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ABSTRACT: The determination of intrinsic chain stiffness of conjugated polymers is challenging, in particular, for scattering
techniques because of their strong light absorption and structural instability due to the complicated intra-/intermolecular
interactions. In this work, the chain conformation and aggregation formation of a high charge mobility donor—acceptor polymer
(DPPDTT) are systematically investigated by using small-angle neutron scattering (SANS) and static/dynamic light scattering
(SLS/DLS). On the one hand, chloroform was chosen as a good solvent, in which SANS reveals a rod-like geometry with a radius of
~15 A. Once the absorption effect is properly accounted for, SLS shows a power law of 1 between the radius of gyration (Rg) and
molecular weight (M,,) and a negative second virial coefficient (A,). On the other hand, 1,2-dichlorobenzene was chosen as a poor
solvent, in which SANS, SLS/DLS, and atomic force microscopy (AFM) reveal a strong temperature-/concentration-dependent
assembling behavior. The results provide a general picture of the multiscale assembly process of conjugated polymers.

1. INTRODUCTION similar evolution of L, and the conjugation length. For
example, experiments on poly(phenylene vinylene) (PPV)
derivatives indicate that the increase in chain stiffness can
significantly improve photoluminescence.'® However, a direct
link between chain rigidity and optoelectronic properties has
not been established yet.

As an essential characteristic of polymers, the chain
conformation of some conjugated polymers was studied a
long time ago.'”'® The privileged tool is small-angle neutron
scattering (SANS) since the transition from rod-like at a small
length scale and coil-like at a large length scale can occur
within the accessible size range (L, a few nm to a few tens of
nm) following the so-called worm-like chain behavior. A

Conjugated polymers have been intensively investigated as the
base material for optoelectronic devices' > owing to their
excellent solution processability and mechanical robustness.
The semiconducting properties come from the delocalization
of m-electrons, giving rise to the fastest transport of charge
carriers along the backbone. The final solid-state morphology
and molecular organization, governed by the chemical
structure as well as processing parameters during solvent
evaporation, are of great significance on the determination of
the physical properties of conjugated polymers.”> However,
the impact of backbone rigidity started only recently to attract
attention for structural assembly,® charge transport,” "' and
optical absorption and photoluminescence,'”"” although the

molecular design has already shown a preference of monomers Received: July 16, 2020
with fused rings and bulky side chains.'*'® Theories have Revised:  September 16, 2020
correlated charge mobility with persistence length (LP).7_9 Published: October 1, 2020

More rigid backbones, among which coplanar ones, with
maximized overlapping of wave functions, should facilitate a
pathway for carrier transport. Many observations show a rather
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pioneer work tackled the case of rather high L, for
polydlacetylene (poly-3 and -4 BCMU), with L, close to 30
nm."” Studied with the same SANS techmque, poly(3-
alkylthiophene) (P3AT)'® exhibits a statistical length of 5.5
nm, equivalently L, = 2.75 nm, which is 2—3 times that of
polystyrene (L, = 0 9—1 nm);***' the most interesting is the
rigidification when introducing dopants.'® The L, values agree
with a more recent wider SANS study for different poly(3-
alkylthiophene) showing comparison with the behavior of the
conjugation lengths under the influence of different alkyl
lengths, synthesis routes, and the temperature.”” The L, values
for P3AT agree well also with former static/dynamic light
scattering (SLS/DLS) studles where a worm-like conformation
is also used for the analysis.”*** The flexibility of the backbone
arises from the distribution of syn and anti conformations as
well as significant backbone torsion in polythiophenes. This
results in a shorter persistence length than the estimated
conjugation length, opposite to many other common
conjugated polymers. In stiffer polymers, using SLS and
DLS, worm-like chain behavior has also been reported, like for
poly(p-phenylene-cis-benzobisoxazole) (cis-PBO, L, = 19 nm
for high ionic strength and ~32 nm for low ionic strength)25
and poly(phenyleneethynylenes) (PPE, L, = 15 nm). 6
Moreover, the predicted L, of poly(3- hexylthlophene)
(P3HT) by calculating the dihedral potentials is 2.8—4.0 nm,
which agrees with experiments.”'**”**

