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Abstract

The solution-phase self-assembly of donor-acceptor conjugated polymer (DACP) poly[2,5-(2-
octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2b]thiophene
(DPPDTT), is demonstrated and investigated from binary solvent mixtures. It is found that the
polarity of a miscible ‘poor’ solvent (e.g. methanol, dimethyl sulfoxide), which is added to a stable
polymer solution in chloroform (i.e. ‘good’ solvent), strongly affects the resulting nanostructure.
Nanoribbons are formed by the addition of certain polar (e.g. methanol) ‘poor’ solvents to the
mixture, while amorphous aggregates are formed upon addition of non-polar ‘poor’ solvent, such
as n-hexane. Atomic force microscopy (AFM), scanning transmission electron microscopy
(sTEM) and small angle neutron scattering (SANS) are used to characterize the shape and size of
the nanostructures. Experiments show complex self-assembly in solution occurs for DACPs when

compared to conjugated homopolymers. SANS results also provide quantitative analysis of DACP
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conformations in solution before self-assembly occurs. The addition of different polar ‘poor’
solvents could also alter the size of the assembled nanostructures, as well as the fraction of
polymers that self-assemble. The surface orientation and the crystal structure of the nanostructures
is also probed by grazing-incidence wide-angle x-ray scattering (GIWAXS). Organic field effect
transistors (OFETSs) are used to characterize charge transport properties for nanoribbons where

enhancement of the average hole mobility is observed.

Introduction

Conjugated polymers (CPs) have gained interests due to their potential to be used in electronic
devices, such as flexible and stretchable electronic skin, light weight and economic organic
photovoltaics (OPVs), electrically controllable and scalable smart windows, and biocompatible
electronics mimicking neural systems.'™* However, limited charge transport is still a major
hindrance for most CP devices in comparison to inorganic counterparts.

Thanks to effective molecular design, donor-acceptor CPs (DACPs) with alternating electron-rich
units (donor) and electron-deficient units (acceptor) covalently bonded within the same chain are
emerging as excellent candidates to realize high mobilities (>10 cm?/V-s). 3¢ Examples are poly[4-
(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b " ]dithiophen-2-yl)-alt-[1,2,5]- thiadiazolo[3,4-
c]pyridine] (PCDTPT) with a carrier mobility of 21.3 cm?/V-s and poly[2,5-(2-octyldodecyl)-3,6-
diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2b]thiophene (DPPDTT) with a carrier
mobility of 19.5 cm?/V-s. > Besides showing excellent electrical performance, light harvesting
efficiency of OPVs have also benefited from these types of polymers because of a lower bandgap.®
It is worth mentioning that the demonstrated high electrical performance often involves carefully

controlled processing of the polymers.>® This is because conjugated polymers have multiple
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degrees of freedom and may form structures that interrupt charge transport. ® Forming long and
well-organized structures with close inter-chain packing, for example by mn-m stacking, is an
effective way to enhance conductivity. !° Therefore, inducing the formation of such structures in
DACPs is of great interest for high performance organic electronic devices. !!-13

Solution-based nanowire or ‘whisker’ self-assembly is one of the most widely used methods to
induce the formation of structures with long range order in homopolymer CPs (e.g. Poly(3-
hexylthiophene) (P3HT)). By tuning the quality of solvents, nanofibers or nanoribbons can be
formed for P3HT and many other poly(3-alkylthiophenes). '8 The shape of the assembled
structure depends on the solvent quality, the kinetics of self-assembly and the polymer
concentration among other parameters. '6-18 ‘Poor’ solvent addition has also been demonstrated to
be effective and well-controlled self-assembly method. So far, many ‘poor’ solvents have been
investigated to promote nanofiber formation, including acetone, '° anisole, ?° cyclohexanone, 2!
ethyl acetate, 22 hexane, >* n-butylbenzene, >* dodecane, ' tetrahydrofuran (THF), 2°> and methylene
chloride (MC). 2 For P3HT, it is proposed that once the solubility limit is reached, nanofibers can
form. 23 However, limited work has focused on controlling the assembled structures by
systematically changing ‘poor’ solvents.!!

In polymer solutions, the relative strength of polymer-polymer and polymer-solvent interactions
determines whether they stay in a fully dissolved conformation or in an aggregated state. 23
Understanding polymer conformation in solution is of vital importance because it determines their
crystallization behavior and the electrical, mechanical, and optical properties. 27 Small angle
neutron scattering (SANS) is a great technique to non-destructively extract ensemble-averaged
molecular information and structure with high resolution over multiple length scales. It was also

used to provide precise analysis of the rigidity of CP chains (i.e. Kuhn length) in fully dissolved
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states. 27?8 This information is essential to correlate changes in molecular architecture to solution
and solid-state structure. However, to the best of our knowledge, SANS has not yet been applied
to quantify the stiffness or solution conformation of donor-acceptor conjugated polymers
(DACPs). This same technique can also be utilized to determine the dimensions of nanostructures,
polymer fractions that self-assemble, and the fractal dimension of networks of CPs. '!-13.14.30 Work
in our group has also investigated the effect of solvent quality on both self- and directed- assembly
of homopolymers such as P3HT and poly(9,9-dioctylfluorene) (PFO)) using SANS. 13.14.29.30

Compared to homopolymers like P3HT, controlling the self-assembly of DACPs has proven to be
challenging due to the complex molecular structure of the polymer backbone. For example, several
minimum energy inter-chain packing states may exist for just one DACP. 3134 The heterogeneous
arrangement of donor and acceptor subunits within the same chain will also likely change polymer-
polymer and polymer-solvent interactions in dissolved states. Polymer-polymer interactions are

largely affected by the molecular structure of chains as determined through synthesis. Molecular

weight, backbone curvature, side chain positions and bulkiness are all found to affect self-assembly.

