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Abstract:  

Side chain engineering has been well studied as a functional handle for controlling the 

properties of conjugated polymers in OSC applications, with side chain alteration typically 

effecting a PCE change. In this work, we highlight a unique TPD-based donor polymer system 

which exhibits robust photovoltaic tolerance regardless of acceptor unit side chain. While 

alteration of the side chain bulk from a minimally sized substituent (methyl) to a bulky substituent 

(cyclohexylmethyl) results in different aggregation properties of the neat polymers and the 

microstructures of the polymer-fullerene blends, these differences surprisingly do not translate to 

changes in PCE. Due to the versatility of the TPD unit for modification and the device performance 

invariance to side chain, this TPD-based class of polymers could serve as an excellent donor test 

polymer for OSC blend tuning and other applications. The findings of this work present an avenue 
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for polymer structure and BHJ morphology manipulation sans any commonly observed variations 

in photovoltaic performance.

Introduction 

With the advancement of non-fullerene molecular acceptors, organic solar cell (OSC) 

power conversion efficiencies have risen rapidly over the past decade, from ~8% to more than 

17%.1–5 With promising potential in regards to semi-transparency, mechanical flexibility, and 

capacity for roll-to-roll printing,6–8 OSCs are contenders in the energy landscape in areas such as 

solar cell windows, architectural elements, and indoor photovoltaics.9–12 With power conversion 

efficiencies (PCEs) surpassing benchmarks for commercialization (>15%),5,13 more research can 

be dedicated towards improving OSC stability and film-forming ability. This research can also 

explore methods to reduce the energy required to manufacture OSCs, such as structure 

simplification and additive manufacturing.14,15

The development of stable, high-performing polymer-based solar cells depends on 

improvements in film formation consistency and optimization of the bulk heterojunction (BHJ) 

morphology. In contrast to traditional single crystal semiconductors (Si, GaAs, etc.) which can be 

grown from the melt with excellent control over defect concentrations, crystallization in polymer 

thin films is more difficult to model, predict, and describe due to the size and anisotropic shape of 

the crystallites and the weak nature of interchain interactions involved in the crystallization and 

solidification processes.16 The addition of a secondary acceptor component to create the BHJ adds 

further complexity to the solidification process. The overall BHJ morphology must be controlled 

over a broad range of length scales, ranging from the size and spatial continuity of the phase 
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separated domains, to the structure of the interface between the domains, to the molecular packing 

within the individual domains.17,18 Lastly, to ensure efficient charge generation and separation and 

minimize charge recombination, the morphology must have domain sizes on the order of ~10 

nm.19–21 Optimization of every factor for the BHJ, therefore, remains a challenge, as the 

enhancement of a single parameter often comes at the detriment of other considered parameters. 

To address this point, rational molecular design is often employed in which a specific aspect of 

the molecule (e.g. the backbone, the side chain, the molecular weight) is altered in a way as to 

allow for systemic tuning of the BHJ. 

In this work, we focus on side chain engineering, which entails modification of the pendant 

group – for example, by modulating side chain length, branching, or polarity – off the main 

polymer backbone. Broadly speaking, studies investigating side chain engineering have found side 

chain modifications capable of extending thermal stability and photostability,22–24 tuning 

crystallinity and thermal properties,14,25,26 altering polymer steric interactions to induce chain 

twisting or packing in the bulk,14,25,27–29 and improving PCE.19,24,27,30–33  The sheer number of 

studies in this field underscores the wide range of properties accessible through synthetic design 

of the polymer side chain for utilization with a variety of both fullerene and non-fullerene 

molecular acceptors. 

Within the sub-class of polymer side chain engineering for fullerene-based OSCs, 

countless studies have noted that a change in side chain moieties of a donor polymer typically give 

rise to differences in PCE.14,31–37 The modification of side chains has been studied particularly 

thoroughly in poly[(5,6-dihydro-5-octyl-4,6-dioxo-4H-thieno[3,4-c]pyrrole-1,3-diyl)[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl] (PBDTTPD).19,33,35,38 The suggested 

hypothesis is that removing bulky substituents from the acceptor unit on the donor-acceptor (DA) 
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polymer enhances the interactions between the fullerene and the acceptor unit – an interaction 

designated by the phrase “fullerene docking” in the literature.19,35,38 Polymers designed to enhance 

fullerene docking in PBDTTPD displayed more efficient charge transfer from the DA polymer to 

the fullerene and, consequently, higher PCEs. Savikhin et al. found that by changing the 

