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Chloroform outperforms chlorobenzene for
enhanced mobility in amphiphilic polymer OFETs

Preeti Yadav,a Shunsuke Yamamoto, b,c Kodai Yamanaka,d Hengyuan Wang,e

Nadège Bonnet,a Yabing Qi,e Itaru Osaka d and Christine K. Luscombe *a

High carrier mobility in conjugated polymer-based organic field-effect transistors (OFETs) is often

achieved in polymer thin films that display well-ordered long-range structures and good intercrystallite

connectivity. While chlorobenzene (CB) is commonly known to yield favorable morphologies for efficient

charge transport, in this work, we demonstrate enhanced mobility in the case of chloroform (CF)-pro-

cessed films over CB. We find that OFETs fabricated from CF exhibit an average mobility of 5.1 × 10−3 cm2

V−1 s−1, showing nearly a two-fold increase compared to the 2.7 × 10−3 cm2 V−1 s−1 achieved by the CB

protocol. A detailed study of the polymer morphology through UV-vis spectroscopy, GIWAXS, and

pMAIRS suggests that large crystallite size and uniform polymer orientation in both crystalline and amor-

phous domains for CF-processed films led to improved mobility despite the greater local electronic order

and lower g-parameter observed in the CB-films. This superior performance observed in CF- over CB-

processed films is hypothesized to be due to the amphiphilic nature of the polymer poly(3-hexyl-4’-((2-

methoxyethoxy)methyl)-2,2’-bithiophene). Our findings open new avenues for the independent control

of electronic order and macroscopic crystallinity through the design of an amphiphilic polymer.

1. Introduction

Organic field-effect transistors (OFETs) based on conjugated
polymers have attracted widespread attention for the develop-
ment of next-generation electronic circuits.1–3 The rich chem-
istry of conjugated polymers, solution processability, their com-
patibility with flexible substrates, and low-temperature fabrica-
tion methods offer great potential for enabling the development
of technologies that are currently not accessible with traditional
silicon-based transistors.4–8 Progress in this field has been sig-
nificant, with polymer-based OFETs currently being investigated
for diverse applications in sensors,3,9 artificial synapses,10

memory devices11,12 and frequency identification tags.13

Charge carrier mobility is the key performance metric of
OFETs, and considerable efforts have been devoted to enhan-

cing it. Significant advances in both the molecular design of
conjugated polymers and device engineering have remarkably
improved the carrier mobilities from the very low values of
10−5 cm2 V−1 s−1 observed in early polythiophene studies14

to ≥1–10 cm2 V−1 s−1 in a number of polymers.15–20 Despite
these great efforts, carrier mobility values of conjugated poly-
mers still lag behind those of crystalline silicon-based
semiconductors.

Detailed experimental studies have revealed that charge
carrier transport is significantly affected by polymer film
morphologies.21–26 High mobility is typically associated with
large crystallite size, long-range order, strong π–π stacking, low
paracrystalline disorder (g), and greater electronic order.
Furthermore, charge carrier transport hinges on good inter-
crystallite connectivity, particularly across the amorphous
regions, and high backbone planarity. Ideally, the distance
between the crystal domains should be less than the
persistence length (lp), and the polymer chains should main-
tain coplanarity as they traverse crystalline–amorphous
interfaces.27–31 Some recent studies have highlighted that local
segmental order is enough for efficient charge transport based
on good intercrystallite connectivity, regardless of crystalli-
nity.32 Very often, these structural features are achieved by
using non-volatile solvents such as CB, as longer evaporation
time facilitates the self-assembly of polymer chains into
well-ordered structures, with larger grain size.33–35 However,
the use of volatile solvents is more beneficial from a fabrica-
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tion point of view. Though the faster drying kinetics of low
volatile solvents seem more suitable from a manufacturing
and scalability perspective, lower crystallinity resulting from
poor polymer ordering often limits the charge carrier mobili-
ties as demonstrated in previous studies.33,36,37

