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Phase-selective doping holds promise for optimizing the electronic
properties of conjugated polymers. This approach has been
observed on a selection of polymer hosts and dopants, but it is
unclear how to translate such an effect to other materials. In our
study, we show that in coprocessing techniques, the affinity of the
solvent to the polymer host, determined by Hansen solubility
parameters, influences whether a dopant is primarily located within
the amorphous phase or distributed across both the crystalline and
amorphous phases. We used tetrabutylammonium fluoride (TBAF) as
the dopant, an n-type DPP-based polymer host (2PyDPP-2CNTVT), and
five common solvents. Optical, electrical, and structural characteriza-
tions reveal that solvents with high polymer affinity lead to low solid-
state order and high Seebeck coefficients S but exhibit low electrical
conductivity ¢. Alternatively, solvents with partial affinity for both
polymer and dopant produce films with mixed phases, where the
dopant concentrates in amorphous regions. These films retain a higher
structural order at elevated doping levels, achieving electrical con-
ductivity 4, an order of magnitude higher than high-affinity solvents at
similar doping concentrations. Our findings propose a solvent-centric
strategy for phase-selective doping, potentially fine-tuning the elec-
tronic properties for various applications.

Introduction

Molecular doping of conjugated polymers is crucial for tuning
the electronic and optical properties in various optical and
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New concepts

This study introduces a solvent-guided strategy for phase-selective doping
in conjugated polymers, leveraging Hansen solubility parameters (HSP)
as a predictive tool. Unlike existing phase-selective doping methodologies
constrained to specific polymer-dopant combinations, this approach
strategically utilizes solvent affinity to tailor the microstructure and
regulate the phase-specific dopant distribution in n-type polymers. Our
finding reveals that solvents positioned at the periphery of the polymer’s
solubility sphere that have high affinity for the dopant enable optimal
doping efficiency by localizing dopant within amorphous regions while
preserving the crystalline order. This conceptual advance provides a
practical method to enhance doping efficiency without extensive
experimentation with different dopant and polymers, potentially
accelerating advancements in organic electronics.

energy-harvesting applications, such as organic photovoltaics,’
organic field-effect transistors,” and organic thermoelectrics
(OTEs).> Within the field of OTE, modulating the carrier
concentration is a key to optimizing the Seebeck coefficient
S, electrical ¢, and thermal conductivity x — parameters that
govern the thermoelectric figure of merit ZT = S¢/kT. None-
theless, optimizing these parameters concurrently is challen-
ging because they are interrelated.* While ¢ and S are often
tuned via the carrier concentration, the S is not determined by
carrier concentration alone - it also depends on the electronic
density of states (DOS) near the Fermi level.® In particular, the
shape of the DOS influenced by the material’s dimensionality
and the presence of energetic disorder.® This inverse S-o relation-
ship underpins a long-standing challenge in thermoelectrics.
There are three approaches to partially overcome such an
issue; the first relies on the engineering of DOS using polymer
mixtures’—by mixing two different materials with varying DOS
landscapes, it is possible to tune the gap between the transport
and Fermi energies, and thus of the S. In optimal compositions,
there is a substantial increase in the S that outperforms that of
a single material.®*'® The second approach exploits aniso-
tropy in polymer structures through high-temperature rubbing,
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inducing significant alignment and enhancing ¢ along the
orientation direction."™'? Such anisotropy increases the locali-
zation length in the rubbing direction, resulting in a higher
power factor.™

A more recent approach involves phase-selective doping, in
which the dopant preferentially populates the amorphous
domains while leaving the crystalline phase unaltered."* Using
this approach, Dash et al. and then Zhong et al. reached PF in
the range of 160-170 pW m ™' K > (ref. 14-16) due to the
undisturbed (high mobility) crystalline phase. Furthermore,
they could discern different dedoping kinetics related to
whether the dopant was located in the crystalline, amorphous,
or mixed phases. However, so far, the extensibility of this
approach appears limited to a given combination of polymer
host/dopant and doping methodology.