Another structural aspect is the intra-/interchain non-
covalent interactions such as z—n interactions, which can
lead to aggregation in solution.””° In this case, the solvent is
considered as bad, but this is often temperature-dependent.
Studying by SANS, both chain conformation in a good solvent
and aggregatlon in a bad solvent are a burden since the earliest
articles.'” However, other papers considered aggregation only,
either because it is interesting for polymer systems, as they are
often associated with an interesting gelification behavior,”" or
because it is an important feature for conjugated polymer film
casting, which is the most common practical application. This
is the case, using SANS, for poly(2,3-diphenyl-S-hexyl-1,4-
phenylenevinylene) (DP10-PPV)* and DP6-PPV.>> Other
studies 1nvolved light scattering,’**® small- an;le X-ray
scattering,”® and UV—visible absorption spectra.””** It has
been reported in the literature that the solution properties will
shape the solid-state microstructure of polymer films and in
turn largely influence the optoelectronic properties.””™*
However, most of the previous studies focused on the effect
of processing conditions (such as different solvents) and
thermal annealing directly on the final microstructure in solid
state.

In this work, we consider the high-performance donor—
acceptor (D-A)-type polymers. They contain monomers with
alternating electron-rich and electron-deficient units. Their
predicted L, is 8 nm or greater (it even reaches 1 um),
indicating that it is likely to have an important influence on
their optoelectronic properties.'’ Strong 7—z and donor—
acceptor interactions make it easier to form aggregate
structures in solution, even in the considered good
solvent.*”***> This is accompanied by a high charge mobility
and excellent characteristics for p-type field-effect transistors
(FET).* We studied poly[3,6-bis(5-thiophen-2-yl)-2,5-bis(2-
octyldodecyl) pyrrolo [3,4-c]pyrrolel,4(2H,5H)-dione-2,2'-
diyl-alt-thieno[3,2-b]thiophen-2,5-diyl] (DPPDTT) (Figure
la, with a predicted L, of ~7.9 nm, more than twice that of
P3HT) in solution by static/dynamic light scattering (SLS/
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Figure 1. (a) Structural formula of DPPDTT. (b) SANS curves of
three DPPDTT samples in CF-d (10 g/L) together with a P3HT
sample in 0-DCB-d* (5 g/L) measured at RT, in red hollow diamonds
(the curves of DPPDTT 1 & 2 are multiplied by a constant: 103 &
10'73, respectively).

DLS), to uncover both chain conformation and the
aggregation formation for the first time. This was comple-
mented by temperature-varied SANS technique and atomic
force microscopy observations and UV—vis spectroscopy.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. Three fractions of
donor—acceptor copolymer DPPDTT were purchased from 1-
Material, Inc., which were coded as DPPDTT 1, DPPDTT 2, and
DPPDTT_3. P3HT (M, = 35 kg/mol, PDI = 1.7, regioregular,
electronic grade) was purchased from Sigma-Aldrich Co., Ltd. They
were used as received without further purification. HPLC-grade
chloroform (CF) and 1,2-dichlorobenzene (0-DCB) were purchased
from Xilong Scientific Co., Ltd. Deuterated chloroform (CF-d, 99.8
atom % d) and 1,2-dichlorobenzene-d* (o-DCB-d*, 98 atom % d)
were purchased from Innochem. Detailed information about the
sample preparation can be found in the Supporting Information.

2.2. Small-Angle Neutron Scattering (SANS). SANS experi-
ments were conducted at the China Spallation Neutron Source
(CSNS) located at Dongguan, China. A sample-to-detector distance
of 2.5 m was adopted, covering a q range of 0.005—0.45 A™". The
scattering intensity was corrected for detector sensitivity. The
scattering contribution from empty quartz cells and the solvent was
subtracted. To fit the data, form factors of cylinder” and
parallelepiped*® were applied (details of the expressions can be
found in the Supporting Information).

