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10th Anniversary Statement

The Journal of Materials Chemistry family is a leading material journal for functional materials for energy research. As a 
student, I was greatly inspired by many works published in those journals throughout my doctoral and postdoctoral 
studies. As an independent researcher, there are many great opportunities offered as well, such as the " Emerging 
Investigator themed issue". Such a platform gives those who just starting out an excellent opportunity to engage with this 
fantastic journal and provide great support to newbie faculties.   On the occasion of the 10-year anniversary, I wish the RSC 
journal continue to lead the pack as the go-to publisher for functional materials for energy research.

The chain conformation of donor-acceptor conjugated polymers (D-A CPs) is critical to their optical and electronic properties. 
However, probing the conformation of D-A CPs (e.g., persistence length, contour length) at a single-chain level is challenging 
due to the formation of aggregates in dilute solution, even in a good solvent. In this work, we studied the chain conformation 
and corresponding optical spectra for high-performance D-A CPs in the single-chain state by multimodal variable-
temperature scattering and spectroscopy techniques, as well as by molecular dynamics simulations. We found a critical role 
of side-chain length and branch point in the persistence length and optical absorption due to the steric effects. Hence, it is 
important to consider both chain rigidity and coplanarity of the polymer backbone to achieve a desirable optoelectronic 
property. Our findings bridge the fundamental knowledge gaps to design new CPs with desired optoelectronic properties 
via molecular engineering for next-generation electronic devices.

1. Introduction
Semiconducting conjugated polymers (CPs) have already seen 

wide usage in applications of organic field-effect transistors 
(OFETs),1–4 organic photovoltaics (OPVs),5–11 and organic light-
emitting diodes (OLEDs),12 due to their flexibility, solution 

processability, and tuneable optical and electronic properties.13–16 
Various materials, in particular donor-acceptor (D-A) CPs comprised 
of alternating electron-rich (donors) and electron-poor (acceptors) 
moieties within the polymer backbone, have been extensively 
studied due to their excellent optoelectronic properties.17 

Chain conformation (i.e., chain rigidity and local backbone 
planarity) dictates the delocalized electron cloud along the polymer 
backbone which greatly influences the optical and electronic 
properties of CPs. Chain rigidity is often quantified by the persistence 
length (lp), also known as the characteristic length for the exponential 
decay of the correlations of backbone tangents.18 The lp is typically 
believed to be the upper limit for the conjugation lengths.19 
Theoretical studies by Troisi et al.20 showed that the charge carrier 
mobility rises with increasing lp as carriers can travel further on an 
individual chain. CPs with a longer lp also possess higher 
photoluminescence quantum yield21 and optical absorption.22 While 
small-angle X-ray or neutron scattering (SAXS/SANS) are powerful 
techniques for quantifying the lp of a polymer chain, the accurate 
determination of single-chain conformation of D-A CPs is non-trivial 
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and requires a careful interpretation due to the existence of 
aggregates. The formation of aggregates is evidenced by the low q 
scattering up turn,23–25 additional low-energy vibronic progression in 
spectroscopy,26,27 and the appearance of new chemical shifts in the 
nuclear magnetic resonance (NMR) spectra.26 The existence of 
aggregates that contain few polymer chains tends to lead to an 
overestimation of the chain rigidity. For example, Wang et al.23 found 
that poly[3,6-bis(5-thiophen-2-yl)-2,5-bis(2- octyldodecyl) pyrrolo 
[3,4-c]pyrrole1,4(2H,5H)-dione-2,2′-diyl-alt-thieno[3,2-b]thiophen-
2,5-diyl] (DPPDTT) in chloroform exhibits rod-like conformation, 
while the scattering curve didn’t show a Guinier region. Also, many 
other papers focused on aggregates of D-A CPs only.28–30 Even though 
there are a couple of works aiming to determine the chain 
conformation of D-A CPs by interpreting the scattering profiles using 
a complex combined model,23,25,31 accurate understanding of chain 
conformation is challenging due to the excessive number of 
parameters/variables that need to be fitted , as well as weak 
scattering signal from dissolved chains since the scattering intensity 
scales with scattering objects. Nevertheless, the Pozzo group31 used 
a combined model consisting of a parallelepiped model for 
nanoribbon aggregates and a flexible cylinder model for dispersed 
chains to fit SANS of D-A polymers such as DPPDTT in poor solvent. 
They extracted a lp of 15 nm for DPPDTT. More recently, Diao et al.25 
used two flexible cylinder models, one for single chains and the other 
for fibril aggregates, to fit SAXS of isoindigo-bithiophene-based 
polymer (PII-2T) in poor solvent and got a lp of 7.5 nm for PII-2T. Thus, 
key limitations in the current studies include the overfitting of 
scattering data which induces inconsistencies of single chain 
conformation between the reported works.25

The aggregation formation of D-A CPs is highly temperature-
dependent.23,29 However, as far as we know, temperature-
dependent SAXS/SANS has rarely been used for characterizing D-A 
CPs solutions, and majority experiments were done at room 
temperature.32 Wang et al.23 monitored the solution structure during 
heating DPPDTT solution (in deuterated ortho-dichlorobenzene) by 
temperature-dependent SANS. DPPDTT can only dissolve at high 
temperatures (above 130 °C), as indicated by a Guinier region at a 
low scattering vector region. Recent temperature-dependent SAXS 
studies by Michael et al.29 and SANS studies by our group24 showed 
the temperature-dependent aggregation of quaterthiophene-co-
benzothiadiazole (difluorinated) polymers (PffBT4T). The 
underutilized temperature-dependent scattering has left 
fundamental gaps in our knowledge of the structure-conformation 
relationships within D-A CPs, practically in fully dissolved single chain 
state. 