To address this gap, we argue that a solvent-guided
approach based on the Hansen solubility parameters (HSP)
offers a promising strategy for phase selective doping. More-
over, upon optimization, it could also be a tool for controlling
the microstructure in conjugated polymers.'” The HSP builds
on the Hildebrand solubility parameter by providing a systematic
and predictive framework for solvent screening. This considers
contributions from dispersion forces (3p), polar interactions (dp),
and hydrogen bonding (3;;) within a three-dimensional solubility
space. A relative energy distance (RED) value differentiates between
a good solvent (RED < 1) and a poor one (RED > 1), making
it a valuable tool for achieving the desired morphology in co-
processing doping methods."®"°

We expect this solvent centric method can also mitigate
challenges remain for sequential doping. Dopant molecules
often have limited penetration into tightly packed crystalline
domains, meaning a significant fraction of the polymer in
the crystalline regions can remain undoped.”® As a results,
many sequential doping protocols rely on polymer swelling or
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repeated doping steps to drive dopants into these ordered
regions.”” This difficulty becomes especially pronounced in
thick or densely packed polymer films, where dopant diffusion
is slow and incomplete.”* By contrast, our solvent affinity
directed co-process strategy incorporates the dopant during
film formation in a single step, using a careful chosen solvent
to ensure uniform dopant distribution without disturbing the
polymer’s morphology.

Here, we show that the solubility-centric methodology using
HSP as a predictive tool can effectively guide solvent selection
to control the solid-state order and enhance the doping effi-
ciency of the n-type conjugated polymers. As a testbed for our
experiments, we employed an in-house designed DPP (diketo-
pyrrolopyrrole)-based n-type polymer, 2PyDPP-2CNTVT, co-
processed with tetrabutylammonium fluoride (TBAF), and
chemical structures are depicted in Fig. 1(a) and (b). UV-Vis-
NIR measurements demonstrated that a solvent such as tetra-
hydrofuran (THF), located on the periphery of the solubility
sphere of the polymer, promotes a higher solid-state order,
while a solvent with a higher affinity for the polymer, such as
chloroform (CF), results in a more amorphous state. This
variation in morphology significantly affects o, where CF-
induced amorphous films show a ¢ of 0.12 S em™ ", while
THF-induced films achieve a ¢ of 7.43 S em™". Grazing inci-
dence wide-angle X-ray scattering (GIWAXS) analysis further
revealed that the enhanced ¢ in ordered films is due to the
preferential location of the dopant in the amorphous regions,
preserving the stacking order n-n and -thus maintaining a high
crystalline phase even at high doping levels. Overall, this study
demonstrates that a solubility-guided solvent selection strategy
enables phase-selective doping, thereby optimizing the solid-
state order and electrical properties, providing a streamlined
path to achieving optimal doping efficiency without extensive
exploration of different dopants or host polymers.
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Fig. 1 Chemical structure of the (a) 2PyDPP-2CNTVT and (b) TBAF used in this work. The side chain in the polymer is represented as R. (c) Solubility
sphere representation for the polymer along the center of TBAF and various solvents in 3D HSP space. The red arrow represents the radius of the
polymer’s solubility sphere (Rg). The color scale represents the calculated RED value, which indicates the solvent affinity, 0 < RED < 1 for good solvent,
RED = 1 for partial-solvent, and RED > 1 for non-solvent. Solvents marked enclosed in a dashed line are partially soluble solvents towards the polymer—
dopant combination. (d) Surface topography images for the TBAF-doped (left) and pristine (right) polymer films processed with (d) THF and (e) CF.
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Results and discussion
Solvent screening system using HSP

As a first approximation, we calculated the HSP parameters for
two solutes, the polymer 2PyDPP-2CNTVT and the dopant
TBAF. Then, we calculated the solvent affinity between these
solutes against a battery of solvents in a database. For this, we
used a commerecially available database and software (HSPiP),>*
along with a methodology previously described in the litera-
ture.'® In brief, the solvent-solute interactions are divided into
three contributions: dispersive (D), polar (P), and hydrogen-
bonding (H) forces. The square root of these components is
expressing HSP, i.e. o; (i = D, P, H) following eqn (1).

