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ABSTRACT: Charge carriers typically move faster in crystalline regions than in amorphous regions in conjugated polymers be-
cause polymer chains adopt a regular arrangement resulting in a high degree of π–π stacking in crystalline regions. In contrast, the 
random polymer chain orientation in amorphous regions hinders connectivity between conjugated backbones; thus, it hinders 
charge carrier delocalization. Various studies have attempted to enhance charge carrier transport by increasing crystallinity. How-
ever, these approaches are inevitably limited by the semicrystalline nature of conjugated polymers. Moreover, high-crystallinity 
conjugated polymers have proven inadequate for soft electronics applications because of their poor mechanical resilience. Increas-
ing the polymer chain connectivity by forming localized aggregates via π-orbital overlap between several conjugated backbones in 
amorphous regions provides a more effective approach to efficient charge carrier transport. A simple strategy relying on the density 
of random copolymer alkyl side chains was developed to generate these localized aggregates. In this strategy, steric hindrance 
caused by these side chains was modulated to change their density. Interestingly, a random polymer exhibiting low alkyl side chain 
density and crystallinity displayed greatly enhanced field-effect mobility (1.37 cm2/(V·s)) compared to highly crystalline poly(3-
hexylthiophene). 

INTRODUCTION 

Various conjugated polymers (CPs) have found use in or-
ganic field-effect transistor (OFET) applications because of 
their tunable electronic properties, solution processability, and 
applicability to soft electronics.1-13 Most CPs form complicat-
ed microstructures combining crystalline and amorphous do-
mains due to their semicrystalline nature. This heterogeneity 
has significantly affected the performance of resulting 
OFETs.14-18 

Polymer chains in crystalline domains adopt a regular pack-
ing resulting in a high degree of π-orbital overlap between 
backbones.19 In contrast, this π–orbital overlap is limited in 
amorphous domains because of random polymer chain orien-
tation that can allow a substantial degree of freedom in side 
chains leading to restricted close packing. These differences in 
chain packing and π-orbital overlap facilitate charge carrier 
transport in crystalline domains but hinder it in amorphous 
areas. Moreover, considerable number of polymer chains may 
act as dead ends for charge carrier transport in amorphous 
domains.  

Several attempts at increasing CP crystallinity have been 
made to enhance charge carrier mobility in OFETs.20-21 How-
ever, these approaches are inevitably stalled because of the 
semicrystalline nature of CPs. Even the best-known high-
crystallinity poly(3-hexylthiophene) (P3HT) has shown a lim-
ited level of crystallinity.22-23 In addition, high crystallinity 
affects mechanical resilience, which is unsuitable for soft elec-
tronics applications.24 Therefore, one might think that an in-
crease in charge carrier transport in amorphous areas is more 
reasonable and effective for high field-effect mobility in 

OFETs and soft electronics applications. Recently, a high-
mobility CP exhibiting low crystallinity has shown possibility 
of this approach.25-26   

In the charge transport behavior in most CPs, intrachain 
transport is much faster than interchain charge transport.27-28 
However, high-mobility in OFETs cannot be achieved without 
the aid of appropriate interchain charge hopping is spite of 
facilitated charge transport along the backbone. Therefore, 
charge carrier transport hinges on connectivity enhancement 
between chains via π-orbital overlap as well as high degree of 
backbone planarity regardless of crystallinity. Thanks to such 
an enhancement, charge carriers are expected to move along 
the increased pathways and bypass unpredictable energetic 
trap sites, especially in amorphous regions, reducing the aver-
age activation energy (Ea) for charge carrier transport.  

It has been suggested that localized aggregates formed by π-
orbital overlap can increase interchain charge carrier 
transport.29 They can act as charge transport junctions between 
conjugated backbones (Fig. 1a), effectively enhancing charge 
carrier delocalization in amorphous regions. However, sys-
tematic molecular design should be required to achieve micro-
structures containing such unconventional localized aggre-
gates. The design of CPs needs to account for the bulkiness of 
side chains on the conjugated backbone. Most CPs bear bulky 
solubilizing side chains, which may significantly interfere with 
face-to-face packing and consequently π-orbital overlap be-
tween conjugated backbones.30 Small side chains that give a 
minimum level of solubility to polymers are preferred for 
close chain packing,31 but do not ensure formation of localized 
aggregates. 
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Figure 1. (a) Schematic illustration of a microstructure compris-
ing highly interconnected polymer chains via localized aggregates. 
Yellow arrows represent possible charge carrier pathways. (b) 
Chemical structures of the P3HT homopolymer (1) and alternat-
ing (2), block (3), multiblock (4), and random 3-hexylthiophene–
thiophene copolymers (5, y ≥ 2). (c) Synthetic scheme for RP17, 
RP25, and RP33. 

