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ABSTRACT. The performance of devices relying on organic electronic materials, such as organic 

field-effect transistors (OFET) and organic photovoltaics (OPV), is strongly correlated to the 

morphology of the conjugated material in thin films. For instance, several factors such as polymer 

solubility, weak intermolecular forces between polymers and fullerene derivatives as charge 

acceptors, and film drying time impacts phase separation in the active layer of a bulk heterojunction 

OPV device. In an effort to probe the influence of polymer assembly on morphology of polymer thin 

films and phase separation with fullerene derivatives, five terthiophene-alt-isoindigo copolymers 

were synthesized with alkyl side-chains of varying lengths and branching on the terthiophene unit. 

These P[T3(R)-iI] polymers were designed to have similar optoelectronic properties, but different 

solubilities in o-dichlorobenzene (oDCB), and were predicted to have different tendencies for 

crystallization. All polymers with linear alkyl chains exhibit similar thin film morphologies as 

investigated by grazing-incidence wide-angle X-ray scattering (GIWAXS) and atomic force 

microscopy (AFM). The main differences in electronic and morphological properties arise when 

P[T3(R)-iI] is substituted with branched 2-ethylhexyl (2EH) side-chains. The bulky 2EH 

substituents lead to a blue-shifted absorption, a lower ionization potential and reduced ordering in 

polymer thin films. The five P[T3-iI] derivatives span hole mobilities from 1.5 × 10-3 cm2 V-1 s-1 to 

2.8 × 10-2 cm2 V-1 s-1 in OFET devices. In OPV devices, the 2EH-substituted polymers yield open-

circuit voltages of 0.88 V in BHJ devices, yet low short-circuit currents of 0.8 mA cm-2, which is 

explained by the large phase separation observed by AFM in blends of P[T3(2EH)-iI] with PC71BM. 

In these P[T3(R)-iI] systems, the propensity for the polymers to self-assemble prior to aggregation 

of PC71BM molecules was key to achieving fine phase separation and increased short-circuit 

currents, eventually resulting in power conversion efficiencies of 5% in devices processed using a 

single solvent.  
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INTRODUCTION 

Organic electronic devices in general, and organic field-effect transistor (OFET) or organic 

photovoltaic (OPV) devices in particular, have emerged as a complementary technology for 

sensors and energy generation from light-weight and flexible modules, in addition to rapid energy 

payback time of less than six months for OPVs compared to over a year for silicon-based solar 

cells.1 However, significant progress needs to be achieved in order to bring organic electronic 

technology to commercial viability.2 From a technical standpoint, most of the research has been 

focused on developing new π-conjugated polymers,3-6 where two main factors can be modified on 

the polymer chain to influence structure-property relationships. The first is varying the nature and 

composition of donor or acceptor moieties along the backbone to tune optoelectronic properties. 

The second is changing the structure of solubilizing side-chains,7-9 where longer and branched 

alkyl chains improve solubility and processability, but are also expected to disrupt interchain π-

interactions, and as such limit device performance.10, 11 For example, both of these factors come 

into effect in bulk heterojunction (BHJ) blends with fullerene derivatives as the electron accepting 

materials for OPV devices. Polymeric donor materials are designed by focusing on donor-acceptor 

interactions along the backbone to tune light absorption12 and exciton dissociation at the interface 

with a fullerene acceptor,13 where solubilizing side-chains also have a large impact on charge 

transfer14 and morphology.15, 16 In OPV devices based on fullerene derivatives, phase separation 

between the polymer-rich domains and the fullerene-rich aggregates, with dimensions on the order 

of 10 to 30 nm due to the typical exciton diffusion length, is one of the many requirements for 

efficient charge generation from absorbed photons.17-19 In particular, the correlation between 

polymer structure and the resulting phase separation in the BHJ blend is not yet clear; however 

some trends can be distinguished by considering the impact of backbone and side-chain flexibility 
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on phase separation.20 Figure 1 reviews previous work and highlights the impact of polymer 

structure and processing solvent on phase separation in blends with [6,6]-phenyl C71-butyric acid 

methyl ester (PC71BM), with systems leading to phase separated domains with sizes (as determined 

by atomic force microscopy) above 50 nm in red, and systems leading to phase separated domains 

with sizes below 50 nm in green. The x-axis attempts to quantify backbone flexibility by taking 

the ratio of double bonds involved in the π-conjugation length to the number of σ-bonds between 

heterocycles. The y-axis takes into account the impact of branching along the alkyl side-chains on 

polymer solubility. 

Figure 1. Selection of previously reported polymer structures for polymer:fullerene blends in OPV 

devices (polymer:fullerene ratio is reported in the brackets), where solvents leading to small phase 

separation with fullerenes are written in green (domains < 50 nm) and solvents leading to large 

phase separation are in red (domains ≥ 50 nm).  



 

5 

 

 

Figure 1 highlights that spin-coating blends with fullerene derivatives from o-dichlorobenzene 

(oDCB) seems to yield smaller features than blends cast from chlorobenzene (CB) for the same 

polymer structure, as seen for PCDTBT, PTB7 or PCPDT-TPD, as well as, with some exceptions, 

in blends based on PDTS-TPD.21, 22 It is important to note that the two PDTS-TPD systems 

processed from CB and oDCB were reported by two different groups in separate publications, 

highlighting that other processing parameters will also impact the resulting thin film morphology. 

The decrease in feature size when changing the solvent from CB to oDCB was also highlighted in 

earlier publications focusing on MDMO-PPV:PC71BM blends.23 Furthermore, polymers 

containing diketopyrrolopyrrole (DPP),24 terthiophene25 or rigid units such as dithienocarbazole in 

the backbone of IID-DTC,26, 27 tend to result in finer phase separation even when sterically 

hindered groups are appended to the structure, as is the case for PIDTDTQx.28 On the other hand, 

structures with branched side chains on fused bithiophene rings cause large phase separation in 

blends cast from CB,21, 29 and also from oDCB as is the case with PBTiGe-EH and PDTP-TPD 

materials.22, 26 The work of Guo et al.26 also demonstrates that there is a decrease in polymer 

crystalline ordering in thin films going from PBTiSi to PBTiGe backbones. Similarly, work by 

Osaka et al.30 demonstrates that a change from benzothiadiazole in PBTz4T to 

naphthobisthiadiazole in PNTz4T results in a decrease in phase separation in BHJ blends when 

cast from oDCB coupled with an increase in polymer ordering in thin films.  