5% = 8> + 8> + Oy (1)

The energy difference between a given solute-solvent (R,) is
calculated using the eqn (2) and depicted in 3D space in
Fig. 1(c)

Raz = 4(5D1 - 5D2)2 + (5121 - 5?2)2 + (5H1 - 5H2)2

(2)

Here, subindices 1 and 2 correspond to the solute and solvent
contributions, respectively. When comparing different solvents,
a more intuitive approach is to calculate the relative energy
distance (RED = R,/R,), which is the ratio between the distance
R, and normalized by the solute radius R, determined at a given
temperature and concentration. Within this context, R, sets a
limit in which a perfect solvent has RED = 0, a partial solvent is
RED ~ 1, and a non-solvent will have RED > 1. Fig. 1(c) shows
the solubility sphere for 2PyDPP-2CNTVT along with various
solvents and their calculated RED values and the 2D represen-
tations of each HSP component are available in Fig. S1 (ESIT).
The effects of “polymer” solvent choice will profoundly impact
film morphology and domain size,**** ranging from featureless
morphologies for high-affinity solvents (CF) to fibril-like topo-
graphies when approaching solvents on the periphery (THF) of
the sphere, as seen in Fig. 1(d) and (e). The complete lists of
solvents used to solubility test for 2PyDPP-2CNTVT and TBAF
are available in Tables S1 and S2 (ESI{), and HSP values for the
studied solvents, polymer and dopant are shown in Table S3 of
the ESI.{

For the particular case of “polymer-dopant combinations”,
we should consider a multisphere system that accounts for the
polymer and dopant solutes, each with a defined R, at a given
concentration and temperature. However, for ionic materials,
such as the dopant studied in this work, R, is not easily
defined.*® Regardless, as a simple approximation, we expect
that the solvent affinity towards a given polymer-dopant combi-
nation will be skewed toward the center of the dopant. Speci-
fically, in an imaginary vector line between the polymer and the
dopant, we can expect to find a suitable solvent for the poly-
mer—-dopant combination somewhere in the middle. Building
on this concept, we hypothesized that solvents on the edge of
the HSP sphere and in the vector path towards the dopant
should allow both (i) the formation of polymer films with
higher structural order and (ii) higher dopant diffusion with
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lower penalty on the structural order as polymer swelling will
be predominant over solvation. Using this framework, we
selected a subset of solvents that we expect provide a solvent
gradient in solvent affinity towards the polymer-dopant com-
position: chloroform (CF), chlorobenzene (CB), dichloroben-
zene (DCB), trichlorobenzene (TCB) and tetrahydrofuran (THF).

We highlight that this approach does not capture a complete
picture of solute-solvent interactions. Other methodologies like
COSMO-RS (conductor-like screening model for realistic solvents)
and combined HSP/COSMO-RS®**® provide a more accurate
description of the physics that govern solute-solvent interactions.
However, they are computationally expensive and impractical
when screening a large pool of solvents. Our approach provides
a quick hand-check over a large pool of materials.

Partial solvents lead to lower localization energies

In a subsequent step, we fabricated TBAF-doped polymer film
layers with nominal TBAF contents that ranged from 5-45 mol%
(i.e., dopant added in the polymer solution). We measured ¢ and S
and plotted these parameters in the form of a log-log S-o
(Fig. 2(a)), as it provides additional information via the semi-
localized transport (SLoT) model introduced by Gregory et al.”**°
following eqn (3)

S— é(’%‘*) rc ou(E, T, c) (f%) dE, (3)

—00

which is interpreted as the transport function og(E, T, ¢), at a given
energy and temperature 7, multiplied by the Fermi-Dirac distribu-
tion, normalized to the Boltzmann constant and multiplied by the
temperature and the electron charge. Within this context, og(E,
T, ¢) contains the underlying physics that govern charge transport
following eqn (4)

07 (E < ET)
oe(E, T, c) = Wa(o)\ (E — Er\*®

>

aEnexp( T )( T ) , (E>Er)

4)
E—Er\° . ) .

where ( T > accounts for the increase in electrical con-
B

ductivity with  carrier concentration, while

W]-[ (L)

O, eXp (f T > captures the transition between localized and

a(T,c) =

delocalized charge transport through Wiy(c) - a term that scales
inversely with carrier concentration and the degree of structural
order through the interchain electronic wavefunction overlap.
Therefore, fitting our data with this model provides a representa-
tive picture of the effects that carrier concentration and solid-state
order exert on carrier localization and, consequently, on electronic
properties.