35 Controlling polymer-solvent interactions, however, has not yet gained traction as a strategy to
induce self-assembly in DACPs. For any given polymer, by choosing optimum polymer-solvent
pairs, one may achieve desired structures and properties. Few works have reported on the
formation of whiskers or other dispersed structures for DACPs in different solvents. Chen et al.
discovered that hole mobility of a diketopyrrolopyrrole (DPP) polymer with branched side chains
(PDPP3F-BO) could be further enhanced by about 1.5 times after mixing 30 v% methanol into
DACP solutions. 3¢ They ascribe this result to a reduced n- stacking distance and a more favorable
in-plane orientation in the substrate after coating. Zheng et al. reported the formation of 1-D rod-

like structures for benzodifurandione oligo(p-phenylene vinylene) DACP polymer (BDOPV-2T)
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in ‘good’ solvents and a 2-D lamellar structure in ‘poor’ solvents. Using solvent mixtures leads to
an enhancement of both crystallinity and interconnectivity, resulting in electron mobility
improvements from 1.8 cm?/V-s to 3.2 cm?/V-s. 32 Moreover, polar co-solvents, in comparison to
nonpolar solvents, are reported to achieve almost one order of magnitude in enhancement of power
conversion efficiency (PCE) in OPVs due to the formation of small aggregate sizes. 3’

Here, we present a systematic structural investigation on the effect of solvent mixtures on the
formation of self-assembled structures for DACPs. Our aim is to provide insights into structure
engineering strategies to optimize solution-processing strategies and properties of DACPs.
DPPDTT is chosen as a model system for this study because it exhibits a high charge carrier
mobility and extraordinary stability at ambient environmental conditions, which is often deficient
in many CPs. No degradation is observed for OFETs based on this polymer after switching on and
off for more than 3500 cycles and its high electrical performance can be maintained for over a year
in ambient air. 613

Experimental

Materials:

DPPDTT was purchased from Ossila (Sheffield, UK), while PCDTPT and Poly[(5-fluoro-2,1,3-
benzothiadiazole-4,7-diyl)(4,4-dihexadecyl-4H- cyclopenta[2,1-b:3,4- b'|dithiophene-2,6-diyl)(6-
fluoro-2,1,3-benzothiadiazole-4,7-diyl)(4,4-dihexadecyl-4H cyclopenta [2,1-b:3,4-
b'ldithiophene-2,6-diyl)] (PFT-100) were obtained from 1-Material (Quebec, Canada). Poly[N-9
' -heptadecanyl-2,7-carbazole-alt-5,5-(4 ' ,7' -di-2-thienyl-2’ 1" ,3' benzothiadiazole)]
(PCDTBT) was acquired from Sigma-Aldrich (St. Louis, MO, USA). Detailed information of the
polymers, including batch numbers, molecular weight (Mw) and dispersity (D) is listed in Table

S1 in the supporting information. Trichloro(decyl)silane (DTS) was purchased from Gelest
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(Morrisville, PA, USA). Hydrogenated solvents: chloroform, methanol, dimethyl sulfoxide
(DMSO), isopropanol (IPA), n-hexane, and acetonitrile (ACN) were purchased from Sigma-
Aldrich. Acetone and toluene were obtained from Fisher Scientific (Hampton, NH, USA).
Deuterated solvents: d-chloroform, d4-methanol, d6-dimethyl sulfoxide, and d3-acetonitrile were
purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA). All chemicals were
used as received without further purification. Mechanical grade silicon wafers were obtained from
University Wafer (South Boston, MA, USA). Heavily n-doped silicon wafers with 200 nm
thermally grown oxide were acquired from WRS Materials (Vancouver, WA, USA). Chromium

rods and gold pellets used for evaporation were purchased from RD Mathis company (Long Beach,

CA, USA).

Sample preparation:

DPPDTT, PCDTBT, and PFT-100 were first dissolved in chloroform at 60 °C, which is considered
to be a ‘good’ solvent for all polymers. The initial polymer concentration in chloroform was
adjusted accordingly for all samples to keep the final concentration at 1.6 mg/ml after mixing with
the co-solvents at variable ratios. All of the solvent ratios that are stated in this work correspond
to volume percentage. Due to the high solubility of PCDTPT, it does not self-assemble at 1.6
mg/ml with the same volume ratio of ‘poor’ solvents at room temperature. Therefore, the final
concentration of polymer had to be adjusted to 3.2 mg/ml to compare the resulting structures. After
full dissolution in chloroform, a specific co-solvent (i.e. methanol, n-hexane, dimethyl sulfoxide
(DMSO), acetonitrile (ACN), isopropanol, or acetone) was slowly added to the polymer solution.
The solvent was added gently so that the ‘poor’ solvents were initially phase-separated as a new
layer sitting on top of chloroform. By slightly shaking the samples, the two layers would mix to

form a homogeneous solution. Figure S1 in the supporting information shows the formation of two
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solvent layers after methanol is gently added and how homogeneous solutions form after shaking.
Large polymer aggregates formed instantaneously at the interface of the two solvents. To make a
dispersible solution, samples were immersed for ~5 min in a sonication bath (Branson 5000, 40

kHz, 160W, Danbury, CT, USA).

Scanning Transmission Electron Microscopy (sTEM):

An FEI (Tecnai G2 F20, FEI company, Hillsboro, OR, USA) transmission electron microscope
(TEM) was used to characterize the structures the polymer at various solvent mixtures. Due to the
relatively low contrast for polymer samples, scanning mode was utilized to capture high resolution
images. The solutions were diluted by 10 times in a solvent mixture with the same solvent ratio
before characterization. For sample preparation, a volume of ~5 ul of the samples was drop-cast
onto a pure carbon grid (200 mesh Cu, Ted Pella Inc., Redding, CA, USA) that was placed on top
of filter paper to wick the excess solvent. The grid was left in a well-ventilated chemical hood to

dry for at least one day in air.

Atomic Force Microscopy (AFM):

A Bruker Dimension Icon-PT atomic force microscope (AFM) was used to characterize the surface
morphology of all polymer films in peak force tapping mode. The samples were prepared by spin
coating polymer solutions onto a precut glass slide or SiO, surface that is thermally grown on a

silicon wafer. A scan size of 2.5 um by 2.5 um was used for each image.