Contrary to previous paradigms, herein, we present a
counter-intuitive case study where CF-processed OFET
devices exhibit higher mobility compared to those processed
using CB. To understand this, we performed UV-visible
absorption spectroscopy, p-polarized multiple-angle inci-
dence resolution spectrometry (pMAIRS), and grazing inci-
dence wide-angle X-ray scattering (GIWAXS) and found that
even though CB shows greater local electronic order and
lower paracrystallinity, a two-fold increase in field-effect
mobility in CF, resulting from large crystallite size and
uniform polymer orientation, is observed despite its more
amorphous nature. We attribute this unexpected behaviour
to the amphiphilic nature of the polymer. In this work, we
aim to deconstruct the trade-off of all the competing factors
that affect charge mobility by using an amphiphilic polymer
poly(3-hexyl-4′-((2-methoxyethoxy)methyl)-2,2′-bithiophene)
(P3HMEMT) (Fig. 1a) comprising ethylene glycol and alkyl
side chains. We chose P3HMEMT as a model system
because of its similarity to poly(3-hexylthiophene) (P3HT),
which is a workhorse polymer in organic electronics, and
low synthetic complexity. Furthermore, we envisaged that a
perfectly alternating copolymer architecture with precise pla-
cements of polar oligoethylene glycol side chains on one
side of the polymer backbone and non-polar hexyl side

chains on the other would provide a versatile scaffold for
investigating solution state aggregation and the resulting
solid-state microstructure, and thus the charge transport
properties.

2. Results
2.1 Enhancement of device performance via solvent protocol

Bottom-gate (Si) top-contact configuration OFETs with variable
length and width ratios were fabricated to investigate the
charge mobility of the polymer P3HMEMT. All polymer films
were thermally annealed at 130 °C for 30 minutes under
vacuum. These conditions were chosen to ensure complete
solvent removal and allow for polymer relaxation, consistent
with processing windows of P3HT-based analogs. The syn-
thesis of P3HMEMT and the device fabrication details are pro-
vided in the SI. Fig. 1c–f shows the transfer and output curves
of the OFET devices fabricated from CF and CB. Both CF and
CB films exhibit typical linear/saturation behaviour in their
transfer and output characteristics. Charge mobilities were
extracted from the linear region of the transfer curves and
summarized in Table S1. OFETs fabricated using the CF proto-
col exhibited an average charge mobility of 5.1 × 10−3 cm2 V−1

s−1, demonstrating a two-fold increase relative to the 2.7 × 10−3

cm2 V−1 s−1 achieved with the CB protocol. Interestingly, this
observation contrasts significantly with other conjugated poly-
mers including P3HT, where CB is consistently shown to
provide greater mobility.33–37

Fig. 1 (a) Chemical structure of the polymer P3HMEMT, (b) OFET device configuration, (c and d) transfer, and (e and f) output characteristics for
OFET devices fabricated from CF and CB solvent with channel width of 152 μm, and length of 44 μm.
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2.2 Analysis of local electronic order

Fig. 2 shows the UV-vis absorption spectra of thin films fabri-
cated from CF and CB. The UV-vis spectrum of the CF-film
exhibited an absorption maximum at 514 nm and a very weak
vibronic or shoulder peak at 590 nm. In contrast, the CB-film
spectrum is red-shifted showing an absorption maximum at
545 nm and two distinct shoulder peaks around 522 nm and
590 nm. The observation of well-resolved vibronic peaks in the
CB-film reflects an ordered planar chain conformation, indica-
tive of enhanced local order compared to the CF protocol. It is
noteworthy that there is more amorphous content in the CF-
film, indicated by greater absorption in the region <500 nm,
which is consistent with existing literature trends.35,36

2.3 Resulting macroscopic film morphology

To gain insight into how the structural arrangement of the
polymer backbone and side chains in P3HMEMT governs the
packing and conformational arrangement, we employed
pMAIRS to probe the molecular arrangement of the whole
film.

Fig. 3 shows the IR-pMAIRS spectra of P3HMEMT films pre-
pared using the CF and CB protocols. The red line and blue
line correspond to in-plane (IP) and out-of-plane (OP) spectra,
respectively. These spectra reveal four distinct absorption
bands at around 2800, 1510, 1100, and 820 cm−1. In previous
studies on poly(alkylthiophenes),38 two bands at ca. 1510 and
820 cm−1 are assigned to the ring antisymmetric stretching
vibration (ν(CvC)) and the C–H out-of-plane deformation
vibration (γ(C–H)) modes of the thiophene rings, respectively.
The high-wavenumber region is ascribed to C–H vibrations
(ν(C–H)) of alkyl and ethylene oxide side chains. A strong peak
signal appears at 2926 cm−1 for both CF and CB samples,
which is attributed to the antisymmetric C–H vibrations
(νas(C–H)) of alkyl chains with Gauche-rich conformers,39,40

showing similar intensity in both the IP and OP spectra. This
means alkyl side chains in both CF and CB samples assume
random orientation and Gauche-rich conformation. Ethylene
glycol side chains have distinct vibrational modes derived
from C–O vibrations found in regions at 1100 and 850 cm−1