Within this concept, we highlight two distinct trends in the
TE performance of the thin films: (i) the first set of fitting
parameters o(7, ¢) includes CF-, CB-, and DCB-based films.
In this group, the measured thermally generated voltages
remain within the non-degenerate regime, reaching values of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Comparison of TE performance of ¢ and S for TBAF-doped
polymer films with different TBAF contents ranging from 5 mol% to
45 mol%. (a) The CF-, CB-, and DCB-based polymer films in grayscales
follow with a similar SLoT fitting line with a W of 170 meV. The THF-based
polymer film, highlighted in yellow, fits a line with a lower W\, of 83 meV.
(b) PF as a function of the g, best PF are achieved for the DCB-based films.

several hundreds of vV K™, and ¢ are generally below ~1S cm™".

(ii) The second trend pertains to THF-based films, which exhibit a
downward-vertical offset across the non-degenerate and near-
degenerate regions. Despite having the same nominal doping
level, these films display significantly higher ¢ values than those
in the first set, resulting in a maximum electrical conductivity
(omax) that is approximately ten times greater than the CF-, CB-,
and DCB-based films. These observations suggest a lower localiza-
tion energy Wi(c) in THF-based films compared to the other series,
potentially arising from enhanced structural order or differences
between the ‘nominal’ and ‘real’ doping levels (ie., the actual
number of generated charge carriers). As discussed in the follow-
ing sections, our results indicate that both effects contribute to the
properties of THF-based films.

Examining the o, of individual compositions provides
insights into the variations between ‘real’ and ‘nhominal’ doping
levels across each set. In particular, o,,.x consistently plateaus
around 20-35 mol% in all cases, but its magnitude varies and
appears to increase with the RED value, particularly for solvents

This journal is © The Royal Society of Chemistry 2025
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closer in affinity to the dopant. This observation is partially
expected; solvents with a higher affinity for the polymer than
the dopant tends to have poor polymer-dopant interactions
and hinder dopant diffusion through different pre-aggregates
in the solution state. In contrast, increasing the solvent’s
affinity toward that of the dopant can improve dopant diffusion
and, therefore, o,,.x until a trade-off point is reached, either
due to poor solubility of the polymer fraction or excessive
pre-aggregation of the doped fraction that crashes out of the
solution state.?*'

Regarding TE performance, DCB-based films outperform
the other materials, achieving a PF of 16.88 yW m™" K~ and
a ZT of 0.005 at room temperature, assuming a thermal con-
ductivity of 0.3 W m™~* K value, whereas THF-based films,
despite their higher o, of 7.43 S cm™Y, only reach a PF of
4.00 pW m ™' K2 and a ZT of 0.001. This lower ZT and PF value
in THF-based materials can be attributed to the penalty on the
Seebeck voltage, which is a direct consequence of the seemingly
higher carrier concentration at similar dopant loadings but also
on a lower degree of disorder within the conjugated polymer.*?
In brief, as carrier density within the organic semiconductor
increases, a more significant fraction of carriers share the same
entropy at a given temperature, decreasing the S.

Optical and electronic characterization

For more accurate quantification of the doping level, we fitted
the UV-Vis-NIR spectral features and used the polaron (P2) and
transition bands (4,_, to 4y s5) to calculate the polaron mole
fraction (). It is noteworthy that the lowest-energy polaron (P1)
band is absent in our studied cases due to a high localization of
the doped species® or to most doped species are in the form of
charge transfer complexes (CTCs). As a reference, we applied
the method developed by Spano et al.,** which assumes that
each polymer contains a fixed number of doping sites, with site
occupation determined from the integrated area of the absor-
bance, as described by eqn (5).

4 eV

O — Ny oevAp(v)dy —1n 5
- N, + N, T deV 4 eV ( )
p n [oavAp(dy + [ oy An(v)dy

In this model, A, and A,, represent the optical transitions of the
polaron and neutral states, respectively. The fraction of ionized
organic semiconductor sites is approximated by the ratio of
polaron sites (N;,) to the total number of available sites (N, +
Np), adjusted by a correction factor (n) that accounts for
changes in total absorption with increasing doping levels. This
approach does not differentiate between the formation of ion-
pair (IP) and CTCs. Thus, the calculated 0 reflects the combined
presence of ‘free’ and ‘bound’ carriers. Despite this limitation,
the model provides valuable information on the doping level
and the resulting changes in solid-state order by examining the
ratio between the first and second ground-state vibronic transi-
tions, as described by the HJ aggregate model.***>™” still, we
note that this framework also has limitations. For instance, Ry_,
vibronic peak ratios have been used to distinguish J-like”
and ‘“H-like” aggregation behavior, helping to interpret how