PBDTTPD-backbone polymer with four various side chain configurations, differences in device 

efficiency of up to 4x could be observed, with the polymer fitting the fullerene docking design 

principle achieving the smallest domain sizes, the highest degree of crystallinity, the most face-on 

character, and the highest PCE in devices.35 Graham et al. further investigated fullerene docking 

by means of external quantum efficiency measurements of the charge-transfer state and solid-state 

two-dimensional (2D) 13C{1H} heteronuclear NMR analyses to support the postulation that a 

specific polymer:fullerene arrangement was present for the champion PBDTTPD derivative,19 an 

idea further confirmed by simulations by Wang et al.38 

To further probe the fullerene docking hypothesis, our group developed a class of 

minimally substituted acceptor unit DA polymers to study the role of side chain bulk on charge 

generation and power conversion efficiencies in fullerene-based solar cells.39 Poly[(5,6-difluoro-

2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3’’’-di(2-octyldodecyl)-2,2’;5’,2’’;5’’,2’’’-quaterthiophen-

5,5’’’-diyl)] (PffBT4T-2OD) (a.k.a. PCE-11) is a high performing solar polymer whose acceptor 

unit difluorobenzothiadiazole (ffBTD) lacks a side chain (Scheme 1a).40,41 To explore the 

structural space of minimally substituted acceptor units, PCE-11 analog polymers were designed 

with comparatively small methyl substituted acceptor units for use as OSC donor phase materials 

(Scheme 1b). In these polymers, the original ffBTD acceptor unit of the PCE-11 design was 

substituted with commonly known acceptor units – thieno [3,4-c]pyrrole-4,6-dione (TPD), 

diketopyrrolopyrrole (DPP), and isoindigo (iI) – outfitted with methyl side chains to provide 
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sterically unhindered sites for enhanced molecular acceptor (i.e. PC71BM) interactions.39 The 

resulting polymers were utilized in BHJ OSC devices of which the TPD-based polymer emerged 

as the champion system, achieving the highest PCE at 6.8% with PC71BM due to higher open-

circuit voltage and fill factor values. As the fullerene docking hypothesis postulates that OSC 

device performance depends on favorable fullerene:DA polymer acceptor unit interactions, we 

developed a complementary fundamental study in which the side chain of the champion polymer 

was systematically altered to increase the bulk from a minimally sized substituent (methyl) to a 

bulky substituent (cyclohexylmethyl) (Scheme 1c); we predicted that differences in device 

performance would arise due to variant fullerene docking abilities, as determined by the relative 

bulk of the DA polymer acceptor unit side chain moiety. We additionally expected PCE device 

performances to vary due to anticipated dissimilarities in BHJ microstructure commonly 

associated with side chain modification. The fruit fly molecular acceptor PC71BM was chosen as 

the secondary BHJ component, not only for direct comparison to our earlier work studying lack of 

side chain bulk, but also due to the broad availability of literature utilizing fullerenes in OSCs. The 

latter makes the sub-field of fullerene based OSCs prime for data-seeding towards materials-

informatics development and machine-learning methods for BHJ development.42–44 Fullerenes 

have also recently received attention as a common component in high-performing (>15%) ternary 

systems with the non-fullerene molecular acceptor Y6.1,45,46 To summarize, we intended this work 

as a fundamental study to investigate the bulking of acceptor unit side chain moieties as a means 

to enact change in PCE and to test the validity of the fullerene docking paradigm.  
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Much to our surprise, however, while alteration of the side chain bulk of the TPD-based 

polymers results in different aggregation properties of the neat polymers and the microstructure of 

the polymer-fullerene blends, these differences do not translate to changes in PCE. In contrast to 

the starker differences observed in the previously mentioned PBDTTPD systems,19,35,38 the OSC 

devices with the TPD-based polymers show similar PCEs of ~6% for all four polymers, indicating 

a notable device tolerance to TPD acceptor unit side chain moiety. While it is possible that side 

chain modification in our TPD system [R = methyl (M), isopropyl (IP), isobutyl (IB), and 

cyclohexylmethyl (CM)] merely does not invoke the fullerene docking phenomenon quite as 

strongly as the side chain modification in the PBDTTPD studies (e.g. n-octyl, ethyl-hexyl, etc.), 

our TPD system may alternately demonstrate a gap in the field’s knowledge regarding these side 