(see the SI for details): antisymmetric stretching vibrations
ν(C–O) at ca. 1100 and 1120 cm−1 from the side chain end and
the side chain root ν2 of ethylene glycol side chains,41 and the
rocking vibration (ρ(CH2)) mode of the gauche conformer of
the ethylene glycol side chains at ca. 850 cm−1. Based on these
peak assignments, we will focus on the three regions shown in
Fig. 3(b). In the thiophene ν(CvC) bands at 1510 cm−1, stron-
ger absorption in the IP spectra than in the OP spectra, is
indicative of anisotropic alignment of polymer chains. Given
the transition moment of this vibration orients to the long-axis
of polymer chains, the main chains lie on the substrate
surface in all films. The order parameter 〈S〉 can be estimated
for more detailed analysis as summarized in Table 1:42

hSi ¼ AOP � AIP
AOP þ 2AIP

¼ 1
2
ð3 hcos2 θi � 1Þ ð1Þ

The CF and CB polymer films show similar values of 〈S〉,
suggesting similar orientation of main chains regardless of
spin-coating solvent. The orientation of the thiophene rings is

Fig. 2 Normalized UV-vis absorption spectra of CF- and CB-processed
thin films.

Fig. 3 pMAIRS spectra of CF- and CB-processed films. The red and blue lines correspond to IP and OP spectra: (a) all wavenumber range, and (b)
magnified spectra at representative modes.
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determined from the γ(C–H) peaks. This mode has a perpen-
dicular transition moment to the thiophene ring, and there-
fore a positive 〈S〉 value indicates face-on orientation. The 〈S〉
values of the γ(C–H) peaks were estimated from peak deconvo-
lution (see the SI for details) of the adjacent ρ(CH2) mode. As a
result, the CF film shows 〈S〉 values around 0.37, while the CB
sample shows almost zero value. These results indicate the
face-on orientation of thiophene rings for CF, while CB
assumes a nearly random thiophene orientation as a whole.

The bimodal ν(C–O) peaks from ethylene glycol side chains
of different positions (end-side and root-side) show a similar
intensity ratio between IP and OP. For both the CF and CB
samples, the 〈S〉 values of ν1 and ν2 are nearly the same, but
slightly larger values for the end side indicate that glycol side
chains are randomly oriented with almost straight confor-
mation, while alkyl side chains assume the Gauche confor-
mation with random orientation. Table 2 summarizes the
molecular orientations of each moiety from the pMAIRS ana-
lysis. The polymer film from CB, which requires a longer time
to dry during the film formation process, has more ordered
ethylene glycol side chains than that from CF, whereas the
ordering of the backbone is poorer. We note that this is con-
sistent with our observation from GIWAXS data for CB (dis-
cussed in the next section), which shows a mixed π-face and
edge-on lamellar orientation along with smaller crystallite size,
but stands in contrast to UV-vis studies that indicate greater
backbone planarity. Given that pMAIRS includes the contri-
bution of amorphous domains and aggregates that are not
detectable by GIWAXS, it therefore provides details on the
amorphous domain, and hence polymer orientation in the
intercrystallite region, as well.

2.4 Crystallinity analysis by GIWAXS

Having examined the morphologies of the entire film, we now
take a closer look at the molecular packing and orientation
within the crystalline domains. We performed GIWAXS to
determine the material crystallinity, molecular stacking, and
orientation in both films. Fig. 4 shows the two-dimensional

(2D) GIWAXS patterns and corresponding line-cut profiles in
the in-plane (qxy) and out-of-plane (qz) directions and the rele-
vant packing parameters, including stacking distance, crystal-
lite size, and paracrystallinity (characterized by the g-para-
meter), all of which are listed in Table 3.