Mater. Horiz., 2025, 12, 6322-6333 | 6325
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(a)—(d) UV-vis-NIR absorbance spectra of pristine and TBAF-doped 2PyDPP-2CNTVT films using various solvents (CF, CB, DCB, THF). (e) Plot of

rlAo—o/Ao-1) as a function of the polaron mole fraction (0) for TBAF-doped polymer. (f) Total integrated neutral absorbance normalized to the pristine

samples as a function of the 6.

converting neutral sites into polarons disrupts intrachain
coherence and thus structural order. However, this model
requires further validation at high doping levels, where r(A4,_o/
Ay-1) approaches or exceeds unity—a regime often interpreted
as a convergence of intra- and interchain coupling or polaron-
induced backbone planarization.

Fig. 3 shows the UV-Vis spectra and fitting analysis for
pristine and doped polymer films deposited from CF, CB,
DCB, and THF, while those corresponding to TCB and
toluene-based material are available in Fig. S2a and b of the
ESI.{ Here, three characteristic bands are observed at approxi-
mately 1.8 eV, 1.9 eV, & 2.7 eV, typical of DPP-based copolymers.
In the doped films, an additional band appears at 1.16 eV,
which, based on its position and shape, is attributed to a

6326 | Mater. Horiz., 2025,12, 6322-6333
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highly localized polaron or CTC. From the spectral fitting
presented in Fig. 3e, two distinct trends emerge: (i) for films
. . Ao .
processed with CF, CB, and DCB, the ratio % increases
0-1
with 0 compared to the pristine material and then decreases
after reaching a doping threshold. Such threshold differs
within each set but scales for solvents near the periphery
of the polymer’s HSP sphere, that is, 0 = 0.11 for CF-, 0.24
for CB-, and 0.21 for DCB-based films, respectively. (ii) THF
seems to be near a limit between partial and non-solvent
conditions, given that the trend changes entirely and there is
Ay-
virtually no change in the % with added dopant until reach-
0-1
ing 0 values of 0.27.

This journal is © The Royal Society of Chemistry 2025
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From these observations, we argue that doping first affects
the amorphous fraction, leading to a partial ordering of the
polymer backbone and a more pronounced J-character, as
found in other references.*®**** Upon reaching the doping
threshold, any additional dopant deteriorates the solid-state

Ao-o

0-1
threshold. Alternatively, the doping threshold is a more
complex parameter to decipher, as it seems to scale with the
availability of sites with H-like character and the solvent affinity
now toward the dopant. For example, CF- and THF-based seem
to start with the same degree of H-and J-like character as

order, as seen by the decrease in

after reaching doping

0-0

A
probed by the Y However, in THF-based films, 0 increases

0-1
more gradually as seen in Fig. 3(f) rather than saturating at a
fixed doping level like CF-based films, which seems to be the
case for selected samples at equal nominal doping levels
probed by electron paramagnetic resonance (EPR) (see
Fig. S4(d), ESIf)"**

Overall, for CF-, CB- and DCB-solvents, dopant seems to
infiltrate within the H-like aggregates at low nominal dopant
loadings and then into the more ordered J-aggregates. Mean-
while, in THF-based films, the dopant interacts mainly with the
H-aggregates even at higher nominal dopant loading, leaving
the solid-state order largely unperturbed.

Ultraviolet photoelectron spectroscopy (UPS) and low energy
inverse photoemission spectroscopy (LE-IPES) were conducted
to probe the energy-level of pristine and doped 2PyDPP-
2CNTVT polymer films. The work function (WF) of pristine
2PyDPP-2CNTVT was determined to be 4.43 eV, whereas the IE
and EA was measured to be 6.1 eV and 3.89 eV, respectively.
As shown in Fig. 4(a) and (b), the Fermi level (Eg) distinctly
shifts upwards by 0.48 eV towards the LUMO upon doping with
TBAF, as observed by a significant reduction in WF from
4.43 eV to 3.95 eV providing evidence for electron doping in
the polymer host. UPS and LE-IPES spectra for different solvent
conditions are provide in the Fig. S3 in ESI.{ Furthermore, EPR
measurements shown in Fig. 4(c) revealed the emergence of
free radical via TBAF doping. The EPR spectra measured in
other solvents are shown in Fig. S4 in ESL7

Surface morphology and crystalline structure

To investigate the impact of solvent selection on the crystalline
structure of the polymer films, we collected Grazing Incidence
Wide Angle X-ray Scattering (GIWAXS) patterns for both pris-
tine and doped films using the same solvents described in
previous sections. All films were prepared under identical
deposition conditions and thermal annealing protocols to
minimize the influence of film processing on microstructure
across each set. The nominal doping level for all series was 35
mol%. The 2D GIWAXS patterns shown in Fig. 5(a)-(h) reveal a
bimodal distribution of crystallites for all solvent choices, with
a notable predominance of crystallites oriented in a face-on
configuration, regardless of the solvent used.