Scheme 1. (a) Structure of the PffBT4T-2OD (a.k.a. PCE-11) solar polymer whose acceptor 
unit ffBTD (inside the dashed box) lacks a side chain. (b) Structures of common acceptor 
moieties TPD, DPP, and iI with methyl side chains (indicated in red) used in DA analogs of 
PCE-11, with the TPD-based analog of PCE-11 giving the highest PCEs with PC71BM in an 
OSC inverted device architecture.39 (c) Structures of the TPD-based DA polymers synthesized 
for this work with varying side-chain bulk on the acceptor unit, with a molecular progression 
from methyl, to isopropyl, to isobutyl, to cyclohexylmethyl.
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chain engineering principles and how they apply to different systems. The findings of this work 

challenge commonly accepted notions of side chain engineering in OSCs by presenting an avenue 

for polymer structure and BHJ morphology manipulation sans any commonly observed variations 

in photovoltaic performance.

Results and discussion

Synthesis of TPD Polymer Family

To access our desired family of polymers, monomers with systematic increase in side chain 

bulk on the TPD-acceptor unit were designed; methyl (M) and cyclohexylmethyl (CM) served as 

the two extremes, with isopropyl (IP) and isobutyl (IB) as intermediates. The synthetic routes of 

the monomers are provided in the Supporting Information. Notably, as the sum total of papers 

utilizing either methyl, isopropyl, isobutyl, or cyclohexylmethyl side chains in DA polymer 

systems is limited in comparison to the number of those utilizing larger n-alkyl or branched alkyl 

chains, the synthetic space of this system of polymers is of high interest.14,25,27,39,47,48 

Polymerization of the monomers was completed through Pd catalyzed Stille polymerization 

(Scheme 2) and subsequent end capping; purification of the polymers was carried out by 

precipitation, soxhlet extraction, and finally reprecipitation and drying. The number average 

molecular weights (Mn), weight average molecular weights (Mw), and dispersities (Đ) were 

calculated with respect to a polystyrene standard by high temperature gel permeation 

chromatography (GPC) using the eluent 1,2,4-trichlorobenzene at 140 °C (Table 1). GPC traces 

are shown in Figure S1. Polymer purity was confirmed by elemental analysis and polymer 

structure via high-temperature nuclear magnetic resonance (NMR) spectroscopy. The polymers 
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are readily dissolved (at 10 mg/mL) in common solvents such as chloroform, chlorobenzene (CB), 

and o-dichlorobenzene at room temperature. 

Scheme 2. Synthesis of TPD-based DA polymers with variable side chain bulk.

Table 1. Summary of the molecular weight, photophysical, and electrochemical characteristics.
Polymers Mn

[kg/mol]
Mw

[kg/mol]
Đ

[Mw/Mn]
λsolution,max

[nm]
EHOMO 
[eV]a

ELUMO 
[eV]a

TPD-M 58 101 1.8 570 -5.63 -3.31
TPD-IP 36 66 1.8 565 -5.58 -3.33
TPD-IB 28 40 1.4 520 -5.61 -3.29

TPD-CM 52 80 1.6 540 -5.63 -3.30
a EHOMO/LUMO  = -e(Eox/red vs Fc/Fc+, + 5.12) eV calculated from DPV.69

OSC Device Statistics 

As an initial test of the fullerene docking hypothesis, bulk heterojunction solar cells were 

fabricated using TPD-M, TPD-IP, TPD-IB, and TPD-CM blended with PC71BM as active layers. 

To avoid the most common problems experienced with conventional devices – such as rapid 

oxidation of low-work function metal cathodes in ambient air and etching of ITO by the acidic 

PEDOT:PSS layer – we chose an inverted device architecture 

(ITO/ZnO/Polymer:PC71BM/MoO3/Ag).49,50  We used the optimized parameters for device 

fabrication from our previous study,39 a summary of which is as follows: a 30 mg/mL solution of 

a 1:1.2 blend of polymer:PC71BM in 1:1 chlorobenzene:o-dichlorobenzene was stirred overnight 

at 85 °C. Next, 3% by volume of 1,8-diiodooctane was added to the solution and allowed to stir 

for ~30 minutes at 85 °C prior to spin coating; at the same temperature, films were spin-coated at 
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500 rpm in a glovebox onto a room temperature substrate; and top contacts of MoO3 and Ag were 

evaporated onto the active layer at 10-6 torr through a metal mask to produce active pixels (further 

details can be found in the Supporting Information). Photovoltaic properties of the finished devices 

were evaluated under simulated AM 1.5G illumination (100 mW cm-2), with reported statistics 

averaged from eight devices (Table 2). 

