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Molecular doping is an effective approach to tune the charge density and optimize electrical performance
of conjugated polymers. However, the introduction of dopants, on the other hand, may disturb the
polymer microstructure and disrupt the charge transport path, often leading to a decrease of charge
carrier mobility and deterioration of electrical conductivity of the doped films. Here we show that
dopant-induced disorder can be overcome by rational engineering of polymer-dopant interactions,
resulting in remarkable enhancement of electrical conductivity. Benchmark poly(3-hexylthiophene)
(P3HT) and its analogous random polymers of 3-hexylthiophene and thiophene P[(3HT);x-stat-(T)x]
were synthesized and doped by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ).
Remarkably, random P[(3HT);_x-stat-(T)x] was doped to a far superior electrical conductivity, that in the
case of x > 0.24, the conductivity of P[(3HT);x-stat-(T)x] is over 100 times higher than that of the doped
P3HT, despite both P3HT and P[(3HT);_x-stat-(T)x] exhibit comparable charge carrier mobility in their
pristine state and in spite of their practically identical redox properties. This result can be traced back to
the formation of w-stacked polymer-dopant-polymer co-crystals exhibiting extremely short packing
distances of 3.13—3.15 A. The mechanism behind these performances is based on a new role played by
the dopant molecules that we name “bridging-gluing”. The results are coherently verified by the com-
bination of optical absorption spectroscopy, X-ray diffraction, density functional theory calculations, and
molecular dynamics simulations.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

their excellent semiconducting properties and advantages over
their inorganic counterparts, including mechanical flexibility and

Conjugated polymers have been extensively investigated as solution processability [1—6]. Doping of organic semiconductors
promising materials in various (opto)electronic devices because of has recently emerged as a powerful strategy to enhance the per-

* Corresponding author.
** Corresponding author.
*xx Corresponding author.

E-mail addresses: gjergji.sini@cyu.fr (G. Sini), yhu@hnu.edu.cn (Y. Hu), suhao.

wangl@cyu.fr (S. Wang).

https://doi.org/10.1016/j.mtadv.2023.100360

formance of these devices [7]. Thanks to its ability of reducing
Ohmic losses and passivating trap states, molecular doping has
been recognized as an enabler for organic light-emitting diodes
(OLEDs) [8—10], organic solar cells (OSCs) [11,12], and organic field
effect transistors (OFETs) [13—17]. Moreover, molecular doping also
allows for tuning the charge density and optimizing the
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performance of thermoelectric polymers as well as energy storing
redox polymers [18—22]. Nevertheless, there has been a long-
lasting challenge that the introduction of dopants often inevitably
disturbs polymer film microstructure, especially for the most
intensively studied benchmark semicrystalline polymer P3HT,
resulting in decreased charge carrier mobility and an unfavorable
reduction in electrical conductivity. For instance, P3HT typically
exhibits electrical conductivities up to 0.02—1 S cm~! when doped
with electron acceptor FATCNQ by mixed-solution doping method
[23—26]. The conductivity values of doped P3HT are mainly limited
by the disorder-sensitive behavior of P3HT. Specifically, as previ-
ously reported, regioregularity has a significant impact on the
semiconducting charge transport properties of P3HT, such that the
pristine regioregular (RR) P3HT films exhibited a highly ordered
molecular packing and a remarkable charge carrier mobility that is
over four orders of magnitude higher than its pristine regiorandom
(RRa) counterpart which lacked long-range order [27,28]. Conse-
quently, after doping with FATCNQ, RR-P3HT showed electrical
conductivities that are ca. 3 orders of magnitude higher than that of
RRa-P3HT [29,30]. After introducing dopants into P3HT films by
mixed-solution processing method, the film morphology was dis-
rupted, leading to decreased charge carrier mobility [31]. It is worth
noting that in the case of RRa-P3HT, although the dopants were
observed to induce ordering of the amorphous region [30,32], the
ultimate electrical conductivity of doped RRa-P3HT is still signifi-
cantly lower than that of the doped RR-P3HT, mainly due to the fact
that RRa-P3HT lacks the ability to aggregate and adopt ordered
conformations which allows hole charges to delocalize after
initially contacting with the dopant [33].

To reduce the disruption of dopants on the microstructure of
host polymers, sequential doping (i.e., spin coating layers of dop-
ants on top of pre-deposited polymer films) has been employed to
dope conjugated polymers leading to less disrupted film micro-
structures and improved electrical conductivity [34—39]. It is
observed that FATCNQ molecules mainly located in the amorphous
region in the P3HT film after sequential doping, increasing conju-
gation length of the amorphous chains as well as the film con-
nectivity [39]. However, for organic electronic devices requiring
thick film depositions, sequential doping may face limitations in
bulk doping. Besides, vapor-phase sublimation approach has also
been used to diffuse dopants into polymer films resulting in un-
disturbed film microstructures and higher electrical performance
[29,40—42], yet the doping level is often hard to be accurately
controlled by this method. Since solution processing is considered
as future process for organic electronic devices, especially consid-
ering that mix-solution doping is a straightforward one-step so-
lution processing method, it is thus of vital importance to enhance
the resilience of conjugated polymers to dopant-induced disorder
during mix-solution processing such that their electrical conduc-
tivity can be improved to higher levels upon doping.

Promisingly, the emerging molecular designing strategy for
disorder-resilient conjugated polymers may offer an effective so-
lution [43—50]. The emerging conjugated polymers are typically
featured with pronounced short-range order in the form of ag-
gregates [51,52], enabling them to maintain decent charge carrier
mobilities even when their film microstructures lack long-range
order as detected by X-ray diffraction technique. Taking the n-
type benchmark polymer P(NDI2OD-T2) as an example, the
regioirregular (RI) version of the polymer exhibited decent charge
carrier mobilities that are only a few times lower than its RR
counterpart [53]. When doped, RI-P(NDI20D-T2) exhibited com-
parable or even higher conductivity values than that of RR-
P(NDI20OD-T2) [54,55], in striking contrast to the difference be-
tween RR-P3HT and RRa-P3HT. When confined within an inert
polymer matrix, the X-ray diffraction feature along both w-stacking
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and alkyl stacking directions of the P(NDI2OD-T2) films was
completely crushed, but the blended films still maintained similar
local aggregation feature to that of the pure semiconductor film
[56], resulting in undisturbed charge transport behavior. Never-
theless, enhancing tolerance to disorder in the doped conjugated
polymers is scarcely reported.

