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ABSTRACT

Realizing ordered structures at the molecular level is a key approach to increase the charge mobility of organic
semiconductors. However, the typical solution-based methods employed for the processing make the achieve-
ment of well-organized organic nanostructures difficult with the favored formation of disordered assemblies. To
realize well-ordered thin films, one needs to design conjugated materials with the ability of self-assembling. In
this work, two alternating donor-acceptor copolymers based on the carbazole and diketopyrrolopyrrole (DPP)
units, namely P1 and P2, are successfully synthesized. Compared to P1, the polymer P2 contains an extra
thymine group at the end of the alkyl chain, through which the hydrogen bonding (CO---NH) can be formed
between the amide (NH) and carbonyl units (C=0), as verified by the fourier transform infrared (FTIR) and
differential scanning calorimetry (DSC) study. The electrochemical analysis shows that the hydrogen bonding
association influences the carbazole donor ability, resulting in a higher HOMO energy level of P2 compared to
P1. In addition, the as-formed hydrogen bonds promote the assembling of the molecules into highly ordered
structures by enabling strong aggregation as well as a narrow distance between adjacent molecules with long-
range ordering packing and large nanocrystalline grains. As a result, the intermolecular charge transfer is
enhanced. Consequently, the organic field-effect transistors (OFETs) constructed with P2 as the semiconductor
layer present a p-type behavior with maximum hole mobility up to 1.32 cm? V™! s™! upon annealing, which is
almost 5 times higher than that of the pristine P2 (0.26 cm? V! s71), while the hole mobility of the annealed P1
is only 0.23 cm? V™! s71. Our results indicate that the alkyl chain engineering, with the introduction of a thymine
group into the donor units of the polymer, is responsible for the formation of hydrogen-bonded superstructures.
This is a facile approach to enhance the optoelectronic properties of organic semiconductors.

1. Introduction

from the electrode into the semiconductors.
The charge transport in n-conjugated polymer semiconductors is

Over the past two decades, n-conjugated materials for OFETs have
been rapidly developed due to their lightweight, low cost, and potential
use in flexible devices [1-3]. Charge transport, as one key factor to drive
the performance of OFETs, occurs not only between the neighboring
molecules also within the individual molecules [4-8]. Among the OFET
materials, n-conjugated small molecules and polymers are the two most
representative groups. Compared to the small molecules, the polymeric
conjugated materials are more promising as they present large
n-conjugation systems, which boost the charge transport rate within the
individual molecules [9-14]. In addition, the polymers’ frontier mo-
lecular orbitals are easily tuned, which facilitates the charge injection
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fairly complex because the polymers are usually semicrystalline. The
charge transport in the polymer-based devices is across both the crys-
talline and amorphous regions, with the charge carriers typically
diffusing faster in the crystalline regions rather than in the amorphous
ones. Therefore, the charge carriers’ mobility is governed by the crys-
tallinity of the polymer film, as well as by the connections between the
crystalline aggregates [15-19]. Numerous studies have attempted to
enhance the charge carrier transport ability by improving the crystal-
linity and the localized aggregates [20-27]. However, the reported ap-
proaches are inevitably limited by the semicrystalline nature of
conjugated polymers. Son et al. introduced different ratios of
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polythiophene in poly(3-hexylthiophene) (P3HT) to increase the local-
ized aggregates in the amorphous regions. Although the as-prepared
polymer film exhibited low crystallinity, the charge mobility was
nearly 7 times higher than that of pristine P3HT [28].