The chain rigidity of CPs is primarily determined by the 
backbone deflection angles and torsional angles.32 Thus, co-linear 
conjugated units, extended conjugated units, and torsion-resistant 
linkages would allow for rigid CPs. The community has used this 
guidance to develop several new CPs with increased chain rigidity by 
introducing extended, fused-ring conjugated units.22,33 Several 
groups also suggested that torsion-free ladder-type CPs34 and 
double-bond linked fused-ring CPs35 could further enhance the 
backbone rigidity, consequently improve device performance. 
Nevertheless, a planar backbone does not always mean a high chain 
rigidity. Recently, Venkateshvaran et al. reported that although 
IDTBT polymers possess a highly local planar backbone, which 

enables a high charge carrier mobility, the polymer chain adopts a 
wavy backbone rather than a planar rigid rod.33 Another good 
example is poly(3-hexylthiophene) (P3HT). While both coplanar 
conformations (180 degree cis conformation and trans 
conformation) preserve π-conjugation, the cis conformation induces 
backbone kinks, resulting in a more flexible chain.36 For more 
complex donor and acceptor polymers, different building blocks 
along the polymer backbone can be distorted to form a torsional 
angle in the ground energy state as revealed by the density 
functional theory (DFT) technique. Thus, there is a need to 
investigate both the chain rigidity and local backbone planarity of D-
A CPs and understand its impact on optoelectronic properties. 

Side chains influences the chain conformation by affecting 
dihedral potentials between different building blocks due to steric 
effects.36–39 So far, the role of side chains on CP’s lp remains 
controversial.40 For polythiophenes, poly(3-dodecylthiophene) 
(P3DDT) with larger alkyl side chains showed a significantly lower lp 
than P3HT in solution, at 1 nm versus 3 nm, respectively.36 The 
decreased lp is due to conformational twisting of conjugated 
backbone arising from stronger steric repulsion of neighboring side 
chains. In contrast, the larger alkyl side chains of 
cyclopentadithiophene-co-pyridalthiadiazole polymers (PCPDTPT)32 
and PffBT4T24 induced a higher lp. Unfortunately, current 
experimentally reported lp for D-A CPs are limited,23,31,41 which 
hinders the understanding of chain conformation of D-A CPs, not to 
mention its impact on optoelectronic properties. 

In addition to experimental quantification, the capability to 
predict chain conformation using computational approaches has 
recently been evolved to facilitate the understanding on CP’s chain 
conformation. All-atomistic molecular dynamics (AA-MD) 
simulations can simulate the behavior of polymer chains by building 
a long-chain polymer model and provide an understanding of the 
experimentally observed chain conformation at the molecular 
level.42 De Pablo et al. integrated experimental characterization of 
PTB7 by SANS measurements and AA MD simulations, where lp 
values from both approaches agreed.41 First-principles calculations 
have also been widely used in predicting optimal conformations and 
electronic structure of CPs. For example, Jackson et al. found that 
diverse nonbonding interactions between adjoining donor and 
acceptor units can enhance backbone planarity.43 Despite 
tremendous progress, to date, a detailed study of the structure-
conformation-property relationships of D-A CPs through an 
integrated experimental and computational approach has not been 
reported yet. 

In this work, we combined experimental and computational 
approaches to provide first in depth understanding of the side alkyl 
chain’s influence on backbone conformation and their 
optoelectronic property. We found a critical role of side-chain length 
and side-chain branching point position in the lp for high-
performance diketopyrrolopyrrole (DPP) and isoindigo (IID) based 
polymers. We discovered that although chain rigidity of DPP-based 
polymers increased with side-chain length due to decreased 
population in cis conformation between thiophene units, blue shifts 
in the absorption spectrum were observed. DFT calculations of the 
backbone planarity and optical absorption unraveled that the blue 
shifts can be attributed to less planar backbone. The lp of IID-based 
polymers increased when moving the branching position farther 
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away from the backbone due to the decreased cis conformation. 
However, the optical shift for IID-based polymers changed according 
to an odd-even effect of the branching point, which can be ascribed 
to the coplanarity change of the polymer backbone due to the steric 
hindrance induced by side chains according to DFT calculation. Our 
findings emphasized the importance of side chains in controlling 
single chain conformation of D-A CPs through local torsional angle 
along the backbone, which is important for designing the next 
generation DA CPs. 

2. Results
2.1 Molecular design 

In this study, two groups of polymers were purposefully 

designed to explore the influence of side-chain structure on the 
single chain conformation of D-A CPs (as shown in Figure 1). In the 
first group of DPP-based polymers, alkyl side chains with 
systematically varied length were introduced to give the series DPP-
T-C2CxCy, with x being 6, 8, 10, and 12, and y being 8, 10, 12, and 14 
to denote the different lengths of the side chains based on the 
number of carbons, respectively. For the second series, alkyl side 
chains with systematically shifted branching points were designed to 
give the series IID-T2-CnC10C10, with n being 2, 3, 4, and 5 to denote 
the different positions of branching points based on the number of 
carbons. In this work, we combined experimental (SANS, UV-vis) and 
computational approaches (AA-MD simulation, DFT calculation) to 
understand the side chains’ effect on backbone conformation and its 
relationship optical absorption at a molecular level.

