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ABSTRACT: The solution structure of conjugated polymers (CPs) from which the
films are cast is critical for tailoring the thin-film morphology thus device
performance. Here, we used multimodal variable-temperature scattering and
spectroscopy tools to fully quantify the solution assembly of poly[(5,6-difluoro-
2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3‴-dialkyl-2,2′;5′,2″;5″,2‴-quaterthiophen-
5,5‴-diyl)] (PffBT4T) polymers with varying side-chain lengths at different
assembly temperatures. The conformational and aggregation behaviors for
PffBT4T-based CPs were found to be very sensitive to both temperature and side
chain length using ultraviolet−visible (UV−vis) spectroscopy, nuclear magnetic
resonance (NMR) spectroscopy, dynamic light scattering (DLS), and small-angle
neutron scattering (SANS). We found that with slightly increasing side chain length
from 2-octyldodecyl (C8C12) to 2-nonyltridecyl (C9C13), PffBT4T-based CPs
show a significant decrease in aggregation-to-dissolved chain transition temperature
(10 °C), degree of aggregation, enthalpy change of aggregation, and size of the
aggregates in solution. At room temperature, PffBT4T polymer strongly aggregated to form fabric structure with the film thickness of
a few nanometers in thickness and hundreds of nanometers in length, as probed by atomic force microscopy (AFM), transmission
electronic microscopy (TEM), and dynamic light scattering (DLS). At the elevated temperature above the aggregation-to-dissolved
chain transition temperature, PffBT4T is fully dissolved and adopts a semiflexible coil conformation with the persistence length of
3.1 nm for PffBT4T-C8C12 and a slightly increased persistence length of 3.4 nm for PffBT4T-C9C13, according to temperature-
dependent SANS measurements. Longer side chains of PffBT4T-C9C13 also lead to less aggregation enthalpy gain compared with
PffBT4T-C8C12. This work provides a solution structure manipulating strategy of CPs and thus will inspire the molecular design
and processing protocols of CPs toward higher performance electronic devices.
KEYWORDS: conjugated polymers, small-angle neutron scattering, chain conformation, polymer aggregation, side-chain length

■ INTRODUCTION
The ease of solution processing of conjugated polymers (CPs)
makes them widely adopted in optoelectronic devices, such as
photovoltaics (OPVs),1,2 organic light-emitting diode
(OLED),3 transistors,4−6 and other emerging applications.7,8

Significant advances have been achieved such as power
conversion efficiency (PCE) for OPVs exceeding 18%,2,9,10

charge carrier mobilities catching up with inorganic counter-
parts, e.g., amorphous silicon.11 Despite the significant
advances in device engineering and optimization, the
fundamental principles underlying the solution property of
functional conjugated polymeric ink and the fabrication of
high-performance devices based on these inks are far from fully
understood.
Understanding the morphology of CPs in solution and its

rapid evolution during solution processing is the cornerstone
for optimizing the optoelectronic performance, and it provides

reliable and reproducible control of the final device
morphology.12,13 Most solution processing processes, such as
spin coating and blade coating, involve rapid solvent
evaporation during the film drying process. Thus, polymers
are commonly trapped in morphology that is far from
equilibrium. Consequently, the assembled structure for CPs
in solution strongly influences the solid-phase morphology and
device performance. However, the lack of understanding
concerning the hierarchical assembly of CPs in the solution
hinders this field from fully unleashing all the potential for
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solution-processed electronic devices. In solution states, CPs
strongly interact with each other, are rarely fully dissolved, and
often form aggregates at room temperature.
Reported research works on single-chain conformation

limited to the early developed CPs including poly(3-alkyl

thiophenes)14,15 (P3ATs), poly(2,3-diphenylphenyleneviny-
lenes),16−18 polyfluorenes.19−21 Until recently, chain rigidity
of high-performance donor−acceptor CPs, like poly[[4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]-

Figure 1. Solution aggregation property of PffBT4T polymer probed by solution SANS, and microscopy. (a) Schematic of variable-temperature
solution SANS. (b) lp for PffBT4T-C8C12 and PffBT4T-C9C13 at elevated temperatures. The inset figure is a schematic illustration representing a
flexible cylinder model. Temperature-dependent SANS profile of PffBT4T-C8C12 (c) and PffBT4T-C9C13 (d) in o-DCB-d4 at a concentration of
5 mg/mL. TEM image of aggregates by drop-casting the (e) PffBT4T-C8C12 solution and (f) PffBT4T-C8C12 solution (0.1 mg/mL, in o-DCB).
Inset is AFM height images and height profile of a line cut of the aggregates, scale bar is 200 nm.
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thiophenediyl]] (PTB7),22 diketopyrrolopyrrole (DPP) de-
rivatives,23,24 and benzodifurandione oligo(p-phenyleneviny-
lene) (BDOPV)-based polymers,25,26 started to attract
attention. The formation of fiber-like aggregates for
P3ATs,24,27−30 and sheet-like aggregates for polyfluorenes,31

nanoribbons, or amorphous aggregates for DPP-based
polymers,23,24 have been observed. The primary aggregates
can evolve further and form loosely packed structure up to a
micrometer scale,23 and even self-assemble into large colloidal
structures that span tens of micrometers.28,32 The aggregation
of CPs also raised strong interest as the aggregates significantly
impact optoelectronic properties.33 For example, aggregated
P3ATs showed a significant red shift in their absorption
spectroscopy compared to the dissolved chain. Currently, no
clear understanding of the relationship between molecular
structure and conformation has been obtained, including the
influence of the side-chain structure on CP’s chain
conformation.34