In most cases, the thermal annealing process leads to enhanced film
crystallinity due to the van der Waals forces [29,30]. However, the van
der Waals forces are generally weak (less than 5 kcal/mol) [31]. On the
other hand, the well-known hydrogen bonds, with the bonding energies
in the range of 5-65 kcal/mol, are relatively strong [32,33]. Recently, it
has been demonstrated that by introducing the functionality of
hydrogen bonding between adjacent molecules in the film state, it is
possible to realize the self-assembly in conjugated small molecules and
polymers [34-40]. However, there is a lack of relevant literature in the
field of organic electronics. Hydrogen bonding has been recently asso-
ciated with the transition from an amorphous to crystalline film during a
thermal treatment [41-46]. Li et al. reported that the
tert-hexanyloxycarbonyl (t-Boc) side unit substituted materials with
lactams units can be removed by a facile thermal annealing treatment,
generating hydrogen-bonded compounds. The strong intermolecular
hydrogen bonding can self-assemble the neighboring molecules into
highly ordered structures, which eventually leads to supramolecular
structures with an enhancement of the charge transport ability between
molecules by up to 40 times compared to the case without hydrogen
bonding. However, one disadvantage of the hydrogen bonding associa-
tion formation via the t-Boc substitutive compounds is the thermal
annealing process itself, which is not suitable for thermally unstable
materials [47-50]. Later on, Yao et al. designed polymers with different
ratios of urea-containing alkyl chains, through which the hydrogen
bonding (NH---CO) can be formed upon C—=0 and NH units. Their results
show that, with a progressive increase of the urea group units in the
polymer side chains, the materials exhibit a constant enhancement in
the hole transport mobility from 0.6 cm? V™! s~ (0% urea groups) up to
6.3 cm? v 71 (10% urea groups) [51]. These reports reveal that
hydrogen bonding could significantly improve the materials packing
into more ordered structures, and eventually enhance the charge
transport ability. To date, the functional units that could form hydrogen
bonding are still rare, and most of the reported examples are
electron-acceptor units (see Fig. S1). Therefore, further development of
functional groups enabling hydrogen bonding in the polymers is urgent
and challenging.

Herein, the donor-acceptor (D-A) polymer P2 based on carbazole
(CZ) and diketopyrrolopyrrole (DPP) as the electron-rich and electron-
deficient units, respectively, is designed and successfully synthesized.
DPP belongs to one of the most promising acceptor units to build high
pefromance semiconductor materials [52,53]. Through alkyl chain en-
gineering, the pentane thymine groups replace the hexanyl chain from
the carbazole donor units. As the thymine groups contain amide and
carbonyl groups, this induces the hydrogen bonding association. For
comparison, the P1 polymer, with similar chemical structures to P2

Pd(PPhs),
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except for the linear alkyl chains of the carbazole units instead of the
thymine groups, is also synthesized (see the synthetic details in the
Supporting Information, SI). Our results show that the hydrogen-bonded
polymer P2 presents more ordered molecular structures, stronger ag-
gregation, and higher highest occupied molecular orbital (HOMO) en-
ergy levels, resulting in improved hole mobility up to 1.32 cm? V™! s~}
which is almost 5 times higher than that of P1 polymer.

>

2. Results and discussion
2.1. Synthesis of the polymers with hydrogen bonding association

The two donor-acceptor polymers, P1 and P2, were synthesized via
the Stille coupling reaction between DPP and hexanyl chain substituted
carbzaole CZ-1 (for P1) or DPP and pentane thymine substituted
carbazole CZ-2 (for P2) with yields of 62% (P1) and 59% (P2) (Scheme
1) [54]. Compared to CZ-1, the monomer CZ-2 contains an extra
thymine group. The number-average molecular weights (Mn) of the
polymers are 17.6 kDa (P1) and 21.2 kDa (P2) and the polydispersity
indices (PDI) are 2.2 (P1) and 2.8 (P2). The molecular structures were
analyzed using 'H NMR spectroscopy (Figs. S2-7 in the SI). The chem-
ical shifts at about 0.80-2.76 ppm are typically assigned to the protons
of the alkyl group, while the broad signal with a chemical shift at about
6.60-7.70 ppm originates from the protons of phenyl and thiophene
groups [55,56]. P1 polymer shows excellent solubility in common
organic solvents such as toluene, dichlorobenzene, and chloroform,
while P2 is moderately soluble in dipolar aprotic solvents such as
dichloromethane and chloroform, but demonstrating good solubility in
hot (60 °C) chloroform. The solubility difference could be ascribed to the
linear shape and multi-alkyl side chain in the polymer backbone of P1
polymer, which is in contrast with the cross-linked structure of P2,
enabled by the intermolecular hydrogen bonding association
(C=0-:-NH) in the solid state by the thymine groups. Nevertheless, upon
the heating of the chloroform solution, the hydrogen bonding associa-
tion in P2 may be broken, leading to a linear shape-like polymer
(Fig. S8).

