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ABSTRACT: Solvent-induced crystallization of the low band
gap polymer poly[N-9”-heptadecanyl-2,7-carbazole-alt-$,5-
(4',7'-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) was
shown to give fibril-like structures of 40—60 nm width and
~0.5 pm length. These structures, formed by heating and
cooling PCDTBT in a marginal solvent for the polymer, were
characterized by AFM, TEM, GI-WAXS, and steady state
absorption and emission spectroscopy. The width of the
PCDTBT structures suggests that the polymer chains are
oriented perpendicular to the fiber axis, while the observed
undulated structure, as revealed by AFM, suggests that the
nanostructures may be composed of smaller crystalline units
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that associate preferentially on specific faces of the crystals. The spectroscopic signatures of the suspended PCDTBT fibrils
resembled that of the polymer in solution, in contrast to features associated with the fibril formation of the well-known
conjugated polymer poly(3-hexyl thiophene) (P3HT). The solution-based crystallization of PCDTBT reported herein offers
insight into the self-assembly of conjugated polymers toward better understanding of their role in photovoltaic devices.

Well-deﬁned nanostructures prepared from conjugated
polymers are desirable for numerous electronically
active devices, including solar cells."” In typical bulk
heterojunction devices (BHJ) based on poly(3-hexylthiophene)
(P3HT) and phenyl-Cg;-butyric acid methyl ester (PC4,BM),
crystallization of P3HT can enhance device performance.
Improved n—7 stacking and chain ordering in the P3HT phase
balances charge mobility between PC4BM and P3HT, and
increases power conversion efficiency (PCE) of devices.”
However, the formation of crystalline order in the active layer
depends strongly on processing conditions, including solubility
of P3HT and PCBM in the solvent(s), additives used to control
solubilization of the components,*® solvent evaporation rate,’
and thermal or solvent annealing treatments of the resultant
film. Recently, well-defined crystalline P3HT fibrils were
formed in solution and used in the active layer of BHJ solar
cells.”® Deposition of these preformed crystalline P3HT fibrils
as blends with an electron acceptor precludes the need for
postgrocessing treatments to induce polymer crystalliza-
tion.””"> Such fibrils offer a higher charge mobility relative to
amorphous P3HT and provide a unique opportunity to
investigate new designs and fabrication methods of solar cells,
like the controlled assembly of the fibrils or nanowires with
electron acceptors'™'® and stabilization of fibrillar nanostruc-
tures through cross-linking.'*

Ideally, principles underpinning the solution-based crystal-
lization of P3HT will be applicable to low bandgap polymers,
which provide a broader absorption of the solar spectrum.
However, reports to date on the morphology of low band gap
polymers or their crystallization from solution are very
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limited.">'® Here, we report a simple solution-based prepara-

tion of crystalline, nanoscale polymer fibrils from the low
bandgap polymer, poly[N-9”-heptadecanyl-2,7-carbazole-alt-
5,5-(4',7'-di-2-thienyl-2/,1',3’-benzothiadiazole)] (PCDTBT).
These solution-formed PCDTBT fibrils were characterized by
transmission electron microscopy (TEM), atomic force
microscopy (AFM), grazing-incidence wide-angle X-ray scatter-
ing (GI-WAXS), and steady-state absorption and fluorescence
emission spectroscopies. PCDTBT was chosen since it exhibits
very high internal quantum efficiency,'” has an estimated
operating lifetime of >6 yr,"® and as an active layer component
in devices leads to 6—7% PCE, typically surpassing the PCE of
P3HT-based devices."” The relatively high glass transition
temperature (Tg) of PCDTBT (~130 °C) and the rigidity of
the chain suggest that thermal annealing at elevated temper-
ature, or extended time periods, would induce crystallization in
thin films.>® Yet, decreased PCEs are observed for annealed
devices containing an active layer of PCDTBT/PC, BM, likely
due to coarsening of PCBM aggregates21 and a decreased
coherence length of the 7z-stacked chains®* that disrupts the
electronic structure of the polymer.