Various types of polymers may form depending on mono-
mer composition (1–5, Fig. 1b). The introduction of several 
successive pendant-free units (for y ≥ 2, Fig 1b) into polymer 
chains is most likely to give microstructures containing local-
ized aggregates because of their higher propensity to produce 
close chain packing than monomers bearing side chains due to 
the reduced steric hindrance caused by side chains. Multiblock 
(4) and random copolymers (5) can incorporate these units in 
patches. While such multiblock copolymers are technically 
very difficult and time consuming to synthesize, their random 
analogues may be obtained by chain-growth polymerization if 
the co-monomers present similar reactivity.32-33 

Polythiophene derivatives have been extensively used as 
model polymers because their microstructures and optoelec-
tronic properties are tunable using several parameters such as 
molecular weights,34-38 side chains,39-41 and regioregularity.42-44 
In this study, a series of polythiophene-based random copoly-

mers (RPs) were synthesized and introduced in devices to 
evaluate the existence of localized aggregates and the effec-
tiveness of charge carrier transport despite low crystallinity. 

Interestingly, the RP exhibiting the lowest degree of crystal-
linity achieved the highest field-effect mobility (1.37 
cm2/(V·s)). This mobility corresponds to the highest value 
obtained from thiophene-based CPs to the best of our 
knowledge (P3HT has shown a maximum field-effect mobili-
ty of 0.49 cm2/(V·s))45. 

Herein, P3HT and a series of RPs were compared to deter-
mine the effects of structural regularity on microstructures. 
Furthermore, all polymer microstructures were systematically 
studied to assess their relationship with charge carrier 
transport in OFETs. 

 

RESULTS AND DISCUSSION 

Synthesis and Characterization. After a Grignard metath-
esis (GRIM) polymerization46 at room temperature (see details 
in the Electronic Supporting Information (ESI)), copolymeri-
zation of 2-bromo-5-chloro-magnesio-3-hexylthiophene (6) 
and 2-bromo-5-chloro-magnesiothiophene (7) with thiophene 
ratios of 17, 25, and 33 mol% afforded RP17, RP25, and 
RP33, respectively (Fig. 1c). Table 1 lists the polymerization 
information for P3HT and RPs along with their thermal and 
absorption properties. Actual thiophene molar compositions 
amounted to 21, 28, and 33 mol% for RP17, RP25, and RP33, 
respectively, calculated from the integration values of peaks 
from aromatic protons on hexylthiophene (6.95 - 7.04 ppm) 
and thiophene (7.04 - 7.15 ppm) moieties. This slight discrep-
ancy from monomer feed ratios may result from a difference 
in co-monomer reactivity caused by the hexyl substituent. As 
intended, number average molecular weights (Mn) equaled 
16.0 kg/mol with a polydispersity index (Mw/Mn) ranging be-
tween 1.06 and 1.15 (Fig. S1), which is essential to avoid mo-
lecular weight effects on optoelectronic properties and for-
mation of microstructures. 

The chemical structures of P3HT and RPs were investigat-
ed by 1H NMR spectroscopy (Fig. S2). This evaluation fo-
cused on the 6.93–7.18 ppm range because the incorporation 
of thiophene units usually brings significant changes in this 
aromatic region (Fig. 2a). P3HT showed one strong regioregu-
lar peak at 6.98 ppm and one weak regioirregular peaks at 7.00 
ppm, indicative of its high regioregularity.47 It is noticed that 
the regioregularity of P3HT, RP17, RP25, and RP33 were 
94.6%, 93%, 90.2%, and 89.6%, respectively. These values 
were obtained from the peaks between 2.5-3.0 ppm (Fig. S3).35, 

