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1 Abstract

Conjugated polymers (CPs) are solution-processible for various electronic applications, where
solution aggregation and dynamics could impact the morphology in the solid state. Various
solvents and solvent mixtures have been used to dissolve and process CPs, but few studies quantify
the effect of solvent quality on the solution behaviors of CPs. Here, we performed static light
scattering, small-angle X-ray scattering, combined with molecular dynamics (MD) simulation, to
investigate CPs solution behaviors with various solvent quality, including poly(3-alkylthiophene)
(P3ATs) with various sidechain lengths from -C4Hjy to -C,,H>s, poly[bis(3-dodecyl-2-thienyl)-2,2'-
dithiophene-5,5'-diyl] (PQT-12) and poly[2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-
b]thiophene] (PBTTT-12). We found that chlorobenzene is a better solvent than toluene for various
CPs. It is evident from the majority positive second virial coefficient 4, ranging from 0.3 to 4.7
x10-3 cm?*mol/g? towards P3ATs. For P3ATs in non-polar solvents, longer sidechains promote
more positive 4, and thus signaling a better polymer-solvent interaction, where in toluene 4,

increases from -5.9 to 1.4 x10-3 cm3*mol/g? and in CB A4, ranges from 1.0 to 4.7 x10-3 cm3*mol/g?
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when sidechain length increases from -C¢H;3 to -C,H,s5. Moreover, PQT-12 and PBTTT-12 have
strong aggregation tendencies in all the solutions, with an apparent positive 4, (~0.5 x10-3
cm3*mol/g?) due to multi-chain aggregates and peculiar chain folding. These solvent-dependent
aggregation behaviors can be well correlated to spectroscopy measurement results. Our coarse-
grained MD simulation results further suggested that CPs with longer, dense, and branched
sidechain can achieve enhance polymer-solvent interaction, and thus enable overall better solution
dispersion. Our work here provides quantitative insights into the solution behavior of conjugated
polymers that can guide both the design and process of CPs toward next-generation organic

electronics.

2 Introduction

Numerous innovative electronic devices have demonstrated novel applications with
remarkable efficiency, sensitivity, and mobility, such as organic photovoltaics (OPV),! organic
electrochemical transistors (OECT),? and organic field effect transistors (OFET).3 The active layer
of these devices commonly comprises organic materials, including small molecules or conjugated
polymers (CPs).* CPs offer a host of advantages, such as intrinsic stretchability, environmental
stability, adjustable energy levels, and solution processability, owing to their versatile chemical
structure through coupling synthesis.> Generally, CPs feature a continuous delocalized electrons
distribution along the backbone for efficient charge transport, alongside short dispersed sidechains
to enhance solubility.® In practice, longer sidechains and higher temperatures have been observed
to improve solubility for many CPs, in addition to the choice of suitable solvents.” Nonetheless, a
systematic comparison in this regard is currently lacking to elucidate the solvent quality effect.

To preserve conductive pathways along the backbone, chain conformation is crucial where a
rigid and coplanar backbone is ideal.” ® The way CPs are arranged in the solid state significantly
affects their electronic and optoelectronic properties, making the solution behavior a critical aspect
of processing CP-based devices. The behavior of the polymer chains in the solution phase directly
impacts their packing in the solid state. This includes factors such as solubility, chain
conformation, and interactions between polymer chains. CPs can be dispersed in solution into
small aggregates, fully dissolved single chains, or a mixture of both.” These heterogeneous state
of CPs in the solution depends on solvent quality and temperatures, yielding drastically different
particle sizes and dynamics.® Upon aging, doping, or adding antisolvent, CPs can form multichain

aggregates from dissolved solution, where aggregates' shape can vary from long fibers to spherical
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aggregates.!% 1. 12 CPs chain conformation can be probed by small-angle scattering, using X-ray,
neutron, or laser light.!?4 Overall, CPs chain conformation and aggregation behavior in solution
can be effectively controlled by solvent selection besides optimal processing conditions.