Thermodynamically, phase separation can be described by a ternary phase diagram, and three 

phase transition processes can be schematically derived: liquid-liquid, solid-liquid and/or solid-

solid transitions as investigated by Kouijzer et al.31 Kinetically, Pearson et al.32 investigated the 

drying process in PCDTBT blends in oDCB, and found that the phase separation is controlled by 
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fullerene precipitation followed by polymer ordering for blends with a high content of fullerene 

(80%). Based on this previous work, it is hypothesized that films cast from CB tend to follow 

liquid-liquid demixing causing large phase separation, while oDCB allows for longer drying times 

of the films, enabling polymer or fullerene aggregation (or solid-liquid demixing) as the layer is 

drying, which can yield smaller domains in the dried BHJ.33-35 In the case of a BHJ with a high 

polymer content (> 30%) cast from oDCB, the morphology is hypothesized to be controlled by the 

ability of the polymer chains to form aggregated fibrils through π-interactions (where the width of 

the fibrils can be further dictated by the polymer solubility36, 37); when these interactions are 

hindered, fullerene aggregate growth would lead to large fullerene domains embedded in a 

polymer matrix, as seen for blends with high fullerene content.33 This hypothesis only takes into 

account interchain polymer interactions, and not fullerene:polymer interactions, which needs to be 

considered especially in the case of fluorinated polymers, as shown by the different phase 

separation in blends of PTB5 compared to PTB7 (Figure 1).38 

In order to investigate the correlation between polymer packing, morphology and device 

performance, we synthesized a family of five copolymers of terthiophene-alt-isoindigo with 

varying side-chains on the terthiophene unit, P[T3(R)-iI] as seen in Scheme 1, in order to increase 

polymer solubility, whilst minimizing any impact on optoelectronic properties. These polymers 

were designed to exhibit increased solubility in oDCB with increasing length of the side-chain, 

while minimizing changes in the packing structure of the polymers in thin-films, to probe the effect 

of polymer solubility on phase separation with fullerenes. The polymer substituted with 2-

ethylhexyl side-chains was included in this study to understand how polymer ordering also impacts 

charge carrier mobilities in OFETs and phase separation in OPV active layers. The terthiophene-

isoindigo backbone was targeted for this study based on the work of Wang et al.25, 39 and Ho et 
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al.40 who have demonstrated that poly(terthiophene-alt-isoindigo) P[T3-iI] exhibits an energy gap 

of 1.5 eV for light absorption at near-infrared wavelengths, while maintaining a suitable energy in 

the excited state for exciton dissociation in PCBM based BHJs, leading to efficiencies above 6% 

in conventional OPV devices. Stalder et al. have studied the same polymer backbone in OFET 

devices demonstrating a hole mobility of 0.05 cm2 V-1 s-1.41 This family of P[T3(R)-iI] polymers 

was used to investigate both relationships between polymer packing and transport in OFETs and 

also phase separation in blends with fullerene derivatives in OPVs. The results show result, 

P[T3(2EH)-iI] is processable in common organic solvents such as tetrahydrofuran, chloroform, 

CB and oDCB. By comparison, P[T3(C6)-iI] demonstrates high solubility (> 8 mg/mL) in 

chloroform, but limited solubility in oDCB at room temperature. The change in polymer structure 

and its impact on morphology and charge transport in OFET and phase separation in OPV devices, 

are explored by either modifying the alkyl side-chains or varying molecular weight of the 

P[T3(C12)-iI] polymer, without modifying the conjugated polymer backbone. 

 

Scheme 1. Synthesis of P[T3(R)-iI] derivatives with alkyl side-chains of varying length and 

branching on the terthiophene unit. 
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In this contribution, we demonstrate that linear side chains on the terthiophene (T3) unit 

improve nanostructured order compared to functionalizing T3 with branched 2-ethylhexyl (2EH) 

chains. Coupled with favorable orientation of the polymer backbones, as observed by grazing 

incidence wide-angle X-ray scattering (GIWAXS), ordering in these n-alkyl substituted 

derivatives is expected to improve charge carrier transport in OFET devices, while polymer 

processability is increased. This is also true for blends with PC71BM in OPV devices, where 

P[T3(C8)-iI] exhibits higher performance with increased processability compared to P[T3(C6)-iI]. 

On the other hand, 2EH side chains result in an increased ionization potential of the polymer due 

to torsion along the backbone, which is reflected in a high open-circuit voltage (0.8V) in the 

corresponding OPV devices, and large phase separated domains between the P[T3(2EH)-iI] 

polymer and the PC71BM. Moreover, the influence of polymer molecular weight on its packing 

and charge transport in OFETs is discussed, with higher molecular weight polymers yielding 

enhanced hole mobilities in OFET devices. These small structural changes in the polymer 

substitution underline some of the mechanisms which can be used to explain morphology in 

polymer films and blends with fullerene derivatives. 