To our surprise, changing the pendant moiety on the TPD acceptor unit in the DA polymers 

did not correlate to notable differences in PCE. While the previously mentioned PBDTTPD-based 

devices demonstrated differences of 5-6% PCE upon changing acceptor unit side chain bulk,19 

devices with this family of polymers exhibit remarkably similar device statistics, with PCE 

differences of less than 0.5%. Even set against the broader context of devices utilizing polymers 

besides PBDTTPD,14,25,32 the observed device performance invariance with respect to changing 

side chains is unusual. That being the case, specific device statistics which play into PCE – namely 

open circuit voltage (VOC), short circuit current (JSC), fill factor (FF), and hole mobilities (µh) – are 

investigated more closely. We note similar VOC values of ~ 0.86 V for all devices, a fact potentially 

attributable to either the polymers having the same backbone and/or to the maintenance of similar 

torsion angles due to sufficient distance of the modified side chain group away from the main 

chain.27 FF and JSC values, on the other hand, show slightly higher variations (within 10%), though 

these differences are negligible in comparison to the observed differences for most side chain 

engineering papers (e.g. the PBDTTPD polymer variants with >50% value differences for JSC and 

FF).19,35 TPD-M, TPD-IP, and TPD-IB have FF and JSC values hovering around 67-68%  and 10.4 

mA cm-2
; TPD-CM, by comparison, has a slightly higher FF value (73%) offset by a lower JSC 

value (9.0 mA cm-2). Integrated JSC values from the external quantum efficiency (EQE) spectra 

(Table S1) are also in good agreement (values within 10% of each other) with those obtained from 
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J-V measurements (Table 2).51 EQE describes the fraction of incident photons being converted to 

electrons in a device, with EQEs correlating to short circuit currents by integration over the solar 

spectrum. Devices made with each of the four polymers exhibit a broad photo-response from 300-

700 nm, but while TPD-M, TPD-IP, and TPD-IB demonstrate similar spectral responses (~60% 

EQE), TPD-CM is noticeably lower, hovering around 50% (Figure S3). Pristine polymer charge 

carrier mobilities measured with space-charge limited current devices (Figure S4) also exhibit 

values within the same order of magnitude (Table 2), which is to be expected for polymers with 

the same backbone structures and relatively invariant π-π stacking distances.27,28 Additionally, the 

relative invariance of charge carrier mobilities correlates well with the negligible differences in 

JSC and FF among the four polymers.32 

In brief, the device statistics of our TPD-based family of polymers run contradictory to our 

expectations, with nearly identical PCEs and slightly more nuanced device parameters (VOC, JSC, 

FF, and µh). To investigate other potential consequences of these subtle side chain modifications, 

we explored the polymers’ electrochemical properties, morphologies, photophysical properties, 

and thermal properties. 

Table 2. OSC device statistics of TPD-M, TPD-IP, TPD-IB, and TPD-CM.
Polymer VOC

*

 (V)
JSC

*

(mA cm-2)
FF* 
(%)

PCE* (%)
average / best

Thickness*

(nm)
µh
(cm2 V-1 s-1 x 10-4)  

TPD-M 0.86 ± 0.01 10.4 ± 0.5 68 ± 1 6.1 ± 0.3 (6.4) 220 ± 7 1.56 ± 0.31

TPD-IP 0.85 ± 0.01 10.6 ± 0.1 67 ± 1 6.0 ± 0.2 (6.5) 256 ± 19 1.27 ± 0.35

TPD-IB 0.86 ± 0.01 10.3 ± 0.3 68 ± 3 6.1 ± 0.6 (6.8) 258 ± 7 1.55 ± 0.10

TPD-CM 0.87 ± 0.01 9.0 ± 0.2 73 ± 1 5.7 ± 0.2 (6.0) 225 ± 14 1.21 ± 0.38

*1:1.2 polymer:PC71BM.
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Electrochemical Properties

To corroborate the similar VOC values, differential pulse voltammetry (DPV) was used to 

estimate the energy levels of the polymers. DPV scans are shown in Figure S5 of the Supporting 

Information; measured onsets of oxidation and reduction are listed in Table S4. From the oxidation 

and reduction onsets, the ionization energies (IE) and electron affinities (EA) were calculated and 

used to estimate the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) energies (Table 1). The estimated HOMO and LUMO levels are similarly 

invariant to pendant acceptor unit side chain moiety, substantiating the similarities in VOC values. 