Grazing-incidence wide-angle x-ray scattering (GIWAXS):
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GIWAXS experiments were performed at beamline 8-ID-E of the Advanced Photon Source at
Argonne National Laboratory. 3 The polymer samples were prepared by drop casting ~100 pl of
solution on a silicon substrate that was sequentially cleaned using acetone, IPA, and DI water in a
sonication bath. The samples were dried in air for at least overnight. A beam size of 200 um by 20
um was used with an energy of 10.92 keV. The substrates were aligned with a tilt angle of 0.14°
so that the x-ray beam would penetrate through the polymer layer and be reflected off from the
polymer/silicon interface. A total of two frames were recorded with a vertical detector offset to
form a full image. The two frames were combined together using GIXSGUI software to remove
dark stripes from the x-ray detector. 3° Each frame was exposed for 10 s for every sample.
GIXSGUI was also used to reduce the 2-D pattern to a 1-D scattering profile in both out-of-plane

and in-plane directions. 3°

Small angle neutron scattering (SANS):

SANS experiments were conducted at the NIST Center for Neutron Research (NCNR,
Gaithersburg, Maryland). Both NG7 and NGB-30 were used for characterization of polymer
solutions. 40 Standard configurations with three detector positions were used and the 1-D profiles
were stitched together to cover a q range of 0.0033 A-'< q <0.45 A-!. The experiments utilized
sample cells with either 1 mm path length (NG7) or 2 mm path length (NGB-30) without any
influence on the results. Quartz windows were held together by the titanium cells and sealed by
Teflon coated o-rings. All the samples were prepared fresh on-site and the scattering experiment
was performed within the same day of preparation. Every polymer solution for SANS experiments
was prepared in deuterated solvents to enhance the contrast of the polymers and to reduce the

incoherent background. Scattering profiles for quartz windows were recorded for every sample to
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account for the scattering of the empty cell and to subtract the background precisely. All pure
solvent mixtures were measured alone to separate the scattering signal of droplets formed by
solvent mixing from the scattering signal of polymers. Standard Igor (WaveMetrics, Inc., Lake
Oswego, OR, USA) reduction macros were used to reduce the SANS data. 4! SASview software

was then utilized to fit the data to an appropriate model. 4?

Organic field effect transistor (OFETSs) fabrication:

OFETs devices were fabricated in a bottom gate bottom contact configuration. Standard
photolithography processes were used to define a device active region of Lg=100 um and
Wg=1000 pum. Two layers of metal (10 nm Cr and 50 nm Au) were deposited over a wafer having
a dielectric layer of 200 nm SiO, thermally grown on heavily n-doped silicon. The substrates were
diced into chips 0.9 cm by 1 cm in size by a Disco dicing saw (DAD321, Tokyo, Japan) after
coating a thin layer of photoresist for surface protection. The pre-patterned substrates were cleaned
sequentially with acetone, IPA and DI water and blow dried in air. Then the surface was further
cleaned by UV/ozone treatment for 20 min right before silane treatment to passivate the surface.
Afterwards, the substrates were submerged in a solution of 1 v% of DTS in toluene at 60 °C for
30 min. Then they were rinsed with toluene and blow dried in air. The polymer solution was spin
coated at 1500 rpm for 30s and dried in a nitrogen filled glovebox. In order to characterize the
structures as formed in solution, no annealing was used after spin coating. The electrical
characterization was conducted in a nitrogen filled glove box with a Signatone probe station
(Gilroy, CA, USA). A Hewlett-Packard (Palo Alto, CA, USA) 4145B semiconductor parameter

analyzer was utilized to record the current voltage curve.
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Results:

DPPDTT was fully dissolved in chloroform at ~60 °C, and methanol was slowly added into the
polymer solutions to induce assembly while keeping the final polymer concentration constant. At
15 v% methanol, large fibril aggregates visible by bare eyes formed instantly at the vicinity of the
‘poor’ solvent. A brief sonication would re-disperse those aggregates into a clear and uniform
dispersion. With 20 v% methanol, much larger aggregates formed, which were still visible even
after sonication. Figure 1 shows the AFM and sTEM images of polymer samples with varying
ratios of methanol, which is a ‘poor’ solvent for DPPDTT. Compared to the morphology of
samples processed from pure chloroform, the addition of 10 v% methanol increases the domain
size. Starting at a higher ratio of 15 v% methanol, assembly into fibril structures is observed in
both AFM and sTEM images. Further increasing methanol concentration to 20 v% produces wider
and longer nanoribbons that appear to be flexible and superimposed over each other. The width of
the nanoribbon varies from ~20 nm to above ~100 nm. It is important to note that uniform polymer
films can only be prepared from spin coating at low methanol concentrations. Above 15 v%, the
large aggregates formed in solution results in discrete islands on the substrate during spin coating.
All the samples shown in Figure 1 were prepared within a couple hours after mixing the ‘poor’
solvent. The structures formed in solution at longer aging times for methanol concentrations of 20
v% (ribbons) and 10 v% (no ribbons) are shown in Figure S2 in the Supporting Information. For
10 v% methanol, no observable nanoribbons were formed even after 12 days of aging. In contrast,
for 20 v% methanol concentration, the initially formed nanoribbons gradually grow larger in size

and can be above 100 nm in width after 12 days aging in solution.
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Figure 1. (a)~(d) AFM and (e)~(h) sSTEM images of 1.6 mg/ml DPPDTT in chloroform mixed
with (a) (e) 0 v% (b) ()10 v% (c) (g) 15 v% and (d) (h) 20 v% Methanol.