2.3. Static Light Scattering (SLS) Measurements. SLS/DLS
measurements were conducted using a static/dynamic compact
goniometer (SLS/DLS-5000, ALV, Langen, Germany) and a 100
mW solid laser operating at 532 nm (LMX-532, Oxxius, France) as
the light source.

For SLS measurements, the scattering intensity was measured
stepwise covering an angular range of 30—150°. The temperature of
the sample was set at 25.0 (+0.5 °C). Toluene was used as the
standard to determine the absolute scattering of the sample. The
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Figure 2. (a) UV—vis spectra of DPPDTT in CF at 25 °C. (b) Schematic diagram of the light absorption process. (c) Zimm plot of the raw SLS
data of DPPDTT _1 in CF (at 25 °C) and (d) Zimm plot of the same data after correcting intensity from light absorption (m = 3000 in abscissa).

absolute weight-average molecular weight (M,,), the z-average mean
radius of gyration (Rg), and the second virial coefficient (A,) were
determined by the extrapolation of He/R to g = 0 and ¢ = 0 according
to the relation*’

He _ L(1 + quRgz + ) + 24,
R(g) M, 3 (1)
where
4zn 60 4n? 2( dn )2
q=—=sin—, H= ridl e
A 2 N A dc 2)

dn/dc is the refractive index increment (1.0 mL/ g for DPPDTT in CF
as determined by a differential refractometer), n is the refractive index
of the solvent (1.4476 for CF), c is the concentration of solutions, N
is Avogadro’s number, and A is the vacuum wavelength of light. R(q)
is the excess Rayleigh ratio

R(q) _ Is(e)rz _ Isolution/IO,solution - Isolvent/IO,solvent
- - td
10‘15(6) Istd/IO,std ’ (3)

I is the excess scattering intensity (the difference between solution
and pure solvent), r is the distance between the detector and the
scattering volume, I; is the intensity of incident light, V() is the
scattering volume (V,/sin(6)), Ryq is the Rayleigh ratios of toluene.
In the form of a Zimm plot (Hc/R versus q2 + mc), the parameters
M,, Ry and A, can be obtained via extrapolation

Hc 1,5

1

li =
O R(Q) M

(4)

w

lim 25 = L 4o,
0-0 R(q) M

w

©)
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2.4. Dynamic Light Scattering (DLS) Measurements. The
concentration of DPPDTT solution used here was in the range of
0.05—0.20 g/L. Because of the low concentration of samples, the DLS
experiments were conducted at a fixed low angle (20°) only, for the
sake of time and accuracy. The correlation analysis was performed
using the CONTIN method.

The rate of change in scattering intensity is quantified as an integral
over the product of intensities at some time and with a delay time, and
fluctuations in scattering intensity are recorded and converted into the
intensity autocorrelation function G¥(z)

T
1
G¥(7) = lim — f IMI(t + 7)dt = (1(0)I(7))
-0 T J, (6)
The Seigert relation®® connects the normalized intensity
autocorrelation function g(z)(r) = GP(r)/GP(0) to the electric
field time correlation function g V()

gP2) = 1+ plg(o)P )

Here, f is the spatial coherence factor, which is less than 1. For a
monodisperse system undergoing the Brownian motion, g(l)(r)
decays as an exponential with a decay rate I™: g(l)(T) =exp ( —
['z), where T is related to the diffusivity D by I' = Dg” For a
polydisperse system,”" g((z) is related to the distribution A(I") by

g(l)(r)z/o' A(D)exp(-I'7)dll (8)

Also, in the case of Brownian motion, the average hydrodynamic
radius (R,) is obtained by the Stokes—Einstein equation

kT
a 6znD

h

)

where kj is the Boltzmann constant, T is the Kelvin temperature, and
7 is the viscosity.
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2.5. dn/dc Measurements. The specific refractive index
increment (dn/dc) of DPPDTT in CF was determined by a
differential refractometer (AYE DN/DC-19 refractometer) at 25 °C.