In order to confirm the hypothesis of the hydrogen bonding forma-
tion, the fourier transform infrared (FTIR) spectra of both polymers were
acquired (Fig. 1a). Compared with P1, P2 presents a broad absorption
peak between 3100 and 3680 cm ™!, attributed to the hydrogen-bonded
NH stretching vibration [57]. After the thermal annealing treatment at
140 °C for 5 min, the absorption spectra of P1 are almost identical, while
the amplitude of the broad absorption peak of P2 clearly increases
(highlighted with a green band in Fig. 1a). This means that the pristine
P2 film contains more free thymine groups, which explains the moderate
solubility of P2 in non-polar solvents. However, upon the thermal
annealing, some of the free thymine groups are assembled into
hydrogen-bonded units (Fig. S8). This is further confirmed by the dif-
ferential scanning calorimetry (DSC) analysis. As shown in Fig. 1b, in the

Scheme 1. Synthetic route for the polymers P1 and P2 (red: donor unit; blue: acceptor unit; pink: thymine group).
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Fig. 1. (a) FTIR spectra of P1 and P2 polymers before and after thermal annealing. (b) DSC spectra of P2. (c) Transmission XRD diagrams of both polymer films
before and after thermal annealing. (d) AFM images of P1 and P2 polymer films before and after thermal annealing (size 5 x 5 pm).

first heating scan, two exothermal peaks, located at 67.2 °C and 121 °C,
are detected. These correspond to the alkyl chain vibration (67.2 °C) and
the glass transfer temperature of the polymer backbone (121 °C).
However, these two peaks disappear in the second heating cycle. This
observation can be explained as follows: (i) In the first heating process,
before the donor units (N-H) coordinate with the acceptor units (C=0)
to form the hydrogen bonding, the molecules are still mobile due to the
elevated temperature and relatively weak intermolecular interactions.
(i) Once the hydrogen bonding forms, the linear-shaped polymer
transfers into the crosslinking-like network polymer (see Fig. S8 in the
SI), thus, no exothermal peaks are observed in the same range of tem-
peratures. This also indicates that the hydrogen bonding association
could enhance the thermal stability of the polymer. For polymer P1, the
DSC spectra of the two cycles are almost identical (Fig. S9).

2.2. Thin films

To achieve high-performance polymer-based OFETs, it is crucial to
realize efficient charge transport not only within the individual mole-
cules but also across the neighboring molecules. Hence, the thin film
morphology, as well as the molecular packing, play a significant role in
modulating the charge carrier mobility within the semiconductor thin
films. The polymer films obtained via spin-coating are generally amor-
phous [58]. To investigate the relationship between the hydrogen
bonding and the molecular packing, the X-ray diffraction (XRD) patterns
of both polymer films were measured before and after the thermal
annealing (Fig. 1c). The experimental details are described in the SIL.
First, the XRD patterns of both films show a primary diffraction peak at
20 = 7.71°, which represents the inter-lamellar distance of 1.056 nm,
while a broad peak at 26 around 24.2° originates from the co-facial n-n
stacking with a d-spacing of 0.339 nm. The close n-n stacking could be
due to the high degree of the planar backbone (see the computational
results in the following Section 2.3). Second, compared to the pristine
P1, both peaks of the pristine P2 pattern are sharper, indicating the
formation of longer-range ordered packing within the P2 polymer. This

is possibly due to the formation of hydrogen bonding association from
the thymine groups during the spin-coating process. In addition, after
the thermal annealing process, the XRD spectra turn to be sharper than
the cases of pristine polymers, which could be ascribed to the formation
of more ordered molecular packing for both polymers upon the thermal
annealing. On the other hand, the thermal annealing induced change of
the XRD patterns for P2 is more obvious than in the case of P1. This is
mainly due to the fact that both the van der Waals and hydrogen
bonding forces together affect P2’s XRD patterns, while the change in
the XRD patterns of P1 is only caused by the van der Waals interactions.
Thus, close n-x stacking distance and long-range ordering are beneficial
for realizing efficient intermolecular charge transport and, thus,
potentially achieving high charge mobilities in P2-based OFET devices
(see Section 2.5).