Figure 1. Structure of DPP-based polymers with different side-chain lengths and IID-based polymers with different side-chain branching positions.
2.2 Probing single-chain conformation  

Measurement of intrinsic single-chain conformation and 
optoelectronic properties of D-A CPs is challenging, as many D-A CPs 
tend to aggregate in solution.26 Even for single chains, optical studies 
have revealed the occurrence of single-chain folding in oligomers 
above a critical molecular mass.44,45 Thus, it is not easy to correlate 
the single-chain conformation to their optoelectronic properties. 
Moreover, previous work could also miss the existence of polymer 
aggregates in solution.46 Here, we first perform the temperature-
dependent spectroscopy and scattering techniques to understand 
the solution state structure and aggregation behavior for both 
systems.24 

Temperature-dependent UV-vis measurements were first 
conducted on DPP-based and IID-based polymer solutions to monitor 
aggregation behaviors by the absorption spectra. As shown in Figure 
2a, b, and Figure S1, all polymers formed aggregates at room 
temperature, given the additional low-energy absorption peak due 
to intrachain and interchain order.47,48 In the heating process, UV−vis 
spectra exhibit a gradual blue shift (the absorption peak dropped 
from 850 nm to 700 nm for DPP-based polymers and from 710 nm to 
620 nm for IID-based polymers). Meanwhile, the intensity of 0-1 and 
0-0 transition peaks gradually decreases. The continuous decrease of 
the low-energy absorption features indicates that D-A polymer 
chains gradually disaggregate to single chains, resulting in a single 
and broad absorption peak above 140 °C.

Furthermore, we provided evidence for the disaggregation of 
DPP-based and IID-based polymers in solution by temperature-

dependent NMR spectroscopy. Once forming aggregates, the 
protons in aggregates could not contribute to the 1H NMR spectra 
due to the shielding effect.26 Figure 2c and d show the temperature-
dependent 1H NMR spectra of DPP-T-C2C6C8 and IID-T2-C2C10C10 
polymers in o-DCB-d4 (5 mg/ml) (see Figure S2 for the temperature-
dependent 1H NMR spectra of other six polymers). The alkyl side 
chain’s NMR peaks (1~5 ppm) is almost invisible at room 
temperature, indicating strong aggregates’ formation. In contrast, 
the well-defined alkyl NMR peaks at 1~2ppm appeared above 120 °C 
and the peak intensity plateaued with further increased temperature, 
which confirms the complete dissolution of the polymers. We 
calculated the aggregation fraction at different temperatures by 
comparing the peak areas of alkyl peaks (1~5 ppm) with peak areas 
of fully dissolved polymers at 140 °C. As shown in Figure 2e and f, the 
disaggregation process continues with increase of solvent 
temperature. DPP-based polymers with a shorter side chain showed 
a higher aggregation fraction (about 40% at room temperature for 
DPP-T-C2C6C8 and 15~20% for DPP-T-C2C8C10, DPP-T-C2C10C12, 
and DPP-T-C2C12C14) due to the longer alkyl side chains that 
promote polymer’s solubility. The branching position of alkyl side 
chains also affects the polymer’s aggregation behavior. Moving 
branching point away from the backbone reduces aggregate content 
(from 80% for IID-T2-C2C10C10 and IID-T2-C3C10C10 to 20% for IID-
T2-C4C10C10 and IID-T2-C5C10C10), indicating a significantly 
improved polymer solubility. The temperature to fully dissolve DPP-
based polymers and IID-based polymers are 120 °C and 130 °C, 
respectively.
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Figure 2. Understanding the temperature dependent aggregation behavior for D-A CPs. Temperature-dependent UV-vis for DPP-T-C2C6C8 (a) and IID-T2-
C2C10C10 (b) solution in o-DCB (0.1 mg/ml). Temperature-dependent 1H NMR spectra of DPP-T-C2C6C8 (c) and IID-T2-C2C10C10 (d) polymer solution in o-
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DCB-d4. Temperature-dependent aggregation fraction for DPP-T-C2C6C8 (e) and IID-T2-C2C10C10 (f) polymer solutions. The degree of aggregation was 
calculated by comparing the peak areas of alkyl peaks at different temperatures with the peak areas of fully dissolved polymers at 140 °C. Temperature-
dependent SANS curves for (g) DPP-T-C2C6C8 and (h) IID-T2-C2C10C10 polymer solutions. Lines are the best fitting via a suitable model. Embedded pictures 
are the flexible cylinder model and parallelepiped model. Lc, lp, R are the contour length, persistence length, and radius of the flexible cylinder; A, B, C are the 
thickness, width, and length of the parallelepiped, respectively.
Table 1. Fitting parameters of temperature-dependent SANS curves for DPP-T-C2C6C8 polymer. A1, A2 are the scaling factors corresponding to the volume 
fraction of the particles.