PCDTBT was synthesized by Suzuki polymerization of 2,7-
bis(4',4',5,5'-tetramethyl-1",3’,2’-dioxaborolan-2'-y1)-N-9”-
heptadecanylcarbazole and 4,7-di(2’-bromothien-5'-yl)-2,1,3-
benzothiadiazole, as previously reported.23 Two polymer
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Figure 2. Chemical structure of PCDTBT and the proposed schematic of its assembly by a combination of 7— stacking and alkyl—alkyl interactions

to give the undulated fibril structure observed by AFM.

samples were prepared, and the number-average molecular
weights (M, values) of the products were estimated by gel
permeation chromatography (GPC) performed at 135 °C with
trichlorobenzene as the mobile phase and using polystyrene
calibration standards.** One of the samples had an estimated
number-average molecular weight, M, of 25.6 kDa with a
dispersity (D) of 1.5, and a second was characterized to have
M, of 60.1 kDa with P of 1.5. Attempts to form PCDTBT
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fibrils using protocols established for P3HT were unsuccessful
(see Supporting Information). For example, PCDTBT was
dissolved in a marginal solvent, such as anisole, at elevated
temperatures, and the solution was allowed to cool slowly.
Alternatively, PCDTBT was first dissolved in a good solvent,
such as chloroform, followed by addition of a marginal solvent,
like anisole. In each case, random aggregates or featureless
structures were observed by electron microscopy (see Figure
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Figure 3. (a) GI-WAXS patterns (inset) and integrated 1-D profiles of drop casted films of PCDTBT fibers and (b) the corresponding crystal lattice.
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Figure 4. (a) Solution UV—vis absorption spectra of PCDTBT fibrils (red) and PCDTBT polymer (black) normalized to higher energy band and
(b) normalized fluorescence emission spectra of PCDTBT fibrils (red) and PCDTBT polymer (black).

SI-2). PCDTBT fibers were ultimately obtained by heating the
polymer in a marginal solvent (dichloromethane) at elevated
temperatures in a sealed vessel (see SI for experimental details).

The influence of processing on the morphology of PCDTBT
was characterized by drop-casting the dichloromethane solution
onto a carbon-coated grid for characterization by transmission
electron microscopy (TEM). TEM images showed individual
PCDTBT fibril-like structures, having widths ~40—60 nm and
lengths ~0.5 ym (Figure 1a). The truncated lengths of these
PCDTBT fibrils relative to P3HT fibrils (~0.5 pm vs multiple
micrometers) suggest that the interchain packing is less well-
defined or that multiple nucleation sites are present, preventing
the formation of extended (micrometer length) structures.
Attempts to form fibrils from the higher molecular weight
sample of PCDTBT (M, = 60.1 kDa) using the same protocol
were unsuccessful.

Further characterization of these PCDTBT nanostructures
by atomic force microscopy (AFM) indicated that the
dominant morphology consists of fibrillar structures 60—80
nm in width (Figure 1b,c), values slightly larger than those
obtained by TEM, presumably due to the edge effect of the
AFM probe. Interestingly, both height and phase images under
tapping mode showed these fibers are composed of
substructures,” implying that the fibrillar structure consists of
smaller crystalline units. Annealing the fibers at 260 °C (~10
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°C above melting point of PCDTBT) led to the disappearance
of these granular substructures (see Figure SI-S), similar to
what has been observed for polymers such as syndiotactic
polypropylene*® and polyethylene.”” The substructured nature
of the PCDTBT fibrils suggests the assembly of individual
PCDTBT chains into crystallites, either by z—7 stacking or
alkyl—alkyl interactions (Figure 2), which further assemble,
possibly by preferential interactions of different surfaces of the
crystallites, to give the undulated fibrillar structures seen by
AFM.