RESULTS AND DISCUSSION 

Synthesis and Optoelectronic Properties. To demonstrate the influence of side-chain structure 

on solubility and morphology, P[T3(R)-iI] derivatives were synthesized using Stille 

polycondensation with n-hexyl (C6), n-octyl (C8), n-decyl (C10), n-dodecyl (C12) and 2-

ethylhexyl (2EH) side-chains on the terthiophene unit, while maintaining a 2-hexyldecyl side-

chain on the isoindigo unit to ensure solubility during polymerization. Details of the synthesis can 

be found in the Supporting Information (SI). All polymerization mixtures were fractionated 

through Soxhlet extraction. In the case of P[T3(C12)-iI] Soxhlet extraction yielded two fractions 



 

9 

 

with different solubilities: a lower molecular weight fraction (C12, Mn = 41 kDa) soluble in 

dichloromethane and a higher molecular weight fraction soluble in chloroform (C12, Mn = 65 

kDa), both of which are studied here. Polymer purity, assessed by elemental analysis, is reported 

in Table S1 (SI) and polymer molecular weights, as estimated by gel permeation chromatography 

(GPC), are summarized in Table 1. The GPC chromatograms can be found in Figure S11 of the 

Supporting Information.  

 

Table 1. Purity Based on Organic Composition, Molecular Weight, Solubility, Electrochemical, 

and Optical Properties of the P[T3(R)-iI] polymers. 

R ΔEAa 
Mn/Mw, PDIb 

(kDa), TCB 

Solubilityc 

(mg/mL) 

𝑬𝒈𝒂𝒑
𝒂𝒃𝒔  d 

(eV) 

𝑬𝒈𝒂𝒑
𝑫𝑷𝑽 e 

(eV) 

𝑬𝒐𝒙
𝒐𝒏𝒔𝒆𝒕 (V)/ 

IPf (eV) 

𝑬𝒓𝒆𝒅
𝒐𝒏𝒔𝒆𝒕 (V)/ 

EAg (eV) 

C6 0.3% 80/207, 2.6 2 ± 1 1.57 1.65 0.48/-5.58 -1.17/-3.93 

C8 0.2% 70/146, 2.1 10 ± 2 1.57 1.68 0.48/-5.58 -1.20/-3.90 

C10 0.2% 61/126, 2.1 12 ± 2 1.55 1.54 0.50/-5.60 -1.04/-4.06 

C12 

65k 

 

0.8% 

 

65/125, 1.9 

 

12 ± 2 

 

1.58 

 

1.71 

 

0.45/-5.55 

 

-1.26/-3.84 

41k 0.5% 41/103, 2.5 21 ± 5 1.58 1.66 0.45/-5.55 -1.21/-3.89 

2EH 0.4% 53/126, 2.4 27 ± 5 1.60 1.88 0.71/-5.81 -1.17/-3.93 
amaximum difference between theoretical and measured elemental composition for C, H, N and S atoms 

(full elemental analysis results can be found in SI), bmolecular weight distribution estimated by GPC in 

1,2,4-trichlorobenzene (TCB) at 135 °C against polystyrene standards, csolubility in oDCB measured at 

room temperature, doptical energy gap calculated from absorption onset of polymer films, eenergy gap 

calculated from oxidation and reduction onsets in DPV trace, fionization potential and gelectron affinity 

measured by DPV vs. Fc/Fc+. 

 

The solubility of the polymers in oDCB was measured at room temperature by removing 

insoluble material from a saturated solution at room temperature via a centrifuge, and comparing 

the absorption of the supernatant to a calibration UV-vis curve in order to determine the amount 

of solubilized polymer (Figure S1). Table 1 shows that solubility can be tuned by varying the 
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length and branching of the side-chain, as well as by changing the molecular weight of the polymer. 

The synthesized P[T3(R)-iI] derivatives are able to span polymer solubilities ranging from 2 

mg/mL to 27 mg/mL in oDCB at room temperature.  

Thermal analysis and UV-visible-NIR absorption spectroscopy were used to study the impact 

of alkyl chain substitution on polymer stability, semicrystallinity, and optical properties. All 

polymers demonstrate thermal stability up to 350 °C as determined by thermogravimetric analysis 

(TGA) (Figure S2a). Further thermal analysis of P[T3(C6)-iI] and P[T3(2EH)-iI] by differential 

scanning calorimetry (DSC) shows a melting transition at 287 °C in the case of P[T3(C6)-iI] with 

no crystallization peak upon cooling, and a melting transition at 180 °C with a crystallization peak 

at 150 °C for P[T3(2EH)-iI] (Figure S2b-c). Other reports indicate a peak melting temperature for 

P[T3(C8)-iI] at 289 °C,39 which points to the fact that the melting point transition temperature is 

decreased by the disorder afforded by the branched 2EH side-chains. This change in polymer 

ordering with changes in side-chains is also supported by GIWAXS results (vide infra). 

Furthermore, it is expected that variations in the length of the linear side-chains will have 

minimal impact on the absorption properties of P[T3-iI], but that steric hindrance caused by 2EH 

chains will lead to an increase in backbone torsion and reduction in conjugation length. This effect 

was previously reported in the case of polythiophenes where torsion along the backbone caused 

by steric hindrance from alkyl chains led to an increased energy gap and increased ionization 

potential (IP).42 Here, UV-vis-NIR spectroscopy shown in Figure 2a, reveals strong similarity in 

the oDCB solution absorption of P[T3-iI] with linear side-chains, and a blue shifted absorption 

maximum for P[T3(2EH)-iI]. Considering the absorption of solid films of the polymers as shown 

in Figure 2b, the blue shift remains in the onset of absorption for P[T3(2EH)-iI] compared to the 

other polymers, indicating an increase in the energy gap as was previously reported in thiophene-
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based polymers. Furthermore, a distinct aggregation shoulder is visible in the solid state for all five 

polymers with linear alkyl chains, which highlights a possibly different solid-state packing 

between polymers where T3 is substituted with a linear alkyl chain compared to P[T3(2EH)-iI] 

with all-branched side-chains. 

 

Figure 2. Normalized UV-vis absorption spectra of P[T3(R)-iI] polymers: (a) in oDCB solution; 

(b) as spun-cast thin films on glass. 