2.6. Absorption Measurements. An ultraviolet—visible spec-
trophotometer (Lambda 950, PerkinElmer) was used to determine
the absorption spectrum of DPPDTT.

2.7. Atomic Force Microscopy. AFM experiments were
performed using a Multimode8 Bruker instrument by peak force
tapping mode. The samples were prepared by spin-coating different
solutions on a silicon wafer.

3. RESULTS AND DISCUSSION

3.1. SANS and SLS of DPPDTT in CF. CF and 0-DCB are
the two mostly used solvents for DPPDTT. It has been shown
that DPPDTT has a high solubility in CF at room temperature
(RT), whereas it can dissolve in 0-DCB at high temperatures
(~130 °C) only.11’46 Let us first discuss the SANS results in
Figure 1b for the two cases where chains appear as well
solubilized, (i) for three DPPDTT samples dissolved in
deuterated CF and (ii) the P3HT sample dissolved in
deuterated 0-DCB. We fitted the DPPDTT data by a cylinder
form factor®’ (Pcyl), which is given in the Supporting
Information. On the contrary, we find that the P3HT
scattering at a high g limit can be best fitted after considering
the excluded volume effect (I ~ g~¢). This corresponds to a
flexible chain with self-avoiding walk conformation (slightly
different from the random walk Gaussian chain conformation
reported formerly in the literature,”* I &~ q~2 at a high g limit).
Very differently, for DPPDTT in CF, the scattering intensity
shows g~" for g < 107" A™" and down to the lowest g. This is a
rod-like behavior, suggesting that the chain can be semiflexible,
but with a very large persistence length exceeding the length
range accessible with our SANS instrument. The minimum g
value that the instrument can reach is about 0.005 A™', which
is much larger than the required q for contour length of the
chains. For g > 107" A™', we observe a crossover to a sharp
intensity drop. That corresponds to a length scale of 1 nm (g =
0.1 A™" at the crossover), which coincides with the lateral size
of the chain. Therefore, the curves were fitted with a form
factor of cylinder. We assumed an “infinitely large” length (100
nm) because the scattering is not sensitive to the chain size in
this q range. The cause of the extended conformation may be
related to the hindrance of bond rotation by the bulky side
chains. Moreover, no structure factor is observed, although
they are above ¢*(L) (see the Supporting Information). It is
important to note that under these conditions, in CF, no sign
of aggregate was seen by SANS, which will be further discussed
later.

To measure the global size of the chains, we need to reach
the Guinier region of the scattering objects, which requires a
smaller q. SLS can provide this access in dilute solutions since
it covers a g range of 0.0009—0.003 A~". However, to ensure
the stability of the solution, DLS measurements were
performed first. As shown in Figure S3a, the sample shows a
single decay in the autocorrelation function (g(z)(’[) — 1), and
the feature remains unchanged for 144 h (at 25 °C) and at
various temperatures. Here, we present the results of the SLS
measurement at 25 °C.

Prompted by the strong coloration of the solution, we were
concerned by the possibility that SLS measurements could be
biased by absorption. We performed UV—vis measurements on
DPPDTT/CF solutions. Figure 2a shows the spectrum,
indicating strong light absorption in the visible range. To
minimize this absorption, in SLS measurements, a green laser
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(532 nm, coinciding with the minimum in the absorption
spectrum of DPPDTT) was selected, and the experiments were
performed at low concentrations (0.0S, 0.10, 0.15, and 0.20 g/
L, Figure S2a). Under these conditions, the transmittance
(varies from 70 to 25% at an optical path of 4 mm) was
determined by UV—vis. The Zimm plot of the raw data, shown
in Figure 2c, leads to unphysical negative M, and R, due to the
strong absorption. Therefore, correction of the intensity has to
be carried out.