Numerous studies have concentrated on manipulating chain conformation and pre-aggregate
formation by employing a range of solvents or solvent mixtures.!> These solvents possess diverse
characteristics including solubility, toxicity, boiling point, viscosity, and polarity.'® 7 Gregory et
al. investigated the gelation of poly(3-alkylthiophene)s (P3ATs) in a mixture of good and poor
solvents.!® They found that for P3HT in dichlorobenzene, more poor-solvent n-dodecane results
in smaller, abundant fiber formation and better electrical conductivity. Chang et al. investigated
the solvent-addictive acetone effect on the precursor solution of P3HT in chloroform.!® The 4-fold
increase in charge mobility is attributed to the acetone-chloroform complex which has a lower
evaporation rate. Lee ef al. investigated a donor-acceptor fused thiophene-diketopyrrolopyrrole
copolymer (PTDPPTFT4) the chain conformation of in solvent mixture of tetrahydronaphthalene
and p-xylene.?° The increase of p-xylene leads to a higher degree of aggregation along with a more
oriented film due to non-polar p-xylene’s weak interaction with the polar backbone. The rigid
aggregation fraction was confirmed by SAXS. Kwok ef al. studied the chain conformation of
isoindigo-bithiophene-based polymer (PII-2T) in a chlorobenzene and decane mixture.?! All
polymer solutions contain fibril and dispersed single chains at various concentrations (1-20
mg/ml), leading to complex modeling which requires careful data analysis for solution scattering.
Xi et al. investigated the morphology of poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-
5,5-(2,5-di(thien-2-yl))thieno[3,2b]thiophene] (DPPDTT) aggregates using small-angle neutron
scattering.!! By adding 5-20 v% poor solvent methanol and dimethyl sulfoxide (DMSO) into good
solvent chloroform, they found chain rigidity change upon adding poor solvents, depending on the
polarity of poor solvents. However, in terms of the interaction between polymer and solvent, these
works did not focus their discussion on solvent quality.

Traditionally, solvent quality can be estimated by Hansen solubility parameters (HSP), where
the cohesive energy between solute and solvent can be separated into dispersion, polarity, and
hydrogen bonds.?? It has been used to optimize solvent for CPs!'7-23 and predict the phase separation
of donor and acceptor blend of OPV devices.”-?* Machui et al. measured the HSP values of P3HT
and PCBM and found that the semicrystalline nature of P3HT limits the HSP prediction.?> Zhao et

al. used different HSP values to differentiate the cohesive interaction to solvents between
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backbone and sidechain and found that the backbone has more polarity and dispersion attributions
than alkyl sidechains.?® However, HSP values are empirical and this measurement requires several
grams of materials and is often time-consuming.??> On the other hand, static light scattering (SLS)
can be used to probe solvent quality in dilute solution, which only requires little samples and is
easily accessible compared to small-angle neutron and X-ray scattering. Recently Liu ef al. studied
the effect of solvent quality on the aggregate shape of DPP-DTT in chloroform.?’” A negative
second virial coefficient (-4.4~+0.5*%10-° mI3*mol/g?) is obtained which indicates chloroform is a
bad solvent despite that DPP-DTT can disperse into chloroform. Bin et al. measured fractal
dimensions of poly(9,9-dioctylfluorene) (PFO) chain solution in chlorobenzene, toluene,
tetrahydrofuran, and chloroform.?® PFO forms aggregates in all solvents at concentrations above
1.0 mg/ml despite various aromaticity. Li et al. investigated the effect of chloroform/toluene on
the bulky polydiarylfluorene (P7DPF) solution.?’ By using SLS, the fractal dimensions of the
aggregates increase from 0.62 to 1.76 as poor solvent toluene volume fraction increases from 0.5
to 1.0. However, what is the solvent quality for other CPs and how does the solvent quality impact
the chain conformation is not well known.

In this work, we studied a series of thiophene-derived model CPs in various solvents. These
CPs include poly(3-alkylthiophenes) (P3ATs) with various sidechain lengths, ranging from -C4Hy
to -C,H,s (P3BT to P3DDT), PQT-12 and PBTTT-12, and thiophene-derived donor-accepter CP
PffBT4T-C9C13. We performed dynamics light scattering (DLS), static light scattering (SLS),
UV-Vis, and small angle X-ray scattering (SAXS). The second virial coefficient (4,) can be
obtained by constructing a Debye plot from the SLS experiment. We found that chlorobenzene is
a better solvent than toluene and chloroform towards various CPs, where all CPs in chlorobenzene
showed a positive 4,. For P3ATs in non-polar solvents like toluene, a longer alkyl sidechain
promotes better polymer-solvent interaction towards non-polar solvents and sidechain and thus
higher 4,. Meanwhile, PQT-12 and PBTTT-12, have a stronger tendency to aggregate in all the
solvents, with a much smaller negative A4,. A donor-acceptor CP, P{ffBT4T-C9C13 in
chlorobenzene also has a negative A, of -2.8*10-% cm**mol/g? even at an elevated measurement
temperature of 65°C. We performed coarse-grained molecular dynamics (CG-MD) simulation on
CPs with various architectures and grafting density in an implicit solvent with various solvent
qualities, and our simulation results suggest that CPs with dense and branched sidechains have

better polymer-solvent interaction. Our work here provides insights into the solution behavior of
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conjugated polymers that can guide both the design and process of CPs toward next-generation

organic electronics.