47 In contrast, RP17 exhibited several new peaks (b–e, Fig. 2a) 
ascribed to incorporation of one thiophene unit between two 
hexyl thiophene units. The intensity of these peaks increased 
with increasing thiophene ratio, indicating that the statistical 
existence of both repeating units in the polymer chains. More-
over, broad peaks were observed between 7.07 and 7.12 ppm 
(yellow box, Fig. 2a), consistent with the presence of more 
than two successive thiophene units in RP17, RP25, and 
RP33. For thiophene oligomers, proton peaks for the central 
units appear between those of their terminal analogues.48-50 
These broad peaks grow when the thiophene content increases 
because the probability for one thiophene unit to bind another 
rises.
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Table 1. Polymerization information and thermal and absorption properties of P3HT, RP17, RP25, and RP33  

 polymer  

Polymerizationa  Thermal propertiese  Absorption propertiesi Energetics 

Thiophene 
(mol%) 

Mn 
(kg/mol)c  

  
Tm 

(°C)f 
Tc 

(°C)g 
Hf  

(J/g)h 

 In CHCl3 In toluene  Film (after annealing)l   Film 

  
λmax 
(nm)j 

 λedge 

(nm)k 
   λmax 
  (nm)j 

λedge 

(nm)k 
    λmax 
    (nm)j 

λedge 

    (nm)k 
 ∆Egap 
(eV)m 

 HOMO 
(eV)n 

P3HT  0 16.0  (1.06)d   218 188 15.3  454 535   458 537     547 636 1.95  4.92 
RP17  17 (21)b 16.0  (1.07)d   171 137 9.89  463 544   462 545     545 635 1.95  4.91 
RP25  25 (28)b 16.0  (1.10)d   147 103 6.82  469 549   469 550     544 636 1.95  4.91 
RP33  33 (33)b 16.0  (1.15)d   123 92 4.64  470 552   486 634     543 635 1.95  4.92 

aThe polymerization was conducted in a glove box at room temperature. bActual thiophene content in the polymer. cNumber average molecular weights 
measured by gel permeation chromatography (GPC). dPolydispersity indices measured by GPC. eCharacterized by differential scanning calorimetry (DSC) 
at heating and cooling rates of 10 °C/min. fMelting temperature. gRecrystallization temperature. hEnthalpy of fusion calculated by integrating the endother-
mic peak in the DSC thermogram. iCharacterized by UV–vis absorption. jAbsorption maximum. kAbsorption edge. lPrepared by spin-coating a 15 mg/mL 
solution in chloroform on a glass substrate at 3000 rpm for 30 s before annealing for 10 min at 200, 150, 120, and 100 °C for P3HT, RP17, RP25, and 
RP33, respectively. mCalculated as ∆Egap = (1240/ λedge). 

nHighest occupied molecular orbital (HOMO) determined from the onset oxidation potentials of the 
corresponding polymer using cyclic voltammetry (vs Fc/Fc+) in film state (Fig. S4). The lowest unoccupied molecular orbital (LUMO) values for the poly-
mers can be estimated from the corresponding HOMO and ∆Egap values.  

Crystallinity analysis. All polymers were investigated by 
differential scanning calorimetry (DSC). These measurements 
provide information on intermolecular interaction and crystal-
linity. P3HT displayed melting (Tm) and recrystallization tem-
peratures (Tc) at 218 and 188 °C, corresponding to endother-
mic and exothermic processes, respectively (Table 1 and Fig. 
2b). The Tm and Tc values gradually decreased with increasing 
thiophene content for RPs implying deceased intermolecular 
interaction between polymer chains due to the reduced struc-
tural regularity. This phenomenon was also associated with a 
drop in enthalpy of fusion (∆Hf) (Table 1), suggesting that 
structural regularity of polymer chains directly affected the 
crystallinity.  

 The similar tendency was observed by atomic force mi-
croscopy (AFM) (Fig. 2c, see Fig. S5 for the enlarged images). 
P3HT exhibited rough surface (RMS = 2.70 nm). Meanwhile, 

RP25 showed a smooth surface (RMS = 1.62 nm), implying a 
considerably reduced crystallinity.51-52 RP33 presented an 
even smoother surface (RMS = 1.30 nm) than RP25. These 
results indicate that crystallinity gradually decreases with in-
creasing thiophene content in the conjugated backbone. There-
fore, DSC and AFM results show that the statistical existence 
of thiophene units in the polymer chains significantly impacts 
intermolecular interaction and crystallinity. RP33 exhibited 
the lowest crystallinity despite its least sterically hindered 
chains associated with the dramatic decrease in hexyl side 
chain density. This indicates that side chain density and struc-
tural irregularity influence molecular-molecular interaction to 
a greater extent than steric hindrance. 