In 2014, Yan He and co-workers reported CPs based on
quaterthiophene (4T) and (difluorinated) benzothiadiazole
(BT) (PffBT4T), that enabled high-efficiency polymer solar
cells (>10%).35 In particular, fine-tuning the length of alkyl
chains of PffBT4T-based polymers can dramatically influence
the efficiency of fabricated solar cell devices.1 Notably,
PffBT4T-C9C13 polymer (see molecular structure in Figure
1) was adopted to achieve a record-high power conversion
efficiency by altering the alkyl chains from 2-octyldodecyl
(C8C12) (average PCE of 9.2%) alkyl chains to 2-non-
yltridecyl (C9C13) (average PCE of 11.3%) alkyl chains.1 The
high performance was credited to fine-tuning aggregation
properties and blend morphology when processing the
polymer solution (5−10 mg/mL) at moderately elevated
temperatures (e.g., 60−80 °C).35,36 Nevertheless, at the
fundamental level, it is unclear that how the alkyl-chain length
impacts the conformational and aggregation structure in
solution for PffBT4T-based polymers.
In this work, the conformation and aggregation behavior of

PffBT4T-based polymers with two side chain lengths (from
C8C12 to C9C13) in solution at different temperatures were
investigated by a suite of variable-temperature scattering and
spectroscopy tools including, ultraviolet−visible (UV−vis)
spectroscopy, small-angle neutron scattering (SANS), dynamic
light scattering (DLS), and nuclear magnetic resonance
(NMR) spectroscopy. We observed that PffBT4T polymers
formed large aggregates below the aggregation-to-dissolved
chain transition temperature, but dissolved down to the
molecular level and adopted a semiflexible coil conformation
above the transition temperature at a wide range of polymer
concentration from 0.05 to 5 mg/mL in ortho dichloroben-
zene. The size of aggregates and degree of aggregation is highly
dependent on temperature and side-chain length. At the same
temperature, the size of primary aggregates and degree of
aggregation decreases with increasing side-chain length,
indicating the longer side chain hinders the growth of
aggregates. The Van’t Hoff analysis indicated that longer side
chains of PffBT4T-C9C13 lead to less enthalpy gain compared
with PffBT4T-C8C12. The side chain length also influences
the chain conformation for fully dissolved PffBT4T at elevated
temperatures, with persistence length (lp) at 3.1 nm for
PffBT4T-C8C12 versus 3.4 nm for PffBT4T-C9C13. The
sheet-like primary aggregates (thickness of 2−3 nm) of
PffBT4T-based polymers were confirmed by TEM and AFM
for deposited films. The primary aggregates can self-assemble

into loosely packed objects and even nonflowing gel in solution
at room temperature. Our multimodal variable-temperature
scattering and spectroscopy experiment suggested that rich
morphology can be formed for CPs in solution and side chain
length offers a straightforward way to fine-tune solution
assembly of CPs.

■ METHODS
Materials. PffBT4T-based polymers were purchased from Sigma-

Aldrich. o-Dichlorobenzene (o-DCB), and deuterated o-dichloroben-
zene (o-DCB-d4) were also purchased from Sigma-Aldrich and used
without further purification.

Gel Permeation Chromatography (GPC). The number-average
molecular weight (Mn) and dispersity (Đ) 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.

Thermogravimetry Analysis (TGA). TGA measurements were
performed on Mettler Toledo TGA with a heating rate of 10 °C/min
under an inert nitrogen gas atmosphere.

Differential Scanning Calorimetry (DSC). DSC measurements
were performed with a Mettler Toledo DSC 3+. The samples were
first heated above their melting temperature (300 °C) followed by
cooling to −90 °C with a rate of 10 °C/min. After that, the samples
were heated at the same rate. The DSC data were taken at the cooling
and second reheating scans for determining crystallization temper-
ature, melting temperature, and melting enthalpy.

UV−Vis Spectroscopy. Temperature-dependent UV−vis spectra
were measured by a Cary 5000 UV−vis−NIR spectrophotometer with
a temperature range from 25 to 100 °C. Solution absorption data was
acquired from dilute solutions of polymers (0.05 mg/mL in o-DCB).

Photoluminescence Spectroscopy. Temperature-dependent
steady-state photoluminescence measurements were recorded using
a PTI-Horiba QuantaMaster 400 spectrofluorimeter equipped with a
75 W Xe arc lamp from 25 to 70 °C. The solution (0.05 mg/mL in o-
DCB) was in a 10 mm quartz cuvette, which was stabilized at the
desired temperature before measurement using an intercooler.