A1 A (nm) B (nm) C (nm) A2 Lc (nm) lp (nm) R (nm)

25 °C 0.7 1.5±0.3 73±5 73±5 1.5 76±6 16±1 1.1±0.1

75 °C 0.5 1.5±0.1 69±2 69±2 1.5 76±6 16±1 1.1±0.1

100 °C 0.3 1.5±0.1 68±2 67±2 1.5 76±6 16±1 1.1±0.1

130 °C 76±6 16±1 1.1±0.1

*Fitting parameters for dissolved polymers were obtained at 130 °C and fixed at other temperatures. See supporting information for the detailed discuss about 
our fitting models.
Table 2. Fitting parameters of temperature-dependent SANS curves for IID-T2-C2C10C10 polymer. A1, A2 are the scaling factors corresponding to the volume 
fraction of the particles.

A1 A (nm) B (nm) C (nm) A2 Lc (nm) lp (nm) R (nm)

25 °C 0.7 9.6±0.1 45±2 3607±57 2.9 29±4 16±1 1.3±0.1

75 °C 0.4 2.1±0.2 4.2±0.2 60±6 1.5 29±4 16±1 1.3±0.1

100 °C 0.3 1.7±0.1 4.2±0.3 44±5 1.2 29±4 16±1 1.3±0.1

130 °C 29±4 16±1 1.3±0.1

*Fitting parameters for dissolved polymers were obtained at 130 °C and fixed at other temperatures. See supporting information for the detailed discuss about 
our fitting models.

The optical spectroscopic and NMR analyses confirmed the 
disaggregation but provided no information about the solution 
structure. Here, SANS measurements were then performed on 
solutions to monitor the change in the molecular 
conformation/polymer aggregates. At room temperature, as shown 
in Figure 2g and h, the scattering signal from aggregates dominated 
the SANS profile, characterized by strong scattering intensity near 
the low scattering vector q region, which indicates large aggregates 
over 50~100 nm formed. Upon heating, the scattering intensity 
decreases at the low q region. A clear Guinier region at the low q 
range at 130 °C was observed for IID-T2-C2C10C10. However, the 
lowest q (~0.006 Å-1) in this work is still not able to reach the Guinier 
regime of the polymer chain for DPP-T-C2C6C8 because of the higher 
molecular weight.

Next, we looked at the Kratky plots,49 which can qualitatively 
assess the flexibility of polymers in Figure S3a for DPP-T-C2C6C8 and 
Figure S3b for IID-T2-C2C10C10. Both fully dissolved polymers are 
semiflexible chains, as revealed by the high-q upturn, while it should 
be a plateau for flexible polymer chains. A power-law dependence of 
-1 (0.01 Å-1<q<0.08 Å-1) suggests isolated rigid-rod like polymer 
chains (Figure 2g and h). The SANS curves measured at 130 °C for 
single chains were fitted with a flexible cylinder model (see inset in 
Figure 2g) in SasView,41 which is a suitable model for semiflexible 

polymers with long alkyl side chains. The parameters extracted from 
the fitting of the SANS results are summarized in Table 1 and Table 
2. DPP-T-C2C6C8 has a radius of 1.1 nm, slightly smaller than IID-T2-
C2C10C10 (1.3 nm). The results agree well with the difference in the 
side chain length. The lp value of 16 nm for DPP-T-C2C6C8 and 16 nm 
for IID-T2-C2C10C10 were observed, which are about five times 
larger than that of P3HT (~3 nm).19,36,50 

For SANS curves measured below 130 °C, a combined model of 
flexible cylinder model (for single chains) and parallelepiped model23 
(for aggregates, see inset in Figure 2h) was used. The details of the 
combined model are given in the Supporting Information. The 
scattering profile of the DPP-T-C2C6C8 and IID-T2-C2C10C10 at room 
temperature and low-q range has larger slope (-2) that indicates of a 
sheet like aggregate (Figure 2g and h). 2D plates were observed for 
DPP-T-C2C6C8 aggregates, with 1.5 nm in thickness, 70 nm width, 
and 70 nm in length. Upon heating, the aggregates gradually 
dissolved into single chains, as indicated by decreased A1 (the scaling 
factors corresponding to the volume fraction of aggregates). For IID-
T2-C2C10C10 at 25 °C, the length of the aggregates is too large to be 
accurately estimated with the limited available q range. The cross-
section of the ribbon-like aggregates is about 10 nm in thickness and 
45 nm in width. During heating, the size of aggregates significantly 
reduced from thousands of nm to tens of nm. 
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The featureless single-band UV-vis absorption peak, the high-
resolution NMR spectra, and the appearance of Guinier region above 
130 °C directly prove that CPs form the fully dissolved single chains 
in solutions. This important confirmation of single-chain state allows 
us to measure the molecular chain conformations for DPP-based and 

IID-based polymers in solution by SANS at 130 °C, then explore the 
association between chain conformation and optical absorption.
2.3 Influence of side-chain length on single-chain conformation 
and optical absorption  

Figure 3. Single chain conformation of the DPP polymer (a) SANS curves for DPP-based polymers in o-DCB-d4 (5mg/ml) at 130 °C. Lines are the best fitting via 
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a flexible cylinder model. (b) Kratky plots for DPP-based polymers. (c) lp of DPP-based polymers with varied side-chain lengths. (d) A snapshot of a DPP polymer 
chain simulated by AA-MD simulation in a solution state.  And the enlarged inset shows the two planar conformations: trans and cis conformations. (e) 
Schematic definition of the dihedral angles between thiophene-thiophene units ( ) and DPP-thiophene units ( ). (f) lp of DPP-based polymers with 𝜙T - T 𝜙D - T

varied side-chain length from MD simulation. (g) Thiophene-thiophene dihedral angle distributions from AA-MD simulation. (h) DFT calculated averaged  𝜙T - T

and . (i) Optimized dimers with average torsional angles based on DFT calculations. Side view of energy-minimized conformers depicts the varying degrees 𝜙D - T

of backbone coplanarity. (j) UV-vis spectra of DPP-based polymer solution, 0.1 mg/ml in o-DCB at 130 °C. (k) The maximum absorption wavelength (λmax) of 
DPP-based polymers with varied side-chain lengths at 130 °C. (l) UV-vis spectra of DPP-based polymer solution, 0.1 mg/ml in o-DCB at 40 °C (aggregated state).