 

The observed increase in energy gap of P[T3(2EH)-iI] in the solid state was further 

investigated by carrying out differential pulse voltammetry (DPV) on polymer thin films deposited 

on Pt electrodes in an electrolyte composed of 0.1M TBAPF6 in acetonitrile. Onsets of oxidation 

and reduction were determined relative to Fc/Fc+, and the IP and electron affinity (EA) were 

estimated using 5.1 eV below vacuum as the potential of Fc/Fc+.43 Little change is observed for 

polymers with linear chains with IP around 5.6 eV; however, the IP of P[T3(2EH)-iI] is increased 

by 0.2 eV to 5.8 eV (Figure S3). This increase in IP with branched side-chains is expected to 

increase the open-circuit voltage in OPV devices,42 as discussed in a following paragraph.  
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Polymer Packing Determination by Grazing Incidence Wide-Angle X-Ray Scattering 

(GIWAXS). Besides having an impact on the optoelectronic properties, the 2EH side chains are 

expected to impact polymer packing as seen in the lower DSC melting point and in the blue-shifted 

solid-state UV-visible-NIR spectrum. To further investigate this effect seen in thin films, grazing 

incidence wide-angle X-ray scattering (GIWAXS) was performed on spun-cast thin films of the 

polymers from oDCB solutions on silicon wafers before and after annealing at 200 °C (Figures 3 

and 4). After integration over a quadrant of the detector, line shape analysis can be conducted using 

Gaussian functions to fit the scattering peaks, where the peak positions are attributed to the (hkl) 

scattering planes and the full widths at half maximum (FWHM) give indications on the 

crystallinity of the scattering peak and on the crystallite size.  

 

Figure 3. GIWAXS patterns of as-cast films of P[T3(R)-iI] from oDCB. 
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A first observation from Figure 3 is the mixed organization of the polymer chains relative to 

the substrate. P[T3(R)-iI] with C8 and C12 chains reveal features in the GIWAXS pattern 

characteristic for lamellar stacking both out-of-plane and in-plane. The out-of-plane lamellar 

orientation is indicated by (h00) reflections along the qz axis, while a broad wide-angle scattering 

intensity also located along the qxy axis of the pattern, possibly from (010) planes, suggests some 

in-plane orientation of the lamellar population. Coexistence of both lamellar orientations is not 

untypical and has been reported for several high performance polymers.44, 45As cast film of 

P[T3(C6)-iI] indicate the presence of a 3rd population with the unit cell planes tilted towards the 

surface with an angle around 30° at q values of 1.55 Å-1, corresponding to a characteristic distance 

of 4.1 Å. It is possible that this scattering peak may be due to π-stacking, as 2D-WAXS indicates 

a π-stacking distance of 3.9 Å (Table S2). Moreover, although P[T3(C10)-iI] assembles with the 

polymer backbone edge-on to the substrate with several orders of (h00) peaks visible in the out-

of-plane direction, the scattering halo in the π-stacking region, with a slight increase in intensity 

along the qz axis, is indicative of low intralayer ordering and of a slight preferential orientation of 

the (010) peak along qz. P[T3(2EH)-iI] exhibits a similar scattering pattern to the P[T3(R)-iI] 

polymers with linear chains, although the higher order (h00) reflections are not as intense along 

the qz axis. By comparison to polymers with linear alkyl chains, P[T3(2EH)-iI] films also scatter 

along the qz axis, but at an increased characteristic distance. This is indicative of intralayer ordering 

where the stacking distance is larger than that of the polymers with linear alkyl chains, due to the 

more twisted backbones induced by the bulkier 2EH side-chain. These bulkier branched chains 

yield less ordered structures, which in turn can explain the lack of an aggregation peak at 700 nm 

in the solid-state UV-visible spectrum of P[T3(2EH)-iI] in Figure 2.  
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Since the morphology of the polymers in the as-cast thin films will tend to be kinetically 

trapped, annealing studies were conducted at 200 °C (maximum temperature accessible by the 

GIWAXS setup) to understand the evolution of polymer ordering towards a more 

thermodynamically favored morphology, although there may remain kinetically trapped 

polymorphs that cannot be changed or healed by annealing. Figure 4 illustrates the GIWAXS 

results from the polymer thin films after thermal annealing at 200 °C under a helium atmosphere 

for 10 min. An example is given in Figure S4 of the changes in scattering of thin films based on 

P[T3(C6)-iI] at various temperatures in a thermal annealing cycle. As the temperature is increased, 

the peak intensities and the overall scattering peak area decreases, indicating a loss of ordering in 

the film and the possibility for the chains to ultimately reorganize to a more thermodynamically 

favored packing structure. For all polymers, an increase in the more thermodynamically favored 

edge-on population of the π-stacks is observed,46 and quantified by the Herman orientation factor 

(HOF) for the (100) peak as reported in Table 2. The HOF quantifies the extent of orientation of 

the lamella relative to the substrate, with out-of-plane lamella (lamellar (h00) peaks along qz) 

described by a HOF of 1, and in-plane lamella (lamellar (h00) peaks along qxy) leading to HOF of 

-0.5, while randomly oriented crystals have a HOF of zero (details can be found in the SI). As seen 

in Table 2, a HOF of 0.5 as is the case here points to a majority of the population having lamellar 

packing out-of-plane (i.e. π-stacking edge-on) with some chains having lamellar packing in-plane 

(i.e. π-stacking face-on). Orientation has been shown to have a substantial impact on transport 

properties in OFET devices for some polymer systems,47-49 and it is expected that this increase of 

π-interactions parallel to the substrate after thermal annealing will lead to increased charge carrier 

mobility in OFET devices. However this hypothesis is not always true depending on the polymer 

system as pointed out in a review by Sirringhaus.50 It is also important to note that in blends with 
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fullerenes, polymer orientation relative to the substrate may have some impact of OPV device 

parameters;51 however the effect of polymer orientation at electrode interfaces is difficult to 

deconvolute from phase separation between the polymer and fullerene and polymer orientation at 

the polymer:fullerene interface.14 

 

Table 2. Characteristics of polymer P[T3(R)-iI] packing in as-cast and thermally annealed thin 

films as a function of alkyl chain substitution. 
  