Small-Angle Neutron Scattering (SANS). SANS measurements
were performed on dilute solutions of polymer (5 mg/mL) in o-DCB-
d4 to characterize the aggregate structure and single-chain
conformation. The samples were measured in Hellma quartz cells
with a 2 mm path length. Measurements were performed at the
Extended Q-Range Small-Angle Neutron Scattering Diffractometer
(EQ-SANS) at the Spallation Neutron Source (SNS), Oak Ridge
National Lab (ORNL).37 Two configurations (4m sample to detector
distance with a wavelength band of λmin = 12 Å and 2.5 m sample to
detector distance with λmin = 2.5 Å) were used to cover the scattering
wavevector q from 0.003 to 0.7 Å−1. SANS measurements were
performed at 25, 75, 100, and 130 °C for samples dissolved in o-DCB-
d4 solution. Scattering data were reduced and corrected by subtracting
the background from solvents and cells. The data were put on an
absolute scale (cm−1) by using a standard porous silica sample.38

Atomic Force Microscope (AFM). AFM images were acquired
on an Asylum Research Cypher S AFM in tapping mode. Aged
polymer solution (0.1 mg/mL in o-DCB, at room temperature for 24
h) was spin-coated onto the oxygen plasma cleaned silicon wafer at
600 rpm for 3 min and dried naturally before AFM measurements.

Transmission Electron Microscopy (TEM). TEM experiments
were performed at 80 kV in a JEOL NEOARM at the Center for
Nanophase Materials Sciences, Oak Ridge National Laboratory, which
is using a cold field-emission gun with a typical emission current of
14−15 μA. Images were collected with mitigated electron beam
exposure to reduce beam-induced sample changes. The samples were
prepared by drop-casting the aged solution (0.1 mg/mL in o-DCB, at
room temperature for 24 h) on 400 mesh copper grids.

Nuclear Magnetic Resonance (NMR). Temperature-dependent
1H NMR spectra were measured by a Varian-500 MHz NMR
spectrometer from 25 to 100 °C. D1 was set to be 5. Chemical shifts
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were reported in ppm relative to o-DCB-d4 at 7.17 ppm (lower field
peak) for 1H NMR.
Dynamic Light Scattering (DLS). The time-averaged scattering

intensity was collected at a 90-deg angle for more than 2 min from a
Brookhaven Instruments BI-200SM goniometer with an avalanche
photodiode detector and TurboCorr correlator. DLS measurements
were collected using a 633 nm HeNe laser from Research Electro
Optics. The concentration of PffBT4T-based polymer solution used
here was 0.1 mg/mL in o-DCB solvent. Variable-temperature solution
DLS was measured from 25 to 70 °C.

■ RESULTS AND DISCUSSION
Physical Properties of PffBT4T-Based Polymers. Two

PffBT4T polymers with different side chain lengths were
considered here. Both polymers have high thermal stability,
with thermal degradation temperatures exceeding 400 °C
(Figure S1). The molecular weights (Mn), dispersity (Đ), and
both melting and crystallization temperatures of both polymers
were listed in Table 1. The Mn and Đ values for both polymers

are close, thus allowing us to systematically compare their
solution assembly behaviors. The sharp melting/crystallization
peaks observed in DSC curves indicate the strong crystal-
lization ability of both polymers. In addition, the PffBT4T
polymer with longer side chains showed a 15−18 °C drop in
both melting and crystallization temperatures. The DSC curves
were shown in Figure S2.
Temperature-Dependent Solution Structure. Under-

standing the solution assembly of CPs has relied on a wide
range of techniques, including spectroscopic analyses (e.g.,
UV−vis absorption and photoluminescence, PL), SANS,15,39

small-angle X-ray scattering (SAXS), static light scattering
(LS),40,41 DLS,42−45 and viscometry.46,47 Optical spectroscopic
analyses are powerful tools to identify the formation of
aggregates. In o-DCB, at low temperature, PffBT4T polymers
formed aggregates, given that the absorption profile presented
distinct spectral features (0−1 and 0−0 transitions shown in
Figure S3) due to intrachain and interchain order.35,48 The
thermochromic blue shift in the absorption spectra upon
increasing temperature was observed. When solution temper-
ature raised from 25 to 100 °C, the sharp 0−0 transition peak
at around 700 nm, which is due to polymer aggregation,
reduced gradually and finally disappeared. This indicates that
the polymer chains fully disaggregate, hence resulting in a
featureless single absorption peak appearing near 550 nm.
Furthermore, we measured temperature-dependent photo-
luminescence (PL) spectra of the solution (Figure S4, parts
a and b) to explore the temperature-dependent aggregation
behavior of the polymers. It is clear that when the solution of
the polymer was heated from 25 to 70 °C, the PL emission
peak shifted from 750 to 650 nm, while the intensity of the
emission increased distinctly, indicating a gradual disaggrega-
tion process. At low temperatures (25 to 50 °C), the single-
chain polymer fluorescence (650 nm) is significantly
quenched, due to the efficient interchain interactions in
aggregates. Despite being highly useful for understanding the
optical property, the optical spectroscopic analyses provide