Here we propose and verify a strategy to enhance the resilience
of conjugated polymers to dopant-induced disorder by rational
engineering polymer-dopant interactions. P3HT and its three
analogous random polymers, P[(3HT)ggg-stat-(T)g12], P[(3HT)o.76-
stat-(T)p24], and P[(3HT)ge4-stat-(T)g36] were synthesized and
doped by FATCNQ with mix-solution doping method (Fig. 1). It is
expected that polymer—F4TCNQ—polymer co-crystals can be
formed when T content reaches a certain level, leading to ordered
macrostructure instead of disordered structure. We show that even
though the charge carrier mobilities of all the four pristine poly-
mers are comparable, P[(3HT)g 76-stat-(T)o24] and P[(3HT)g g4-stat-
(T)o.36] can be doped to reach electrical conductivities that are over
2 orders of magnitude higher than that of the doped P3HT.
Importantly, we observed that these random polymers interacted
with dopants to form pronounced long-range order, thus resulting
in significantly improved electrical conductivities. Remarkably, as
an emerging efficient hole-transporting unit, the formation of
polymer-dopant-polymer sandwich supramolecular system (co-
crystals) through a “bridging-gluing” effect with extremely tight
packing distance of 3.13 A was recognized accountable for the high
conductivity observed for P[(3HT)g.76-stat-(T)o.24] and P[(3HT)o64-
stat-(T)p36]. These results were corroborated by supporting char-
acterizations such as electron spin resonance (ESR), UV—vis—NIR,
and Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS), as
well as by density functional theory (DFT) calculations and mo-
lecular dynamics (MD) simulations.

2. Results and discussion

The synthesis of the polymers is shown in the supporting in-
formation (SI). Since increasing molecular weight generally reduces
the solubility of the polymers [57], especially for the random co-
polymers, the modest molecular weight was fixed to ensure suffi-
cient solubility and thus processability. To exclude influence from
molecular weight (Mn) and polydispersity (b = Mw/Mn), the four
polymers were synthesized to have nearly identical Mn and D
(Table 1, and SI). Moreover, CV measurements showed that all the
polymers have comparable ionization energy (IE) values, all
ranging between —4.9 eV and —5.0 eV (Table 1, and SI). Note that
several recent reports used random copolymerization as an effec-
tive strategy to improve the HOMO level of the reference polymers,
leading to higher doping efficiency [58—60]. In contrast to the
aforementioned systems, here we do not alter the HOMO level of
our polymers. Thus, we can also exclude that the difference in their
electrical performance is caused by their different energy levels.
Differential scanning calorimetric (DSC) measurements of P
[(BHT);x-stat-(T)x] showed that both the crystallinity and melting
temperature gradually decreased from P3HT to P[(3HT)ggs-stat-
(Toazl, P[(3HT)o.76-stat(T)o24] and  P[(3HT)oe4-stat-(T)o3s],
respectively (SI).

IEss: ionization energy in solid state; EAss: electron affinity in
solid state. Tg: glass transition temperature of neat polymers from
the peak loss modulus in dynamic mechanical analysis (DMA) first
heating thermograms recorded at 1 Hz.

2.1. Electrical measurements and doping characterizations

To assess the electrical properties of these polymer semi-
conductors, OFET devices were fabricated in bottom-gate bottom-
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Fig. 1. Molecular structures of the polymers and dopant, as well as an illustration of mix-solution doping method.

Table 1

Summary of P[(3HT);_x-stat-(T)x] information.
x value  Mn (kg/mol) D Tg(°C) EgOpt (eV) IESS (eV) EASS (eV)
0 16.8 1.63 11 1.92 -4.94 -3.03
0.12 16.8 162 32 1.93 -4.97 -3.04
0.24 16.7 167 34 1.95 -491 -2.95
0.36 171 165 56 1.96 —5.00 -3.04

contact architecture and the charge carrier mobility (n) for these
pristine polymers was determined to be comparable (Fig. 2A, 2B).
Then, the polymers were doped by FATCNQ using a mixed-solution
doping method. Fig. 2C shows the evolution of the electrical con-
ductivity of the polymer films as a function of the FATCNQ molar
ratio. P3HT exhibited a conductivity of 6.6 (+0.5) x 107> S cm™! at
0.2 mol% FATCNQ concentration, and dramatically reached its
maximum conductivity of 1.9 (+0.2) x 1072 S cm~! at an FATCNQ
concentration of 2.5 mol%. This value is very comparable to the
previous reports on the doped P3HT, for instance the one by Kim
et al. [23] and the other by Hu et al. [26], though, it is lower than
that of the state-of-the-art doped P3HT due primarily to the lower
Mn in the current study. It was shown that increasing the Mn by ca.
5 times led to an increase in conductivity by ca. 1 order of magni-
tude [61]. The reported high-performing mixed-solution-doped
P3HT usually has much higher Mn, for instance at the level of
60 KDa [62]. At doping ratios higher than 2.5 mol%, the conductivity
of doped P3HT began to monotonically decline (Fig. 2C), resembling
that of the previous report [26].

By comparison, P[(3HT)g gg-stat-(T)p12] exhibited a conductivity
0f 1.4 (x£0.3) x 1073 S ecm™! at 0.2 mol% FATCNQ concentration, and
reached its maximum conductivity of 0.11 + 0.04 S cm™!, about
5 x larger than that of P3HT. Moreover, the maximum conductivity

was reached at 10 mol% FATCNQ concentration, suggesting a higher
tolerance to dopant-induced disorder. Remarkably, P[(3HT)g76-
stat-(T)p24] and P[(3HT)ge4-stat-(T)p36] can be doped to signifi-
cantly higher maximum conductivity of 2.1 (+0.14) S cm~!, and 2.4
(+0.23) S cm™ !, respectively, over 2 orders of magnitude larger than
that of P3HT. To the best of our knowledge, these values are among
the best ever reported for FATCNQ-doped P3HT by mixed-solution
method [23—25,35,62].