 GIWAXS As-cast GIWAXS Annealed 

Sample 
πa 

(Å) 

Lamellarb 

(Å) 

Lc,d
c 

(Å) 

πa 

(Å) 

Lc,π
d 

(Å) 

Lamellarb 

(Å) 

Lc,d
c
 

(Å) 
HOF 

C6 4.1 18 105 3.7 57 19 129 0.5 

C8 4.2 19 122 3.7 61 20 158 0.5 

C10 4.2 20 125 3.8 42 21 167 0.5 

C12, 65k 4.3 21 113 3.7 55 22 205 0.5 

C12, 41k 4.3 21 116 / / 22 207 0.5 

2EH 4.3 17 152 4.2 / 18 202 0.6 
aπ: π-π distances, bLamellar: Chain-to-chain distances, cLc,d: Coherence length along chain-to-chain 

direction, dLc,π: Coherence length within π-stacks. 
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Figure 4. GIWAXS of P[T3(R)-iI] polymer films annealed at 200 °C for 5 min and cooled to room 

temperature. 

 

In contrast to the as-cast films, ordering in the thin films is increased with thermal annealing 

as shown by the increased number of higher (h00) order peaks along qz and the increase in 

coherence length (Lc) as discussed in a subsequent paragraph. In particular, 2EH exhibits 

crystalline peaks along the qxy = 0.25 Å-1 direction that the other polymers do not display. In the 

case of 2EH, the thin film was heated past the polymer’s melting temperature of 180°C, and slow 

cooling around its crystallization temperature allowed for additional crystalline domains to form. 

Off-equatorial peaks are also possibly arising from side chain crystallization as noted in the case 

of PBTTT and P(NDI2OD-T2) polymer chain crystals in isotropic thin films.52-54 Moreover, in the 
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polymers with linear chains, the π-stacking distances decrease by 0.1-0.5 Å and the lamellar 

distances increase by 1-2 Å. This can be understood by thermally induced planarity of the 

backbones, leading to the polymer backbone getting closer and interacting more strongly with one 

another and the side chains now extending perpendicular to the backbone, rather than at an angle. 

The presence of a new peak along the qxy axis, noticeable in particular in films of C6, along with 

the presence of two melting peaks in the DSC (Figure S2) seems to indicate the presence of two 

polymorphs for these polymers. Scherrer analysis was conducted to quantify the coherence length 

Lc (or crystal size) in the annealed films (details can be found in the SI). In the π-stacking direction, 

Lc,π is calculated to be 4-6 nm, which indicates that order can be found over 10 to 16 polymer 

backbones for the least soluble polymers.  

To further verify our assumptions for peak assignment in the GIWAXS data, 2D-WAXS was 

obtained on extruded polymer fibers annealed at 120 °C and 200 °C (Figure S5). 2D-WAXS 

analysis investigates bulk structural organization and highlights the fact that P[T3(R)-iI] polymers 

assemble in chain-to-chain, lamellar structures oriented in the extrusion direction as shown by 

scattering in the equatorial direction with both chain-to-chain lamellae and π-stacks oriented 

perpendicular to the extrusion direction. Similarly to the GIWAXS data, 2EH goes through a 

melting transition below 200 °C, and as such exhibits diffuse anisotropic rings after annealing at 

200 °C compared to the other polymers. The characteristic distances were determined from line 

integration along the equatorial direction, and the data is summarized in Table S2. In general, after 

annealing at 200 °C, the packing distances in the bulk are slightly lower than what is observed in 

thin films annealed at the same temperature and could be due to the strain of the extrusion process 

or to the lack of influence of a substrate on polymer packing.  
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From the 1D-integrated plots shown in Figure S6, variations in 2D-WAXS scattering along the 

equatorial direction for the six P[T3(R)-iI] polymers are observed with increased annealing 

temperature. Although no change is observed in the 2D-WAXS pattern of P[T3(2EH)-iI] after 

annealing at 120 °C, annealed fibers of the other five P[T3(R)-iI] polymers exhibit higher order 

(h00) scattering peaks in their 2D-WAXS pattern compared to as extruded fibers, as was also 

observed in the GIWAXS data in the case of P[T3(R)-iI] thin films. In the case of fibers of 

P[T3(R)-iI] with linear chains, the peak associated with π-stacking becomes narrower after thermal 

annealing at 200 °C, indicating an increase in the size of the crystal domains. Moreover, in 

annealed samples of P[T3(C8)-iI], P[T3(C10)-iI] and P[T3(C12)-iI] (65k and 41k), both the 

GIWAXS and 2D-WAXS data show a splitting of the (100) peak at low q after thermal annealing 

(Figure S6) as pointed out in a previous paragraph. It is difficult to rationalize the presence of the 

two peaks, as no further peak splitting is observed for higher order (h00) peaks. It is possible that 

the two higher order peaks are buried under the broader (h00) peaks. Similar splitting of the (100) 

diffraction peaks was observed by Rogers et al.55 in PCDTBT films and was attributed to two 

different crystal structures, which is again reminiscent of the two peaks in the DSC trace of C6. 

Comparing the 2D-WAXS of the fibers after annealing at 120 °C, the π-stacking distance remains 

at 3.9 Å regardless of the alkyl side-chain length, but is increased to 4.2 Å when 2EH is used. The 

impact of the length of the alkyl side-chain can be observed in the chain-to-chain distance, where 

both C6 and 2EH side chains yield lamellar distances of 19 Å, and the lamellar distance increases 

with chain length up to 24 Å in the case of the two P[T3(C12)-iI] polymers.  

Combining the structural information obtained on as-processed films and fibers, it is concluded 

that polymers with linear chains on the terthiophene unit exhibit increased short-range ordering in 

thin films compared to P[T3(2EH)-iI] as observed by UV-vis spectroscopy. Variations in polymer 
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packing are made more visible with annealing, where higher order peaks appear in samples of the 

polymers with linear side chains while P[T3(2EH)-iI] only shows a crystallization transition after 

annealing at 200 °C with no increased ordering at temperatures below its melting transition. This 

points to the propensity of the P[T3(R)-iI] polymer chains to crystallize when they are 

functionalized with linear alkyl side chains; however, this effect is hindered in the presence of the 

bulkier 2EH side chains. 