3 Experiment

3.1 Materials

All P3ATs (Rieke metals), PQT-12 (Sigma-Aldrich), PBTTT-12 (Sigma-Aldrich), and
PffBT4T-C9C13 (Ossila, My, = 123kDa) were used as received. All the solvents (toluene,
chlorobenzene, tetrahydrofuran, and chloroform) were purchased from Sigma-Aldrich and filtered
through a 0.2 um PTFE filter before use. CPs were first dissolved at 80°C in various solvents

overnight for better dispersion, then cooled down to measurement temperature for the test.

3.2 UV-Vis

UV-Vis spectroscopy was performed on a Cary 5000 UV-Vis-NIR spectrophotometer
(Agilent Technologies) with a 3 mm optical path quartz cuvette.

3.3 Dynamic light scattering (DLS) and static light scattering (SLS)

Dynamic light scattering and static light scattering were performed on a Brookhaven BI-
200SM research goniometer with BI-APD avalanche photodiode detector and 35mW 633nm laser
source with 90°-angle geometry. Solutions were held in a capped glass tube and the temperature
was controlled by a cyclic intracooler with a temperature variation of +1°C.

In DLS, an autocorrelation function, C(t) is calculated based on the fluctuation signal:

Ct) = Ae 2"+ B
wherein A is the optical constant through instrument design, I" is the relaxation of the fluctuation,

t is time and B is the constant background. I' and q are defined as I' = Dg? and scattering vector

4 0
q= Zono sin(g). The size distribution of the particles was analyzed by the Brookhaven software

using cumulants analysis.

In SLS, the Debye plot was constructed based on static scattering intensity:
Hc 1
R(q) My

1 2p2
1+3¢°RG + | + 24z
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Where H = v (E) , and R(q)= 1@ = Rgq. The

I
Std/ 1 0,std
differential refractive index, dfr;, are measured and listed in supplementary information under Table

S3.

3.4 Small-angle X-ray Scattering (SAXS)

SAXS experiments were performed at the NSLS-II 12-ID located at Brookhaven National
Laboratory (BNL). Polymers were dissolved in toluene or chlorobenzene at a concentration of 8
mg*ml-!. The solution was sealed in a thin-wall capillary tube with a tube diameter of 1 mm. 16.1
keV X-ray was used to minimize the absorption from chlorinated solvents and two sample-to-
detector distances were used to cover the range of scattering wavevector q from 0.01 to 3.0 A-!.
The solution temperature was controlled by Lake Shore Cryotronics with an accuracy of +1°C.
Background scattering was subtracted carefully in Igor WaveMetrics along with the Nika package.

The model fitting was done in SasView 5.0 software.

3.5 CG-MD simulations

We employed generic bead-spring CG models of CPs and MD simulations to systematically
explore the conformational behaviors of CPs chain in dilute solutions. We model CPs based on
various branched chain structures as depicted in Figure 4a, aiming to represent a broad range of
CPs. Specifically, the CG model comprises a linear backbone composed of Ny, monomers,
represented by cyan beads. The key feature of our CG model lies in the diverse sidechain
architectures (orange beads) appended to this backbone, enabling a systematic examination of the
impact of different sidechain arrangements on the conformational behavior of the polymer. In this
study, all physical quantities within our system are expressed in reduced Lennard-Jones (LJ) units.
These units include ¢, g, and m for energy, length, and mass, respectively. Additionally, time,
temperature, and pressure are defined by 7, &/kg, and &/03, respectively, where 7 = W with
kg representing the Boltzmann constant. Importantly, these reduced units are amenable to
straightforward conversion into the physical units applicable to real-world laboratory
measurements of polymer materials. Similar models have been widely harnessed to investigate a
broad spectrum of dynamic, conformational, structural, and mechanical properties exhibited by

CPs, both in melt and solution states.3?
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Significantly, to account for polymer-solvent interactions, we have introduced a
dimensionless parameter denoted as A, which serves as a valuable tool for qualitatively capturing
the varying quality of the solvent in a solution state. By adjusting the parameter A across particles,
we can effectively modulate the 'solvent quality'. Specifically, when A is set to 0, the polymer
should be in an ideal good solvent, characterized by purely repulsive interactions. However, as we
incrementally increase the value of A, we could systematically decrease in solvent quality,
attributable to the introduction of attractive forces among the polymer chain (see ref*! for a detailed

study of the relationship between solvent quality and parameter A).