To evaluate the activation energy (EA) of the doped polymer
films, variable-temperature conductivity measurements were per-
formed on the 10 mol% FATCNQ doped polymers. As shown in
Fig. 2D, the EA is determined to be 143.1, 119.5, 48.1, and 31.6 meV
for P3HT, P[(3HT)ggs-stat-(T)o12], P[(3HT)o.76-stat-(T)p24] and P
[(3HT)g64-stat-(T)o.36], respectively, indicating increased hole-
transport efficiency in the same order. The gradually decreased Ep
suggests that a lower degree of charge traps or energetic disorder in
the doped films is achieved with increasing T content. Furthermore,
we performed ESR measurements to investigate the polaron
feature of the doped polymers. As shown in Fig. 2E, apparent ESR
peaks could be observed for all four doped polymers at a doping
ratio of 10 mol%, suggesting the polaron formation after doping
[14,38]. However, it is noted that a decrease in the peak intensity
was observed as the T content increased, even when the semi-
conductor and dopant amounts were kept the same. The spin
numbers of the doped samples were obtained by comparing their
second integral of ESR signals with that of the standard sample,
according to the equation and method reported by Neher et al. [63]
Consequently, the double integration of the ESR signal which re-
flects the spin density in the doped films follows the trend of
P3HT > P[(3HT)ogs-stat-(T)o12] > P[(3HT)o76-stat-(T)o24] > P
[(3HT)g.64-stat-(T)o.36] (Fig. 2F), for instance, with a spin density of
2.83 x 10?2, 2,54 x 10?2, 2.40 x 10?2, and 2.20 x 10%’mol~! being
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Fig. 2. (A) Transfer curves and (B) charge carrier mobility of pristine films of P[(3HT);x-stat-(T)x], (C) electrical conductivity of doped polymer films as a function of dopant
concentration. (D) temperature dependence of the electrical conductivity and (E) ESR results for 10 mol% doped polymer films, and (F) The spin density in the doped films extracted

by double integration of the ESR signal.

determined at 10 mol%, respectively, suggesting that the number of
polarons is decreased as the T content increases.

2.2. Microstructure and molecular packing

GIWAXS was performed to further investigate the effect of
doping on the microstructure evolution of all the polymer films. As
shown in the 2D diffraction patterns in Fig. 3A (top row), all poly-
mers exhibit lamellar packing with predominant edge-on orienta-
tions of the polymer backbone. More specifically, as indicated by
the GIWAXS pattern of P3HT film, both well-ordered out-of-plane
peaks (h00) and in-plane 7 stacking peaks can be clearly seen,
indicating pronounced long-range crystallinity. However, the
GIWAXS pattern for P[(3HT);.x-stat-(T)x] is diffuse as compared to
that of P3HT, implying a less pronounced long-range order for the
random copolymers. It is worth mentioning that the pristine
P(3HT)g64-(T)o 36 film exhibits random orientation as indicated by
the full ring of scattering in the GIWAXS pattern. The GIWAXS re-
sults are in agreement with the DSC measurements that the crys-
tallinity decreased with the increasing amount of T. Note that for all
films, a diffuse arch of scattering at a radial q ~1.65 A~ is assigned
to isotropic side-chain packing. After doping at an FATCNQ con-
centration of 10 mol%, as shown in Fig. 3A (bottom row), the
crystallinity of doped P3HT film decreases in comparison to pristine
P3HT film, as indicated by the diminishing out-of-plane peaks and
the more diffuse ring, By contrast, a drastic increase in long-range
order is observed for the T containing P[(3HT)ggs-stat-(T)o12], P
[(3HT)o.76-stat-(T)o24] and P[(3HT)gg4-stat-(T)g36]. Furthermore,
these doped P[(3HT).x-stat-(T)x] films adopt a substantially more

ordered structure, as indicated by the strong 2nd- and 3rd-order
lamellar peaks, and the pronounced -7 stacking peak.

Vertical line integrations along q, were made to evaluate the
lamellar stacks corresponding to edge-on polymers. As shown in
Fig. 3B (left), in the pristine films, the lamellar stack is shortened
with the increasing content of T until it reaches a threshold value of
36%, where the pristine P[(3HT)gg4-stat-(T)g36] film has only an
insignificant amount of edge-on packing backbones. As shown in
Fig. 3B (right), in the doped films, the lamellar packing distance
keeps shrinking as more T is introduced in the polymers. Remark-
ably, a drastic increase in the overall crystallinity is seen in the
doped system with more T introduced in the polymers, with a
maximum crystallinity reached for x = 0.24. Hereby, the most
intense (100) peak in the case of the 24% T-containing system
indicated a most pronounced crystallinity of the doped P[(3HT)g64-
stat-(T)g 3] film.

To evaluate the m-m stacking and side-chain packing of the
polymer films, horizontal line integrations along qxy were also
made. As shown in Fig. 3C and Fig. S7A, in the pristine films of
P(3HT);x-(T)x, the overall scatting intensity is relatively low. By
contrast, in the doped P(3HT);_x-(T)x system, it is evident that the
overall scattering intensities are substantially higher than that of
their pristine counterparts. Moreover, the doped films possess
actual -7 stacking which becomes shorter as more T is introduced.
This explains well the much higher electrical conductivity observed
in the case of doped P[(3HT)g.76-stat-(T)g.24] and P[(3HT)gg4-stat-
(T)o3s)- All fitted values of the lamellar and -7 stacking distances
are shown in Table 2. Remarkably, both doped P[(3HT)g76-stat-
(T)o24] and P[(3HT)ge4-stat-(T)o3s] display an additional peak at
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Fig. 3. (A) 2D GIWAXS patterns of pristine (top row) and 10 mol% doped (bottom row) polymer thin films. (B)Vertical line integration around the lamellar peak in q, for the pristine
and doped polymers. (C) Horizontal line integration around the m-7 peaks in qxy for the pristine and doped polymers.

Table 2
GIWAXS quantitative data of pristine and doped P[(3HT);_x-stat-(T)x].
p/D* Lamellar (100) -1t (010)
X value d>-(A) CL¢ (nm) d-(A) CL (nm)
0 P 16.99 66.0 3.63 —
D 18.48 524 — —
0.12 P 16.43 71.0 — —
D 17.73 55.8 3.53 16.2
0.24 P 15.27 62.4 - -
D 14.81 59.5 3.15 216
0.36 P — — — —
D 13.64 40.9 3.13 214

A P/D represents Pristine/Doped. b d means d-spacing, CL means coherent length.