To study the growth mechanism of PCDTBT fibers, we
sampled the solution at different time intervals after quenching
to room temperature (Figure SI-6). TEM performed on a
sample taken 3 min after quenching showed the presence of
two types of structures, one 10 X 50 nm* and the other 40 X 40
nm’. TEM of samples taken 24 h after quenching show that
these smaller structures disappear, and the fibrils shown in
Figure 1a become the dominant species, suggesting assembly of
smaller crystallite structures into the observed fibrils. Ongoing
studies aim to better understand the formation of the smaller
subunits and their assembly into the bulk crystalline fibrils.

GI-WAXS characterization of the PCDTBT fibrils examined
their crystallinity and polymer chain ordering (Figure 3). (h00)
and (010) reflections were seen along the g, (out-of-plane) axis,
giving an interchain separation distance of 16.5 A (0.38 A™"),
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characteristic of the alkyl side chain packing; an interchain 7—7n
stacking distance of 4.3 A (1.46 A™") was also observed. These
distances are comparable to those in thermally annealed films of
PCDTBT.*

If the polymer chains in PCDTBT fibrils are stacked and
oriented perpendicular to the fibril axis, as in P3HT fibers, then
the fiber width of 40—60 nm observed by TEM would
correspond to approximately 20—30 repeat units of PCDTBT
(given a repeat unit length ~2 nm).>° SEC results for these
PCDTBT samples suggested a higher DP (~35 or 25.6 kDa), a
reasonable estimate given that the molecular weight of
conju%ated polymers of this type will be overestimated by
SEC.”® If the substructures are single crystalline and the 7—z
stacking direction is along the fibril axis, then the height of
these modular features will correspond to an integral number of
(100) planes. With this in mind, the height and length of the
crystalline subunits comprising the fibrils are dictated by the
relative rates of crystallization along the (100) and (010)
directions, respectively, and fibril width is determined by the
lengths of the PCDTBT chains.

Characterization of PCDTBT fibrils by absorption and
fluorescence emission spectroscopy showed little change
between the solvated polymer and the fibrils (Figure 4). This
stands in marked contrast to the changes in absorption spectra
observed upon P3HT fibril formation, where the absorption
maximum exhibits a significant red shift of >50 nm, with the
appearance of vibronic bands in place of a featureless solution
spectrurn.9 The fluorescence emission spectrum of PCDTBT
fibrils shows essentially no change compared to the solvated
polymer. In crystalline P3HT, strong intrachain and interchain
electronic couplings produce the spectral changes relative to
solvated polymer; hence, the lack of significant spectral
signatures of the PCDTBT fibrils implies that 7— stacking
and alkyl—alkyl interactions in these crystals have little
influence on the electronic structure within the polymer chains
or between neighboring chains. Moreover, it should be noted
that P3HT contains only one vibronic band, while PCDTBT
has over 15;°%° thus, if vibronic bands do appear upon
PCDTBT crystallization, their overlapping nature may lead to a
featureless spectrum. The lack of a spectroscopic signature in
the absorption spectrum further reflects the uniqueness of
P3HT from these low band gap polymer structures. We are
currently probing the photophysical characteristics of the
PCDTBT crystals using single molecule techniques to
determine the exact nature of intra- and interchain coupling
and remove any possible effects of residual free (nonfibril)
polymer.

In summary, we have developed a simple solution-based
method to prepare crystalline fibrillar structures from the low
band gap polymer PCDTBT. These structures have widths of
40—60 nm and lengths of ~0.5 ym, as determined by TEM,
and their crystallinity was confirmed by GI-WAXS. AFM
revealed that the fibrils have a textured structure, and time-
dependent studies of crystal growth suggest smaller subunits
assemble, with crystallization occurring through z—7 and
alkyl—alkyl interactions. Interestingly, no distinct spectroscopic
signatures in either absorption or fluorescence emission were
detected upon PCDTBT fibrillization, suggesting that little
change in electronic coupling between neighboring chains
occurs upon crystallization. This solution-based assembly of the
low band gap polymer PCDTBT into fibrillar structures offers
new insight into structure—property relationships of conjugated
polymers, ultimately benefitting the design of novel polymeric
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materials for solar cells and other applications of conjugated
polymer materials.
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