As depicted in Fig. 4, the CF-film exhibits a strong lamel-
lar stacking (100) peak in the in-plane direction and (010)
π–π stacking peak in the out-of-plane direction, indicative of
a uniform face-on orientation adopted by the crystallites.
Furthermore, higher-order lamellar peaks are observed indi-
cating long-range crystallite order. Interestingly, the CB-film
shows a completely different GIWAXS pattern: the weaker
intensity of the (100) peak in the in-plane direction, while
the more pronounced intensity in the out-of-plane direction
indicates mixed/random orientation adopted by the π-face
although lamella peaks indicate edge-on conformation. This
suggests a layered structure adopted in the CB-film;
however, the π-face is randomly oriented between the crys-
tals. The lamellar spacing and π–π stacking distance of the
CF-film were found to be 15.7 and 3.7 Å, comparable to the
values of 15.6 and 3.7 Å, respectively, in the CB-film.
However, there is a significant difference in the crystallite
sizes. The crystallite coherence lengths for lamellar and π–π
stacking structures were estimated to be 252 and 42 Å for
the CF-film, much higher than 101 and 29 Å in the case of
the CB-film, suggesting larger crystalline domains in CF.
Interestingly, this trend appears to be in contrast to other
polymer systems where CB typically promotes large crystal-
line domains and enhanced order.34,36 We also calculated
the g-parameter associated with lamellar and π–π stacking
structures.43 A decrease in g-parameter for both the π–π
stacking and lamellar stacking structures for CB is indicative
of slightly fewer defects compared to the CF film corroborat-
ing the seemingly contradictory UV-vis data. Overall, the
above results provide an indication that the improved OFET
mobility of the CF film results from its large crystallite size
and uniform polymer orientation in both the amorphous
and crystalline domains despite the greater amorphous
content.

3. Discussion

Based on the characterization results, the improved OFET per-
formance in the CF films compared to the CB films can be
explained by considering the factors described in the following
sections.

Table 1 Order parameters 〈S〉 of each vibration mode estimated from
the pMAIRS spectra shown in Fig. 3

Sample type ν(CvC) γ(C–H)
ν(C–O)
end-side ν1

ν(C–O)
root-side ν2

CF −0.23 0.37 0.11 0.09
CB −0.21 −0.04 0.16 0.15

Table 2 Molecular orientation estimated from Fig. 3 and Table 1

Sample
type Main chain Thiophene rings Ethylene glycol side chains Alkyl side chains

CF Parallel to the substrate Face-on Conformation: almost straight Conformation: gauche
Orientation: random Orientation: random

CB Parallel to the substrate Coplanar in segment level,
but random in total

Conformation: almost straight Conformation: gauche
Orientation: random Orientation: random
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3.1 The competing factors

The CB protocol leads to a seemingly favourable microstruc-
ture for efficient charge transport, exhibiting high local elec-
tronic order, lower g-parameter, and mixed orientation of the
polymer crystal (previous studies have shown that for in-plane
mobility, edge-on packing is the most favourable, followed by
mixed and face-on37). Although GIWAXS analysis suggests
reduced macroscopic crystallinity, UV-vis studies indicate a
smaller amorphous fraction in the CB film. On the other
hand, the CF protocol is favoured for yielding large crystallite
domains and uniform polymer orientation. Because intercrys-
tallite hopping is reported to be the limiting factor for charge
transport,44 greater mobility observed for the CF film likely
arises from either physical connectivity through tie chains or
electronic connectivity, in addition to the larger crystals,
leading to the observed enhancement in charge transport pro-
perties. Notably, pMAIRS analysis supports this rationale since
the thiophene rings in the CF-processed film exhibit uniform

face-on orientation, whereas CB leads to a film with random/
mixed orientation of the thiophene rings. Based on this, we
hypothesize that crystallite orientation dictates the intercrystal-
lite connectivity and performance in CF-processed films.
Although the crystal microstructure is more disordered, it is
the film’s connectivity that determines the performance.

3.2 Linking polymer chemistry to conformation control

With hydrophobic polymers, CB leads to greater performance,
resulting from the formation of more-ordered thin films.
However, the performance improvement in CF-processed film
over CB-processed film, contrary to typical trends, is hypoth-
esized to originate from the amphiphilic nature of the
polymer. We anticipate that CF, being relatively less hydro-
phobic than CB, does not exhibit any strong preference for
either the hydrophilic or hydrophobic side chains. In contrast,
CB would exhibit a strong preference for hydrophobic side
chains due to its higher hydrophobicity, which could lead to

Fig. 4 2D-GIWAXS patterns (a, c) and the corresponding line-cut profile (b, d) and a schematic representation of crystallite arrangements of thin
films fabricated from CF (e) and CB (f ), respectively.