The correction of the data is carried out by considering the
effect of absorption. Using the measurements just described,
the concentration-absorbance relation was fitted by A = Kbc
(Figure S3b), where A = log (1/T) = log (Ij,/Iizans), K is the
absorption coefficient (L/(g cm)), and b is the optical path
(0.4 cm). A relatively accurate absorbance of each concen-
tration solution was obtained. Figure 2b illustrates the light
path in a column cell with an 8 mm inner diameter; the
absorption occurs both in the incident (path 1) and scattering
(path 2) direction with a 4 mm path each. In the direction of
incident light, incident light has to travel 4 mm in the solution
before reaching the scattering volume. So, the incident
intensity has to be corrected

—A
=1, X 10 (10)

Scattered light right after the scattering volume can be
corrected as

0,corr ,solution

A
Isolution,corr = Isolution x 10 (11)
Therefore, the Rayleigh ratio (3) can be corrected as
2A
_ 10 Isolution/IO,solution - Isolvent/IO,solvent
RH - I I std
std/ 0,std (12)

The Zimm plot of DPPDTT 1/CF after intensity
correction is shown in Figure 2d (the Zimm plots of
DPPDTT 2 & 3 are shown in Figure S3). One sees that the
order of the curves as a function of concentration is now
inverted to Figure 2c.

The calculated M,, and R, are listed in Table 1 and a power-
law relationship is observed between R, and M,, (Figure 3)

0.98+0.05
R, =k XM,

Table 1. GPC and SLS Results of DPPDTT in CF at 25 °C

sample DPPDTT 1  DPPDTT 2  DPPDTT 3
M,” (10° g/mol) 30 100 150
PDI¢ 22 3.0 2.5
M,, (10° g/mol) 105 114 166
R, (nm) 172 182 26.7
A, (107 mL-mol/g?) —44 -35 —-0.50

“Measured by GPC using 1,2,4-trichlorobenzene as the solvent and
PS as the calibration standard at 150 °C.

The power exponent of 0.98, close to 1, agrees well with a
rod-like object, which is consistent with and complements the
results of SANS. The second virial coefficient A, is negative for
all samples. Generally, if A, is negative, then it means that there
is a stronger attraction between the chains compared with that
between the chain and solvent. Meanwhile, it indicates that the
chains have the tendency of forming aggregation in the
solution. Therefore, most frequently, good solvents are

https://dx.doi.org/10.1021/acs.macromol.0c01646
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Figure 3. Relationship of R, and M, as measured by SLS.

preferred for SLS measurement (A, > 0). For our sample
DPPDTT in CF, the A, of the solution is negative but with a
small magnitude of 10~° mL-mol/ gz. The solution is relatively
stable for a long time; therefore, the single-chain conformation
is observed. Combining the above results, we deduce that
DPPDTT exists as isolated rod-like molecules in CF, no
aggregate population being detected here by SLS.

Such a negative value of A, is at variance with positive values
of A, reported so far for other conjugated polymers as listed in
Table 2. As far as we know, DPPDTT in CF is the first
reported case of negative A, for conjugated polymers.

Table 2. The A, Values of Conjugated Polymers

polymer solvent  temperature A, (mL-mol/g?) ref.
P3HT THF 25 °C 1.04 x 1073 23
CF 25 °C 1.38 X 1073
P30T CF 25 °C (6.0-10.7) x 107* 24
PPV p-xylene (1.1-3.1) x 107* 16
derivatives  yoJyene/ 50 °C (1.11-1.78) x 1075 52
nonane
cis-PBO MSA 25 °C (3-6) x 1072 25
PPE THF positive 26
derivatives
DP10-PPV  toluene 25 °C 3.7 x 107° 32
CF 25 °C 6.7 x 107¢
DPPDTT  CF 25 °C (—0.5 to —4.4) X 107 this
work