 

 

 

Figure 2. (a) 1H NMR spectra between 6.93 and 7.18 ppm. (b) DSC thermograms. (c) Tapping mode AFM images. Normalized UV–vis 
absorption spectra of (d) chloroform solution, (e) toluene solution, and (f) annealed films.  
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Table 2. OFET characteristics and structural features. 

Polymer 

 

Organic Field Effect Transistor (OFET) characteristicsa  
Structural featurese 

Out-of-plane direction In-plane direction 

Ea
b 

µavg
c 

(cm2/(V·s)) 

µhigh
d 

(cm2/(V·s)) 
on/off 
ratio 

Vth (V) Von (V) SS  100 [Å]f π–π [Å]f 100 [Å]f π–π [Å]f 

P3HT 71.6 0.17 0.19 2 × 105 −5.4 9 2.3  16.34 - 16.9 3.84 
RP17 50.1 0.88 0.9 2 × 105 −4.5 8 2.1  16.34 3.77 16.55 3.71 

RP25 40.7 0.93 0.94 4 × 105 −4.7 8 1.8  15.74 3.77, 3.63 16.55 3.71 

RP33 35.1 1.31 1.37 10 × 105 0 11 0.8  14.77 3.63 15.89 - 
aPolymer solutions in chloroform were spin-coated on octadecyltrichlorosilane-modified substrates to yield 20 nm-thick films. Their OFET characteristics 
were obtained in the saturation region (drain voltage = −80 V) for annealed OFETs. bActivation energy for charge carrier transport calculated using Eq. (1), 
µ = µ0 exp(-Ea/kT). cAverage field-effect mobilities are calculated from 17 individual OFETs. dOptimal hole mobility. eMeasured by 2D-GIWAXS. fOb-
tained using: qz = (4πsinθ)/ λ and 2d·sinθ = nλ, where n is a positive integer, λ is the incident wavelength, θ is the scattering angle. 

Optical properties. Packing modes affect the optical prop-
erties of conjugated polymers. Therefore, the packing behav-
iors of P3HT and RPs in solution and films were investigated 
using UV–vis absorption spectroscopy. Obtained absorption 
properties are summarized in Table 1. Absorption spectra pre-
sented a gradual red shift in chloroform (Fig. 2d) and chloro-
benzene (Fig. S6a) when the thiophene content increased. All 
absorption maxima (λmax) and edges (λedge) shifted to higher 
wavelengths. This suggests an increase in the effective conju-
gation length of the polymer backbone, which is highly related 
to backbone planarity in solution state. The role of thiophene 
units in the planarization of the polymer backbone was studied 
by density functional theory at the B3LYP/6-31G(d,p) level 
using four different thiophene oligomers (Fig. S7). In the 
model for P3HT (case 1), the dihedral angles Φ1 and Φ2 be-
tween three central thiophene rings amounted to 33.6° and 
32.9°, respectively. When the number of thiophene units in-
creased from one to three, the dihedral angles gradually de-
creased (case 2: Φ1 = 36°, Φ2 = 16.4°; case 3: Φ1 = 17.6°, Φ2 = 
23.4°; case 4: Φ1 = 19°, Φ2 = 17°) because of the reduced ste-
ric hindrance in the absence of hexyl side chains. This result 
agrees well with the absorption properties of P3HT and RPs 
in chloroform and chlorobenzene.  

Absorption spectra presented a similar bathochromic behav-
ior in toluene (Fig 2e). Interestingly, the absorption spectrum 
of RP33 in toluene exhibited a distinct shoulder peak around 
600 nm. A shoulder peak typically appears on the right side of 
a main peak (at a higher wavelength) when conjugated poly-

mers form aggregates in solution.32 This shoulder peak indi-
cates that RP33 polymer chains tend to form aggregates in 
toluene because of their lower solubility in this solvent than in 
chloroform or chlorobenzene. These RP33 aggregates may 
originate from the facilitated π–π interactions between conju-
gated backbones because of the enhanced degree of backbone 
planarity and closer face-to-face packing caused by the re-
duced density of hexyl side chains and steric hindrance in so-
lution state. 