In this section, we explored how alkyl side-chain lengths (from 
2-hexyldecyl to dodecylhexadecyl) influence chain conformation and 
optoelectronic properties of the DPP-based polymers. SANS curves 
of DPP-based polymers with varied side-chain lengths are shown in 
Figure 3a. Kratky plots (Figure 3b) demonstrated that all four 
polymers are semiflexible chains. Thus, we used the flexible cylinder 
model to fit the SANS data, and the fitting parameters are listed in 
Table 3. Chain rigidity of DPP-based polymers increases with side 
chain length, with lp from 16nm for DPP-T-C2C6C8 to 21nm for DPP-
T-C2C12C14 (see Figure 3c and Table 3). We further employed AA-
MD simulations to provide detailed insights in the chain 
conformation. A ribbon-like DPP polymer chain was observed from 
our simulations, as shown in Figure 3d, which is the expected 
behavior for a polymer in a good solvent.51 Two dihedral (i.e., inter-
ring torsion) angles are illustrated in Figure 3e: the angle between 
DPP-core and thiophene ( ) and the angle between two 𝜙D - T

successive thiophene rings ( ). It should be mentioned that there 𝜙T - T

are two planar conformational preferences: trans and cis 
conformations for adjacent thiophene ring, as illustrated in Figure 3e. 
For the trans conformation, the sulfur atoms on adjacent rings point 
in opposite directions. While both coplanar conformations preserve 
π-conjugation, the cis conformation induces backbone kinks, 
resulting in a lower chain rigidity. The lp was defined as the 
characteristic length scale quantifying the directional correlation 
decay between adjacent backbone tangent vectors (Figure S4). The 
vectors connect the center-of-mass of adjacent functional groups 
(i.e., thiophene ring and DPP-core) along the chain contour.52,53 As 
shown in Figure 3f, the predicted lp of DPP-based polymers captures 
the same trend of SANS results despite the fact that different lp 
values are observed, which might be attributed to limitation of force 
field parameters (see the method section).54 Figure 3g plots the 
probability distributions of defined dihedrals for four polymers, 
which show a clear decrease in the population of cis conformations 

with increasing side-chain length. This indicates that the trans 
conformation is more energetically favorable for the polymer with 
longer side-chain length, and thus is responsible for the observed 
higher lp values. The probability distributions for  show little 𝜙D - T

change with increasing side-chain length (see Figure S5).
DFT calculation of structural and optical properties was further 

carried out on DPP dimers with periodical boundary conditions based 
on a 1-dimensional periodic model. In previous literatures, the long 
alkyl side chains were replaced with methyl group to save the DFT 
computational cost.32,55 Therefore, the impact of the side chains on 
torsion angle cannot be distinguished. Here, we include the whole 
alkyl side chains into the DFT model. The polymer’s backbone is 
twisted as the dihedral angle deviates from 180 degrees. As the side-
chain length increases, the polymer backbone is more twisted (as 
indicated by the decrease in  from 162° to 152°, Figure 3h). And 𝜙D - T

it is more affected than  as it is closer to the branching point.56 𝜙T - T

Geometry-optimized structures obtained by DFT calculation (Figure 
3i) show that the backbone adopts almost planar conformation but 
indeed more twist conformation with increasing side chain length. 

Experimentally, there are small but systematic blue shifts of 
absorption peak for fully dissolved DPP-based polymers with 
increasing alkyl chain length (from  737 nm for DPP-C2C6C8 𝜆𝑚𝑎𝑥 =
to  696 nm for DPP-C2C12C14, as shown in Figure 3j and k). 𝜆𝑚𝑎𝑥 =
Such blue shifts in optical absorption are consistent with backbone 
planarity change but are not correlated to the chain rigidity changes. 
The DFT calculated UV-vis spectra capture the blue shifts with 
increasing side chain length, as seen in Figure S7. However, at 40 °C, 
only the optical absorption of DPP-T-C2C6C8 solution showed a 
redshift compared with the other three polymers due to aggregates. 
This explains that the side chain length effect on optical and electrical 
bandgap was not observed by UV-vis and cyclic voltammetry 
measurements on thin films in reported works with the existence of 
aggregates.57–59 

Table 3. Number averaged molecular weight (Mn), dispersity (Đ), λmax in solutions (130 °C), contour length (Lc), persistence length (lp), and radius (R) of DPP-
based polymers.