Nanoribbons are clearly visible in solid films as probed by microscopy (Figure 1). However, a
quantitative method to characterize polymer conformations and nanostructures in solution is also
needed. This can eliminate artifacts that may occur from coating, drying and sample preparation.
Figure 2 shows SANS profiles for the DPPDTT polymer in solvent mixtures of chloroform and
methanol at various concentrations. The background scattering from pure solvents were subtracted
from every sample by recording the scattering profile for each solvent mixture. The scattering
profiles never show a plateau at low-q, indicating a large size and very rigid conformation in
solution, even before inducing self-assembly. This is due to both the long polymer chain (i.e. high
molecular weight) and the stiff and planar molecular structures of the DACP backbones. At low
methanol ratios (below 10 v%), the scattering profiles overlap on top of each other, which suggests
that no solution assembly occurs. At methanol concentrations higher than 15 v%, the scattering
intensity increases in the low g-region and a clear hump develops at methanol concentrations of

20 v%, which correlates to the formation of nanoribbons.
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To obtain quantitative conformational information, a semi-flexible cylinder model is used to fit
the dissolved polymer chains in solution. 434 It is important to note that this model is only
applicable to the dissolved chains before self-assembly. Once these form nanoribbons or
nanofibers, a different shape-factor model (e.g. parallelepiped) needs to be added and used to
extract structural parameters. In the semi-flexible cylinder model, the contour length, Kuhn length
and cylinder radius are left as adjustable variables. Although the contour length can be determined
if the monomer size and molecular weight of the polymer are known, it was still left as a variable
because it is possible that a few polymer chains could possibly bind along the chain length direction
and effectively increase the length of dissolved chain complexes as probed by SANS. Using the
size of the repeat units and the molecular weight measured from gel permeation chromatography
(GPC), the contour length of the polymer is estimated to be ~141 nm. 3* Figure 2 (b) compares fit
parameters as obtained from SANS. The contour length is roughly constant at ~120 nm until
methanol concentrations exceed 10 v%. At 15 v% methanol, an abrupt increase in the length is
observed, indicating the onset of self-assembly to larger structures. Similar trends apply to the
radius since gradual addition of methanol induces an increase in the cross-sectional size of the

cylinder. The Kuhn length decreases when polymers start to form larger structures.
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Figure 2. (a) SANS profiles for 1.6 mg/ml DPPDTT in chloroform mixed with various amounts of
methanol. The data for samples with 0 v% to 15 v% methanol is fit using a semi-flexible cylinder
model. (b) Extracted values for contour length, Kuhn length, and radius of the cylinder as a

function of methanol concentration.

In sharp contrast, the addition of the non-polar solvent n-hexane (¢=2), which is also a ‘poor’
solvent for DPPDTT, to polymer solution in chloroform, does not lead to nanoribbon formation.
Figure 3 (a) shows AFM images of the resulting films after addition of 20 v% n-hexane. No
nanoribbons formed even after the addition of up to 50 v% n-hexane. Instead, the addition of non-
polar ‘poor’ solvents results in large aggregates with amorphous shapes. The diameter of the
aggregates increases with the n-hexane content in the solvent, which ranges from tens of
nanometers to a few hundred nanometers. In contrast to these results, the addition of n-hexane
would promote the formation of nanofibers for homopolymer poly(3-hexylthiophene) (P3HT) in

chloroform or other ‘good’ solvents. 1723
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Figure 3. AFM images of spin coated films of 1.6 mg/ml DPPDTT in chloroform mixed (a) 20 v%

(b) 30 v% (c) 40 v% and (d) 50 v% n-hexane.

While the formation of nanofibers and/or nanoribbons is typically indicative of a well-ordered
chain arrangement, it is still important to analyze the crystalline structure and polymer packing
using high resolution methods. Grazing-incidence wide-angle x-ray scattering (GIWAXS) was
utilized to probe polymer samples prepared from chloroform mixtures with methanol (polar) and
n-hexane (non-polar) ‘poor’ solvents in Figure 4. The polymer chain orientation with respect to
the substrate can be characterized by the azimuthal intensity distribution for crystalline peaks along
different angles from the 2-D profiles. The intensity distribution of the n-r stacking peak at 1.7 A-!
shows that the ‘face-on’ orientation was favorable in pure chloroform samples. In contrast, the

addition of 20 v% n-hexane increased the ‘edge-on’ orientation while still maintaining a fairly
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strong scattering signal at the out-of-plane direction. Samples processed from pure chloroform
and from chloroform : n-hexane mixtures show bimodal arrangement of n-mt stacking peaks,
indicating the coexistence of both chain orientations (i.e. ‘face-on’ and ‘edge-on’) as shown in
Figure 4 (b). However, in samples prepared from pure chloroform and from chloroform with 20
v% n-hexane, the ‘edge-on’ m-m stacking peaks are more defined in the in-plane direction
(horizontal) as compared to out-of-plane direction (vertical). In sharp contrast, samples prepared
from chloroform with 20 v% added methanol (Figure 4 (c)) show a nearly uniform distribution of
the intensity of the n-x stacking peak along all azimuthal angles. This is attributed to the formation
of nanoribbons since the interconnected stiff structure leads to a random or isotropic distribution
of fiber orientations with m-n stacking peaks oriented in nearly all directions.

By integrating along both out-of-plane (Figure 4 (d)) and in-plane (Figure 4 (e)) directions, the
peak positions and relative peak intensities were also compared. In Figure 4 (d), the intensity of
the peak at 1.37 A-! was greatly enhanced as compared to the n-x stacking peak at 1.7 A-! when n-
hexane was used. The intensities of those two peaks were comparable to each other for both pure
chloroform and for samples with 20 v% added methanol. The peak at 1.37 A-! was found to be
strongly correlated to the distance between two interdigitated side chains by comparing to
molecular dynamics simulation. 33 This means that the addition of n-hexane possibly affects the
side-chain packing.