3.2. DLS of DPPDTT in 0-DCB. We now turn to the o-
DCB solvent, in which, differently from CF, DPPDTT can
only dissolve at high temperatures (above 130 °C).'"**
Macroscopic aggregates are formed in the solution when
stored at RT (~25 °C). In the Zimm plot of DPPDTT_2/o-
DCB solutions (1 h after being dissolved at 130 °C) at RT
(Figure S4), an obvious upturn of the scattering intensity in
low q values is observed; it further increases for increasing
concentrations, which confirms the existence of aggregates.
Meanwhile, for the same storage time, DLS still shows a single
mode with a relaxation time around S ms (Figure 4a, 2 h).
However, the relationship between I'" and q2 of this fast mode,
shown in Figure SS3a, is only approximately linear, and the
linear fit line does not pass through the origin. Let us have a
closer look as a function of RT storage time, focusing on the
changing trend of the hydrodynamic radius at a fixed small
angle (6 = 20°).

As shown in Figure 4a, during storage, the plateau intensity
increases gradually, and a slow relaxation mode appears after
40 h in DPPDTT/o-DCB (0.15 g/L). The slow mode has a
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relaxation time in the order of 1 s, which agrees with the
appearance of large objects (aggregates). The corresponding
hydrodynamic radius (R, assuming Einstein relation) of the
solution during RT storage is shown in Figure 4b. The Ry, of
the fast mode increases gradually from ~25 to ~45 nm during
the first 40 h. Then, another larger value of R; appears:
micrometer-sized aggregates are formed (a similar behavior for
other concentrations is shown in Figure S6).

Figure 4c,d shows the effects of concentration. One fast
relaxation mode (~5 ms) is observed for the samples with 0.05
and 0.10 g/L at a storage time of 53 h. Meanwhile, two
relaxation modes are evident for the samples with higher
concentrations (0.15 and 0.20 g/L). In line with common
sense, the greater the concentration, the faster is the
aggregation. The effective Ry of the solutions with different
concentrations during RT storage is shown in Figure S. The
larger R, with tens of micrometers appears in more
concentrated solutions, while the smaller R, keeps increasing
toward ~50 nm.

To study the stability, structure, and intermolecular forces of
such large-sized aggregates, we studied the heating process of
the solution that has formed aggregates by storage at RT for 70
h. Figure 6a,b shows that in the slow heating process, two
modes remain below 83 °C. When the temperature reaches 87
°C and is kept for 10 min, the slow mode gradually disappears.
Bringing the solution back to RT, it takes over 20 h to get the
micrometer-sized aggregates back, which are similar to the
ones shown in Figure 4a.

Finally, we found it interesting to check the effect of a
mechanical stimulus, by hand shaking a DPPDTT/o-DCB
solution with aggregates (at 0.15 g/L; a similar behavior for the
other concentrations is shown in Figure S7). Indeed, attractive
forces may not overpower the repulsive forces at low molecular
distances enough to bring the species irreversibly at the lowest
distances (“primary minimum”) but only in a so-called
“secondary energy minimum”, where particles are loosely
localized. The effect of shaking was studied in former works.*!
As shown in Figure 6¢ (0 min), the slow mode disappeared
immediately after shaking, and it reappeared after 20 min of
storage, much quicker than that of the heated solution (30 h).
As can be seen in Figure 6d, there is no significant change in Ry,
corresponding to the fast mode during storage.

3.3. UV—vis Spectra. To further study the changes in the
intermolecular forces during the structural evolution, in situ
UV—vis measurements were conducted on DPPDTT/o-DCB
solutions. In the heating process, UV—vis spectra exhibit a
blueshift of the strongest peak from 830 to 815 nm (Figure
7a); meanwhile, the intensity of that peak gradually decreases.
Although the origin of the dual band in the region of 700—850
nm remains controversial,** a redshift of the longer wavelength
caused by intermolecular coupling is frequently observed in
conjugated polymers.”*> One can thus infer that on the
reverse, the blueshift during heating agrees with the decreased
intermolecular coupling resulted from the dissolution of
aggregates.”>*® Different from their temperature dependence,
no dependence of UV—vis spectra upon shaking is shown in
Figure 7b, indicating that the intermolecular 7—7 stacking
remains unchanged.