Fig. 5(i) and (j) present the variations in lamellar stacking
distance, derived from the (100) peak, and the n-n stacking

This journal is © The Royal Society of Chemistry 2025
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4

3400

distance, derived from the (010) peak, thereby capturing
changes in lattice dimensions for both face-on and edge-on
orientations. Under THF conditions, the n-n stacking distance
exhibits negligible change upon doping with TBAF, unlike
under other solvent conditions. Only a slight expansion in the
(100) d-spacing is observed, suggesting minimal incorporation
of dopant molecules within the lattice for the crystallites
probed through GIWAXS. In contrast, TBAF-doped polymer
films prepared using CF, CB, and DCB exhibit significant
expansion in the n-n stacking direction, indicative of dopant
intercalation between the backbone regions, although inter-
calation within the lamella cannot be discarded. Given that
GIWAXS primarily probes the crystalline fraction, and such
changes are absent in THF-based films, we infer that dopant
infiltration occurs predominantly within the amorphous
regions, as observed in other studies.*™*° It is possible that
the space within the polymer network is sufficient to accom-
modate the dopant, as argued for other DPP-based materials.*®
Nonetheless, even in those scenarios, changes in the fitted
parameters of the n—n stacking distance are expected due to the
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effect of polaron delocalization on the surrounding lattice.
Detailed fitting information is shown in Fig. S5 in ESL¥

Our observations show that for THF-based films, the crystal
lattice remains unchanged, suggesting that the dopant inter-
calates mostly within the amorphous and less organized phases
of the polymer network, as indicated by our optical analysis in
Fig. 3. In contrast, for polymer films made from solvents of
higher affinity, the dopant induces a distortion in the n-n
stacking direction and a partial deterioration of the structural
order at the studied dopant loading, ¢f. Tables S4 and S5 from
the ESIL{ Further morphology and surface chemical analysis
using Atomic Force Microscopy (AFM) and AFM-IR provides
additional insight into morphology changes upon doping.
Moreover, it provides a preview of the dopant distribution
homogeneity on the surface and thus miscibility between the
host and dopant species in a given solvent. Fig. 6(a)-(h) shows
representative examples of the topography on pristine and
doped CF-, CB-, DCB-, and THF-based films; additional exam-
ples are available in Fig. S6 of the ESL.f AMF-IR measurement
was taken at a wavenumber of 1380 cm ', corresponding to

6328 | Mater. Horiz., 2025, 12, 6322-6333

C-N stretching mode of TBAF, to detect its presence on the
surface of polymer film. Noteworthy, the doping mechanism of
TBAF is still under scrutiny,*”*° and thus the probed frequency
might not offer a one-to-one comparison of doped regions on
the film’s surface. Nonetheless, we assume that at fraction of
the overall TBAF-clusters are responsible for doping their
vicinity and assess how well these clusters are distributed.
The IR mapping images in Fig. 6(i)-(I) reveal that a more
homogenous distribution of TBAF molecules was achieved
from film fabricated by THF. The corresponding FTIR spectra
of TBAF and 2PyDPP-2CNTVT are shown in Fig. S8 in ESI.{ The
dopant cluster size was calculated from the AFM-IR images and
compared in the Table S6 in ESLf The detail process of
calculating dopant area from AFM-IR images are shown in
Fig. S9 in ESL}

Here, we highlight that the domain size, as probed from the
height correlation length (¢f. Fig. S7, ESIt), ranges from 180-
250 nm for the pristine materials. We attribute the differences
in the pristine state to the varying drying kinetics resulting
from the boiling points of distinct solvents. More striking