~2.01 A~! corresponding to a much tighter packing distance of
3.15 A and 3.13 A. With the help of DFT calculations, we infer that
such a short stacking distance comes from the packing between
polymer and dopant molecules and more details are shown in
section 2.4.

Atomic force microscopy (AFM) was performed on the pristine
and doped polymer films (Fig. 4). No distinct differences could be
observed in the AFM image of the pristine P3HT and P[(3HT)g.76-

stat-(T)p24] films, as shown in Fig. 4A and B. However, after doping,
the morphology of P3HT is disrupted and the film surface becomes
much rougher (Fig. 4C), which is consistent with the GIWAXS
measurement. By contrast, fibrous structures could be identified in
the AFM image of doped P[(3HT)g76-stat-(T)o24] film (Fig. 4D)
indicating a higher long-range order, again in agreement with the
GIWAXS measurement as shown in Fig. 3 and Table 2.

2.3. Optical absorption spectroscopy

To further understand the effect of T content, UV—vis—NIR ab-
sorption was performed on both pristine and 10 mol% doped films
of all four polymers. As shown in Fig. 5A, the spectrum of pristine
P3HT films shows a main band at around 550 nm, a typical feature
resembling previously reported spectra in the literature [62,64].
After doping, two new strong and broad bands appear at around
770 nm and 860 nm (Fig. 5A) corresponding to local excitations in
the anionic FATCNQ species (FATCNQ™ '), and the polaron band was
also nicely reproduced by the modeling as shown in Fig. 5G and in
agreement with previous reports [62,64]. Similarly, as shown in
Fig. 5B, C, and 5D, the pristine films P[(3HT)ggg-stat-(T)op12], P
[(3HT)g.76-stat-(T)p24] and P[(3HT)gpg4-stat-(T)p36] all exhibits
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Fig. 4. AFM images of the pristine (top row) and doped (bottom row) P3HT and P[(3HT)g 76-stat-(T)g24] films.

almost identical features as P3HT films. As shown in Fig. 5E, while
the direct comparison in this respect between P[(3HT)g 76-stat-
(T)o.24] and P3HT may be blurred because of structural differences,
the pronounced vibrational progression in the case of P[(3HT)g.76-
stat-(T)p.24] indicates a non-negligible level of intermolecular ag-
gregation [65]. In Fig. 5F, it is shown that the relative intensity of
the bands at 770—860 nm and 2000—2400 nm decreases with
increasing T content, indicating the decreased density of both
FATCNQ ! and the polaron T7+L. More discussions will be pre-
sented in section 2.5. The optical spectra are consistent with the
ESR data that the polarons density becomes lower with the increase
of T content.

2.4. Computational study

In order to elucidate the origin of these facts, first we focus on
the origin of the short-contact of 3.15 and 3.13 A. To this aim we
simulated several m- stacked model-polymer dimers as shown in
Fig. 6. The geometries of these complexes were optimized in the
frame of DFT theory by employing the wB97XD functional and the
6-31G(d,p) basis set. In order to mimic the strongest interaction
between two polymer chains, we optimized the geometries of
cofacially stacked dimers made up of model-polymer backbones
containing 15 repeat units, with side chains (TCH3 in our simula-
tions) or without side chains (T), see Fig. 6A and B. Model co-
polymers containing 33% bare T units combined with T-CH3 units
in two different ways were also calculated (Fig. 6C and D). In all
cases, standard m-7 stacking distances ranging from 3.64—3.72 A°
were observed, which are much larger than the experimental dis-
tance of 3.13 A°.

Given that these cofacial-like 7m-stacking interactions are the
strongest that can be established between w-conjugated

backbones, we are consequently left with the conclusion that the
dopant is necessarily involved in these very-short contacts
(dopant-polymer complex). Herein, we use one model polymer
containing seven thiophene rings (named as T7) and another model
polymer containing 10 thiophene rings (named as T10), thus a
complex between the polymer TCNQ being T7—F4TCNQ and a
complex constructed with FATCNQ and two model polymers being
T10—FATCNQ—T10. Accordingly, here we first consider isolated
T7—FATCNQ and T10—F4ATCNQ—T10 model complexes mutually
oriented in a m-7 stacked manner (Fig. 7A and B). The result in-
dicates average FATCNQ—T7 and FATCNQ—T10 distances of only
3.23 A and 3.25 A, respectively, in good agreement with the
experimentally observed value of 3.13 A. In order to consider the
impact of the side chains in the positioning of the FATCNQ in be-
tween the two polymer chains, fourteen-ring chains were consid-
ered, each chain containing three consecutive bare thiophenes and
eleven rings substituted with hexyl side chains. The calculations for
this system were carried out in the frame of the extended tight
binding method [66] and resulted in average FATCNQ—polymer
distances of 3.15 A (Fig. 7C and D), in excellent agreement with the
experimental value of 3.15 and 3.13 A.

In order to obtain a statistical view on the intermolecular dis-
tances in the systems under study, MD simulations were carried out
on mixtures of ten-ring bare polythiophene (PTT), ten-ring poly-
thiophene derivatives containing three bare thiophene rings and
seven rings containing hexyl substituents (P3TT, representative of P
[(3HT)o.76-stat-(T)o24] and P[(3HT)oe4-stat-(T)o36]), and P3HT
model polymers with FATCNQ (Fig. S8). Hereby, the 10 mol% doped
P3TT model polymers correspond to one F4ATCNQ molecule per 10
thiophene rings. In each case, the simulation box contains 392
monocationic model polymers of ten thiophene rings (P3TT and
P3HT) and 392 monoanionic FATCNQ molecules. For the bare PTT,
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Fig. 5. Normalized UV—vis—NIR absorption spectra for thin films of pristine and 10 mol% doped (A) P3HT, (B) P[(3HT)ogs-stat-(T)o12], (C) P[(3HT)g76-stat-(T)o24]), and (D) P

[(3HT)o g4-stat-(T)o 36]. (E) comparison between pristine P3HT and P[(3HT)g 76-stat-

(T)o.24), (F) comparison between doped P3HT and P[(3HT);_x-stat-(T)x]. (G) theoretical absorption

spectra of different species calculated by means of time-dependent (TD) DFT method at the wB97XD/6-31G(d,p) level (inserted images are HOMO and LUMO of the model