Transistor Fabrication and Characterization. In order to probe the effect of polymer packing 

on charge transport, bottom-gate/bottom-contact OFET devices were fabricated on heavily doped 

silicon wafers covered with HMDS-modified SiO2. Gold electrodes were patterned to form 10 µm 

long and 700 µm wide channels. The polymer layers were drop-cast from a 4.4 mg/mL solution in 

oDCB at 120 °C onto the substrates maintained at 120 °C, and subsequently annealed at 120 °C 

for 1h. Table 3 summarizes the OFET performance obtained across the polymer series (Figure S7 

shows the transfer and output curves for P[T3(C6)-iI]-based OFETs). It is important to note the 

difference in processing between the films used to obtain GIWAXS data (polymer films spun-cast 

on silicon wafers and annealed at 200 °C) and the active films in OFET devices (polymers drop-

cast on HMDS-modified silicon wafers and annealed at 120 °C); however 2D-WAXS data was 

obtained using similar annealing conditions and is used to draw trends linking polymer structure, 

morphology and device performance.  

A first observation is that all polymers exhibit ambipolar transport, except for C8, with electron 

mobility being one to two orders of magnitude lower than hole mobility, except in the case of 2EH 

where the hole and electron mobility are 4.0 × 10-3 and 1.4 × 10-3 cm2 V-1 s-1, respectively. This 

ambipolar transport was observed in several isoindigo-containing systems56 and is thought to arise 

from interchain overlap of isoindigo units shown by solid-state NMR in the work of Stalder et al. 
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on isoindigo polymers.41 For C6, C10 and C12 (65 kDa) polymers, hole mobility is measured to 

be between 2.3 × 10-2 and 2.8 × 10-2 cm2 V-1 s-1, showing little influence of the length of the side-

chain and of the chain-to-chain distance on hole mobility. However, comparison of the two 

fractions of P[T3(C12)-iI] highlights an increase of the hole mobility by an order of magnitude 

when the higher molecular weight fraction is used in devices, with hole mobilities of 2.0 × 10-3 

cm2 V-1 s-1 for the lower molecular weight polymer. This increase in hole mobility with increasing 

molecular weight has been observed previously,57, 58 and this work further supports the influence 

of molecular weight on carrier mobilities in OFET devices. The hole mobility also drops to 4.0 × 

10-3 cm2 V-1 s-1 in devices fabricated with 2EH. Interestingly, the low mobility observed in lower 

molecular weight polymer and in polymers with all-branched side chains correlates with the 

reduction in coherence lengths, although charge transport cannot only be linked to crystalline 

domains, but is limited by arrangements of the polymer chains in amorphous regions of the thin 

film.58, 59 The results from OFET devices based on P[T3(C8)-iI] do point out an example of a 

limitation between 2D-WAXS and GIWAXS results and OFET charge mobilities, as was also 

shown previously for a family of isoindigo-based polymers.41 Indeed, GIWAXS results for 

P[T3(C8)-iI] are on par with results for P[T3(C6)-iI] or P[T3(C10)-iI]; however the hole mobility 

is an order of magnitude lower and no electron mobility is measured in devices based on P[T3(C8)-

iI]. It is possible that in the case of P[T3(C8)-iI] the non-crystalline regions, which are not 

characterized by our current X-ray scattering analysis, have a greater impact on carrier mobility 

than in P[T3(C6)-iI] or P[T3(C10)-iI] devices.60, 61 Furthermore, interfacial phenomena have a 

great impact on the mobilities measured in OFET devices, while 2D-WAXS probes polymer 

packing in the bulk57 and GIWAXS is investigating polymer packing over the full film thickness 

under the conditions used here.54, 62 
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Table 3. Hole (µh) and electron (µe) mobilities in OFET devices and corresponding OFET 

threshold voltages Vth after annealing at 120 °C. 

 

P[T3(R)-iI] µh (cm2V-1s-1)*10-3 𝑽𝒕𝒉
𝒉

 (V) µe (cm2V-1s-1)*10-3 𝑽𝒕𝒉
𝒆

 (V) 

C6 25.8 ± 3.1 -20 ± 3 3.9 ± 0.3  49 ± 12 

C8 6.8 ± 1.4 -26 ± 5 - - 

C10 23.3 ± 1.8 -20 ± 4 2.9 ± 0.6 43 ± 8 

C12, 65k 28.4 ± 3.3 -23 ± 2 0.1 ± 0.0 34 ± 12 

C12, 41k 1.5 ± 0.2 -25 ± 4 0.9 ± 0.2 44 ± 6 

2EH 4.3 ± 0.6 -19 ± 1 1.4 ± 0.3 60 ± 1 
Statistical data was obtained over 10 measurements, except in the case of n-type OFET devices based on 

P[T3(C6)-iI], where 5 measurements were conducted to obtain electron transport characteristics. 

 

Solar Cell Device Fabrication and Testing. The photovoltaic properties of the six polymers were 

examined in BHJ devices with (6,6)-phenyl-C71-butyric acid methyl ester (PC71BM) as the electron 

acceptor. All solar cell devices were fabricated and tested under inert atmosphere and the 

photocurrent was measured under simulated AM 1.5G solar illumination at an irradiation intensity 

of 100 mW cm-2. Blends of polymer:PC71BM at a 1:1.5 ratio were deposited via spin-coating from 

oDCB solutions (without any solvent additives such as DIO) at 80 °C onto ITO glass coated with 

a PEDOT:PSS layer, and layers of calcium and aluminum were sequentially deposited on top of 

the active layer to form the cathode. The devices were not fully optimized, but rather fabricated in 

the same fashion, relying on optimized parameters for P[T3(C6)-iI]63 without the use of processing 

additives to understand the impact of the polymer properties alone, and tuning film thickness to 

achieve comparable light absorption in devices based on the other five polymers (see Figure S8) 

for direct comparison of the effect of the side-chain and molecular weight in the BHJ devices. 