very limited structural information on the chain conformation
of the assembled structure. In the following sections, we
discuss our effort to correlate the solution structure and
polymer’s optoelectronic property.
Here, we reported the solution structure of the PffBT4T

polymers using variable-temperature SANS, DLS, and NMR to
rationalize the observed optical property at various temper-
atures. Solution SANS measurements with the schematic
shown in Figure 1a were performed on PffBT4T-C8C12 and
PffBT4T-C9C13 dissolved in o-DCB-d4 solvent to characterize
either a single chain conformation or aggregate structure. The
concentration of the measured solution is 5 mg/mL, which is
highly relevant to the ink used for processing final functional
devices. The samples were initially fully dissolved in the o-
DCB-d4 solvent at 100 °C. Then the hot solutions were
transferred to Hellma quartz cells with a 2 mm path length.
After the solution cooled to room temperature, the sample in
quartz cells formed a gel, and the solution was no longer able
to flow before SANS measurements. In this case, as shown in
parts c and d of Figure 1, the scattering signal from aggregates
dominated the SANS profile, characterized by strong scattering
intensity near the low scattering vector, which indicate that
large structures, (e.g., >100 nm) were formed. This agrees with
the previous measurements for P3AT and DPP gel,30,49 as well
as polyfluorene gel.50

In order to further understand the aggregate structure, we
performed transmission electron microscopy (TEM) and
atomic force microscope (AFM) to observe the morphology
of aggregates. As shown in TEM and AFM images in parts e
and f of Figure 1, a loosely packed network was formed by
stacking primary nanoribbon-like small aggregates with each
other. The aggregates of PffBT4T-C9C13 showed a more
connected network compared to PffBT4T-C8C12 aggregates.
The width of the primary nanoribbon-like small aggregates is
on the order of nanometers (see Figure S5 for statistical data).
The average width for PffBT4T-C8C12 aggregates (24 nm) is
lower than that of PffBT4T-C9C13 aggregates (35 nm). The
length of the aggregates can not be accurately measured due to
the continuous nature of interconnected structures. The best
estimation of length for aggregates ranges from hundred
nanometers to a few microns. Height profiles of the aggregates
shown in parts e and f of Figure 1 indicate sheet-like aggregates
formed, with only about 2−3 nm in thickness for both
PffBT4T-C8C12 and PffBT4T-C9C13. It is worth noting that
a weak peak at q around 0.25 Å−1 showed up in the SANS
curves, which corresponds well with the alkyl chain packing
(100) peak when aggregates pack together.35

Next, we further performed variable-temperature SANS to
measure the single-chain conformation at the elevated
measurement temperatures. This allows us to quantify the
backbone rigidity for PffBT4T polymers. As seen in parts c and
d of Figure 1, upon heating, the scattering intensity decreases
sharply at the low q region, indicating the dissolution of large
polymer aggregates. The scattering result showed a clear
Guinier region at the low q range at high temperatures. It can
be seen that the SANS curves measured at 75, 100, and 130 °C
can be fitted nicely with a flexible cylinder model in
SasView,22,51 which is a suitable model for semiflexible
polymers with side chains like CPs. This model has been
utilized to fit the SANS curves for P3AT, PTB7, and DPP-
based polymers as well as many other CPs.22,52−54 From this
model, one can extract chain conformation, such as contour
length (lc), lp, and cylinder radius (R) (see inset in Figure 1b

Table 1. Basic Physical Properties of PffBT4T-Based
Polymers

polymer name Mn (kDa) Đ Tm (°C) Tc (°C)

PffBT4T-C8C12 52.7 1.9 280.1 244.3
PffBT4T-C9C13 46.7 2.2 265.2 226.8
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for this model). Parameters obtained from data fitting using
the flexible cylinder model were shown in Table 2. According

to the SANS results, PffBT4T-C8C12 and PffBT4T-C9C13
are relatively flexible with lp at a value of about 3 nm, which is
very close to the lp value reported for P3HT.14,15 Planarization
of the polymer backbone upon fluorination has been observed
for several polymers, such as regioregular poly(3-alkyl-4-
fluoro)thiophenes,55 indacenodithiophene-co-(difluorinated)
benzothiadiazole (BT) polymer,56 and DPP-based polymers.57

This planarization is promoted by noncovalent interactions
(H−F, S−F).55 As calculated from the freely rotating chain
model, PffBT4T-C8C12 is very rigid with a lp of 13.3 nm.34