Polymer Mn

(kg/mol)
Đ λmax (nm) Lc (nm) lp (nm) R (nm)

DPP-C2C6C8 88.5 4.09 737.0 76±6 16±1 1.1±0.1

DPP-C2C8C10 76.6 3.27 710.0 69±5 17±1 1.1±0.1

DPP-C2C10C12 60.6 2.44 707.0 52±4 18±1 1.2±0.1

DPP-C2C12C14 61.8 2.97 696.0 60±5 21±2 1.2±0.1

2.4 Influence of branching position on chain conformation and 
optical absorptions

After understanding the side-chain length effect, a detailed 
analysis of the dependence of the conformation and optoelectronic 
properties on the position of the branching point was further 
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explored, since the branch point is another commonly used strategy 
to design/optimize CPs. The SANS curves and Kratky plots for IID-
based polymers are shown in Figure 4a and b, and the lp for IID-based 
polymers is shown in Figure 4c and Table 4. A monotonic increase in 
the lp from 16nm for IID-T2-C2C10C10 to 19 nm for IID-T2-C5C10C10 
was observed with moving the branching points farther away from 
the backbone. The MD simulation predicted lp of IID-based polymers 

captures the same trend of SANS results (Figure 4d). It is noticeable 
that as the branching position moves away from the backbone, a 
small but discernable preference towards trans configuration (i.e., a 
decrease in the population of cis configuration) can be observed in 
Figure 4f, which correlates well with the increased lp. Also, the 
probability distributions for  do not change much with increasing 𝝓I - T

spacer length between branch point and backbone (see Figure S10).
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Figure 4. Single chain conformation of the IID polymers (a) SANS curves for IID-based polymers in o-DCB-d4 (5mg/ml) at 130 °C. Lines are best fitting via the 
flexible cylinder model. (b) Kratky plots for IID-based polymers. (c) lp of IID-based polymers with various side-chain branch positions. (d) lp of IID-based 
polymers from MD simulation. (e) Schematic definition of the dihedral angles between thiophene-thiophene ( ) units, and isoindigo-thiophene ( ) 𝜙T ― T 𝜙I ― T

units and isoindigo-isoindigo ( ) units. (f) Thiophene-thiophene dihedral angle distributions for IID-based polymers with varying side-chain branching 𝜙I ― I

positions from AA-MD simulation. (g) DFT calculated averaged  and . (h) Repeating unit of a polymer chain showing the post-branching side chain 𝜙T - T 𝜙I - T

dihedral angles. (i) Values calculated for the dihedral angles (in degrees). (j) Optimized dimers with average torsional angles based on DFT calculations. Side 
view of energy-minimized conformers depicts the varying degrees of backbone coplanarity. (k) UV-vis of IID-based polymer solution, 0.1 mg/ml in o-DCB at 
130 °C. (l) λmax of IID-based polymers at 130 °C with various side-chain branching positions. (m) UV-vis of IID-based polymer solution, 0.1 mg/ml in o-DCB at 
130 °C.

DFT calculations of the backbone planarity was further 
performed. For IID-based polymers with odd number of carbons of 
the spacer length between the branching point and backbone, the 
backbone is less planar compared with the even number of carbons 
of the spacer length (lower  and  the in Figure 4g, see 𝜙I ― T 𝜙T ― T

Figure 4e for the definition of dihedral angles). This difference is due 
to the different orientations of the side chains. For IID-T2-C2C10C10 
and IID-T2-C4C10C10, the post-branching side chains orients out of 
the plane of the polymer backbone as indicated by the large  𝜙PS

(46°–106° for IID-T2-C2C10C10 and 48°–172° for IID-T2-C4C10C10, 
see Figure 4h for this dihedral angle and values in Figure 4i), from 
which significant steric hindrances between side chains can be 
avoided. In contrast, the post-branching side chains are oriented 
toward the co-facial area and pointed toward the backbone of the 
polymer in both IID-T2-C3C10C10 and IID-T2-C5C10C10, which is 
indicated in the values of the  12°–71° for IID-T2-C3C10C10 and 𝜙PS

12°–114° for IID-T2-C5C10C10. Geometry-optimized structures 
obtained by DFT calculation (Figure 4j) also showed that the 
backbone adopts more twist conformation for the even branching 

positions.
Experimentally, we also found the UV–vis absorption spectra shift 

showed an odd-even effect60 in terms of the branching point (see 
Figure 4k and l) for fully dissolved single chains but not for aggregates 
(see Figure 4m). This is in contrast with the trend of the optical 
bandgap and the electrical bandgap tested by the thin-film samples 
which do not show such an odd-even effect.39 As can be seen in 
Figure S12, the calculated UV-vis spectra based on the optimized 
ground-state electronic structure of IID-based polymers capture the 
odd-even effect as experimental results. Such an odd-even effect in 
optical absorption is consistent with backbone planarity change but 
failed to be correlated to the chain rigidity changes. Previously, Liu et 
al.60 has also observed that charge mobilities followed an odd-even 
relationship with respect to the branching positions for CPs based on 
quinoidal para-azaquinodimethane (p-AQM) unit. Similarly, they 
found that at the odd branching points, the post-branching point 
chains oriented toward the polymer backbone, where the steric 
hindrance is disruptive to interchain packing. 

Table 4. Number averaged molecular weight (Mn), dispersity (Đ), λmax in solutions (130 °C), and contour length (Lc). persistence length (lp), and radius (R) of IID-
based polymers.