In addition, the solid-state packing of P3HT and RPs and 
the annealing effects on their microstructures were evaluated 
by UV–vis absorption spectroscopy using as-cast and annealed 
films. All as-cast films generated almost identical spectra, 
indicative of their similar packing mode (Fig. S6b). In contrast, 
annealed films presented clear differences between shoulder 
peaks around 600 nm (Fig. 2f). F. C. Spano et al. described 
that increase in the 0-0/0-1 absorption ratio indicates enhanced 
intrachain exciton coupling.53 In the absorption spectra of an-
nealed films, the ratio gradually increased with increasing 
thiophene content. This implies that intrachain exciton delo-
calization was facilitated due to the planarization of backbones 
in RPs as shown in the optical properties in solution state and 
the DFT calculation. 

 

 

 

 

Figure 3. (a) Transfer characteristics at a fixed VDrain (VD) of −80 V for OFETs using annealed polymer films. (b) and (c) Temperature 
dependence of polymer field-effect mobilities at a VD of −80 and −20 V, respectively. (d) Calculated activation energies at a VD of −80 and 
−20 V. The activation energy at the VD = −20 V, calculated in the high temperature regime (＞226 K). 
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OFET characteristics. We preliminarily investigated the 
output curves to observe contact resistance between polymer 
and source/drain (Au) electrodes (Fig. S8). The good linear 
and saturation behavior with negligible contact resistance in-
dicated the well-matched highest occupied molecular orbital 
(HOMO) energy values of the polymers with work-function of 
Au (Table 1 and Fig. S4).  

The charge transport properties of as-cast (Fig. S9) and an-
nealed films (Fig. 3a) of P3HT, RP17, RP25, and RP33 were 
investigated at room temperature. All OFET parameters of as-
cast and annealed films were summarized in Table S2 and 
Table 2, respectively. In the case of the as-casted OFETs, all 
field-effect mobilities were similar, but after thermal annealing, 
the mobility values were increased and varied. This indicates 
that thermodynamically stable chain conformation was ob-
tained by thermal annealing. Consequently, other parameters 
were altered. 

After thermal annealing, RPs with higher thiophene content 
exhibited higher OFET performance (Table 2). In particular 
RP33 which showed the lowest degree of crystallinity pre-
sented approximately seven times higher field-effect mobility  
(1.37 cm2/(V·s)) than high-crystallinity P3HT (0.19 
cm2/(V·s)). This may result from the increased backbone pla-
narity as observed by UV-vis absorption spectroscopy that 
could facilitate charge transport along the backbone. Mean-
while, we also consider their morphological difference could 
play an important role in the highly improved field-effect mo-
bility in company with the increased backbone planarity.25,54 
Systematic morphology study should be followed to investi-
gate charge transport behavior in RP33. 

The subthreshold (SS) character of OFETs numerically ac-
counts for the amount of trap sites in the channel region. CPs 
inevitably contain numerous trap sites caused by structural and 
energetic disorder in amorphous regions. RP33 exhibited a 
steep SS of 0.8 V per decade compared with P3HT, indicating 
a low trap density in the channel region.55 In contrast, increas-
ing the hexyl thiophene content caused the SS value to rise, 
consistent with the higher prevalence of traps when the device 
was turned on. Moreover, the threshold voltage (Vth) was posi-
tively shifted, suggesting a reduced trap density in accordance 
with the increase in thiophene content.56 These results indicate 
that a low degree of energetic disorder can be obtained even 
though the degree of structural disorder is high.   