4 Result and discussion

First, we studied solvent and polymer interactions for polythiophenes with different lengths
of sidechain, ranging from -C4Hy to C;;H,s (Figure 1a). Two commonly used solvents,
chlorobenzene (CB) and toluene (Tol) were studied here. Upon heating all the P3ATs form clear
bright orange solutions. When cooled down to 20°C, all absorption spectra for polythiophenes
(Figure 1b, ¢ and Figure S1) are similar. However, P3BT, PQT-12, and PBTTT-12 solutions
become darker upon cooling in both CB and Tol, with an absorption tail above 600 nm, which
interacts with the He-Ne laser. This is typically referred to as the absorption of aggregates where
the backbone is stacked closer’? and this aggregation is further confirmed by DLS. The delayed
autocorrelation function decay is caused by the slow Brownian motion of large objects and the
particle size is converted by the Stokes-Einstein equation (Figure 1d-g). The peak at around 10
nm in diameter comes from the random Brownian motion of the dissolved single chain. However,
P3BT, PQT-12, and PBTTT-12 solutions showed extra peaks larger than 100 nm in the histogram
of particle size (Figure 1d, g and Figure S2), indicating the existence of large multi-chain
aggregates. This strong aggregation tendency is expected as P3BT has the shortest sidechain (-
C4Hy) and PQT-12 and PBTTT-12 have better charger device performance,> where close n-n
stacking overwhelmed entropy-favored dissolving processing due to insufficient sidechain length
and reducing sidechain graft density.

Table 1 Summary of molar mass and sidechain mass fraction of CPs.

Alkvl M, (ave) Sidechain

y w (avg : . Fracti . .

Name sidechain ke/mol Dispersity B mass nzaC 10n Regioregularity
f

P3BT -C4H9 60k41 2.3 0.41 85%
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P3HT -C6H13 60k42k 2.0 0.51 90%
P30T -C8H17 80k60k 2.0 0.58 92%
P3DT -C10H21 80k62k 2.1 0.64 92%
P3DDT  -CI2H25 60k 2.0 0.68 92%
PQT-12  -CI2H25 17.5k 3.0-3 0.51 --
PBTTT-12 -C12H25 50k60k 3.0 0.53 --
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Figure 1 (a) Chemical structure of P3ATs, PQT-12 and PBTTT-12. The UV-Vis absorption

spectrum of CPs in toluene (b) and CB (e) at 20°C. Autocorrelation curve of CPs in toluene (c) and

CB (f) from DLS measurement at 20°C. {e)}-Size distribution of CPs in toluene (d) and CB (g) from

DLS testmeasurement.
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Figure 2 (a) An illustration of the setup of static light scattering. (b) The principle of absorption
correction is based on the Lambert-Beer law. (c, d) Debye plot of CPs in CB (c) and in toluene(d)
at 20°C. Absorption correction was applied to PQT-12, PBTTT-12 in CB and P3BT, PQT-12, and
PBTTT-12 in Tol. (e, f) SAXS result of P3BT and P3HT in CB (e) and Tol (f) at 30°C (closed
symbol) and 130°C (open symbol). Continuous lines are fitting curves using a flexible cylinder

model and the scattering profile is shifted vertically for clarity.

Then, we performed SLS on dilute solutions of CPs with the concentration ranging from 0.2
to 1.0 mg/ml. The SLS setup is illustrated in Figure 2a, where the light scattering intensity of
different concentration solutions is measured by a photon detector with a 633 nm wavelength filter.
Some CPs solutions could absorb red light, which could lower the scattering intensity at different
angles and cause issues to constructing Debye plot. Thus, proper absorption correction for those

samples is needed, where Lambert-Beer law was used. The light path is illustrated in Figure 2b
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and the Debye plot was plotted in Figure 2¢, d and Figure S7. The linear fit yields from the data
point in the Debye plot give A,, half of the slope, which is listed in

Table 2. We found that CB is a better solvent for all P3ATs compared to toluene, THF, and
chloroform, as all A, in CB are positive but some negative in other solvents. As the sidechain
length increases, the A, in toluene and THF increases, which indicates better polymer-solvent
interaction. This is expected as the sidechain velume-mass fraction increases (Table 1) as sidechain
length increases which is more soluble than the rigid backbone of CPs based on HSP theory
(Figure S6 and Table S4). To investigate the impact of sidechain length on solvent quality, we
conducted Small-Angle X-ray Scattering (SAXS) analysis to examine the chain conformation of
both P3BT and P3HT in CB and Tol. The scattering profiles are depicted in Figure 2e for CB
solution and Figure 2f for Tol solution. It is evident that both polymers form homogenous
solutions in both solvents. When the temperature was set at 30°C in CB, the scattering intensity of
both polymers increased in the low-q region, indicating the presence of loose aggregates with a
large feature size. At elevated temperatures (130°C), a Guinier region emerged in the intermediate
q range. Notably, the low-q upturn of intensity was observed in P3BT but not in P3HT, suggesting
a more effective dissolution of P3HT with longer sidechains. Fitting the curve using the flexible
cylinder model allowed us to probe the chain conformation, and the results are detailed in

Table 3. The polymer chain conformation aligns well with that of a flexible cylinder,
exhibiting a cylinder radius of 1.2+0.4nm for P3BT and 1.34+0.2nm for P3HT, indicative of a well-
dissolved single chain. In contrast, toluene could only disperse both polymers, since the evidence
of single chain scattering or an obvious Guinier plateau regional is missing.?# This aligns with the
solvent quality assessment, affirming that CB serves as a better solubilizing solvent for P3ATs
when compared to toluene. Furthermore, the solvent quality can impact the macroscopic
spectroscopy, as shown in Figure S4. For those dispersed aggregate, the polymer exhibits a red-
shifted absorption peak at around 610nm, in additional to the primary absorption at 450nm for
P3BT in toluene.