Furthermore, the morphology of the polymer film was probed by
taking the AFM images, as shown in Fig. 1d. Well-distributed, smooth,
and flat morphology is observed for both conjugated polymers, con-
firming their superior film-forming capabilities. More interestingly, the
polymer films exhibit well-interconnected nanocrystalline grains with
average sizes of ~62 nm (pristine P1), ~67 nm (thermally treated P1),
~70 nm (pristine P2), and ~85 (thermally treated P2). This observation
is also consistent with previous XRD data. Despite the smooth surface
roughness of the pristine P2 film (RMS = 0.96) compared to that (RMS
= 1.78) of pristine P1, P2 exhibits a better crystallinity and charge
transport property. Thermal annealing treatment on the P1 film resulted
in a slightly smoother morphology compared to its pristine film. On
contrary, the P2 film became rougher upon the annealing process. It is
universally acknowledged that high crystallinity favors charge trans-
port, thereby enhancing the charge carrier mobility.

2.3. Computational study

To investigate the frontier molecular orbital features, as well as the
backbone configuration of the two polymers, computational calcula-
tions were conducted via density functional theory (DFT) at the B3LYP/
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6-31(d,p) level by using a model compound containing one two
repeating units with the methyl group instead of the alkyl chain of DPP
core. As observed in Fig. 2, both polymers present similar electronic
cloud distribution at the frontier molecular orbital with comparable
HOMO and LUMO (lowest unoccupied molecular orbital) levels (see
Fig. 2a), and also almost identical planarity of the polymer backbone
(see Fig. 2b). Both P1 and P2 demonstrate DPP-dominant HOMO dis-
tribution, and P1 with some electron delocalization along with the CZ
groups, whereas the electron distribution of the LUMO is located only at
the electron-deficient DPP groups. Once the polymer is excited, an
electron transfer from the polymer backbone to the CZ groups could
occur, however the charge transfer (ICT) effect is weak for both poly-
mers. The theoretical HOMO/LUMO energy levels were calculated as
around —2.10/-4.38 eV for P1 and -2.37/-4.46 eV for P2. A high degree
of planarity is also observed for both P1 and P2 (Fig. 2b). These calcu-
lation results reveal that the thymine units have no obvious effect on the
single polymer molecule’s frontier molecular orbital features, backbone
configuration. The polymer P2 has a higher dipole moment (8.53 D)
than that (7.62 D) of the P1, thus the P2 is predicted to exhibit a more
closing packed structure since the high dipole moment can effectively
improve the molecular ordering [59,60].

2.4. Optical and electrochemical properties

To evaluate the influence of hydrogen bonding association, as well as
the molecular aggregation in the solid state, on the optical properties of
the polymers, the absorption spectra of both polymers in solution and in
film were measured (Fig. 3a—e). The corresponding optical data are
summarized in Table 1. Both polymer solutions in chloroform exhibit a
blue color with similar absorption spectra, with an exciton peak at
around 596 nm accompanied by a shoulder at ~550 nm. In the case of
thin film, a bathochromic shift of ~39 nm is detected for the absorption
peak for P1 from solution (596 nm) to thin film state (635 nm), while a
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red-shift of 45 nm is observed for the maximum absorption position
change for P2 (Fig. 3c). The observed bathochromic shift is explained by
the single (macro)-molecular state exhibited by the polymer in solution,
which is in contrast with the intermolecular forces driven interactions in
the solid state. Compared to P1, P2 shows a larger red-shift, indicating
that P2 polymer film enables stronger aggregation. This is attributed to
the formation of hydrogen bonding association from the thymine groups
during the preparation of P2 film, which is in good agreement with the
previous FTIR and XRD analyses.

Upon the thermal annealing process, the absorption spectrum of P1
polymer film shows almost no change (Fig. 2d and e and Fig. S10), while
the maximum absorption of P2 film red shifts around 5 nm. In addition,
the long wavelength absorption tail red-shifted towards the near-
infrared (NIR) range by ~18 nm. These observations suggest that the
annealed P2 thin film indeed features a strong aggregation and/or close
packing in the long-range order compared to the pristine film without
annealing treatment, while the P1 film presents only a slightly improved
packing. This further confirms the formation of hydrogen bonding as-
sociation from the thymine groups during the thermal annealing process
for P2, which is expected to benefit the realization of efficient charge
transport between the neighboring polymers.