Since an average Ea for charge carrier transport more obvi-
ously represents the energetic disorder of a CP. Temperature 
effects on the field-effect mobility of as-prepared OFETs were 
evaluated at the high (−80 V) and low (−20 V) drain voltage 
region (Fig. 3b-c) to determine the Ea. The charge carrier 
transport of OFETs is usually assessed using the Arrhenius 
equation: 

 

µ = µ0 exp(-Ea/kT),                                             (1) 
 

where k is the Boltzmann constant and T is the absolute tem-
perature.57-58 The temperature-dependent mobilities of P3HT 
and RPs matched the Arrhenius relationship, suggesting that 
charge carrier transport occurs by thermally activation hop-
ping, which is limited in amorphous regions. P3HT exhibited 
a distinct transition temperature of the slope around 226 K at 
the low (−20 V) drain voltage (Fig. 3c). The distinct two dif-

ferent activation energy indicated that there is a great energy 
offset between the ordered crystal and disordered amorphous 
regions.59 The energy offset diminished with increasing thio-
phene content, consistent with the reduced crystallinity ob-
served by DSC and AFM. Furthermore, the both activation 
energies measured at the high (−80 V) and low (−20 V) drain 
voltages linearly decreased with increasing thiophene content 
(Fig. 3d), suggesting the more content of thiophene in RPs 
facilitated charge transport in spite of their increased structural 
disorder.  

Morphology study. Charge carrier transport strongly de-
pends on microstructure in CPs. To explain the decrease in Ea 
for charge carrier transport with increasing thiophene content, 
all polymer films were characterized by two-dimensional graz-
ing incidence wide-angle X-ray scattering (2D-GIWAXS) (Fig. 
4a).  

The 2D-GIWAXS pattern of P3HT displayed strong out-of-
plane (h00) peaks, indicative of well-ordered, long-range la-
mellar structures. It also showed a distinct in-plane (010) peak 
representing in-plane π–π stacking induced by the predomi-
nant edge-on orientation of backbones in crystallites. The in-
tensity of both peaks diminished with increasing thiophene 
content, consistent with the reduced crystallinity observed by 
DSC and AFM. Furthermore, the decrease in crystallinity was 
clearly observed both in azimuthal X-ray scans on the out-of-
plane (100) reflections (Fig. S10) and correlation lengths60 
estimated from full width at half maximum (FWHM) of out-
of-plane (100) reflections (Fig. S11 and Table S3) indicating 
that structural irregularity inhibited regular and long-range 
chain ordering.  

All peak intensities diminished with increasing thiophene 
content, except for the out-of-plane (010) peak corresponding 
to out-of-plane π–π stacking. The behavior of this (010) peak 
was clearer in XRD spectra extracted from 2D-GIWAXS data 
(Fig. 4b-c). While this (010) peak was hardly detected in the 
magnified XRD spectrum of P3HT, its equivalent for RP17 
was observed at 1.67 Å−1 at low intensity. Interestingly, RP25 
exhibited two (010) peaks, implying the existence of two dif-
ferent π–π stacking modes. These peaks appeared at the same 
qz values (1.67 and 1.73 Å−1) as for RP17 and RP33, respec-
tively, suggesting that RP25 generated an intermediate micro-
structure between those of RP17 and RP33. RP33 displayed 
the strongest (010) peak, indicating that it adopted the highest 
degree of out-of-plane π–π stacking. 

In-plane spectra presented considerably weaker (100) peaks 
than their out-of-plane counterparts, implying that crystallites 
mainly followed an edge-on orientation. In general, out-of-
plane (010) peaks are associated with in-plane (h00) peaks 
ascribed to crystallites adopting a face-on orientation. Howev-
er, the opposite was observed in this study. This suggests the 
out-of-plane (010) peak did not originate from crystallites 
formed by a combination of edge-to-edge and face-to-face 
packing but from localized aggregates produced via π–π stack-
ing. These localized aggregates could readily form in RP33 
because of the enhanced backbone planarity and the incorpo-
rated successive thiophene units which exhibit much reduced 
steric hindrance compared to hexyl thiophene units. Further-
more, they are expected to play a very important role in inter-
chain charge hopping in the microstructure of low-crystallinity 
RP33.  

Page 5 of 9

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

6

 

Figure 4. (a) 2D-GIWAXS patterns. (b) Out-of-plane and (c) in-plane XRD spectra extracted from 2D-GIWAXS data. Inset of (b): mag-
nified portion of the spectra between 1.6 and 1.8 qz. NEXAFS spectra of (d) P3HT, (e) RP17, and (f) RP33 at multiple incidence angles. 
Insets of (d–f): π* intensity as a function of sin2θ. 