Although light absorption is targeted to be similar across all devices, an increase in film thickness 
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will also increase the probability of recombination within the active layer due to changes in the 

morphology of the bulk,64 space-charge effects and short carrier lifetimes.65 

Devices fabricated using P[T3(C6)-iI] and P[T3(C8)-iI] achieved average power conversion 

efficiencies (PCE) of 5.1% and 5.2% respectively (Table 4), in agreement with previously reported 

OPV devices prepared without additives.25 Compared to other P[T3(R)-iI] polymers, the increased 

short-circuit current (Jsc) and fill factor (FF) leads to these higher efficiencies in P[T3(C6)-iI] and 

P[T3(C8)-iI] blends. In particular, the FF increases with decreasing active layer thickness, due to 

decreased probability for charge recombination in thinner films as discussed above..  

 

Figure 6. (a) Average J-V curves of BHJ solar cells fabricated from P[T3(R)-iI] derivatives, and 

(b) characteristic incident photon-to-current efficiency (IPCE) spectra.  
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Table 4. OPV performance of P[T3(R)-iI] derivatives with PC71BM in devices spun-cast from 

oDCB. 

Polymer: 

PC71BM 

Solubility 

(mg/mL) 

Integrated Jsc 

(mA cm-2) 

Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Thickness 

(nm) 

C6 2 11.2 12.3 ± 0.4 0.69 ± 0.01 58 ± 1 5.1 ± 0.1 94 ± 5 

C8 10 11.3 12.7 ± 0.3 0.70 ± 0.02 57 ± 5 5.2 ± 0.4 105 ± 6 

C10 12 10.6 11.6 ± 0.4 0.63 ± 0.01 54 ± 1 4.1 ± 0.1 113 ± 12 

C12 65k 12 10.6 11.3 ± 0.4 0.66 ± 0.00 52 ± 1 4.0 ± 0.1 113 ± 5 

C12 41k 21 9.8 11.0 ± 0.4 0.69 ± 0.01 51 ± 1 4.0 ± 0.1 120 ± 2 

2EH 27 0.7 0.8 ± 0.1 0.88 ± 0.01 58 ± 3 0.3 ± 0.0 99 ± 12 

Statistical data for each polymer performance in OPV was obtained from 12 cells over two separate 

devices.  

 

As shown in the device current density as a function of voltage curves (Figure 6a) and solubility 

(Figure S9), and incident photon-to-current efficiency (IPCE) (Figure 6b), the most drastic change 

is obtained when the polymer backbone includes an all-branched side-chains, leading to an 

increased open-circuit voltage (Voc), but an order of magnitude lower Jsc. Overall, OPV devices 

based on polymer donors with a P[T3-iI] backbone are relatively insensitive to the linear alkyl 

side-chain length, and power conversion efficiencies around 5% can be achieved in blends with 

PC71BM without the use of processing additives. This simple, single solvent processing system 

also has the added benefit to potentially increase reproducibility of the blend morphology, and 

resulting device performance, especially between different researchers and laboratories. Work by 

Duan et al. further highlights the interplay between polymer backbone and chain-substitution on 

device characteristics.20 In their study based on based on polymers containing benzodithiophene 

and 5,6-difluorobenzo[2,1,3]thiadiazole, the OPV device performance remains around 4% 

independent of the alkyl chain length. However, when benzo[2,1,3]thiadiazole is used, polymer 

substitution with shorter C6 alkyl side chains yields devices with 6% PCE compared to 2% when 

C10 chains are used.  
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The change in Voc is related to the higher ionization potential of P[T3(2EH)-iI] compared to 

the n-alkyl derivatives.42 A first hypothesis for the low Jsc could be the low hole mobility measured 

in OFET devices; however low molecular weight P[T3(C12)-iI] has a hole mobility of the same 

order of magnitude, but one order of magnitude higher Jsc. In order to understand the origin of the 

low Jsc in P[T3(2EH)-iI] devices, the phase separation was imaged via atomic force microscopy as 

described below.  

Phase Separation in BHJ Active Layer. Atomic force microscopy (AFM) is used to gather 

topological information about the surface of the active layer, with resolutions on the order of tens 

of nanometers.66 Therefore, it is important to note that the information discussed based on AFM 

results may not translate to the bulk morphology of the active layer. Furthermore, although AFM 

does not directly provide information on the chemical composition at the surface, correlation of 

TEM and AFM data gathered on isoindigo-based systems,29 and on donor-acceptor conjugated 

polymers in general,21, 36, 67 tends to show (i) polymer-rich fibrillary structures in the active layer 

or (ii) encapsulation of fullerene-rich domains in a polymer-rich matrix, depending on film 

composition, material properties and processing conditions. In this study, AFM was employed to 

image the surface of the active layer and determine the active layer nanoscale topology in 

polymer:PC71BM thin films (Figure 7). It is expected that varying side-chains will influence 

polymer solubility in the casting solvent, as well as with fullerene derivatives, and thus influence 

phase separation. In particular, all films based on polymers with linear side-chains on the 

terthiophene unit exhibit feature sizes on the order of tens of nm in width, which allows for excitons 

generated in the polymer domain to diffuse to the fullerene interface and generate short-circuit 

currents above 11 mA cm-2. In these films, the root-mean-square (rms) roughness is between 2.8 

nm and 6.4 nm with little correlation between polymer structure and roughness. Furthermore, there 
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appears to be little correlation in these systems between polymer solubility and feature sizes as 

measured by AFM (resolution of tens of nanometers) in contrast to what was previously reported 

based on TEM results (resolution on the order of nanometers)37  

However, in the case of P[T3(2EH)-iI] large domains protruding from the surface are formed, 

leading to a rms roughness of 7.0 nm. Based on previous studies, it is possible that the 2EH AFM 

image shows islands of PC71BM that are encapsulated by a polymer layer,31 as was observed with 

other highly soluble polymers.21, 29 Mechanistically, it is hypothesized that when π-interactions 

between polymer chains are possible, fibrillar networks can be formed and limit the growth of 

PC71BM aggregates.67 In the case of twisted polymer backbones like P[T3(2EH)-iI], these 

interchain polymer interactions are limited, possibly leading to liquid-liquid demixing or 

liquid:solid demixing via fullerene aggregation into large domains prior to any polymer fibril 

formation,33 yielding large phase separated domains in the active layer and low Jsc in OPV devices.  