3.4. SANS of DPPDTT in 0-DCB. SANS measurements are
also performed on DPPDTT/o-DCB-d* to characterize the
change in the characteristic size (Figure 8). Considering the
scattering intensity, the concentration of the solution is
selected as 10 g/L, which is closer to the concentration used
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for device processing. The “initial sample” is a nonflowing gel
after cooling the solution, which was made at 130 °C down to
RT and letting it stay overnight as shown in the photograph of
Figure S2c. The heating and cooling processes of the solution
were monitored by SANS. During heating, the scattering
intensity decreases gradually at low q. Meanwhile, it remains
almost unchanged at larger q. At 130 °C, the scattering
intensity reaches the lowest value, but the shape of the curve is
different from that of DPPDTT/CF-d. Instead of the constant
slope at low g, seen in Figure 1b, the curve is flat, possibly
corresponding to a Guinier region of the length of the cylinder.
Indeed, the SANS curve measured at 130 °C can be fitted
nicely with a cylinder form factor with a finite length. A
comparison of the plots for CF (RT) and 0-DCB (130 °C) can
be found in Figure S8. A possible reason for the observed
shorter length of the cylinder is the degradation of the polymer
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during sample preparation as it has been staying at 130 °C for
~20 h because the cross-sectional radius is the same (~15 A)
both in chloroform (RT) and o-DCB (130 °C). In the cooling
process, as long as the temperature stays above 80 °C, the
scattering intensity at low q only increases slightly. A dramatic
increase is seen when reaching 55 °C. Finally, at 29 °C, the
scattering profile of the sample is very similar to that of the
initial sample. In these cases, the SANS curves of the samples
make visible two length scales, the diameter of chains
corresponding to the fast drop at ¢ ~ 0.1 A™!, and a length
scale at lower q (~0.01 A™"). The reincrease of the local slope
does not correspond to the attenuation due to the Guinier
regime radius of gyration of the rod but better to some
aggregated objects in the solution.

Hence, we fitted the data by a combination of two
contributions, one visible mostly at high g, a cylinder form
factor®’ (Pcyl) corresponding to the conformation of rod-like
molecules, and one visible at low g, a parallelepiped form
factor*® (P,,,) corresponding to the orderly z—z stacked
backbones (ribbon-like). The details of these form factors are
given in the Supporting Information. The parallelepiped form
factor has been used in a previous study on the formation of
aggregates of DPPDTT by introducing nonsolvents into the
solution.”” The fitting curves are displayed in Figure 8, and the
parameters used are listed in Table 3. The radius of the rod
remains unchanged during temperature variation. The length
of the ribbon is too large to be estimated with the available g
range. The shorter sides of the ribbon are ~80 and ~360 A,
respectively, which roughly agrees with the typical size of the
nanoribbons of conjugated polymers reported in the literature
and also with the AFM results shown below. During heating, k;
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increases and k, decreases gradually, indicating the dissolution
of aggregates into individual chains. The aggregation and
dissolution processes are not fully reversible in kinetics: the
aggregates disappear at 130 °C upon heating but reform at a
much lower temperature (55 °C).

3.5. Schematic Diagram of Aggregation. The above
light scattering and SANS results indicate that the assembly of
conjugated polymers in solution is a process dependent on
concentration, temperature, and time. Combining all informa-
tion, it is possible to picture the formation of hierarchical
structures of the DPPDTT/0-DCB system (Figure 9b). At the
high temperature/low concentration limit, for example, 0.15 g/
L above 87 °C or 10 g/L at 130 °C, the DPPDTT in 0-DCB
form “real” solutions with chains dispersed as isolated “rods”
with a diameter of ~15 A. During cooling, the chains are
attached to each other due to the strong interchain interaction,
resulting in “ribbon-like” aggregates (aggregation stage 1).
Then, the ribbon-like aggregates tend to connect, forming
micrometer-sized networks (aggregation stage 2). For more
concentrated solutions (10 g/L), the whole system becomes a
nonflowing defected gel containing ribbon-like assemblies with
lateral characteristic lengths of 80 A X 400 A.