FATCNQ—P3TT co-crystals).
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Fig. 7. (A) Theoretical geometry of a dimer constructed with FATCNQ and one model
donor-polymer containing seven thiophene rings. The shortest distances (average)
between the donor chain and FATCNQ is 3.23 A. (B) Theoretical geometry of a complex
constructed with FATCNQ and two model donor-polymers, with the former interca-
lated in between the two later ones. Each model donor-polymer is constituted by 10
thiophene rings. The shortest distances (average) between the two donor chains and
between each of them and the FATCNQ molecules are 3.25 A. All results were obtained
at the wB97XD/6-31G(d) computation level. (C) (D) Complex containing FATCNQ
sandwiched in between two 14-ring model polymers, each model polymer containing
three bare thiophenes and 11 rings substituted with hexyl chains. The calculations
were based on the extended tight binding method as implemented in the XTB
software.
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707 monocationic model polymers with an equal number of
monoanionic FATCNQ were inserted. The distributions of the
dopant-polymer distances along with their -7 orientations are
shown in Fig. 8A—C. The aromatic ring of FATCNQ tended to tilt at a
small angle with respect to the nearest thiophene ring, with
0° corresponding to a planar orientation. For P3HT- FATCNQ, it
peaked at 0.35 nm at 25°, whereas for P3TT- FATCNQ and PTT-
FATCNQ it peaked at 0.35 nm at 23° and 0.33 nm at 20° respectively,
with a few examples of extracted orientations shown in Fig. S9.
Such titled orientations are the result of numerous C—H---F, and
C—H---N interactions, despite their weak strength. Since P3HT has
more such interactions as a result of the presence of more hexyl
substituents, the titled angle for FATCNQ-P3HT is thus larger. The
distributions of the dopant-polymer distances are shown in
Fig. 8D—F with maximum probabilities corresponding to distances
of 0.34—0.36 nm, 0.32—0.34 nm, and 0.31—0.33 nm for P3HT, P3TT,
and PTT, respectively, demonstrating a reasonable agreement with
the experimental value of 3.13 A for doped P3TT. The average
polymer-polymer distances follow the trend
0.34 nm < 0.39 nm < 0.40 nm respectively for PTT, P3TT, and P3HT,
in line with the increasing number of hexyl substituents in the
chains (Fig. S10).

We also calculated the 2-D wide-angle X-ray scattering struc-
ture factor for the simulated film [68], as shown in Fig. S7B. The q,
and qxy parameters were obtained by summing the axial compo-
nents. Interestingly, the peaks correspond to the major features of
the GIWAXS as shown in Fig. 3. It is worth noting that in the
simulated wide-angle X-ray scattering, the details such as the
experimental peak ~2 A~! are (i) overwhelmed by diffuse signals
coming from isotropic side-chain packing, and (ii) are most
noticeable in P3TT-dopant system. Hereby, the less distinct peak at
~2 A1is conditioned by the high computational resources required
to scale beyond 1000 nm? box size. We can see that the 1.53 A~!
peak in P3TT-dopant corresponds closely to P[(3HT)gg4-stat-
(To3s]), which is the isotropic side chain packing. The peak at
~1.5 A~ corresponds to the maximum probability of distance be-
tween two separate polymers as shown in Fig. S10. The overall
shape of the simulated diffraction correlated with the polymer-
polymer distance distribution is also clearly seen in the P3TT
diffraction pattern and P3TT-P3TT distance distribution. However,
the small peak at ~2 A~1 in the P3TT-dopant system corresponds to
the maximum probability for the P3TT-dopant distance as shown in
Fig. SE.

Taken together, the DFT, XTB, and MD simulations in concert
support the short m-m stacking distance of 3.13 A stemming from
the m-stacking intercalation of the dopant molecules in-between
the polymer chains. These results can be well explained by the
facts that (i) the FATCNQ molecule is perfectly flat, and (ii) the
polymer-FATCNQ (donor-acceptor) interactions are stronger than
standard w-1 stacking interactions due to the additional hole-
electron coulomb attractive interactions.

The images shown in Fig. S11 are the 3-D discrete Fourier
transform of FATCNQ in P3HT, P3TT, and PTT. The distance between
two sharp lines corresponds to twice the spatial frequency of
intermolecular distance between the two FATCNQ molecules. The
sharpness of the lines is an indication of the degree of FATCNQ
order inside the polymers. A plot of the probability distribution of
the intermolecular distance between dopants yielded a mean dis-
tance of 0.99(+0.23) nm, 0.74(+0.18) nm, and 0.97(+0.26) nm for
P3HT, P3TT, and PTT respectively (Fig. S12). To take a closer view,
the corresponding 2-D images of the 3-D discrete Fourier transform
are shown in Fig. 8G—I. As it can be clearly seen, the lines are
sharper and better defined in P3TT (Fig. 8H) than that in P3HT
(Fig. 8G) and PTT (Fig. 8I), indicating FATCNQ is better ordered in
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Fig. 8. Results from molecular dynamics simulations on mixtures of P3HT, P3TT, and PTT model polymers with 10% mol of FATCNQ. Probability density distribution of distance
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FATCNQ, (E) P3TT-FATCNQ and (F) PTT-FATCNQ. The 2-D images of 3-D discrete Fourier transform viewed from side-chain interdigitation for FATCNQ in (G)P3HT, (H)P3TT, and (I)PTT.

P3TT. Similar information can be observed in the MD simulation
Figures shown in Fig. S13.

2.5. Discussion

The theoretical results discussed in the previous section suggest
that the dopant molecules in these systems are playing a double
role, in addition- or instead to the classical doping one: (i) a
“bridging” role between two m-7 stacked polymer chains, given
that the polymer-bridge distances are smaller than the polymer-
polymer ones. (ii) a “gluing” role by establishing two short-
distance strong interactions with two polymer chains. Each
dopant molecule reduces the freedom degree in the interchain
oscillations that the two polymers would have in the absence of
bridging, thus contributing to locally increasing the short-range
order. The importance of the bridging-gluing effect is discussed
below.