Also, a recent atomistic molecular dynamics simulation work to
probe the chain conformation indicated a high lp of 7.1 nm for
PffBT4T-C8C12.58 Our experimental finding showed different
results. At high temperatures, the interaction between the
sulfur atom and fluorine atom is not strong enough to lock the
chain conformation, thus resulting in a flexible backbone, as
the thiophene majority building blocks dominate the chain

conformation. Thus, previously mentioned freely rotating
chain model and atomistic molecular dynamics simulation
could overestimate chain rigidity of PffBT4T-C8C12. This
points to the need for better models and simulation protocols
to calculate the chain rigidity of CPs.
Moreover, PffBT4T-C9C13 with a longer side chain shows a

slightly higher value of lp, at 3.4 nm versus 3.1 nm for PffBT4T-
C8C12. However, a larger error bar in lp value for PffBT4T-
C9C13 is also observed. The stronger steric hindrance from
longer side chains may slightly rigidify the polymer chain.
Additionally, our results show that lp for PffBT4T-C8C12 and
PffBT4T-C9C13 is weakly dependent on temperature, with
only slightly increased with increasing temperature (Figure
1b). The higher lc at 75 °C than 100 and 130 °C indicates that
aggregates containing dimer could persist at 75 °C. The
dependence of lp for CPs on temperature remains con-
troversial. Segalman et al. reported that the measured lp
decrease as the temperature is increased for P3ATs due to a
more twisted backbone.15 In Schneider and co-workers’ recent
work, they observed an increased chain rigidity of P3HT with
rising temperature.59 Overall, the variable-temperature SANS
work showed the assembled structure from PffBT4T polymers
is highly dependent on temperature, and it spans from
multichain aggregates to a single flexible chain.

Aggregate Structure by DLS. According to the above
discussion, polymer chains formed large aggregates below the
aggregation-to-dissolved transition temperature. Here, to
investigate the structure of the aggregates in the solution,
variable-temperature DLS was also used. DLS measures the
diffusion coefficient of aggregates in the solution, which in
combination with the solution viscosity and the Stokes−
Einstein equation gives the typical size (hydrodynamic radius,
Rh) of aggregates. DLS has been used to probe the aggregation

Table 2. Parameters Obtained from Fits to the SANS Data
with the Flexible Cylinder Modela

polymer T (°C) lc (nm) lp (nm) radius (nm)

PffBT4T-C8C12 75 85.1 ± 2.0 3.0 ± 0.1 0.94 ± 0.01
100 61.4 ± 3.1 3.1 ± 0.1 0.94 ± 0.01
130 63.7 ± 3.4 3.1 ± 0.1 0.90 ± 0.01

PffBT4T-C9C13 75 78.3 ± 2.0 3.3 ± 0.3 0.95 ± 0.01
100 56.3 ± 1.6 3.4 ± 0.4 0.95 ± 0.02
130 54.7 ± 1.9 3.4 ± 0.4 0.95 ± 0.01

aRadius is the cylinder radius, lp is the persistence length, and lc is the
contour length, and the dispersity for contour length is 1.

Figure 2. DLS to probe solution property for PffBT4T polymers. (a) Schematic of solution DLS. (b) Temperature dependence of the peak Rh in
solution. (c and d) Temperature dependence of the normalized autocorrelation function. (e and f) Corresponding distribution of Rh. Polymer
solution (0.1 mg/mL in o-DCB) was stored at room temperature for 24 h to promote aggregates at room temperature. The aggregated polymer
solution was then heated to various temperatures and measured.
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Figure 3. NMR to probe solution property for PffBT4T polymers at a concentration of 5 mg/mL in o-DCB-d4 for different temperatures. (a)
Schematic of NMR. (b) NMR spectra of PffBT4T-C8C12 measured at 100 °C. Temperature dependence of NMR aromatic peak of (c) PffBT4T-
C8C12 and (d) of PffBT4T-C9C13. Temperature dependence of NMR alkyl peaks of (e) PffBT4T-C8C12 and (f) PffBT4T-C9C13. (g)
Aggregation fraction of PffBT4T-C8C12 and PffBT4T-C9C13. The degree of aggregation was calculated by comparing the peak areas of alkyl
peaks with the peak areas of fully dissolved polymers at 100 °C. (h) Van’t Hoff plot for the temperature dependence of the dimerization constant of
PffBT4T-C8C12 and PffBT4T-C9C13.
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behavior of polythiophenes,60 polyphenylenevinylenes,61 poly-
(9,9-dioctylfluorene),50 and DPP-based polymers,23 but it
remains underutilized for PffBT4T-based polymers. Since the
DLS only concerns temporal fluctuations for PffBT4T-based
polymer aggregates within the illustrated beam path, the weak
absorption from the dilute solution will not affect the Rh value.
To study the structure of primary aggregates at different