However, sidechain architecture also played a role as we compared P3HT, PQT-12, and

PBTTT-12, where the sidechain velasme-mass fraction is similar as calculated in Table 1. PQT-12

and PBTTT-12 strongly aggregate and form light-absorbing solutions especially in THF and
chloroform, so we only measured 4, for CPs in CB and toluene. The positive 4, of PQT-12 and

PBTTT-12 is not an indication of a fully dissolved single chain in the solution as this could be

10
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achieved by a dedicated self-assembled structure where the sidechain is exposed outside while the
backbone is buried inside. This is not surprising as CPs have complex multi-length scale structures
in the solution.”- 35 The double-length sidechain chain and reduced sidechain grafting density lead
to a strong aggregate attendance in all the solvents. This strong aggregation tendency is expected
for semicrystalline CPs where PQT-12 and PBTTT-12 are more crystalline in the solid state
revealed by DSC (Figure S8). The negative 4, of P3HT in toluene suggests bad polymer-solvent
interaction, indicating polymer intrachain collapse and interchain aggregation are
thermodynamically favorable. This slow and subtle transition can be observed in aging tests over
days by DLS (Figure S9) and a similar effect has been reported previously!3 3. After cooling
down from the hot solution and aging at room temperature, the hydrodynamic diameter of the
particle keeps increasing in the P3HT toluene solution but is maintained in the CB solution. Thus,

we conclude that CB is the best solvent for all the P3ATs compared to Tol, THF, and chloroform.

Table 2 A, value of CPs in all the solvents at 20°C.

Ay (X103 em3*mol/g?)

Polymer\Solvent CB Toluene THF Chloroform
P3BT 1.5 2.2 -7.8 -4.6
P3HT 4.7 -5.9 -4.4 -3.5
P30T 2.9 -4.0 -3.2 -4.7
P3DT 4.3 -1.9 -1.5 -2.6

P3DDT 1.0 1.4 -3.8 -4.8
PQT-12 0.3 0.5 none none
PBTTT-12 0.8 -0.5 none none

Table 3 Fitting parameters from SAXS on P3BT and P3HT using a flexible cylinder model.

Name Length/nm Kuhn length/nm Radius/nm Fitting error y?
P3BT in CB 130°C  5.3+0.5 5.840.6 1.2+0.4 0.22
P3HT in CB 130°C  3.2+0.6 4.6+0.8 1.3+0.2 0.15

We then examined sidechain architecture’s effect on solvent quality by comparing P3HT,
PQT-12, and PBTTT-12. They have similar sidechain fractions but different sidechain lengths,
grafting density, and backbone stiffness. PQT-12 and PBTTT-12 strongly aggregate in the solution

at room temperature and form a deep red solution (Figure S1). The aggregate size is larger than

11
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100nm in diameter as seen by DLS in dilute solution (Figure 1d and g), while the aggregate could
be long fiber as seen previously®’. This makes both DLS and SLS harder as the solution strongly
absorbs the red light and the thermal lens effect distorts the optical light path®®. This leads to a
significant broadening of beam path and distorted transmission beam as shown in Figure S10.

Nonetheless, P3HT has better polymer-solvent interaction than its analog PQT-12 and PBTTT-12,

with different sidechain architecture.

12

Page 18 of 47



Page 19 of 47

Nanoscale
(@) PffBT-4T C9C13 (b) 1o prvp
Temp (B )
08 —25
C11Hz3 —45
CgH1g -E“-ﬁ‘ —_—65
o
]
Boal
<
0.2
G.D 1 1 1

300 400 500 600 700 800
Wavelength (nm)