To obtain a high-performance OFET with high charge transport
mobility, it is paramount to realize a swift electron injection from the
electrodes to the semiconductor polymers. Thus, to facilitate the charge
injection, the conjugated semiconductors must have appropriate frontier
molecular orbitals’ levels, which well align with the work function of the
electrodes, in turn forming an Ohmic contact at the interface. We
experimentally determined the energy levels in relation to the hydrogen
bonding association by conducting cyclic voltammetry (CV) measure-
ments for the polymers (see the CV spectra in Fig. 3f) [61]. The exper-
imental details are described in the SI. Both polymers demonstrate
similar shapes of the CV spectra, which present quasi-reversible cathodic
and anodic waves. The onset reduction occurs at around —1.20 V for
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Table 1
Optical and electrochemical properties of P1 and P2 Polymers.

Oligomers Amax [nm] Oxidation onset [V] {HOMO [eV]} Reduction onset [V] {LUMO [eV]} Egp"“/Egc’b [eV]
in chloroform thin film thin film-AN-180 °C

P1 596 634 636 0.64 {-5.44} —1.20{-3.80} 1.58/1.84

P2 598 643 648 0.56 {-5.36} —1.21 {-3.79} 1.55/1.77

 Eqp (optical bandgap) was measured at the absorption onset in film (Eqpe = 1240/Aabs. onset €V).
b E;C electrochemical bandgap, HOMO-LUMO gap was calculated according to the equations: E;ymo = Eonset (redy + 4.8 €V, and ~Egomo = Eonset (ox) + 4-8 €V. Eonset
(ox) @nd Egpeer (red) are onset potentials for oxidation and reduction processes vs. Fc/Fc™ couple, respectively.

both polymers, based on which the LUMO energy levels can be calcu-
lated as —3.80 eV (P1) and —3.79 eV (P2). The electron-deficient moi-
eties are crucial for modulating the LUMO energy levels of the
corresponding D-A type of polymers, while the electron-rich groups
contribute more to the alignment of the HOMO energy levels [62].
Similar LUMO energy levels between both polymers might be due to the
fact that the acceptors of the polymer backbones are identical [63]. The
anodic oxidation of the polymers sets at the potentials of 0.64 V (P1) and
0.56 V (P2), and the HOMO energy levels were thus estimated to be
—5.44 eV and -5.36 eV for P1 and P2, respectively. Both polymers are
constructed by carbazole units as the electron-rich groups, possibly
resulting in similar HOMO energy levels (see the DFT calculation re-
sults). However, the HOMO energy level of P2 is 0.08 eV higher than
that of P1. This should be attributed to the N-substitution from the
carbazole by the thymine groups for P2, which initiates the formation of
hydrogen bonding in the solid state. This hints that the hydrogen
bonding association could potentially improve the donor ability of the
carbazole group by increasing the HOMO energy levels of the conju-
gated material [64]. High HOMO energy levels are generally favorable
for the hole injection from the electrode to the semiconductor layer. This
is a crucial feature to be accounted for when designing high-quality
p-type semiconductors. It is noted that the hydrogen bonding associa-
tion in the carbazole units can only adjust the HOMO energy levels while

making a negligible effect on the LUMO energy levels. Based on the
electrochemical data, the polymers exhibit low HOMO-LUMO band gaps
of 1.84 eV (P1) and 1.77 eV (P2) [65].

2.5. OFETs

In order to evaluate the polymer semiconductor properties, as well as
the relationship between hydrogen bonding association and charge
transport properties, the bottom gate - bottom contact (BG-BC)
configuration OFETs were fabricated (Fig. 4a-d and Fig. S11). The
source and drain electrodes were vacuum-deposited on the
Octadecyltrichlorosilane-treated  (octadecyltrichlorosilane  (OTS)-
treated) Si/SiO5 substrate as Au thin film (30 nm) through a shadow
mask, followed by the direct spin-coating of both polymers from chlo-
roform solutions. The as-prepared devices were characterized upon
different thermal annealing temperatures. The different temperatures
were selected according to the analysis for the DSC spectra. The DSC
spectra exhibit an alkyl chain vibration peak for P2 that is located at
67.2 °C, and a glass transfer temperature peak that is located at 121 °C,
respectively. Therefore, we chose the thermal annealing temperatures as
50 °C, 100 °C, 140 °C and 180 °C. Note that the thermal annealing at
50 °C was kept for 0.5 h in order to evaporate all the chloroform solvent.
The detailed fabrication and testing procedures are described in the SI.
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Fig. 4. (a-d) Transfer characteristics of the OFET devices of both polymers thermal annealing at 50 °C and 180 °C. (e) Hole transport mobilities obtained from eight
different devices for both polymers. (f) The calculated charge mobilities of the as-prepared and annealed devices of both polymers. The error bars show the deviation

of mobilities among eight different devices.