2.5.1. Impact of polymer-dopant-polymer supramolecular system
on the doping level

We now shift our attention to the decrease of the polaron
density with the increasing T content in the copolymers. This
conclusion was deduced from both the ESR and optical absorption
spectra. From the optical experimental observations, the relative
intensity of the bands at 770—860 nm and 2000—2400 nm corre-
sponding to FATCNQ ! and the P3HT*! decreases with increasing
T-content from P3HT to P[(3HT)gg4-stat-(T)g36]. The decrease in
relative intensity of the 770—860 nm band can be easily explained
by the decreased concentration of the FATCNQ ™! species in the
films, given that the FATCNQ molecules become more and more
involved in 7-7 interactions with the polymer chains of increasing
T-content, as supported by both GIWAXS and modeling results.
These conclusions are also supported by the comparison between
the theoretical optical spectra of the model ®-stacking complex T7-
FATCNQ, and the charged dopant- and model-polymer shown in
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Fig. 5G: both polaronic bands characteristics of FATCNQ ™! and T7*!
are absent in the spectrum of T7-FATCNQ, suggesting for FATCNQ in
the m-stacking complex a different role as compared to its con-
ventional doping function. Indeed, as suggested by the mixing
between the dopant and polymer frontier orbitals (Fig. 5G, inserted
figures), only a partial charge transfer can occur between the w7
stacked FATCNQ—P3TT structure. Specifically, in the case of the
complex 4FTCNQ—T?7, only a portion of 0.2e charge transfer is
found by our DFT calculations, which is in very good agreement
with the theoretical (0.24e) and experimental (0.21e) charge
transferred values determined for terthiophene T4-FATCNQ [64].
Interestingly, such a co-crystal has been suggested by Salzmann
et al. to act as a new quasi-dopant undergoing electron transfer
with an adjacent neat polymer segment resulting in a couple of
FATCNQ ! and positively charged polymer [64].

Based on the fact that the vibration frequencies of the CN bonds
are different in F4ATCNQ pristine films, in the polythiophene films
acting as dopants, and in the polymer-dopant charge-transfer
complex (bridging-gluing), we have performed theoretical calcu-
lations on IR spectra and FTIR measurement (Fig. S14). Our calcu-
lations predicted a negative shift of roughly 50 cm~! for FATCNQ ™!
as compared to the neutral one, and only 7 cm™! for the CT complex
T7-FATCNQ. Interestingly, though, the FTIR spectra (Fig. S14) only
detect the presence of anionic FATCNQ, which signal is blue-shifted
by some 45 cm ™! as compared to the signal of the neutral FATCNQ.
The FTIR results consequently allow for excluding the presence of
partial charge transfer in the doped copolymers, which seems
coherent with the suggestion from Salzmann et al. about the
presence of dopant-copolymer complexes as a new doping unity
[64]. Moreover, the presence of neutral FATCNQ in the doped
mixture cannot be detected, given that the FTIR signal corre-
sponding to neutral F4ATCNQ has a much lower extinction coeffi-
cient than its anion, and hence the signal is usually too weak to be
seen [67].

All in all, the results from GIWAXS, DFT, the FTIR, and from the
literature directly or indirectly confirm that part of the FATCNQ
dopant molecules do intercalate in a w-stacked manner in-between
two adjacent copolymer chains at the regions of pure-T occurrence.
Donor-Acceptor m-conjugated complex is thus created, adopting
two possible situations: (i) FATCNQ remains neutral in the 7-con-
jugated complex due to inappropriate geometrical- or polarization
environments. These molecules can be considered as “lost” dopants
for the doping role, thus explaining the decrease in the polaron
density. This is statistically favoured at a very low doping level,
which is in agreement with the experimental results (Fig. 2F). (ii)
The m-conjugated complex acts as a new quasi-dopant undergoing
electron transfer with an adjacent neat polymer segment resulting
in a couple of FATCNQ™! and positively charged polymer [64]. We
speculate that due to the strong interactions between the bridged
FATCNQ and the copolymers chains, the two separated electrons
(one in the dopant and one on the copolymer) remain coupled close
to each other and become ESR-silent, which is not the case for the
normal doping of P3HT.

The trend in the charge density at 10 mol % of FATCNQ is
corroborated with the number N of consecutive T rings in the
polymer chains, with N roughly being 0, 1-2, 2—3, and 3—4 for
P3HT, P[(3HT)osgs-stat-(T)o12], PI(3HT)o7e-stat-(T)o24] and P
[(3HT)o.64-stat-(T)o36], respectively. Fig. 8A—D clearly shows that
the size of FATCNQ along the long-axes direction is roughly equal to
the length of three consecutive T rings. Accordingly, two- or fewer
consecutive T rings offer less room for the establishment of short-
distance -1 stacking and strong m-7 interactions, due to the
presence of side chains and larger inter-ring dihedral angles. This
simple comparison suggests that the shortest distance and the
strongest interaction between the dopant and the chain can occur
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in the case of P[(3HT)g.76-stat-(T)p24] and P[(3HT)gg4-stat-(T)o.36],
thus providing a qualitative explanation for their similarly larger
hole conductivities. Thus, the polymer-dopant-polymer sandwich
supramolecular system resulted in a smaller amount of charges in
the doped random polymer.

2.5.2. Impact of polymer-dopant-polymer supramolecular system
on the charge transport

The increased hole conductivity despite the decreased polaron
density of the doped P[(3HT);.x-stat-(T)x] as compared to doped
P3HT points to the increased hole-mobility in P[(3HT);_x-stat-(T)x].
This can be correlated with the presence of the very short m-7m
stacking distance of 3.13—3.15 A, which we assume operates by
means of two mechanisms: bridging and gluing.

We first focus on the bridging effect of FATCNQ sandwiched
between two copolymer chains. As a means to give a feeling of how
much the electronic couplings can change with the distance be-
tween the m-stacked molecules, we reconsider the model complex
T10-FATCNQ-T10 (Fig. 8B) and the corresponding dimer T10-T10.
Our calculations indicate that the electronic couplings between
HOMO(T10)-LUMO(FATCNQ) and HOMO(T10)-HOMO(T10) are
421 meV and 95 meV, respectively. While the phase- (mis)match-
ing between the overlapping orbitals plays an important role, these
electronic couplings and overlaps along with their trend do corre-
late with the interplanar distances of 3.25 A and 3.64 A (Table 2)
determined for T10-FATCNQ-T10 and T10-T10, respectively. How-
ever, the real charge transfer between two polymer backbones (say
polymer1 and polymer2) bridged by FATCNQ molecules is expected
to proceed via a superexchange mechanism in a single step, which
is much faster than that between two non-bridged polymer back-
bones (Fig. 9). With increasing the number of such bridges, the
hole-transport efficiency increases, well explaining the hole-
mobility difference between the doped P[(3HT);.x-stat-(T)x] and
P3HT.