(c) . Before absorption correction (d)sm_,, After absorption correction
i Conc (mg/ml) A, = -2.8*106 cm3x mol/g?
= 0.05 2 g
e 004 a0 M,= 156 kg/mol
LT, 4 003
2.0x10° - I~ . . : ggf ghw_”Epr-o-o_* »> 4_._‘_*‘_._ B
L B . 5 [:_f*—r—“—x——x:r::;:;:bq:::
€% .0 006000000 12*10_2'4W+._H0_'
1.0x10T | A4 4 A A A A 4 a4 ‘: 1——-—“1_._____
$33II T T ITTIIN: 1102
0 . . . 0 . . . .
0.0 1.0x10* 2.0x10* 3.0x10* 4.0x10* 0.0 1.0x10*  2.0x10*  3.0x10* 4.0x10*
g?+kc (nm?) q’+ke (nm?)
(a) PHfBT-4T C9C13 (b) 10 e
o
Temp (°C)
08 —25
Ci4H —45
111123 chis g —65
Sos}
g
(=]
Loa}
-9
0.2
0.0 L . -
300 400 500 600 700 800
Wavelength (nm)
(C) - Before absorption correction (d)sm” After absorption correction
3.0x10°% F
* Cong (mg/mi) A, = -2.8*106 cm3xmol/g?
o 004 o=l M= 156 ka/mol
2.0x10% " g R
L0x F b g
el vin] B e
" emg :P‘—l—'—‘::r—;:_q-_—:_—x_-.l—tr___:
6% e 0 0 06 0 0 06 008 szwﬂw_-...__
1.0x10% A& A A A “‘AA: e
$I3ITIILTTIIINY Lol
0.0 L L 1 0 L L s N
0.0 1.0x10* 2.0x10* 3.0x10* 4.0x10* 0.0 1.0x10% 2.0x10* 3.0x10¢ 4.0x10%
g%+ke (nm?) g*+kc (nm?)

Figure 3 (a) Chemical structure of PffBT4T-C9C13. The donor part and acceptor part are colored
as yellow and blue units, respectively. (b) UV-Vis of PffBT4T-C9C13 in CB at various
temperatures. The laser wavelength used in the light scattering test 1s marked in a gray line. (c, d)

SLS of PffBT4T-C9C13 in CB at 65°C before and after absorption correction, respectively.
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To explore high-performance CPs, we also examined a donor-acceptor CPs PffBT4T-C9C13
in a solvent chlorobenzene. PffBT4T-C9C13 has significant temperature-dependent absorption
(Figure 3b) and aggregation behavior in the solution that has been well-reported.’® Large
aggregates form immediately as the solution cools down and breaks apart gradually at elevated
temperatures. The solution optical absorption at 633nm decreases, making SLS possible to probe
the solvent quality at a single chain level. Before light absorption correction, the Zimm plot was
not meaningful since it gives a negative molar mass. After the light absorption correction, we got
M,=156 kg/mol, which is comparable to the GPC result (M, gpc=123 kg/mol). Interestingly, the
A,=-2.8*10"% cm**mol/g?, which is on the similar magnitude of DPPT in chloroform.?” This small
and negative A4, showed that CPs have thermodynamically unfavorable polymer-solvent
interaction where aggregation is inevitable. However, one A, parameter cannot differentiate the
interaction between the sidechain and backbone to the solvent, furthermore, there is a lack of
synthetically achievable variations of the sidechain. Overall, the complex CPs structure with rigid
conjugated backbone and flexible sidechain, heterogeneous dynamics between backbone and
sidechains, and particularly strong n-m interaction between backbone lead to peculiar self-assembly

behavior of CPs in the solution.
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Figure 4 CG MD simulation results. (a) Polymer architectures of 4 types of CPs. The backbone
and sidechain are represented as beads P1 and P2, respectively. (b-e) Reduced R, of polymer chain
as a function of solvent quality parameter A for type I to IV, respectively. A lower value of A
corresponds to better solvent quality. The location of the 8 point is indicated by the blue dashed

line.

To elucidate the impact of solvent quality and sidechain architecture on CPs in a broader
context, we conducted CG-MD simulations to explore four distinct sidechain architectures of CPs
representing diverse chemical structures, as shown in Figure 4a. Specifically, we constructed CPs
with (I) short dense sidechains, (II) long and less dense sidechains, (II1) dense branched sidechains,
and (IV) less dense branched sidechains, respectively. The introduction of the solvent quality

parameter A to characterize polymer-solvent interactions provides a versatile means to fine-tune

15



Nanoscale

solvent quality by adjusting A among individual particles, where higher A values correspond to
poor solvent quality. In our simulations, we systematically track polymer chain conformational
changes and record the time-dependent evolution of the radius of gyration (R,) under varying
solvent conditions, while also accounting for the influence of sidechain architecture, as shown in
Figure 4.