This journal is © The Royal Society of Chemistry 2025
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changes occur upon doping. For CF-based films, the domain size  contrast, for the other solvent systems, we observed a decrease in
increases in comparison to the pristine state, and large regions of ~domain size, dropping by about half to values between 100-50 nm
the dopant seem to segregate onto the surface of the film-probably compared to their pristine counterparts and likely due to the better
because of saturation and poor miscibility of the dopant within the  mobility of the dopant in the solution-state arising from the higher
polymer network, as suggested from our previous discussions. In  dopant solvent affinity.
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Discussion on mobility

In Fig. 2, we argue that the enhanced ¢ in THF-based films is
due to increased mobility arising from undisturbed structural
order. Following this rationale, we extracted the electron mobi-
lity (u.) from OFETs,”° using pristine and TBAF-doped films
with nominal dopant concentrations of 0.6 mol%, as seen in
Fig. 7. Fig. S10 (ESIf) presents representative raw transfer
curves with their fitting parameters, containing both linear
and saturation mobilities for doped polymer across the differ-
ent solvents. Notably, this material exhibits a high electron
mobility, which tentatively ascribe to a high degree of structural
anisotropy when processed via spin-coating or blade-coating
conditions (as seen on Fig. S11 of the ESIY). Here, for CF-, CB-
and DCB-based films, there is an increase in mobility compared
to the pristine state, probably attributed to the filling and
deactivation of the trap and tail states — and also to a partial
dopant-induced ordering as indicated in our UV-Vis-NIR ana-
lysis (cf. Fig. 3).>**7*3 In contrast, in THF-based films, there is a
smaller change in y, from 0.77-0.57 cm® V_' s compared to
other solvent systems - likely due to a more homogeneous
energy landscape and limited availability of sites with H-like
character. Although . is lower in THF-based films compared
to the rest of the solvent systems, we highlight that the
activation energy (E,), extracted from the Arrhenius equation

Ey
(a:aoe kBT) in temperature-dependent ¢ measurements

decreases from 200 meV, 47 meV, 77 meV, & 11 meV for CF,
CB, DCB, and THF-based doped polymer film, thus indicating a
lower carrier hopping barrier and also a higher crystallinity in
THF-based samples.’*>*

Conclusion

In summary, we have presented a solvent-guided strategy for
phase selective doping on a high-mobility n-type conjugated
polymer 2PyDPP-2CNTVT using TBAF as dopant. Using the
HSP, we demonstrated that solvent affinity can be critical
information to adjust not only the doping efficiency but also
the ratio between crystalline and amorphous phases to improve
o, S, or both. We have demonstrated that solvents on the
periphery of the polymer’s HSP sphere and partially soluble
toward the chosen dopant achieved an efficient doping without
disturbing molecular ordering, and lead to a more homoge-
neous microstructure and a smaller domain size, which we
ascribe to a better miscibility between the host-dopant species
on the solution state.

Experimental

Materials

The synthesis of 2PyDPP-2CNTVT, was commissioned to
1-Material. The NMR spectra confirming its chemical structure
are shown in Fig. S13 and S14 (ESIt). The results of the DFT
calculations are presented in Fig. S15 (ESIT). The NMR spectra
of tetra-n-butylammonium fluoride (TBAF) to confirm the water

6330 | Mater. Horiz., 2025,12, 6322-6333

View Article Online

Communication

content are shown in Fig. S16 (ESI{). TBAF and solvents CF, CB,
and DCB were purchased from Sigma-Aldrich.

HSP evaluation

The HSP values of the polymer and the dopant were determined
according to the binary solvent gradient methodology, using
several solvents. The solubility of the material for each solvent
was determined in the HSPiP software, indicating a value of
1 for all gradient compositions that reached a concentration of
10 mg mL~" without forming visible aggregates and a value of
0 for those that did not. The solubility test for the polymer and
dopant was conducted under room temperature. The HSP
values for solvents used in this study were calculated from
the HSPiP software database.

We dissolved 2PyDPP-2CNTVT and TBAF in each solvent and
determined the solubility by direct observation. The experi-
mental observation was then used to perform calculations with
the HSPiP software. Based on the solubility data, we obtained
the HSPs for 2PyDPP-2CNTVT and TBAF, as shown in Table S3
(ESIt). The HSPs for 2PyDPP-2CNTVT are (0p, Op, On) =
(18.1, 3.4, 4.8) with an HSP sphere radius (R,) of 5.5 and for
TBAF (Jp, dp, 0n) = (23.5, 11.6, 14.5) with an R, of 19.5.