Table 3 Parameters obtained from GIWAXS measurement of P3HMEMT thin films prepared from CF and CB

Sample type dL
a (Å) LL

b (Å) dπ
c (Å) Lπ

d (Å)

Face-one Edge-on f

gF,100 gF,010 gE,100 gE,010

CF 15.7 252 3.68 42 14.1 12.8 15.8 15.1
CB 15.6 101 3.66 29 15.7 10.2 15.7 11.3

a d-Spacing for lamellar structure. b Crystallite coherence length for lamellar structure. c d-Spacing for π–π stacking structure. dCrystallite coher-
ence length for π–π stacking structure. e gF,100 and gF,010 corresponds to paracrystalline disorder along the lamellar and π–π stacking directions of
face-on crystallites. f gE,100 and gE,010 corresponds to paracrystalline disorder along the lamellar and π–π stacking directions of edge-on crystallites.
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the formation of micelle-like structures.45–47 These micelle-like
structures may interfere with polymer self-assembly, thereby
affecting the crystal growth and limiting the crystallite size.
However, since CB is less volatile, the resulting crystal struc-
ture likely exhibits fewer defects, consistent with the literature
reports.34–36,48 The solution UV-vis spectra provide some
support for this hypothesis (Fig. 5). The solution spectrum of
P3HMEMT in CB is red-shifted by 10 nm and shows an
increase in intensity compared to the solution spectrum in CF.
This suggests J-type aggregate behaviour. However, the CB
peak also broadens compared to that of CF, suggesting that
there is inhomogeneity. In contrast, the UV-vis spectrum of
P3HT solution in CB is red-shifted by 6 nm and exhibits a
decrease in peak intensity and a narrowing of the peak com-
pared to CF. This implies more HJ-type mixed aggregate behav-
ior and more homogeneous aggregates. The combination of a
red-shifted peak and spectral broadening for P3HMEMT
suggests the formation of discrete, micelle-like structures. This
implies that while the polymer chains achieve local order
within each micelle, the overall solution becomes inhomo-
geneous due to the distribution of these aggregates, which can
vary in size and shape. In contrast, the peak narrowing
observed for the fully hydrophobic P3HT suggests it forms
more homogeneous aggregates, pointing to more uniform,
extended self-assembly. We emphasize that confirming the
hypothesis is a subject of future study. While the observed
differences in charge mobility and morphology could be
rationalized by this working hypothesis, further experimental
studies are required to validate it.

4. Conclusions

In this work, our investigation has focused on systematically
deconstructing the complex interplay of molecular packing,
crystalline order, and intercrystallite connectivity that governs

the charge transport for achieving high-performance OFETs by
using an amphiphilic copolymer. We demonstrated a signifi-
cant improvement in OFET mobility in an amphiphilic copoly-
mer P3HMEMT with CF as the processing solvent compared to
CB, despite more favourable microstructure in CB-processed
films. CB-processed film exhibited greater electronic order,
lower g-parameter, and mixed orientation of the π-face while
lamellae are randomly oriented, as evidenced from UV-vis,
pMAIRS, and GIWAXS results. On the other hand, greater
amorphous content, face-on orientation and larger crystallite
domains are seen in CF-processed films. Benefitting from the
large crystal size and uniform crystallite orientation, OFET
devices fabricated from CF-processed film exhibited an average
mobility of 5.1 × 10−3 cm2 V−1 s−1, a two-fold increase com-
pared to the value of 2.7 × 10−3 cm2 V−1 s−1 achieved by follow-
ing the CB protocol. Future work will focus on leveraging the
interplay of the amphiphilic polymer design and solvent to
enable greater performance. While electronic order and macro-
scopic crystallinity are typically intertwined, this study provides
other avenues to control each independently for the develop-
ment of high-performance OFETs.

Author contributions

C. K. L. conceived the project and designed the
experiments. P. Y. carried out the material synthesis and
characterization, UV-vis spectroscopy measurements, partici-
pated in the device fabrication and characterization, and data
analysis. S. Y. performed the pMAIRS measurements and ana-
lyzed the data. Y. K. and I. O. performed the GIWAXS measure-
ments and analyzed the data. N. B. prepared the samples for
GIWAXS measurements. H. W. and Y. Q. contributed to the
OFET device fabrication and characterizations. P. Y., S. Y., and
C. K. L. co-wrote the paper. All authors commented on the
manuscript.

Fig. 5 UV-vis absorption spectra of (a) P3HMEMT and (b) P3HT in CF and CB solutions (0.015 mg mL−1).
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