While increasing the side chain bulk closer to the main polymer chain has been shown to deepen 

HOMO and LUMO levels and alter the backbone torsion angles,27,52 we postulate that the location 

of the side chain modification is sufficiently distant from the main backbone as to not affect the 

torsion angle or the energy levels.14,32 Potential HOMO energy level differences due to molecular 

weight are additionally considered negligible, as the polymer molecular weights are larger than 

the effective conjugation length.53 In summary, invariance of the calculated HOMO and LUMO 

energy levels correlates well with the invariance of VOC values, potentially due to either the 

distance of the acceptor unit side chain from the main polymer backbone and/or the sufficiently 

large molecular weights above the conjugation length of the polymers.

Thin Film Microstructure and Morphology

Grazing incidence wide angle X-ray scattering (GIWAXS) and grazing incidence small 

angle X-ray scattering (GISAXS) were used to study the lamellar stacking, π-π stacking, and 
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domain sizes of the OSC device active layers. Discrepancies within these values (e.g. differing 

spacing values, variations in BHJ domain size, etc.) typically manifest themselves as differences 

in material properties, namely photophysical, thermal, and electronic characteristics. In this work, 

we pay specific interest towards the effect of increased TPD acceptor unit side chain bulk on 

stacking distances and estimated domain sizes. Literature shows that lamellar stacking distance 

can be dependent on the size of the side chains;35,54,55 likewise, modulation of π-π stacking 

distances has been observed due to side chain bulk changes close to the backbone.25 With regards 

to BHJs, side chain bulk modification has also effected change in DA polymer blend domain 

sizes.35 In consideration of the similar device performances of TPD-M, TPD-IP, and TPD-IB with 

respect to the relative outlier, TPD-CM, we hypothesize that the former three exhibit more 

similarities among themselves than with TPD-CM. This section discusses the measured out-of-

plane and in-plane lamellar stacking distances, the π- π stacking, and domain sizes to evaluate this 

hypothesis.

Strong diffraction peaks visible in the 2D GIWAXS images of the four pristine polymer 

films (Figure S6) and the four blend films (Figure S7) confirm the semi-crystallinity of the 

polymers, and noticeably different peak patterns qualitatively evince the effect of increasing side 

chain bulk on pristine and blend film microstructures. Line-cut profiles of the pristine and blend 

films are taken in the out-of-plane (qz) (Figure 1a-b) and in-plane (qxy) (Figure 1c-d) directions; 

lamellar and π-π stacking values are calculated from the (100) and (010) diffraction peaks (Table 

3). Out-of-plane pristine lamellar stacking distances for TPD-M, TPD-IP, and TPD-IB are roughly 

similar (~24.5 Å), while the TPD-CM out-of-plane pristine lamellar stacking distance is slightly 

larger (26.4 Å). Differences in out-of-plane lamellar stacking distances are negligible going from 

the pristine to the blend films. Surveying in-plane pristine lamellar stacking distances, we note that 
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TPD-M exhibits a considerably shorter lamellar stacking distance (22.9 Å) than the rest of the 

polymer family (27.0-29.6 Å). Going from the pristine to the blend films, the in-plane TPD-M and 

TPD-IB lamellar stacking distances increase by 4.3 Å (an increase of 19%) and 7.2 Å (an increase 

of 26%), respectively. While increasing the acceptor unit side chain bulk clearly alters the out-of-

plane and in-plane lamellar stacking distances, only the lamellar stacking distance trend in the out-

of-plane direction fits our initial hypothesis.  