Interestingly, the phase separation between the polymer and fullerene dominates photocurrent 

generation over hole mobility in the polymer domains as measured in FET devices. This is 

observed by comparing the two molecular weight fractions of P[T3(C12)-iI], where high carrier 

mobilities are not a necessary condition to high OPV device performance, but rather need to be 

above a certain threshold to achieve high photocurrents, as demonstrated by P[T3(C12)-iI] with a 

molecular weight of 41 kDa.  
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Figure 7. AFM height images of blends of PC71BM blends with P[T3(R)-iI] spun cast from oDCB. 

R= n-hexyl (C6), n-octyl (C8), n-decyl (C10), n-dodecyl (C12, 65k), n-dodecyl (C12, 41k), and 2-

ethylhexyl (2EH). All images have a 30 nm height scale, except 2EH with 60 nm height scale.  

At the nanometer scale, GIWAXS studies on the polymer:fullerene thin films deposited on 

PEDOT:PSS show similar packing regardless of the P[T3-iI] derivative used (Figure S10). The 

PC71BM scattering ring can be seen at q values around 1.3-1.4 Å-1, in addition to the (h00) peaks 

from polymer crystallites. A higher order (200) peak can be seen in all GIWAXS images, except 

in 2EH:PC71BM blends, which is similar to what was observed in Figure 3 for as-cast pure polymer 

thin films. Overall, scattering from polymer:PC71BM blends is similar to what is observed in as-

cast polymer films, although the PC71BM scattering ring obscures the scattering peaks with q 

values above 1.2 Å-1. The chain-to-chain (lamellar) distances within polymer crystallites in blends 

with PC71BM is comparable to the lamellar distances in the pure polymer films, showing little 

disruption of the crystalline regions of the polymer domains by PC71BM (Table S3). 

Quantitatively, the coherence length of the (100) peak along the qz axis (Lc,d) is only slightly 

increased upon addition of PC71BM. As such, the differences observed between films based on 

isoindigo polymers with linear or branched alkyl chains and their subsequent OPV device 

characteristics are predominantly influenced by the phase separation as observed on the 
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micrometer scale via AFM (Figure 7). However, the difference in morphology and OPV device 

parameters within the family of isoindigo polymers with linear side-chains are not only impacted 

by variations in phase separation, but also by changes in molecular intermixing68, 69 and 

crystallinity.70 

CONCLUSIONS 

In this article, we have demonstrated that polymer solubility can be tuned by extending linear alkyl 

chains, by introducing branching points on the side chain or by varying molecular weight in order 

to influence polymer packing in thin films. In P[T3(R)-iI] derivatives, GIWAXS shows that linear 

side-chains on the terthiophene unit promote aggregation as the thin film dries, leading to edge-on 

orientation of the polymer backbones relative to the substrate and higher order diffraction peaks 

from the lamellae compared to 2-ethylhexyl side-chains. However, 2D-WAXS also indicates that 

higher order diffraction peaks for polymers with linear alkyl chains are not necessarily observed 

in the as-processed polymers, and an increase in ordering is only observed in fibers of P[T3(C6)-

iI] after annealing at 200 °C. In contrast to linear chains, branched 2-ethylhexyl chains disrupt π-

interactions leading to increased solubility in oDCB and limited ordering at the molecular scale as 

evidenced by the lack of a low energy shoulder in the solid-state UV-vis absorption spectrum. In 

OFET devices, changes in polymer morphology are correlated to charge carrier mobility, with 

some n-alkyl derivatives of high molecular weight leading to hole mobilities around 0.02 cm2 V-1 

s-1 due to increased coherence lengths within the crystallites. Polymers substituted with n-octyl 

chains exhibit a different behavior than other n-alkyl-substituted polymers; however the available 

experimental data does not allow for a conclusion as to why this difference in OFET characteristics 

arose. In OPV devices the amount of aliphatic chains influences the amount of absorbed light, with 

derivatives containing longer alkyl chains requiring thicker films (thinner films tend to have 
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increased fill factors). Short-circuit currents are also slightly affected by changes in the n-alkyl 

side-chain but not as drastically as could have been expected based on the increase in non-

conductive volume in the thin films with increased side-chain length. Interestingly, 2-ethylhexyl 

derivatives show low short-circuit currents but an increased open-circuit voltage. The low Jsc can 

be rationalized by the large domains in phase separation with PC71BM, likely due to limited π-

interactions, which hinder fibril formation, and to the high solubility of P[T3(2EH)-iI] in oDCB, 

leaving film morphology to be dominated by the growth of PC71BM aggregates. In contrast, all n-

alkyl substituted P[T3(R)-iI] showed fibrillar morphology, with feature sizes on the order of tens 

of nanometers. Overall, P[T3(C8)-iI] has high solubility in oDCB at room temperature and leads 

to efficiencies around 5% in OPV devices without the use of any processing additives, 

demonstrating a balance between polymer processability and device performance, which is of 

increased importance as BHJ transition from spin-coated films to slot-die coated layers.71 As 

discussed in the introduction, the propensity for polymer ordering between P[T3-iI] with branched 

chains and linear chains is comparable to observations made for PBTz4T and PNTz4T systems.30 

Considering differences in polymer structure in terms of backbone symmetry or side-chain steric 

hindrance, polymer ordering dictates the outcome of polymer crystallization relative to fullerene 

aggregation and the resulting phase separation in the active layer of OPV devices.  
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