Another interesting change is the emergence of two new scattering peaks at 2.2 A-! and 3.2 A-! for
the sample with 20 v% methanol that do not show up in samples coated from either pure
chloroform or from mixtures with 20 v% n-hexane. The peak at 3.2 A-! is not shown in Figure 4,
but it is visible in Figure S3 in the Supporting Information. The relative intensity of this peak

increases as a function of aging time, which is shown in Figure S3 (f) ~(k) in the Supporting
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Information. It was determined that these peaks did not originate from the substrate (i.e. different
q position) or from the scattering instrument. Instead, it was concluded that metal nanoparticles
were slowly forming from residual catalyst contaminants (Pd ions) reacting with some of the co-
solvents (e.g. methanol) and leading to x-ray scattering peaks at 2.2 A-! and 3.2 A-. sSTEM images
also show nanoparticle formation with addition of these polar ‘poor’ solvents (Figure S4 in the
Supporting Information). It is important to note that the residue catalyst may potentially affect the
scattering profiles in future experiments, which could be addressed by additional purification steps
of polymers. However, considering catalyst nanoparticles with different X-ray scattering peak
positions, small particle size, low concentration, and negligible scattering contrast in solutions, it
was concluded that the generation of nanoparticle does not affect or interfere with polymer
scattering for both GIWAXS and SANS data in the current study. More detailed discussions can

be found in the Supporting Information.
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Figure 4. 2D GIWAXS pattern of film drop-cast from 1.6 mg/ml DPPDTT in (a) pure chloroform
and with (b) 20 v% n-hexane (non-polar) and (c¢) 20 v% methanol (polar) ‘poor’ solvent addition.
1D GIWAXS intensity integration (d) out-of-plane (¢=105°) and (e) in-plane (¢=175°) for the
three samples with a 5° integration angle.

The differences in both nanostructure and polymer packing that is caused by solvent polarity
motivated the exploration of other commonly used organic ‘poor’ solvents, including DMSO
(e=47), ACN (e=37.5), acetone (¢=20), and IPA (e=17). The measured dielectric constant of
different ‘poor’ solvents with various ratios are shown in Figure S5 in the supporting information.
Nanoribbon formation can be clearly observed in samples containing DMSO and ACN after 10
days of aging in Figure 5 (a) and (b). The samples without aging are shown in Figure S6 in the

Supporting Information, which also presented nanoribbon formation with the addition of polar
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‘poor’ solvents. The cross-sectional size of these nanoribbons is on the order of tens of nanometers
and the length can extend to a few micrometers. Compared to the above two solvents, IPA and
acetone, which have dielectric constants around 20 and are less polar than methanol (¢=32), did
not show clear signs of nanoribbon formation. In order to ensure that enough supersaturation was
induced by the addition of IPA and acetone, higher solvent ratios were also prepared and their
AFM images are shown in Figure S7 in the Supporting Information. With 30 v% of IPA,
nanoribbons were also generated. However, samples with acetone did not produce nanoribbons
even at concentrations of up to 40 v%. Instead, large aggregates are visible under AFM (Figure S7
in the Supporting Information). Based on the above results, a critical dielectric constant between
€=20 and =32 seems to be necessary for the added ‘poor’ solvents to induce the formation of

nanoribbons.
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Figure 5. AFM images of 1.6 mg/ml DPPDTT in chloroform mixed with 20 v% (a) DMSO (b)
Acetonitrile (ACN) (c) IPA (d) Acetone. The samples were casted after aging for 10 days in
solution.

To further quantify the size of nanoribbons, SANS was also used on samples prepared from other
polar ‘poor’ solvents (i.e. ACN, and DMSO). The scattering profiles are shown in Figure 6 along
with reference samples that were prepared in pure chloroform. A combined model of long
parallelepiped fibers 4°46 and dissolved polymers 4748 was used to fit the data in order to obtain the
cross-sectional dimensions and the total amount of polymers that formed nanoribbons in the
chloroform-solvent mixtures. This model was previously implemented to characterize the size of

P3HT nanofibers in solution. 1449 When polymers are fully dissolved in samples with low
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methanol concentrations (below 15 v% shown in Figure 2) a single model of semi-flexible
cylinders can be applied to model the chain conformation. However, when conditions are adequate
for self-assembly to occur, such as for samples in chloroform with 20 v% methanol, DMSO, or
ACN the scattering includes a combination of form-factors (i.e. shape functions) from the
assembled nanoribbons (i.e. parallelepiped model) and from the remaining ‘free’ dissolved
polymer (i.e. dissolved polymer model with excluded volume effect) that exist in equilibrium. A
detailed description of the model can also be found in the supporting information. The width and
thickness of nanoribbons, as well as the fraction of the total polymer that was forming nanoribbons
were the only fit variables. The rest of the parameters were constrained to known values.

The fit results are summarized in Table 1. The nanoribbons formed in ACN and DMSO were very
similar in size, with cross-sectional thickness (parameter ‘a’) of ~10 nm and width (parameter ‘b’)
of ~25 nm. In contrast, the nanoribbons formed in methanol were substantially larger with both
dimensions almost doubled. This result was further corroborated by comparing AFM images of
Figure 1 (d) and with Figure 5 (a) and (b). Even though nanoribbons were generated in different
polar solvents, the size of ribbons induced in mixtures of chloroform and methanol was different
from the others. Besides the cross-sectional size of the nanoribbons, the fraction of polymers that
assembled also varied from solvent to solvent. This fraction correlated well with the polarity of
the ‘poor’ solvents. Almost 80% of polymers formed nanoribbons in DMSO (¢=47) and ~ 66% of
polymer chains assembled into ribbons upon addition of ACN (e=37.5). Methanol, with the lowest
dielectric constant of the three (¢=32), caused the assembly of the lowest amount of polymer into

nanoribbons.
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Figure 6. 1D SANS profiles of nanoribbons formed in chloroform with added 20 v% ACN, 20 v%
DMSO, and 20 v% methanol. The scattering profiles were fit with a combined model of
parallelepiped and dissolved polymer with excluded volume effects. 443 The fit for the sample
prepared in chloroform with 20 v% methanol included polydispersity in the height of the cross-
section ‘a’ into consideration. The scattering profile of fully dissolved polymers in pure chloroform

is also added for comparison along with the fit to a semi-flexible cylinder model.

Table 1. Cross-sectional dimensions (a, b) of nanoribbons extracted from fits, dielectric constant

(e) of ‘poor’ solvents and the fraction of polymer chains that were located in the nanoribbons.