temperatures, we performed variable-temperature DLS (Figure
2a) to observe the disaggregation process by heating
preaggregated dilute solution (0.1 mg/mL in o-DCB) that
was previously aged at room temperature for 24 h. At low
temperatures, the relaxation time of polymer aggregates in
solution is around 1 ms which agrees with the expected
diffusion behavior for large aggregates (100−300 nm). The
relaxation time of the solution gradually reduced with the
temperature raised for both PffBT4T-C8C12 (Figure 2c) and
PffBT4T-C9C13 (Figure 2d). The corresponding Rh of
aggregates with increasing temperature is shown in Figure 2,
parts e and f. As can be seen in Figure 2b, the most plausible Rh
decreases gradually from ∼210 to ∼130 nm during the heating
for PffBT4T-C8C12 and from ∼160 to ∼100 nm for PffBT4T-
C9C13 from room temperature to 60 °C. At 70 °C, no large
aggregates were observed by DLS for PffBT4T-C8C12,
indicating that the aggregates were fully disaggregated. For
PffBT4T-C9C13, no large size aggregates were observed at a
lower temperature of 60 °C. Apart from the aggregation-to-
dissolved chain transition temperature, it is worth noting that
the size of alkyl chains also influences the size of the aggregates
in solution. The size of the aggregates of PffBT4T-C8C12 was
bigger than PffBT4T-C9C13 at the same temperature,
indicating the longer side chain hinders the further growth of
aggregates in solution.
Degree of Aggregation by NMR in Solutions. At

present, the lack of simple characterization methods to
characterize the degree of aggregation of CPs in solution at
high concentration (e.g., a few mg/mL) pertained to the device
manufacture limited the understanding on their aggregation
behavior. Optical spectroscopic analyses were commonly used
to study the degree of aggregation in very dilute solutions
(<0.1 mg/mL). Scattering measurements need a complex
model to decouple the signal originating from the aggregates
and single chains, which is prone to error since large structures
dominate the scattering signal.29 Thus, careful consideration
should be given when modeling the scattering data. A good
example is from Pozzo group to measure samples at a wide
range of scattering vectors, combining ultrasmall-angle neutron
scattering with small-angle neutron scattering and applying the
appropriate model.22

In this section, we studied the aggregation behavior of
PffBT4T-based polymers in solution (5 mg/mL) by NMR,
which is sensitive to the local electronic environment of an
atom with nonzero nuclear spin. Figure 3a shows the schematic
of NMR. Once they form aggregates, the protons in aggregates
will not contribute strongly to the NMR spectra due to the
shielding effect and slow chain dynamics. Figure 3b shows the
1H NMR spectra of PffBT4T-C8C12 in o-DCB-d4 at 100 °C.
The chemical shifts of protons from the thiophene rings (8.6−
8.8 ppm) and alkyl side chains (1.1−3.6 ppm) were observed
clearly at such high temperatures indicating a fully dissolved
single chain in solution. As shown in parts c and e of Figure 3,
nevertheless, no aromatic peak was observed at room
temperature for PffBT4T-C8C12 and PffBT4T-C9C13,
indicating the formation of aggregates as π−π stacking in

aggregates leads to shielding.62 Furthermore, parts d and f of
Figure 3 show that the alkyl peaks also almost disappear at
room temperature, which is indicative of the existence of
interaction between alkyl side chains in aggregates. With the
increase of temperature, the NMR spectrum peaks gradually
appeared and narrowed from broad peaks.
We also calculated the aggregation fraction at different

temperatures by comparing the peak areas of alkyl peaks with
peak areas of fully dissolved polymers at 100 °C. As can be
seen in Figure 3g, at room temperature, most molecular chains
(90% for PffBT4T-C8C12 and 80% PffBT4T-C9C13) are in
aggregated states. Most of the sample precipitates out as can
also be seen with the naked eye (Figure S7). Similarly, the
UV−vis spectroscopy results also showed a high aggregation
fraction at room temperature. By calculating the relative peak
area of single-chain absorption peak (from the multipeak fitting
of the absorption spectra, normalized to 80 °C) as a function
of temperature, we compare the degree of aggregation of
PffBT4T-C8C12 and PffBT4T-C9C13 solutions at various
temperatures, as shown in Figure S3c. Over 80% of the chains
are in the aggregated state even in dilute solution (e.g., 0.05
mg/mL) at room temperature. Note that more pronounced
disaggregation with increasing temperature was observed in
such a more dilute solution. In addition to the solution
temperature, the degree of aggregation is also affected by the
side chain length. PffBT4T-C8C12 with a shorter side chain
showed a higher aggregation fraction at the same temperature
and higher onset temperature (60 °C for PffBT4T-C9C13, and
70 °C for PffBT4T-C9C13) to be fully dissolved compared
with PffBT4T-C9C13, suggesting that the longer side chain
could induce less thermally stable aggregates due to stronger
steric hindrance.