Herein, we consistently observe three distinct stages across all scenarios. For A values below
0.4, the polymer chain exhibits its largest R,, indicative of an extended coil conformation, as
exemplified in the illustrative representation in Figure 4b. This behavior aligns with the expected
characteristics of a chain in a favorable solvent environment. As A progressively increases, R,
gradually diminishes, reflecting a gradual compaction of the polymer coil within the solution—
consistent with the behavior of a fully dissolved chain. Conversely, when A exceeds 0.6, R, reaches
a near minimum, signaling the collapse of the polymer chain into a compact single conformation,
as demonstrated in the illustrative representation. Notably, as A transitions from 0.4 to 0.6, R,
experiences a rapid decrease, highlighting a notable phase transition that becomes increasingly
well-defined with increasing chain length Ny, Moreover, four distinct polymer chains with
different sidechain architectures are simulated to extrapolate 6 condition to quantitively compare
solvent quality and chain conformation. When the polymer chain is in 0 state, polymer chains are
free to coil and extend in solution which can be described by a random walk in 3D space, where
the normalized coil size R,%/(N-1) is independent of polymer chain length N. Thus, we can find the
0 point with the intersection of four chains of different lengths in the A coordinate. The larger the
Ao, the worse the solvent where the polymer chain can form a free coil, and thus this polymer is
more soluble at a given solvent quality parameter A. Hence, we conclude that Type III exhibits the
most favorable solvent quality, owing to its higher density and branched configuration of
sidechains.

We further explored other analogs of Type II and III, Type V and VI (Figure S11), wherein
slight variations were introduced in terms of sidechain distribution along the backbone and
sidechain branching position. However, our observations did not reveal any notable distinctions in
/g between Type II and V, Type III and VI. These findings suggest that the process of CPs
dissolution is primarily governed by entropy considerations, with a greater emphasis on the
quantity of sidechain ends proving to be more influential in this context.*? A parallel trend is also

evident at higher temperatures, wherein polymer chains characterized by longer, denser, and more
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extensively branched sidechains exhibit enhanced solubility, as shown in Figure S12. Consistent
with the trends observed for R,, we discerned a parallel pattern in response to variations in solvent
quality for both the persistence length (L,), which quantifies chain rigidity and the end-to-end
distance (R..), a parameter commonly used to characterize polymer chain conformational bends,
as depicted in Figure S13 and Figure S14, respectively.

To gain a deeper insight into the molecular-level shape of the polymer chain under various
solvent conditions, we further examine the shape descriptor known as relative shape anisotropy
k%, which describes the degree of anisotropy in the chain's shape, specifically regarding its
tendency toward rod-like (k% = 1), planar symmetric (% = 0.25), or spherical configurations (k% =
0).4! As shown in Figure S15, x? exhibits fluctuations within the range of 0.1 to 0.2, remaining
relatively stable in a good solvent (0 <A <0.4) across all six types of polymer chains. This stability
suggests some level of elongation or asymmetry in molecular structure, with minimal influence
from sidechain architecture. Conversely, as the solvent quality deteriorates (0.6 < A < 1.0), k?

decreases significantly towards zero, signaling the onset of polymer chain aggregation.

S Conclusion

To conclude, we measured the second virial coefficient A, by static light scattering to quantify
solvent quality on a series of CPs solutions and investigated the effects of sidechain volume
fraction, sidechain architecture, and backbone architecture on optical absorption, particle size, and
chain conformation in solution state. We studied (1) P3ATs with various sidechain lengths, from
C4 to C12, (2) two P3HT’s analogous PQT-12 and PBTTT-12, and (3) PffBT4T-C9C13, in a
variety of solvents. We found that chlorobenzene is a better solvent than toluene and chloroform
towards various CPs, where more CPs have positive 4, in CB only. For P3ATs in non-polar
solvents like toluene, longer sidechain promotes better polymer-solvent interaction towards alkyl
sidechains and thus higher 4,. Besides sidechain fraction, sidechain architecture also impacts the
aggregation tendency. For example, PQT-12 and PBTTT-12 have a stronger tendency to aggregate
in all the solvents, despite having a similar sidechain volume ratio to P3HT. Meanwhile, backbone
architecture also influences the solvent quality and aggregation tendency. A donor-acceptor CP,
PffBT4T-C9C13 in CB also has a negative A, at 65°C. We performed CG molecular dynamics
simulation on CPs with various backbone and sidechain architectures in an implicit solvent with

various solvent qualities, which suggests that CPs with dense and branched sidechains have
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stronger polymer-solvent interaction and better solubility. Overall, our study provides quantitative

insight into the design and processing of CPs from a polymer-solvent interaction perspective.
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Figure S16 Molecular mass dependence of radius of gyration R, for solvent qualities ranging
from an ideal good solvent, 0 solvent, to a poor solvent for seven types of polymer architectures.