Polymer Mn

(kg/mol)
Đ λmax (nm) Lc (nm) lp (nm) R (nm)

IID-T2-C2C10C10 20.6 1.76 642.0 29±4 16±1 1.3±0.1

IID-T2-C3C10C10 19.8 1.45 626.0 30±4 17±1 1.4±0.1

IID-T2-C4C10C10 31.2 2.14 658.0 32±5 17±2 1.4±0.1

IID-T2-C5C10C10 31.7 2.19 646.0 34±4 19±2 1.5±0.1

3. Discussion
In this work, the detailed analysis of the NMR spectra, SANS, and 

optical spectra show the critical role of alkyl side chains of D-A CPs 
beyond solubility. Three key observations are:

(a)Unsurprisingly, alkyl side chains significantly impact the 
solubility of CPs. Increasing the side-chain length or the spacer length 
between branch point and backbone can increase the overall 
dimensions of side chains as the radius of the cylinder model (R) 
increase in Table 3 and 4. The bulky side chains can hinder the inter-
chain aggregation, which can be clearly seen in Figure 2 e and f.

(b)The intra-chain interaction between side chains influences 
the single-chain conformation. Increasing bulkiness of side chains by 
increasing side-chain length or spacer length rigidifies the polymer 

chain due to decreased population in cis conformation. 
(c)  Locally, alkyl side chains could also alter backbone planarity 

and optical absorption. Systematic blue shifts have been observed 
with increasing alkyl chain length. The optical shift changes according 
to an odd-even effect of the branching point. In both cases, the local 
backbone planarity is responsible for the optical shift.

Thus, we found that the optoelectronic property of a given 
polymer should consider both the chain rigidity and more important 
local chain planarity. This loss of correlation between the optical 
bandgap and chain rigidity can be reconciled by the fact that factors 
that control the rigidity of polymer chains and conjugation length are 
not the same. Persistence length and conjugation length are both 
“subdivisions” for a long-chain molecule, as shown in Figure 5. 
Within the persistence length, the polymer chain can be described as 
effectively rigid, purely from a polymer physics perspective. Thus, it 
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is closely related to both the linearity and planarity of the polymer 
backbone. Even though preserving coplanar conformations, the cis 
conformation induces backbone kinks, which can be seen as breakers 
in lp (see the schematics in Figure 5). On the other hand, the 
conjugation length is the length scale that the electron cloud can 
maintain delocalized and communicated. This can be observed for 
absorption spectroscopy red shifts for degree of polymerization 
increases with oligomers of conjugated polymers initially until it 
plateaued out. The polymer chain can be described as effectively 
planar within the conjugation length. Thus, within the rigid segment, 
the local backbone planarity determines the conjugation length as 
large twists of the conjugated backbone result in break of 
conjugation. Our DFT calculations indicate that the backbone of DPP-

based and IID-based is not fully planar, despite being very rigid. And 
the optical shift can be well explained by the backbone local 
distortion. Previously, McCulloch and coworkers observed that both 
two populated planar states (the cis and trans conformations) of 
P3HT can preserve conjugation, while cis conformations do not 
maintain the backbone correlations, which leads to a longer 
conjugation length than persistence length for P3HT.36 In contrast, 
for very rigid poly(phenylenevinylene) and polyfluorene, the 
conjugation length can be less than the persistence length,61–63 due 
to unfavorable planar conformations. Ultimately, consideration on 
both chain rigidity and chain planarity jointly dictates conjugation 
length and optoelectronic property of a conjugated systems.

Figure 5. Illustration of “subdivisions” for a long polymer chain, including persistence length (lp) and conjugation length. Backbone kinks limit persistence 
length. Backbone twists limit conjugation length.

4. Conclusions
In conclusion, we have investigated thoroughly how the alkyl 

side chains affect single chain conformation and optoelectronic 
properties of high-performance D-A CPs based on DPP and IID units. 
The chain rigidity of DPP-based and IID-based polymers increases 
with the bulkiness of side chains either by increasing side-chain 
length or spacer length, owing to a decrease in the population of cis 
conformation between thiophene-thiophene building blocks. 
Although chain rigidity of DPP-based polymers increases with alkyl 
chain lengths, blue shifts in optical absorption were observed. DFT 
calculation of the backbone planarity indicates that blue shifts can be 
attributed to less planar backbone owing to stronger steric hindrance 
from longer side chains.  For IID polymer system with different 
branch point, an odd-even effect in optical absorption spectrum was 
observed, can be ascribed to the coplanarity change of the polymer 
backbone due to the steric hindrance induced by side chains 
according to the DFT calculation. For IID-based polymer with the odd 
number of carbons of the spacer length between the branch point 
and backbone, the alkyl side chains tend to be co-facial with the 
backbone plane and point toward the backbone, thus inducing 
stronger steric hindrance. This work demonstrated the important 
role of side chains on molecular conformation of CP’s backbone by 

combining experimental and computational approaches and 
illustrate this important molecular design consideration for future 
semiconducting polymer design.

5. Experimental
Materials and General Methods

Materials. The synthetic details for DPP-based polymers64 and 
IID-based polymers39 are described in our previous works. The 
polymers used here were synthesized following a similar synthetic 
procedure. The number average molecular weight (Mn) and 
polydispersity (Đ) (Table 3 and Table 4) were determined relative to 
polystyrene standards at 160 °C in 1,2,4-trichlorobenzene (stabilized 
with 125 ppm of butylated hydroxytoluene) using an Agilent PL-GPC 
220 High-Temperature GPC/SEC system equipped with four PLgel 10 
μm MIXED-B columns. Ortho-dichlorobenzene (o-DCB) and 
deuterated ortho-dichlorobenzene (o-DCB-d4) (D > 99%) were 
purchased from Sigma Aldrich and used as received.