Thermodynamics and Kinetics of Aggregation.
Despite the importance of the aggregation behavior of CPs,
the fundamental thermodynamics features during aggregation
have rarely been studied before, which is pivotal for the precise
control of the self-assembly process.63 In solution, aggregation
of CPs can be considered as the thermodynamic equilibrium
between single-chain species and aggregate species. The
abundant aggregate species lead to multiple equilibria in the
solution. Assuming an isodesmic aggregation behavior and for
the sake of simplicity, we used a simplified monomer−dimer
model to describe the equilibrium for the aggregation process.
Similar models were widely applied to the aggregation of dye
molecules such as cyanine64 and phthalocyanine dyes65 and
more recently for dipolar merocyanine dyes.66 The simple
dimerization model can be expressed as

K
C

Cdim
D

M
2=

(1)

where Kdim denotes the dimerization constant for M + M ⇌ D
and CM and CD are the concentrations of monomer and dimer.
The standard aggregation enthalpy change and entropy change
of dimerization of the PffBT4T-C8C12 and PffBT4T-C9C13
in o-DCB-d4 were obtained by means of a Van’t Hoff plot
according to temperature-dependent NMR experiments, where
the Kdim values were determined at variable temperatures.

K H
RT

S
R

ln dim = − Δ ° + Δ °
(2)

The plot of ln Kdim versus 1/T can be fitted by a linear
relationship (Figure 3h). The standard dimerization enthalpy
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and entropy were determined to be ΔH° = −88.3 ± 3.9 kJ
mol−1 and ΔS° = −181.2 ± 12.5 J mol−1 K−1 for PffBT4T-
C8C12 and ΔH° = −78.8 ± 6.9 kJ mol−1 and ΔS° = −161.4 ±
22.2 J mol−1 K−1 for PffBT4T-C9C13. These data suggest that
the aggregation is enthalpically driven. The polymer with the
longer side chain has a greater enthalpy of solvation that is lost
upon forming a dimer. This explains the less enthalpy gain of
PffBT4T-C9C13. The smaller entropy penalty seen on
PffBT4T-C9C13 during aggregation is likely due to the
lower degree of enthalpy−entropy compensation as a result
of the weaker aggregation enthalpy.
The kinetics of polymer aggregation for CPs plays a key role

in influencing the film-forming dynamics. In previous studies,
in situ grazing incidence wide-angle X-ray scattering
(GIWAXS) has been used to investigate the PffBT4T-
C8C12 aggregation pathway during the transformation from
solution to dried films.67 Aggregates could form within a few
seconds. However, in the previous report, there is simultaneous
rapid solvent evaporation and temperature drop, which makes
it difficult to deconvolute various factors and study the effects
of temperature on polymer aggregation alone. Here, we
monitored the aggregation process of PffBT4T-based polymers
during cooling by NMR and UV−vis at constant polymer
concentration. The polymers were initially fully dissolved in o-
DCB-d4 solvent at 100 °C and then cooled and aged at 25 °C.
1H NMR spectra of PffBT4T-C8C12 and PffBT4T-C9C13
solution in o-DCB-d4 at a concentration of 5 mg/mL were
taken during the cooling and aging were shown in Figure S10.
We observed that both aromatic peaks and alkyl peaks
gradually disappeared and formed broad peaks. We further

calculated the aggregation fraction at different times. Our data
indicated that most aggregates formed within the first 3 min for
PffBT4T-C8C12, or within 5 min for PffBT4T-C9C13, and
then aggregate formation slowed down. It is clear that the
aggregation process exhibited an S-like curve, representing the
continuous nucleation and growth stage. Similar results were
also observed in cooling experiments for both PffBT4T-C8C12
and PffBT4T-C9C13 solution by UV−vis. By monitoring the
absorption peak tied to chain aggregates at 700 nm during in
situ aging at 25 °C at a concentration of 0.05 mg/mL, we
found that within the first 5 min for PffBT4T-C8C12 and 10
min for PffBT4T-C9C13 most of the aggregates formed (see
Figure S11).
We have found a strongly temperature-dependent solution

structure for PffBT4T polymers. Fully dissolved PffBT4T
polymer chains are relatively flexible with lp at a value of about
3 nm. The relatively flexible single chains can explain the
obvious blue shift once fully dissolved. Even though we cannot
measure the conformation of the polymer chains in the
aggregate, a more planar and rigid backbone conformation is
expected owing to the constraints of the surrounding
molecular chains (as shown in Figure 4a), based on the
existing morphology characterization results, especially the
finding from the TEM and alkyl chain stacking peak from the
SANS results.68,69 The conformational change of the molecular
chain results in a significant red shift in optical absorption, as
can be seen in Figure 4b.