1 Experiment section
1.1 Solution preparation

Polymers were dissolved in filtered solvents and heated up to 80°C overnight to ensure fully
dissolved.
1.2 dn/dc measurement

20 mg CPs were dissolved in 1.0 ml solvents to obtain 20 mg/ml concentrated solution.
Solution refractive index was measured by Abbe refractometry (Mettler Toledo Easy R40) at
20£0.1°C and the differential refractive index was determined by the following equation.

dn  Nsolution — Msolvent
dc ™~ c

Eq.1

1.3 HSP prediction

HSP values for CPs and solvents are obtained from prediction in HSPiP software v5.4.07
shown in Figure S6 and Table S4. Note that the predicted HSP value of P3HT does not match

with the experimental value'. And no other P3ATs’ HSP value has been measured and reported
to the best of our knowledge.
1.4 DSC measurement

Differential scanning calorimetry (DSC) was performed in the Mettler Toledo 3+ DSC
instrument. About 3 mg samples were sealed into an aluminum pan and the heating and cooling

rate was 10 °C/min under N, flow.

2 Supporting figures and table

S3



Figure S1 Photo of P3ATs solutions after aging
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Figure S2 DLS result of P3ATs at 20°C. (a, b) in THF and (c, d) in CF. The autocorrelation
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Figure S3 UV-Vis absorption spectrum of all CPs in CB (a) and in Tol (b) at 20°C. The spectrum
of P3HT, P30T, P3DT, and P3DDT are overlapped together.

Table S1 Wavelength at maximum absorption of all solutions at 20°C.

Name Mnax abs, CB/MM Ay g 1o/ M
P3BT 449 446
P3HT 454 450
P30T 453 449
P3DT 454 450
P3DDT 450 446
PQT-12 476 474
PBTTT-12 483 533
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Figure S4 UV-Vis absorption spectrum of P3BT and P3HT in Tol (a, b) and CB (c, d) at various
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temperatures. Solution concentration is 0.1 mg/ml.

Table S2 Wavelength at maximum absorption of P3BT and P3HT Tol/CB solutions at various

400 500 600 700
Wavelength (nm)

300

temperatures.
Polymer Temperature/°C max abs, 1o I max abs, cg/MM
20 447 450
P3BT 80 438 442
120 431 438
20 450 454
P3HT 80 442 447
120 437 441
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Figure S5 UV-Vis absorption spectrum of drop cast thin films of P3BT and P3HT from Tol and
CB diluted solutions (0.1 mg/ml). The thin film was dried at room temperature overnight without
thermal annealing.

Table S3 dn/dc value (at Na D line) and absorption coefficient (at 633nm) value of P3ATs in
various solvents. *PQT-12 and PBTTT-12 are assumed to be the same as P3HT due to the

difficulties of their measurement.

Polymer/ dn/dc (ml/g)

Solvent CB Toluene THF Chloroform
P3BT 0.280 0.225 0.465 0.365
P3HT 0.225 0.195 0.320 0.305
P30T 0.175 0.200 0.420 0.295
P3DT 0.150 0.180 0.315 0.235

P3DDT 0.125 0.155 0.335 0.210

PQT-12%* 0.225 0.195 0.320 0.305
PBTTT-12* 0.225 0.195 0.320 0.305

Table S4 HSP value of P3HT, PQT-12, and PBTTT-12, based on HSP prediction from HSPiP
software v5.4.07.

Polymer Name P3HT PQT-C12 PBTTT-C12
FOl‘mula (C4OH5684)n (C40H56S4)n (C38H5GS4)H
oD 15.9 16.8 15.9
Prediction
by HISPiP oP 1.2 1.2 1.5
oH 2.1 2.1 1.8
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Figure S6 HSP value of solvent and P3HT. The arrow indicates the trend for increasing

sidechain volume. Measured HSP values of P3HT are adapted from ref'- 2.
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Figure S7 Debye plot of P3ATs in THF (a) and CF (b) at 20°C.
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Figure S8 DSC result of P3HT, PQT-12 and PBTTT-12. Curves are from the second heating
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Figure S9 DLS evolution of P3HT solution 1.0 mg/ml after aging at r.t. for 10 days under dark
conditions. Autocorrelation curve of P3HT in CB (a) and Tol (b), and particle size distribution in

CB (c) and Tol (d) by NNLS fitting.

Figure S10 Sideview of an incidence laser beam (left) passing through a toluene solvent (a) and
0.04 mg/ml PffBT4T-C9C13 chlorobenzene solutions (b). (c) Photos of transmission laser

projected on an A4 paper 1.5m away after passing through solution described in (b).
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Figure S11 (a) Polymer architectures of type V and VI. (b-c) Reduced R, of polymer chain as a
function of solvent quality for type V to VI, respectively.
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Figure S12 Normalized squared radius of gyration R,*> / (N - 1) as a function of solvent quality A
for polymer models I to VI, respectively, at higher temperatures. The location of the 6 point is

indicated by the black dashed line.
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Figure S14 Normalized squared end-to-end distance R..2 / (N - 1) as a function of solvent quality
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Figure S16 Molecular mass dependence of radius of gyration R, for solvent qualities ranging
from an ideal good solvent, 0 solvent, to a poor solvent for seven types of polymer architectures.
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