The π-π stacking distances for the in-plane direction (Table 3), in contrast to the lamellar 

stacking distances, are relatively invariant – hovering around 3.75 Å. Intensities for the out-of-

plane (010) diffraction peak are too weak to calculate the π-π stacking distances. While bulky side 

chains have been shown to alter π-π stacking distance when closer to the backbone, the side chain 

motif in our system is located further away from the main chain, possibly explaining the similarity 

of the in-plane π-π stacking values.25

.
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Aside from the (100) and (010) scattering which we have just described, the 2D scattering 

patterns of each film also show a feature at slightly higher q relative to the (100) peaks; we evaluate 

these features’ dependency on acceptor unit side chain bulk. These higher q features reside within 

Figure 1. a) Out-of-plane line-cut profiles of the pristine films. b) Out-of-plane line-cut profiles 
of the blend films. c) In-plane line-cut profiles of the pristine films. d) In-plane line-cut profiles 
of the blend films.

Table 3. Lamellar and π-π stacking distances
Polymer Out-of-plane d (Å) In-plane d (Å) In-plane d (Å)

Pristine 
(100)

Blend 
(100)

Pristine 
(100)

Blend 
(100)

Pristine 
(010)

Blend 
(010)

TPD-M 24.4 24.4 22.9 27.2 3.70 3.67

TPD-IP 24.3 24.4 27.0 27.0 3.78 3.81

TPD-IB 24.6 24.6 27.3 34.5 3.72 3.74

TPD-CM 26.4 26.6 29.6 29.9 3.72 3.72
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a q range of 0.30 Å-1 < q < 0.36 Å-1, which corresponds to a larger spacing relative to the second-

order lamellar diffraction peaks that reside around 0.50 Å-1. Features in this q range, corresponding 

to a d-spacing range of 17 Å to 21 Å, are likely due to a single side chain interacting with an 

adjacent backbone, rather than two sets of side chains between two separate backbones interacting. 

For TPD-IP and TPD-IB, these features are isotropic in both pristine and blend films, like the 

observed (100) lamellar stacking. However, these high q lamellar stacking peaks are anisotropic 

for TPD-M and TPD-CM, with scattering features centered around 45° relative to the substrate. 

These off-axis peaks are strongest for pristine TPD-M, slightly less strong for pristine TPD-CM, 

and weaker still for the blends; therefore, this behavior is not correlated with steric bulk of the 

TPD side chain. Lastly, to explore the phase behavior of the blend films, grazing incidence small 

angle X-ray scattering (GISAXS) was used. The scattering patterns are relatively featureless, 

suggesting a characteristic length scale that resides at a slightly lower q than our detector limit of 

0.03 Å-1 (Figure S8). This indicates that domain sizes for all four blends are slightly larger than 

20 nm, which explains the relatively low JSC observed in the devices.19,21 In brief, GIWAXS 

confirms correlations of generally observed differences in lamellar stacking and side chain bulk 

and bolsters our hypothesis of marked similarities between TPD-M, TPD-IP, and TPD-IB with 

respect to TPD-CM in the out-of-plane direction, while GISAXS provides insight towards the 

relatively low JSC values observed in devices.

Photophysical Properties

Ultraviolet-visible (UV-vis) spectroscopy is a tool to study light absorption ranges and 

aggregation in the solid-state and solution-state; we study the UV-vis spectra of the polymers in 

thin-film and solution (room temperature and across temperature sweeps). For the thin-film UV-
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vis, we had anticipated relatively uniform absorption ranges in the solid-state based on the 

similarity of EQE spectral response ranges exhibited by the four polymers. In the room temperature 

solution-state UV-vis, we hypothesized possible differences in spectra due to the modulation of 

acceptor unit side chain bulk. Lastly, we applied temperature sweeps to the polymers in solution 

to study the effect of temperature change on the UV-vis absorption.  

The thin-film UV-vis spectra exhibit highly similar features as expected (Figure 2a), with 

all four polymers displaying maximum absorptions around 570 nm and shoulder peaks around 620 

nm which we assign the designations of the 0-1 and 0-0 peaks, respectively; the optical bandgap 

is calculated to be 1.89 eV with a λonset of 657 nm. As the relative bulk of the acceptor unit side 

chain decreases from cyclohexylmethyl to methyl, the 0-0 peak increases relative to the 0-1 peak, 

suggesting higher J-aggregation character correlating with greater planarity; aggregation, in 

relation to organic electronics, can be understood in terms of planarization of the polymer 

backbone.56

Solution UV-vis taken at a 0.01 mg/mL concentration in CB at room temperature (25 °C) 

showed different absorption spectra for the four polymers (Figure 2b). In contrast to the thin-film 

spectra, the solution UV-Vis spectra exhibit different maximum absorption (λmax); the spectra 