OTE device fabrication and characterization

Doped films were prepared by spin-coating a polymer solution
(10 mg mL™" in CF, CB, DCB, TCB, THF and toluene) mixed
with different amounts of TBAF solution (20 mg mL™" in CF,
CB, DCB, TCB, THF and toluene) in a glove box under nitrogen
atmosphere. The molar concentration is calculated considering
the molecular weight of TBAF and the molecular weight of the
repeating unit in each polymer. The film was spin-cast on
cleaned glass substrates with thermally sputtered Au electrodes
at 1000 rpm for 1.5 min. After that, the films are annealed on a
hotplate at 120 °C for 30 min. Measurements were performed
using a probe station in an N,-filled glovebox. The ¢ was
calculated according to the formula ¢ = (I/V) x L/(w x d). The
thickness of the film was acquired through a Tensor profiler.
The device configuration is shown in Fig. S12 (ESIT).

OFET device fabrication

Devices were fabricated in a bottom-contact top-gate configu-
ration by evaporating 50 nm of gold on a glass substrate
through a shadow mask to define source and drain contacts.
The channel lengths ranged from 50 pm to 100 um. CYTOP was
spin-coated at 2500 rpm and dried at 90 °C for 20 minutes,
yielding a dielectric layer of 1 um. Lastly, a 40 nm Ag contact
was deposited by thermal evaporation. Pristine and TBAF-
doped polymer were spin-coated at 1000 rpm and annealed
on a hotplate at 125 °C for 30 minutes. The examples of curve
fitting details are shown in Fig. S10 of ESL¥

UV-vis absorbance spectroscopy

A F20-UVX spectrometer (Filmetrics), equipped with tungsten
halogen and deuterium light sources (Filmetrics), was used to
measure the absorbance of the films over the 350-1600 nm.

This journal is © The Royal Society of Chemistry 2025
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Atomic force microscopy (AFM) and infrared spectroscopy
combined AFM (AFM-IR)

AFM images were captured using the scanning probe micro-
scope (NT-MDT) in tapping mode. AFM-IR was performed using
nanolR3 from Bruker Instrument, coupled to a MIRcat-QT
quantum cascade, mid-infrared laser. The AFM-IR data was
collected in tapping mode using a gold-coated AFM probe. The
pulse mid-IR laser was tuned to frequencies unique to each
component as determined by FTIR characterization. The detail
of calculating dopant cluster size is shown in Fig. S9 (ESIT).

Grazing-Incidence Wide Angle X-ray Scattering

Grazing-Incidence Wide Angle X-ray Scattering (GIWAXS) of
polymeric thin films were performed on a laboratory beamline
system (Xenocs Inc. Xeuss 3.0) with an X-ray wavelength of
1.54 A and sample to detector distance of 15 cm and an
incidence angle of 0.2°. Samples were kept under vacuum to
minimize air scattering. The diffraction images were recorded
on a Pilatus 1M detector (Dectris Inc.) with an exposure time of
1.5 h using Xenocs software.

Ultraviolet photoelectron spectroscopy (UPS)

UPS measurement was carried out in an ultrahigh vacuum
chamber manufactured by Omincron, using a low intensity
UV light (He I line) with an excitation energy of 21.21 eV. The
spectra of photo emitted electrons were at a pass energy of 2 eV
using an ARGUS-CU analyzer equipped with a 128 channel
stripped anode detector (ScientaOmicron) calibrated using
clean polycrystalline silver. All measurement were performed
with the base pressure of 10 '° mbar in the UHV chamber.

Low-energy inverse photoelectron spectroscopy (LE-IPES)

LE-IPES measurement was conducted in isochromatic mode
utilizing an home-built ultra-high vacuum setup performed
with the base pressure of 10~° mbar. Photon emitted during
this spectroscopic process were captured using a solid-state
photomultiplier tube (PMT) detector (Hamamatsu R585),
positioned external to the vacuum. The detector was installed
with a Semrock 280 nm bandpass filter, which allowed a narrow
wavelength window of 10 nm.

Density of functional theory (DFT) calculation

DFT calculations were performed on the ORCA 6.0.1 package
with a B3LYP correlation functional and def2-TZVP basis set.
The ionization potential of TBAF was calculated based on
equation-of-motion coupled-cluster theory and using cc-pvVDZ
basis set.
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