Figure 4. (a) Schematic of temperature-dependent solution structure of PffBT4T polymers. (b) Temperature-dependent UV−vis of PffBT4T
polymers.
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■ CONCLUSIONS
The solution structures of PffBT4T-C8C12 and PffBT4T-
C9C13 were measured using variable-temperature UV−vis,
DLS, NMR, and SANS tools. Fine-tuning the size of alkyl
chains is particularly important to control the solution
structure as well as the thermodynamics of aggregation.
PffBT4T-C8C12 shows a stronger aggregation tendency than
PffBT4T-C9C13 due to less steric hindrance from side chains,
as indicated by more thermally stable aggregates, the higher
degree of aggregation, more aggregation enthalpy gain, and the
larger size of the aggregates in solution. PffBT4T-C8C12
shows a slightly lower lp than PffBT4T-C9C13, and both
polymers are relatively flexible with lp at a value of about 3 nm,
which remains nearly constant with increasing temperature
once above the disaggregation temperature around 75 °C. This
work indicated the solution structure can be dramatically tuned
by slightly varying the alkyl side chain length which can be
taken advantage of to achieve ideal morphology for high-
performance optoelectronics applications.
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Warr, D. A.; Senanayak, S. P.; Nikolka, M.; Statz, M.; Wu, Y.;
Sadhanala, A.; Schott, S.; Carey, R.; Wang, Q.; Lee, M.; Kim, C.;
Onwubiko, A.; Jellett, C.; Liao, H.; Yue, W.; Cho, K.; Costantini, G.;
McCulloch, I.; Sirringhaus, H. Anisotropy of Charge Transport in a
Uniaxially Aligned Fused Electron-Deficient Polymer Processed by
Solution Shear Coating. Adv. Mater. 2020, 32 (23), 2000063.

ACS Applied Polymer Materials pubs.acs.org/acsapm Forum Article

https://doi.org/10.1021/acsapm.1c01511
ACS Appl. Polym. Mater. 2022, 4, 3023−3033

3033

 Recommended by ACS

�ĘčÿČćāĒ�ĎĄ��đăÿąąđăąÿēćĎč�ÿčĂ��ćċČ��ĎđČÿēćĎč�ĎĄ
�ĎčĎđ݁�āāăďēĎđܼ��ĎčĉĔąÿēăĂ��ĎċĘČăđĒ
<XWD�<DEXXFKL��0DVDQRUL�2]DNL��HW�DO�
DECEMBER 22, 2021
ACS MATERIALS LETTERS READ 

�čĂăđĒēÿčĂćčą��ĎċĔēćĎč��ēÿēă��ĎčĄĎđČÿēćĎč�ÿčĂ
�ąąđăąÿēă��ēđĔāēĔđă�ĎĄ��ĎčĉĔąÿēăĂ��ĎċĘČăđĒ�ĕćÿ��Čÿċċ
�čąċă��ܼđÿĘ��āÿēēăđćčą
-XVWLQ�-��.ZRN��<LQJ�'LDR��HW�DO�
MAY 19, 2022
MACROMOLECULES READ 

�Ďċĕăčē��Ďċă�ćč�ēĆă��ăċĄܼ�ĒĒăČĀċĘ�ĎĄ��ĎċĘܱܼމ
ÿċĊĘċēĆćĎďĆăčăܲܤ���
ÿđČĎčćā��ćąĆē��āÿēēăđćčą��ēĔĂĘ
0LFKªOH�0RULV��7KLHUU\�9HUELHVW��HW�DO�
FEBRUARY 12, 2021
MACROMOLECULES READ 

�Ďċă�ĎĄ��ĎċăāĔċÿđ��ăćąĆē�ćč��ćāđĎĒēđĔāēĔđÿċ��đÿčĒćēćĎč
ÿčĂ��ēĒ��ĎđđăċÿēćĎč�ēĎ�ēĆă��ăāĆÿčćāÿċ�ÿčĂ��ċăāēđćāÿċ
�đĎďăđēćăĒ�ĎĄ��ܱ���ܲވ�ܼ��ވ��Ććč��ćċČĒ
.HIHQJ�=KDR��<DQFKXQ�+DQ��HW�DO�
OCTOBER 29, 2021
MACROMOLECULES READ 

	ăē��Ďđă��ĔąąăĒēćĎčĒ�ࠣ

https://doi.org/10.1021/ma802408u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma802408u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.sasview.org/
https://doi.org/10.1021/acs.macromol.0c02086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c02426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c02426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c02426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c00889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c00889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9TC05145G
https://doi.org/10.1039/C9TC05145G
https://doi.org/10.1039/C9TC05145G
https://doi.org/10.1038/s41598-020-66354-6
https://doi.org/10.1038/s41598-020-66354-6
https://doi.org/10.1016/j.orgel.2010.01.017
https://doi.org/10.1016/j.orgel.2010.01.017
https://doi.org/10.1021/jp208399z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp208399z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp208399z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp208399z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja306844f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja306844f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100890a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00206a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00206a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00206a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.1c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.1c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.1c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.1c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202000063
https://doi.org/10.1002/adma.202000063
https://doi.org/10.1002/adma.202000063
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c01511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsmaterialslett.1c00734?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acsmaterialslett.1c00734?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acsmaterialslett.1c00734?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acsmaterialslett.1c00734?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02449?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02449?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02449?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02449?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c02449?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.0c02544?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.0c02544?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.0c02544?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.0c02544?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c01481?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c01481?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c01481?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c01481?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
http://pubs.acs.org/doi/10.1021/acs.macromol.1c01481?utm_campaign=RRCC_aapmcd&utm_source=RRCC&utm_medium=pdf_stamp&originated=1661499035&referrer_DOI=10.1021%2Facsapm.1c01511
https://preferences.acs.org/ai_alert?follow=1