In addition, as listed in Table 2, the diminution of d-
spacings and π–π stacking distance with increasing thiophene 
content promotes charge carrier transport. This stems from the 
decrease in steric hindrance in the absence of certain hexyl 
side chains. As mentioned above, crystallites in all the poly-
mers predominantly adopted an edge-on orientation. However, 
2D-GIWAXS showed that localized aggregates lay flat on the 
substrate with out-of-plane π–π stacking. Since these aggre-
gates were expected to form by a short-range π–π stacking of 
polymer chains in amorphous regions, their orientation proba-
bly depended on that of polymer chains in these regions.  

The near-edge X-ray absorption fine structure (NEXAFS) 
technique provides information on the average conformation 
of polymer chains in a film by detecting the X-ray absorption 
in chemical combinations, such as π-orbital, single bond, and 
double bond.61 The intensity of the carbon–carbon 1s→π* 
resonance pattern at 285.4 eV is proportional to the squared 
dot product of π* vector of the polymer chain and incident 
beam according to Fermi’s Golden Rule.62 The dichroic ratio 
R, which represents an average chain conformation of films, 
was calculated using  

 

R = (I90° − I0°)/(I90° + I0°),                                                     (2) 
 

where I90° and I0° are intensities at incident angles of 90° and 
0°, respectively.63 An R value of zero indicates a wholly ran-
dom orientation for each polymer chain while values of −1 and 
0.7 correspond to perfect face-on and edge-on orientations, 
respectively.62  

Polymer films were characterized using NEXAFS to vali-
date 2D-GIWAXS results (Figs. 4d–f and S12). P3HT exhib-
ited an edge-on average orientation of polymer chains (R = 
0.26). In contrast, R values amounted to −0.15, −0.16, and 
−0.25 for RP17, RP25, and RP33, respectively, consistent 

with a face-on orientation. Interestingly, RPs adopted an over-
all face-on chain orientation although their crystallites mainly 
presented an edge-on orientation. In RPs (especially RP33), 
the predominantly face-on polymer chains in amorphous re-
gions formed localized aggregates via out-of-plane π–π stack-
ing facilitated by the successive thiophene units existing as 
patches in these chains. 

 

Figure 5. Schematic representations of (a) a P3HT-type micro-
structure exhibiting high crystallinity and poor interconnectivity 
in amorphous regions and (b) a RP33-type microstructure pre-
senting low crystallinity and great interconnectivity via localized 
aggregates in amorphous regions. Yellow arrows represent charge 
carrier pathways. Insets: activation energies of charge carrier 
transport for each microstructure. 
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In CPs, charge carriers need to properly move from one 
conjugated backbone to another at places where conjugation 
break occurs for facilitating overall charge carrier transport. In 
general, interchain charge transport favorably happens in crys-
talline domains in CPs like P3HT because polymer chains 
adopt a regular packing. However, it is significantly limited in 
amorphous regions due to the poor interconnectivity between 
conjugated backbones (Fig. 5a).64 Therefore, an average Ea for 
charge carrier transport in amorphous regions is substantially 
higher than that in the crystalline domains. Conversely, low-
crystallinity RP33 exhibited enhanced backbone planarity and 
microstructures containing unconventional localized aggre-
gates formed via out-of-plane π-π stacking between polymer 
chains in an amorphous matrix. Thanks to the two features the 
average Ea for charge carrier transport was effectively reduced 
in RP33 and consequently both intra-/interchain charge 
transport were significantly facilitated in spite of its low crys-
tallinity (Fig. 5b). 

 

CONCLUSION 

A strategy was developed to improve the charge carrier 
transport of conjugated polymers. This strategy involved in-
creasing connectivity between polymer chains by forming 
localized aggregates in amorphous regions. A series of RPs 
were synthesized using different monomer feed ratios to con-
trol the density of hexyl side chains, which play an important 
role in molecular-molecular interaction. The crystallinity de-
creased with the reduction of the side chains density concomi-
tant with the increase in structural irregularity. Interestingly, 
RP33, which exhibited the lowest crystallinity, showed a 
greatly enhanced field-effect mobility compared with the high-
crystallinity P3HT, reaching 1.37 cm2/(V·s). This enhance-
ment is attributed to the increased backbone planarity and the 
existence of localized aggregates in amorphous regions, giving 
rise to enhanced intra-/interchain charge transport, respective-
ly. These results open the door to novel approaches to next-
generation conjugated polymers exhibiting low Ea for charge 
carrier transport. 
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