Both P1 and P2 polymers show p-type behavior with hole transfer mo-
bilities (py) of 0.19 em? V1 s7! 0.26 em? V! 57! for P1 and P2,
respectively (Fig. 4e and f). Compared to P1, P2 presents slightly higher
hole transport mobility, which is mainly ascribed to two factors: (i) P2
shows higher HOMO energy levels, which is beneficial for the charge
injection from the electrode to the semiconductor layer. (ii) The P2 film
features moderately stronger aggregation compared to the P1 film,
which is, in turn, advantageous for the charge transport between the
adjacent molecules. Upon the thermal annealing process, the hole
mobility value is slightly improved for P1 during the thermal annealing
process (0.19 cm? V! s7! annealed at 50 °C; 0.20 cm? V™! s7! annealed
at 100 °C; 0.22 cm? V! 57! annealed at 140 °C and 0.23 cm? V™! 57!
annealed at 180 °C, respectively). However, there is a significantly in-
crease in the P2’s hole mobility, ranging from 0.26 cm? V™! s7!
(annealed at 50 °C) significantly to 0.83 em? V! 57! (annealed at
100 °C), further improving to 1.11 em? V1l (annealed at 140 °C),
and finally up to 1.32 ecm? V! s7! (annealed at 180 °C). The hole
mobility of P2 is improved almost 5 times. In addition, the hole mobility
value of P2 after thermal anneliang at high temperature belongs to the
high value of the p-type polymer semiconductors. The significantly
increased hole transport mobility of P2 is ascribed to the above-
discussed hydrogen bonding association, which leads to stronger ag-
gregation and longer-range ordering packing compared to the case of the
pristine film without annealing treatment [66]. This clearly suggests
that the introduction of thymine groups into the donor units of the
polymer backbone through the side-chain engineering is a simple and
powerful strategy to achieve high-performance p-type semiconductors.

3. Conclusions

In summary, two novel donor-acceptor polymers are successfully
synthesized by a Still Coupling reaction between carbazole and DPP

units. Upon replacement of the plain hexanyl chain by pentane thymine
group, the hydrogen bonding (CO---NH) can be formed between the
amide (NH) and carbonyl units (C=0). The FTIR data verify the for-
mation of hydrogen bonding association between the thymine groups
upon the thermal annealing process. Our electrochemical results
demonstrate that the hydrogen bonding association influences the
carbazole donor ability, leading to an increase of ~80 meV in the HOMO
energy level of the polymer P2 compared to that of P1. The improved
HOMO energy levels facilitate the hole injection from the electrode into
the semiconductor layer of the corresponding p-type OFETs. Interest-
ingly, the hydrogen bonding association in the carbazole units can only
tune the HOMO energy levels but does not affect the LUMO energy
levels. The optical properties reveal that stronger aggregation and close
molecular packing can be realized with the help of the hydrogen
bonding association in the P2 film. The XRD and AFM analyses indicate
that the annealed P2 film possesses the long-range ordering packing and
large nanocrystalline grains compared to the pristine film, induced by
the hydrogen bonding-driven association. All these observations hint at
the efficient charge transport between the neighboring molecules within
the P2 layer. As a result, the annealed OFETs constructed with P2 as the
semiconductor layer present a p-type behavior with remarkably high
hole mobility up to 1.32 cm? V™! s71, which is almost 5 times larger than
that of the pristine P2 without the annealing treatment, whereas the
hole mobility of the annealed P1 is still as low as ~0.23 cm? V1 s~1. Our
results provide a simple and effective way to develop a high-
performance p-type semiconductor by introducing the thymine group
into the donor units of the polymer through side alkyl chain engineering.
We believe that our study will pave the way for future molecular design
and engineering to synthesize high-performing p-type semiconductor
materials for a wide range of optoelectronic applications.
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