Finally, a relation with the above-proposed picture can be
found in morphology measurements. This has been done by
AFM, yielding height images of the spin-coated sample (Figure
9a). They are the solid-state morphologies of spin-coated films
from DPPDTT/0-DCB solutions with different aging times at
RT (2, 30, and 53 h). The left AFM image was taken from
spin-coated films of a solution with no aggregates, showing
uniform nanoribbons with a width of ~50 nm. For a solution
aged at RT for 30 h, loosely connected ribbons (~100 nm) are
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observed. After aging for 53 h, micrometer-sized individual
aggregates appear. Let us note that with respect to SANS, the
AFM results shown here do not correspond to the same
concentration.

The scales explored by AFM are closer to the ones of the
above DLS results, but one must be cautious since a drying
stage is involved. However, they confirm the picture of the
progressive aggregation that we proposed. Finally, to end this
multiscale investigation, let us point out that at an even larger
scale, micrometer aggregates can be seen with the naked eye
(Figure S2b).

Knowing the structure in solutions is important because it
has a great influence on the microstructure of thin films. For
example, the formation of an aggregated structure in DPPDTT
when adding poor solvents can lead to an enhancement of hole
mobilities in their OFET devices.”” The strategy of
“preaggregation” has been shown effective for controlling the
microstructure of thin films to improve mobilities.*>*~%
While the charge transport within aggregates is effective, the
interconnection between the aggregates is also crucial for long-
distance charge transport.”®°" It remains challenging to
identify and to tailor the best morphologies for performance.
Therefore, the specific structure evolution of conjugated
polymers at the different scales in solution must be considered
during device processing.

The knowledge on the solution properties and manipulation
of aggregation structures are not only critical for a controllable
solution processing technology targeting industrial production
of electronic devices but also important for understanding the
origin of physical properties.”> Let us recall what has been
observed, e.g, for P3ATs: chains assemble in solution into
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63,64 . . 65 .
nanofibers, nanowhiskers and nanoribbons,” and, ulti-

mately, single crystals."® Those assemblies exhibit higher
crystalline order and closer 7—x stacking, to which are
attributed higher conductivity and mobility.”**>”° Despite the
technical difficulty, devices based on single crystals have been
fabricated and characterized,® showing exciting potentials of
ultrahigh performance. While the global and local conforma-
tion of chains would be largely retained in the solid films for
amorphous or poorly crystalline polymers, the local con-
formation may have remarkable changes after crystallization for
highly crystalline polymers. A previous study already indicated
hints about the equilibration of conformation during solvent
vapor annealing.”'

4. CONCLUSIONS

In summary, we have studied DPPDTT solution structures: (i)
in CF at RT or in 0-DCB at 130 °C, the chain exhibits rod-like
conformation without aggregation, though negative A, in the
order of ~107% mL-mol/g® in CF indicates a net moderate
attractive interaction between chains; (ii) in bad solvent o-
DCB at RT, DPPDTT forms interesting aggregated structures
in a two-stage process. A network is formed first out of ribbon-
like heterogeneities with lateral characteristic lengths 80 A X
400 A. This first stage causes a gradual growth of R;. Those
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primary aggregates stick progressively to each other and form
loosely packed objects, up to a micrometer scale, for which
they become sensitive to a mechanical stimulus. We believe
that the above results provide a general physical picture of how
the chains of conjugated polymers behave in solution. The
multiscale kinetic exploration is a powerful tool to understand
how the final structure can be tuned.
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