spectra
were obtained by using quartz cells having very short optical pathlength of ca. 20 pm.

Quantitative analysis of UV-vis absorption spectra was performed using the Spano model

e.[4748] In brief, the cofacial interchain coupling of adjacent conjugated

as detailed elsewher
segments in polythiophene leads to a formation of vibration bands, which can be determined using
the following Frank-Condon fit to the absorption spectrum:

(E-Ey-mE, —%WS'"e’S )

S We™* S" 2 !
A . D 1_ X e 20
aggregate ”;( m |) ( ZEP ,;7 n '(n - m))

Here, A4 is the absorption of the aggregates as a function of photon energy, E; S is the
Huang-Rhys factor, representing the overlap between vibrational states and assumed to be 1; m
corresponds to different energy levels and £, = 0.179 eV is the energy of C=C symmetric stretch
mode. Here, the three fitting parameters are the exciton bandwidth W, the transition energy Eoand
the energetic disorder o4 (which is the Gaussian width of the absorption peaks).

6. Atomic force microscopy (AFM)

Tapping mode atomic force microscopy (AFM) was performed using the Cypher ES AFM
in the University of Chicago MRSEC Facility. AFM micrographs were analyzed and plotted using

Gwyddion.[!!
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