Dielectric Polymer Fraction in
3 9
Poor” solvent  a (nm) b (nm) Constant () Nanoribbons (%)
20 v% DMSO 9.8 25.2 47 77.3

20 v% ACN 10.2 23.5 37.5 66.5
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20 v%

Methanol 232 40.8 32 39.5

GIWAXS was again used to characterize the chain packing for samples from these other ‘poor’
solvents. The 2D scattering patterns and 1D integration profiles are shown in Figure 7. Similar to
samples prepared from chloroform with methanol (Figure 4), the n-n stacking peaks at 1.7 A-! are
uniformly distributed across the azimuthal angles when the polymers form nanoribbons (i.e.
DMSO and ACN samples). This is again consistent with a random orientation of the nanoribbons
with respect to the substrate. A comparison of the 1D integration profiles over the in-plane and the
out-of-plane directions is shown in Figure 7 (e) and (f). In the out-of-plane direction, the n-n
stacking peaks (q=1.7 A-') show weaker scattering intensities compared to the peaks at q=1.37 A-!
for samples prepared from chloroform and the less-polar solvents, IPA and acetone. This is also
observed for samples prepared from chloroform mixed with n-hexane in Figure 4 (d). In contrast,
the relative intensity of the two peaks was similar for samples prepared from both DMSO and
ACN. Additionally, the position of one of these peaks shifts from ~1.37 A~ to 1.29 A-! in mixtures

with less-polar solvents, indicating a larger distance between side chains.
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Figure 7. 2D GIWAXS pattern of films drop cast from 1.6 mg/ml DPPDTT in chloroform mixed
with 20 v% (a) DMSO (b) Acetonitrile (ACN) (c) IPA (d) Acetone. (e¢) and (f) show the 1D
integration in the out-of-plane (¢p=105°) and in-plane (¢=175°) directions with a 5° integration
angle, respectively. The dashed lines in each figure are the corresponding integration of polymer
samples in chloroform mixed with methanol and n-hexane.

The electronic properties of nanoribbons were also investigated for samples prepared from
mixtures of chloroform and methanol. Unfortunately, after the polymers were fully assembled into
nanoribbons, it was difficult to form a uniform film using spin-coating due to the increased
viscosity and elasticity. This was also documented for nanofibers formed from P3HT. !! In order
to gain insights into changes to the electrical properties that may be induced by formation of these
structures, a high methanol content (15 v%) was used to induce partial ribbon assembly but kept

low enough to achieve an adequate film quality during OFET fabrication. Based on SANS results

in Figure 2, self-assembly starts to become evident at this solvent concentration. No annealing was
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used during the fabrication process to ensure that the solution structure was maintained in the
devices. The performance of these materials, as characterized by bottom gate bottom contact
OFETs, is shown in Figure 8 (a). After self-assembly, the drain current increased by a factor of
almost two at the same gate voltage when the channel is fully ‘on’. A large hysteresis was observed
for devices processed from pure chloroform but not in devices made with nanoribbons. This
suggests that carrier traps are effectively reduced with the self-assembly of large ordered
structures. Since the back sweep current is lower than the forward sweep current, the traps should
be located close to the channel. >

In order to calculate the saturation mobility from the transfer curves, the data was replotted to show
the square root of the current as a function of gate voltage (Figure 8 (b)). Two distinct slopes were
observed under both conditions, which is very common for donor-acceptor conjugated polymers.
>-7.31 Significant efforts have been devoted to understanding the origin of this phenomena and it
was recently proposed that reducing the contact resistance or using polymeric dielectric layers
could help alleviate this effect. >2 It was also reported that this would be resolved when a very
small gate length (5 um) was used.” However, many of the literature-reported mobilities for
DPPDTT have been extracted from analysis of the largest slope that is adjacent to the threshold
voltage. This was recently considered to be an overestimation of the true mobility. >3

In order to compare with published literature values and also to more accurately estimate the real
mobility, we used two different methods to calculate the mobility. The first consists of an analysis
of the largest slope, as has been done routinely in the literature for DPPDTT (dark dashed line in
Figure 8 (b)). In addition, we also follow recent suggestions to calculate mobilities at high gate
voltages (pink dashed line in Figure 8 (b)).>3 The results from both methods are summarized in

Figure 8 (c) and an enhancement of mobilities for nanoribbons was observed in both analyses.
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‘High’ represents the mobility obtained from fitting the largest slope of the curve close to threshold
voltage and ‘Low’ is the more conservative estimation of the mobility from the high voltage slope
shown as the dashed pink line. The averaged mobility of 10 devices, as estimated from the ‘High’
model fit, improves about 5 times after self-assembly was induced. The averaged value of the
methanol 15 v% sample was ~3 cm?v-!s! and highest mobility for one device was above 5 cm?v-
Is-1. Those values are comparable to the reported performance in recently published work for the
same polymer but without any kind of annealing process.>* Mobilities in that work were also
calculated using the highest slope of the I-V curve. With the more conservative estimate, which is
estimated from the ‘low slope’ of the region when the devices are completely turned ‘on’, the
average mobility is about 0.13 cm?v-!s!, which is only slightly improved from samples processed
from pure chloroform (0.097 cm?v-'s!). The output curves of devices in Figure 8 (d) showed
significant enhancements in the drain current, thus an increase in ‘on’/ ‘off’ ratio after self-

assembly is induced by methanol.
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Figure 8. (a) Transfer curves for bottom-gate bottom-contact OFETs fabricated from DPPDTT
dissolved in pure chloroform and with 15 v% methanol. The inset figure shows the device
geometry. (b) Square root of current vs. gate voltage for two representative devices. The dashed
lines represent the two fits (‘High’ and ‘Low”) that were used to obtain the mobility values.>? (c)
The average mobilities as estimated from the two different methods. The mobility was averaged

from 10 devices for each condition. (d) Comparison of output curves from fully dissolved and self-

assembled (15 v% methanol) polymers.
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We also explored other donor-acceptor conjugated polymers in order to see if the same ‘poor’
solvent polarity dependence of self-assembly is observed. This analysis includes PCDTBT,
PCDTPT, and PFT-100, where the molecular structures are depicted together with DPPDTT in
Figure 9. The surface morphology of films formed after addition of methanol and n-hexane are
also characterized with AFM and are shown in Figure 10. With the addition of n-hexane, the films
are relatively flat and uniform. In comparison, the same amount of methanol (polar) shows clear
signs of induced self-assembly into large aggregates. For samples composed of PFT-100, short
nanoribbons were formed that are micrometers long and less than 50 nm in width. It is important
to note that the polymer structures of PCDTPT and PFT-100 are very similar and only differ in the
areas shown in dashed circles in Figure 9.