additionally differ with regards to the presence or absence of 0-0 peaks, indicating possible 

aggregated states. As a general trend, the increase in relative bulk of the pendant acceptor unit side 

chain correlates to the blue-shifting of the λmax, with the peaks of the bulkier TPD-IB (520 nm) 

and TPD-CM (540 nm) appearing at lower wavelengths than the less sterically bulky TPD-M (570 

nm) and TPD-IP (565 nm) polymers. The room temperature UV-Vis solution spectra of TPD-M 

and TPD-IP are additionally nearly identical to their solid film counterparts, indicating that these 

polymers chains exhibit coplanar structures resembling the molecular geometry of the ordered 
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polymer chains found in solid films. Lastly, the appearance of a 0-0 peak at 610 nm in the 

absorption spectra of TPD-M and TPD-IP in CB solution indicate possible room temperature 

aggregation, in contrast to the absence of that peak in the absorption spectra of TPD-IB and TPD-

CM. This phenomenon is potentially attributable to the increased side chain bulk of the latter two 

polymers, whereby the steric hindrance prevents chain stacking.57 

Finally, the presence and disappearance of the 0-0 peak associated with aggregation effects 

were studied by taking polymer solution spectra in CB across a temperature sweep (Figure S9). 

As denoted by the solution UV-Vis spectra, the 0-0 peak associated with aggregation is present 

only with TPD-M and TPD-IP (Figure 3), the polymers with relatively less bulky acceptor unit 

side chains. Upon heating to elevated temperatures (>45 °C), the 0-0 peak disappears relative to 

the 0-1 peak, as indicated by the loss of fine structure around 620 nm; elevating the temperature 

also results in blue-shifting and narrowing of the 0-1 absorption bands for all four polymers, 

indicating possible polymer backbone disaggregation.57 Both effects are found to be reversible 

upon cooling. Notably, control of polymer aggregation in the solution is important towards 

Figure 2. (a) UV-visible absorption spectra of the polymer thin films prepared by spin-coating 
on glass. (b) Solution UV-visible absorption spectra of the polymers in a 0.01 mg/mL solution 
in chlorobenzene at 25°C.  
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controlling the solid-state crystalline domain formation, an effect well studied in PCE-11 and TPD-

based polymers.18,56,58–62 For the purpose of our work, all neat and blend polymer thin-films for 

thin-film UV-Vis, GIWAXS, and OSC devices were cast from similarly de-aggregated solutions 

at 85 °C, well above the aggregation temperature transition.56   

Thermal properties 

Differential scanning calorimetry (DSC) was used to study the discrepancies in thermal 

properties which arise from the presence of differently bulked side chains off the acceptor unit; a 

deeper understanding of thermal transitions is also useful towards the development of thermal 

annealing techniques for BHJ processing. In addition to the previously described techniques, 

namely GIWAXS and thin-film UV-vis, DSC can be used to extract information about the relative 

order (i.e. crystallinity) of the materials in the solid-state and the types of thermal transitions which 

these polymers may undergo. 

DSC scans of the four neat polymers were taken from -90 °C to 300 °C at a scan rate of 20 

°C/min (Figure S10). Melting transitions (Figure 4a) were taken from the second heating scan to 

erase thermal history; crystallization transitions were similarly taken (Figure S11). Distinct 

melting and crystallization features are observed for all four polymers, confirming the polymers’ 

semi-crystallinity. Table 4 summarizes the relevant data with respect to melting, crystallization, 

and heats of fusion.53 The melting/crystallization points for TPD-IP and TPD-IB lie between those 

of TPD-M and TPD-CM, suggesting a melting/crystallization point dependency on the acceptor 

unit side chain bulk. It is noteworthy that the melting/crystallization points of TPD-IB are slightly 

higher than TPD-IP, as the former polymer has an additional -CH2- group with respect to the latter 

and should be slightly bulkier; the effect of this difference, however, may be negligible in 
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comparison to the drastic side chain bulk difference between TPD-M and TPD-CM. The enthalpies 

integrated from the melting and crystallization transitions peaks are roughly the same for all four 

polymers, indicating that the heats of fusion are invariant to side chain acceptor bulk.30 Lastly, two 

peaks can be identified in the melting endotherms suggesting two populations of crystalline 

domains. 