UV-vis-NIR spectroscopy. A Cary 5000 UV-vis-NIR 
spectrophotometer was used to measure UV-vis-NIR spectra. 
Solution absorption data was acquired from o-DCB solution (0.1 
mg/ml) with temperatures ranging from 40 to 160 °C.

Nuclear magnetic resonance (NMR). Temperature-dependent 
1H-NMR spectra were measured by a Varian-500 MHz NMR 
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spectrometer from 25 to 140 °C. Chemical shifts were reported in 
ppm relative to o-DCB-d4 at 7.17 ppm (lower field peak) for 1H-NMR.

Small-angle neutron scattering (SANS). SANS measurements 
were carried out in the Extended Q-Range Small-Angle Neutron 
Scattering Diffractometer (EQ-SANS) at the Spallation Neutron 
Source (SNS), Oak Ridge National Lab (ORNL).65 The scattering 
wavevector used in this work ranged from 0.003 to 0.7 Å−1, by using 
two different instrumentation configurations (4m sample to detector 
distance with a wavelength band of 12 Å and 2.5m sample to 𝜆𝑚𝑖𝑛 =
detector distance with  2.5 Å). Dilute solutions of DPP-based 𝜆𝑚𝑖𝑛 =
and IID-based polymers were prepared (5 mg ml−1) in o-DCB-d4. The 
polymer solution samples were transferred into Hellma quartz cells 
with a 2 mm beam path length. Measurements were performed at 
25 °C, 75 °C, 100 °C, and 130 °C, respectively. The solutions were 
equilibrated at each temperature for 40 min before measurements. 
Scattering data were reduced and corrected by subtracting the 
background from deuterated solvents and quartz cells.  Absolute 
scattering intensity was obtained by using a standard porous silica 
sample.66 Reduced data were also simultaneously fitted by a suitable 
model in SasView to obtain chain conformation.41

Computational methods
All-atomistic molecular dynamics simulations. The initial 

configuration of atomistic DPPT and IID series molecular models 
were constructed using the Materials Studio platform. All MD 
simulations were carried out with the Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS)67 based on the Dreiding 
force-field (FF)68 describing all bonded (stretching, bending, and 
torsional) and non-bonded interactions between atoms. The choice 
of the Dreiding FF functional forms is motivated by its simplicity 
coupled with a wide range of applicability in studying pure crystalline 
and pure amorphous phases of CPs.69 To characterize the 
conformational changes in dilute solution, we consider a long single-
chain polymer model having 60 monomers for both DPP-based and 
IID-based materials, and take interactions between the polymer 
chain and solvent into account implicitly. For computational 
efficiency, the Lennard-Jones interaction potential (i.e., non-bonded 
interaction) was truncated and shifted to zero at rcut = 21/6  for all 𝜎
the atoms to make the atom-atom interaction purely repulsive, 
hence mimicking good solvent conditions. All of the electrostatic 
contributions were computed by the Coulombic pairwise interaction 
given by , where C and  are an energy-conversion constant 𝐸 =

𝐶𝑞𝑖𝑞𝑗

𝜖𝑟 𝜖
and the dielectric constant, respectively,  and  are the charges on 𝑞𝑖 𝑞𝑗

the atoms. Every single polymer was inserted into the cubic 
simulation cell with dimensions much larger than the initial chain 
length. Each system was first equilibrated for 1 ns under a canonical 
(NVT) ensemble (temperature was maintained by using 
Nosé−Hoover thermostat70 with a damping time constant of 50 fs), 
where the periodic boundary condition (PBC) was applied to all three 
directions with a time step of 1 fs. After equilibration, the simulations 
were subjected to a 100 ns production run in the NVT ensemble, and 
the data were collected every 20 ps to sample configurational 
trajectories adequately. The atomic configuration was depicted using 
the Visual Molecular Dynamics (VMD).71

Density functional theory. DFT calculations are developed 
based on semi-local Perdew-Burke-Ernzerhof (PBE) functionals72  to 
predict the chain conformation at the ground state, where we 
include the whole alkyl side chains into the DFT model. To avoid the 

finite chain-length effect, computational models of IID trimer and 
DPP dimer are developed based on a 1-dimensional periodic model.53  
The periodic model consists of three monomers in a vacuum where 
the solvent-polymer interaction was not considered,  with the 
polymer backbone stretched in the x-direction. The y- and z-
directions, which are perpendicular to the polymer backbone, are 
large enough to prevent interactions between images in the periodic 
boundary conditions. The size of the cell in this direction is chosen to 
minimize the total energy of the system. Then, the electronic 
structure is calculated through the solution of the self-consistent 
equation of DFT73 via Vienna Ab initio Simulation Package (VASP).74 
For the dihedral potential energy profile, the correlation consistent 
tripl-zeta basis set (cc-pVTZ )75 was used in the rigid scan of the 
backbone’s dihedral angles to obtain accurate predictions of energy 
barriers between conformers and potential energy surfaces53.

The absorption spectra for the geometrically optimized 
backbone of IIDs trimer and DPPs dimer were calculated by the time-
dependent DFT based on CAM-B3LYP functional76 and 6-31+G(d,p) 
basis set77 using Gaussian16 software package78. We used the 
polymer’s ground structures for optical absorption calculations using 
time-dependent DFT (TD-DFT) and replaced the long side chains with 
methyl groups to improve the computational efficiency, as charge 
transport primarily occurs along the backbone.
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