Although it is possible that the change in nanostructure resulted from this small change in
molecular composition, the polymer concentration (c(PCDTPT)=3.2 mg/ml, ¢(PFT-100)=1.6
mg/ml), molecular weight (My(PCDTPT)=76k, M,(PFT-100)=50k) and polydispersity
(D(PCDTPT)=2.5, BD(PFT-100)=3) of the polymers may all play additional roles. Therefore, we
cannot conclude that these differences arise from any one of the above reasons and additional work

is needed to illuminate this further. On the other hand, we have conclusively demonstrated that

mixtures of solvents can strongly affect the formation of nanostructures for other DACPs.

DPPDTT PCDTBT PCDTPT PFT-100
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Figure 9. The schematic drawing of molecular structures of DPPDTT, PCDTPT, PFT-100, and
PCDTBT.

PCDTPT PFT-100 PCDTBT
(a) 20 v% Hexane (b) 20 v% Hexane (c) 20 v% Hexane

50.0 nm 50.0 nm 200.0 nm
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Figure 10. AFM images of structure formed from three different donor-acceptor conjugated

polymers by mixing 20 v% (a) (b) (c) n-hexane and 20 v% (d) (e) (f) methanol.

Discussions:

Donor-acceptor conjugated polymers (DACPs) are shown to form ordered nanoribbons by mixing
polar ‘poor’ solvents into stable solutions in ‘good’ solvents. It is hypothesized that addition of
‘poor’ solvents effectively reduces the solubility of DA polymers and induces aggregation in

solution. However, unlike for conjugated homopolymers, it is clear that the polarity of the added
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solvents is an important parameter for inducing controlled self-assembly vs. aggregation. The
addition of polar ‘poor’ solvents (e.g. methanol) to a ‘good’ solvent (i.e. chloroform) for DACPs
leads to the formation of nanoribbons. In contrast, the same DACPs form disordered aggregates
when samples in chloroform are mixed with non-polar ‘poor’ solvents (e.g. n-hexane).

We hypothesize that, when polar ‘poor’ solvents are added to polymer solutions in chloroform, the
dipole within the polar solvent molecules may interact with the backbone of the DA polymer.
Dipole-dipole interactions between the solvent molecules and the alternating electron-rich and
electron-deficient subunits in the backbone may play a key role in facilitating the formation of n-
© stacking interactions in solution, which is not easily achieved for DACPs due to their complex
backbone architecture. Crystallization and growth due to the reduced solubility eventually leads to
the formation of large and organized nanoribbons spanning over very long distances (Figure 1 and
Figure 5). In contrast, the addition of non-polar ‘poor’ solvents (e.g. n-hexane) to chloroform
reduces DACP solubility but does not lead to a preferred orientation for assembly. These
aggregates were observed to have amorphous shapes as shown in Figure 3 and Figure 5.

The difference in the structures that would form when either polar or nonpolar ‘poor’ solvents
were added to chloroform was also observed for several other DACPs (Figure 10). It is worth
mentioning that the solvent-polymer interactions are likely not limited to dipole-dipole
interactions. Hydrogen bonding may also play a key role in forming the observed ordered
structures in DACPs. Experimental and computational research with techniques of high molecular
resolution will be needed in order to fully uncover the role of solvent composition on the formation

of nanoribbons in DACPs.

The addition of ‘poor’ solvents to chloroform also leads to conformational changes of polymers in

solution well before they assemble into larger structures. This is evidenced by the SANS data in
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Figure 2 that characterizes dilute DACP solutions. The Kuhn length, which is a measure of the
rigidity of polymer chains in solution, slightly increased from 30.2 nm to 35.3 nm with 5 v%
methanol addition for DPPDTT. Further addition of methanol to chloroform exceeding 15 v%
increased the radius and length of the cylinder, but not the Kuhn length, indicating that polymers
started to assemble into large structures. Interestingly, similar change in stiffness of the DACP
chains is also observed with addition of the non-polar solvent n-hexane to chloroform (Figure S8
in the Supporting Information), even though it would not result in the formation of large-scale
ordered structures. Although changes in the contour length of DPPDTT dissolved chains may also
be extracted from the collected SANS data, the resolution of the instrument was inadequate to
accurately measure this parameter for these samples due to the high molecular weight and stiffness
of this polymer (279 kg/mol).

Similar conformation changes were also observed with a different DA polymer PCDTPT when a
polar ‘poor’ solvent (e.g. methanol) was added to a sample dissolved in a ‘good’ solvent (i.e.
chloroform). A semi-flexible cylinder model was used to fit the SANS data in dissolved state as
shown in Figure 11. The addition of methanol also led to an increase of radius and the contour
length of the cylinder (Table 2). At the same time, Kuhn length of the polymer reduced after they
started to assemble, which was also observed in DPPDTT polymer (Figure 2). In the fitting of
PCDTPT in pure chloroform, the Kuhn length was slightly larger than the contour length of the
polymer. Forcing the Kuhn length to be the same value as contour length barely affected the fit
quality (i.e. 2 parameter changed from 3.27 to 3.29).

SANS results for DPPDTT and PCDTPT suggest a much stiffer backbone for DACPs in
comparison to that of conjugated homopolymers like P3HT and PFO. For the shorter PCDTPT

chains, it was even possible to fit the SANS data with a perfectly rigid cylinder (rigid rod) model,
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as shown in Figure S9 and Table S2 in the supporting information. The Kuhn length of DPPDTT
(30.2 nm) and PCDTPT (30.9 nm), even when dissolved in the ‘good’ solvent chloroform, were
found to be about five times larger than that of P3HT (~6 nm). 2728 The higher rigidity of donor-
acceptor polymers might contribute to the different solution-phase assembly that is observed when
compared to the well-known and characterized P3HT nanowire formation. It is clear that the
addition of methanol (polar ‘poor’ solvent) to polymer solution in chloroform has a profound effect
on the conformation of DACPs in solution and that it serves as an effective ‘trigger’ for self-
assembly to occur. The importance of polar and ionic interactions in solutions of DACPs is further
supported by theoretical calculations in recent reports stating that incorporation of small amounts
of ionic liquids (polar) into DPPDTT solutions was found to hinder side-chain torsion and this

facilitated the formation of ordered chain stacks. ©
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Figure 11. 1D SANS scattering profile of 4 mg/ml PCDTPT in chloroform mixed with varied
methanol concentrations. A semi-flexible cylinder model was used to fit the SANS profiles at low
methanol concentrations.