Supporting the above analysis by means of direct Hall mea-
surement is challenging, given that this method can be held reliable
only when the mobility values are high enough, say at least
approaching 1 cm?V~1s~. In order to circumvent this difficulty, we
followed two approaches. First, we deduced approximate values of
the mobilities. Starting from the equation ¢ = ney, where e is the
fundamental charge, and n is the charge density (142 x 10%

4 — S Polymer Chain

Dopant

Fig. 9. Schematic illustration of the doped P[(3HT);-stat-(T)x] (x > 0.24)
microstructure.
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1.27 x 10%2,1.20 x 10?2, and 1.10 x 102 mol~! for P3HT, P[(3HT)o gs-
stat-(T)o12], P[(3HT)o.76-stat-(T)o24] and P[(3HT)oe4-stat-(T)o36],
respectively), which is half of the spin density as reported in Fig. 2F,
we estimated the p of 10 mol% doped films are 4.5 (+0.7) x 104
cm?V~s~1 for P3HT, 4.2 (+£0.02) x 10~3 em?V~1s~! for P[(3HT)o.gs-
stat-(T)o12], 3.3 (£0.2) x 1072 cm?V~'s~! for P[(3HT)y76-stat-
(T)oz4), and 1.1 (£0.1) x 10! em?V~'s~! for and P[(3HT)g es-stat-
(T)o36], respectively. Second, we performed TCNQ doping on the
polymers instead of FATCNQ to verify the effect of bridging-gluing.
Hereby, TCNQ is structurally similar to F4TCNQ in both molecular
size and shape, but has a quite different electron affinity value in
solid state. Thus, it is expected that TCNQ should be able to inter-
calate between the random copolymer chains, creating a similar
type of effect of bridging-gluing, though, it will not be able to dope
the polymer due to the mismatching of the energy level between
TCNQ and the P[(3HT);_x-stat-(T)x]. Indeed, when doping P3HT and
P[(3HT)q.76-stat-(T)p24] with 10 mol% TCNQ, the charge transport is
more efficient in the case of TCNQ-doped P[(3HT)g 76-stat-(T)g.24]
than that in the TCNQ doped P3HT (Fig. S15).

Secondly, the gluing effect can also be correlated with the global
increase in the long-range order of doped P[(3HT);x-stat-(T)x] as
compared to their pristine films [58,69,70]. Hereby, the formation
of polymer—dopant—polymer charge-transfer complexes reduces
the random interchain positioning of polymers by keeping them
tight, thus decreasing the positional disorder, and increasing
chances for establishing along-chains m-m stacking overlaps and
creating the potential for establishing stronger HOMO-HOMO
interchain interactions. This is what is indeed observed experi-
mentally, with the long-range order being drastically increased in
the cases of P[(3HT);x-stat-(T)x] after doping (Fig. 3, Table 2). Such
a PTT-FATCNQ-PTT sandwich supramolecular system resembles the
p-n co-crystals facilitating efficient charge-transport along the 77
stacking direction [71]. All in all, the bridging effect alone or gluing
effect alone could explain the increase in the hole mobility thanks
to the increase in the number of bridges and the increase in the
long-range order, respectively. Favorably, these two effects are
correlated and work in concert, with the common result being the
increase in the hole mobility in the films of doped P[(3HT);_x-stat-
(Tl

2.5.3. Impact of polymer-dopant-polymer supramolecular system
on electrical conductivity

With the increasing concentration of FATCNQ in the polymer
films, two opposite effects can be observed: (i) increase of disorder
due to the intercalation of FATCNQ in-between the side-chains,
causing a detrimental impact on the hole mobility, and (ii) in-
crease of the bridging-gluing efficiency in P[(3HT);-x-stat-(T)x]
films, yielding beneficial impact on the hole mobility. While the
disorder effect is almost the only one operating in the case of P3HT,
it functions at a smaller extent in the case of P[(3HT);-x-stat-(T)x]
due to the smaller number of dopants intercalated in-between the
side chains. Importantly, the number of the bridging-gluing centers
in P[(3HT);-x-stat-(T)x], hence the corresponding beneficial impact
on the hole-mobility, increases with increasing doping level. It is
then expected that at a certain doping level of P(3HT);_x-(T)x, the
two effects cross each other. This is what is indeed observed
experimentally: Fig. 2C shows opposite trends of the conductivity
values, with P3HT being the best hole conductor at a lower doping
level (2.5 mol%) and P[(3HT);-x-stat-(T)x] being the best at a larger
doping level (10 mol%) outperforming the former by over 2 orders
of magnitude.

Very recently, Brinkmann et al. reported the doping of me-
chanical rubbing aligned P3HT using different dopants such as
magic blue and suggested that in highly crystalline semiconducting
polymers, specifically the highly aligned ones, high charge
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mobilities can be achieved when the dopant is preferentially
located in the amorphous phase of the polymer [72]. Herein, we
show that high mobility can be achieved in doping random co-
polymers comprising weakly ordered connected aggregates, rep-
resenting a new pathway to realize efficient charge transport,
especially in the low crystalline polymers. Particularly, since many
of the emerging classes of conjugated polymers are low-crystalline
donor-acceptor polymers that are near-amorphous in their pristine
state [73,74], it is thus important to develop an alternative route to
achieve a favorable charge transport landscape.