DSC scans of BHJ blends of the four polymers were taken from -90 °C to 350 °C at a scan 

rate of 20 °C/min (Figure S12). The first heating scan was used, as BHJ formation is dependent 

on thermal history. Melting transitions of the BHJ blends are plotted against neat PC71BM (Figure 

4b), with the PC71BM exotherm at 214 °C and endotherm at 318 °C correlating to fullerene 

crystallization and melting transitions.63 PC71BM melting peaks are observed for all blends, as it 

crystallizes in the matrix, possibly reflecting the slight excess of fullerene (polymer/fullerene 

1:1.2). The lowered melting transitions of the blends, in comparison to their neat components 

(Figure S13), indicate the formation of eutectic phases of intermixed polymer and fullerene.64–66 

The emergence of eutectic phases in all four polymers upon blending with PC71BM is consistent 

with the similarity in device performances. The order of melting transitions for the blends is the 

same as the order of the melting transitions of the neat polymers (from highest to lowest: TPD-M, 

TPD-IB, TPD-IP, TPD-CM). 
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Summary and Perspective

In this work, the role of the acceptor unit side chain bulk of a TPD-based OSC DA polymer 

was investigated. Our system builds up the bulk of the side chain on the acceptor unit through the 

progression from methyl, to isopropyl, to isobutyl, to cyclohexylmethyl; side chain modulation 

effects on device PCEs, microstructure, photophysical properties, and thermal properties were 

subsequently probed. To the best of our knowledge, this is the first study to employ a systematic 

 

Figure 4. (a) DSC thermograms of the polymers depicting the melting transitions 
(thermograms taken from the second heating curve to erase thermal history). (b) DSC 
thermograms of the polymer BHJ blends and neat PC71BM depicting the melting transitions of 
the eutectic phases and the PCBM melting transitions (thermograms taken from the first heating 
curve). 

Table 4. Thermal properties of neat polymers
Polymer Tm,max

(°C)
Tm,endset

(°C)
ΔHf, 1st
(J/g)

ΔHf,2nd
(J/g)

Tc
(°C)

TPD-M 230 238 21 15 206

TPD-IP 220 225 19 14 187

TPD-IB 226 230 21 16 193

TPD-CM 215 219 20 15 180
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study comparing the conformational disorder of cyclohexylmethyl side chain versus a methyl side 

chain in a conjugated polymer for OSCs. While device performances of the different polymers 

with PC71BM are roughly the same – a conclusion contrary to our expectations based on the 

fullerene docking theory – across the polymer family, the lamellar spacings, solution-state 

aggregation properties, and thermal properties are shown to differ. GIWAXS exhibits a 

quantifiable difference in terms of lamellar spacing with the pristine films, with spacings 

increasing in the out-of-plane direction. Solution-state UV-visible absorption spectra exhibit 

different 0-0 peaks in CB at room temperature, suggesting that differing aggregation properties 

correlate with changes to acceptor unit side chain bulk. DSC thermograms link melting point and 

crystallization point depressions of ~20 °C to increasing bulk of the acceptor unit side chain. In 

brief, we have delineated a way to finely tune lamellar spacing, levels of aggregation in solution, 

and melting temperature in the solid-state while maintaining relatively similar energy levels and 

device performances. 

This work presents a surprisingly tolerant if not a consistent TPD system in which the 

photovoltaic properties within a polymer family are similar. The TPD class of polymers could 

serve as an excellent test donor polymer by which to systematically tune fullerene acceptor blends, 

since they behave in a remarkably consistent manner regardless of side chain bulk. Additionally, 

this TPD device tolerance effect is potentially of high interest for other applications, as TPD itself 

is a highly versatile organic electronic unit for modification. Our group recently published a paper 

in which the library of synthetically accessible TPD units had been dramatically expanded from 

alkyl chains to a wide range of other side chains – such as oligoethers, phenyl groups, fluorinated 

side chains, alkyl bromides, alcohols, cyanides, azidos, and pyridyls.68 The rich body of 

synthetically accessible systems with the potential for device intolerance would be invaluable for 
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a variety of polymer engineering applications: increasing the dielectric constant, cross-linking for 

thermal stability, or fabricating solvent resistant films. In conclusion, we have highlighted a highly 

unique TPD-based donor polymer system which demonstrates surprising device performance 

tolerance in OSC devices, challenging commonly accepted notions of side chain engineering for 

OSCs and potentially providing a valuable test system for OSCs and other applications.
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