Table 2. Radius, Kuhn Length, and Contour Length of PCDTPT extrapolated from flexible
cylinder model as a function of methanol ratio.

Methanol Ratio Radius (nm) Kuhn Length (nm) Conto(l:l;I)Jength
0 v% 1.5 30.9 27.8
10 v% 1.4 20.8 31.5
15 v% 1.7 18.8 373

Unlike whiskers formed in P3HT and other homopolymers, nanoribbons were not observed by
addition of n-hexane for any DA polymer. Instead, large aggregates were formed that could be
observed in AFM images for all polymers investigated in Figure 3 and Figure 10. Therefore, the
solubility of a DACP cannot be the sole parameter that determines the macromolecular structures
that are formed in solution. In contrast, by reducing the solubility of P3HT to a critical limit using
nonpolar solvents (e.g. n-hexane or dodecane) nanofiber formation is easily achieved. 131923 For
DACPs, it is interesting to find that the fraction of polymers that would form nanoribbons and the
cross-sectional size of the ribbons could vary significantly depending on specific polymer-solvent
interactions (Table 1). For P3HT, the cross-sectional size of the nanowires stays relative constant
when different solvents are used. !'>3 Even though addition of polar ‘poor’ solvents to DACPs
dissolved in chloroform promotes the formation of nanoribbons that appear similar to P3HT
nanowires, it is important to note that there are differences between these structures. P3HT has
been reported to form both nanoribbons and nanowires depending on the conditions used for self-
assembly '"1®Although these structures may appear to be similar, P3HT nanoribbons grow with a

different crystal orientation when compared to nanofibers. Nanoribbons grow along (100)
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direction while nanofibers grow along (010) direction.' In addition, the generation of nanoribbons
is rare for P3HT in comparison to nanofibers, since it requires careful control of self-assembly
conditions.

The modification of solvent quality for DACPs was found to also affect the polymer chain packing
in solid films. GIWAXS results show that ‘poor’ solvents with different polarities could change
the crystal orientation with respect to the substrates. With the addition of polar ‘poor’ solvents (i.e.
methanol, DMSO, and ACN) to chloroform, the n-n stacking peak became randomly oriented with
respect to the substrate (Figure 4 and Figure 7). In contrast, the addition of the nonpolar ‘poor’
solvent n-hexane promoted the in-plane crystal arrangement. Since different organic electronic
devices require charge transport in different directions (i.e. OFET vs. OPV), changing the solvents
used to induce assembly may provide a facile route for fine tuning and optimizing charge transport
to enhance device performance.

The molecular interactions between solvent molecules in mixtures may also be important in
directing the formation of nanostructures in DACPs. Neither methanol nor n-hexane form
molecularly homogeneous mixtures with chloroform. This can be observed in SANS scattering
profiles for solvent mixtures (i.e. no polymer) at high-q in Figure S10 in the Supporting
Information. A ‘hump’ is observed at very high-q after methanol or n-hexane addition to
chloroform. Fits to spherical form factors revealed a radius of ~ 4.3 A of methanol and ~ 3.5 A of
hexane dispersed in chloroform. In contrast, DMSO and ACN are completely miscible with
chloroform and showed a fully flat background at high q values.

Since DACPs have complex molecular structures when compared to homopolymers, more factors
need to take into account for self-assembly besides solubility, such as polymer-solvent and

polymer-polymer interactions. Single-chain conformation in solution needs to be further
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investigated to better understand the molecular mechanisms that cause differences in self-assembly
through solvent polarity. Recently, Tenopala-Carmona et al. demonstrated experimental
observations of real-time single-chain conformations in solution based on single-molecule
fluorescence microscopy for conjugated polymers.> In addition, molecular dynamics (MD)
simulations could be performed with both polar and nonpolar explicit solvents to further
understand the molecular and topological details of their interactions with DACPs. This could
further shine light on the polymer chain conformation and spatial distribution of solvent molecules
around polymer chains, which could facilitate the understanding of how solvent-polymer
interactions evolve in mixed solvents. Also, MD simulations can be implemented to provide
molecular understanding of polymer-polymer interactions occurring during solution crystallization
processes. In fact, a couple of groups have started to investigate DACP packing by coupling MD
simulations with experimental techniques, such as GIWAXS or nuclear magnetic resonance

(NMR).33:34

Conclusions:

The self-assembly of donor-acceptor conjugated polymers into nanoribbons is induced by the
addition of certain miscible polar ‘poor’ solvents to dilute solutions in the ‘good’ solvent
chloroform. The polarity of the ‘poor’ solvent additive was found to be an important parameter for
this self-assembly process to occur. The use of non-polar ‘poor’ solvents to induce aggregation
resulted in aggregates with amorphous shapes. For ‘poor’ solvents with varied polarity, changes
in the chain rigidity (Kuhn length) of DACPs were observed in dilute solutions prior to self-
assembly. The interactions between ‘poor’ solvent molecules and polymers, as well as those

between ‘poor’ solvent and ‘good’ solvent molecules were both important in determining the
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resulting polymer structure and chain packing. An enhancement of hole mobility in OFETs
resulted from the formation of nanostructures upon addition of the polar solvent methanol to
DACEP solutions in chloroform. The self-assembly of DACPs by addition of polar ‘poor’ solvents
to samples dissolved in ‘good’ solvents (i.e. chloroform) was found to be a promising method to

improving the performance of these materials.
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