3. Conclusion

In conclusion, we demonstrated an effective strategy allowing
for significantly enhanced long-range molecular order in the doped
P[(3HT);x-stat-(T)x] (x > 0.24) films, which overcomes the typical
dopant-induced-disorder and solved the trade-off between high
charge density and high charge carrier mobility in the doping of
conjugated polymers. This improvement stems from additional
new and unconventional roles played by the dopant molecules,
which we call “bridging” and “gluing”. This is due to the reduction
in the density of side chains enabling the dopant to be packed
closely with the polymer backbone, allowing for the establishment
of a short 7t- stacking distance of 3.13—3.15 A in the doped random
polymer. The “bridging” and “gluing” effects can operate instead- or
in complement to the classical doping effect played by the dopant
molecules. The resulting polymer-dopant-polymer supramolecular
systems with ultra-tight packing allow for fast charge transfer in a
higher doping load (10 mol%), resulting in remarkable improve-
ment of charge carrier mobility and thus significantly enhanced
electrical conductivity by over 100 times, compared to the doped
P3HT films. This work opens up new avenues for future doping of
conjugated polymers by showing that the long-range order can be
simultaneously enhanced by dopants while trying to increase the
charge density, holding promise for the next generation of higher-
performance organic electronics. Importantly, our results clearly
indicate that judicious choice of polymer structure and dopant
molecules can be conceived to combine the primary destination of
dopants, their redox properties, with additional properties of
dopant molecules, such as bridging-gluing, allowing them to
contribute in different manners to the functioning of organic
electronic devices.

4. Experimental section/methods

Materials: The dopant FATCNQ was purchased from Ossila. 2,5-
Dibromothiophene, thiophene-2,5-diboronic acid bis(pinacol)
ester, lithium chloride (LiCl), Tetrakis(triphenylphosphine)palla-
dium(0) ((PPh3)4Pd(0)), Aliquat® 336 anhydrous tetrahydrofuran
(THF) and anhydrous toluene were obtained from Sigma Aldrich.
2,5-Dibromo-3-hexylthiophene, 1,3-bis(diphenylphosphino)pro-
pane]nickel(Il) dichloride (Ni(dppp)CI2), 1 M isopropylmagnesium
chloride (i-pro-MgCl) in THF and chlorobenzene were purchased
from TCI. Methanol (MeOH), acetone, chloroform and hydrochloric
acid (HCl) were purchased from VWR. The synthesis of the poly-
mers is described in the Supporting Information.

Preparation pristine and doped polymer solutions: The
polymer solutions were prepared by dissolving the polymers in
chlorobenzene at concentration of 10 mg/mL. The dopant solution
was prepared by dissolving FATCNQ in chlorobenzene at a con-
centration of 0.5 mg/mL. All solutions were filtered through
0.45 um filters before usage. The doped solutions were prepared by
blending the two solutions according to the desired doping ratio,
which was calculated as the ratio between the numbers of FATCNQ
and numbers the repeating unit of polymer semiconductors.
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Film preparation and electrical measurements: Firstly, elec-
trodes consisting of 2 nm chromium and 30 nm gold were prepared
on Si substrates with 300 nm SiO; by photolithography and thermal
evaporation techniques. Secondly, the substrate was cleaned ul-
trasonically in deionized water, acetone and isopropanol for 1 min
each. Then, the substrate was treated by UV/ozone for 15 min. After
that, the substrate was modified by octadecyltrichlorosilane (ODTS)
in a vacuum oven at 120 °C for 120 min and then cleaned
sequentially with chloroform, hexane and isopropanol for 1 min.
Finally, the organic semiconductor solution was spin-coated on the
substrate at 3000 rpm/min for 30 s prior to annealing at over 100 °C
for 5 min. The bottom-gate, bottom-contact OFETs (L/W = 40 um/
1000 um) and four-probe electrical conductivity (L/W = 160 pm/
1000 pm with two fingers separated 40 um away) were both
measured using a Keithley 4200 semiconductor analyzer.

Dynamic mechanical analysis: Measurements were done with
a Q800 from TA Instruments from —80 °C to 170 °C at a frequency of
1 Hz and a heating rate of 3 °Cmin~' [72]. 2.5 cm x 0.5 cm pieces of
a plain weave glass fiber mesh with a weight of 25 g m~2 (Easy-
composites) were cut at an angle of 45°, drop coated with solutions
comprising 10 g L~ polymer dissolved in chloroform, and dried
under vacuum at 60 °C for 60 min [75].

Differential scanning calorimetric analysis: DSC measure-
ments were performed using a DSC instrument under N2 atmo-
sphere at a heating and cooling rate of 10 °C/min, with a heating
range of -50 — 280 °C and cooling range of 280 to —50 °C.

FTIR measurements: Infrared absorption spectra were recorded
with a PerkinElmer Frontier FTIR spectrometer. The FTIR spectrum
of neat FTIR was measured by sandwiching a drop of F4ATCNQ dis-
solved in dry acetonitrile between two CaF, windows. FTIR spectra
of doped materials were recorded for films spin-coated on cleaned
CaF, windows.

ESR measurements: For ESR measurement, the prepared
doping solution was heated and dropped on a glass substrate with a
length of 5 mm and a width of 3 mm at 100 °C. Then, the glass
substrate was put into the ESR tube and sealed in a glove box filled
with argon gas. ESR measurement was performed at room tem-
perature on a JEOL JES-FA200 ESR spectrometer.

Optical Characterization: Absorption spectra of pristine and
doped polymer films were recorded at room using a UV—vis—NIR
spectrophotometer (V-770).

Computational methods: The calculations in this study were
carried out in two levels: (i) Level-1 calculations were carried out
by considering dimers or complexes between two or three mole-
cules, and (ii) Level-2 calculation were carried out by performing
molecular dynamic simulations on systems containing hundreds of
molecules. Detailed methods are is described in the Supporting
Information.

AFM measurements: The surface morphology of polymer films
was investigated by atomic force microscopy on Icon coupled at
Nanoscope V controller from Bruker in the Tapping mode. The
probe was a ScanAsyst Air (Bruker) with a spring constant of 0.4 N/
m.

GIWAXS measurements: a laboratory setup was used (Xeuss
3.0 from Xenocs S.A.). Here, supplied with a microfocus copper
source, Cu Ko radiation (wavelength (X) = 1.5418 A) is focused and
monochromatized with a two-dimensional single reflection
multilayer optic and collimated with scatterless slits. The silicon
substrate surface was aligned at a grazing incident angle of 0.18°
with respect to the incoming X-ray beam. The scattered X-ray were
detected on an Eiger 4 M single-photon counting detector, with
75 pum pixels (DECTRIS), 80.0 mm from the sample. Conversion of
the raw 2D data to reciprocal space coordinates was performed
with the SimDiffraction MATLAB script package [Breiby, D. W.,
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