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ABSTRACT: We demonstrate that homopolypeptides cova-
lently tethered to anisotropically shaped silica particles induce
crystalline ordering of representative semiconducting polymers.
Films drop-cast from chloroform dispersions of poly(y-stearyl-
L-glutamate) (PSLG) composite particles and poly(3-hexythio-
phene) (P3HT) led to highly ordered crystalline structures of
P3HT. Hydrophobic—hydrophobic interactions between the
alkyl side chains of P3HT and PSLG were the main driving
torce for P3HT chain ordering into the crystalline assemblies. It
was found that the orientation of rigid P3HT fibrils on the
substrate adopted the directionality of the evaporating front.
Regardless of the PSLG-coated particle dimensions used, the
drop-cast films displayed patterns that were shaped by the

P3HT/PSLG-coated silica domes/CHCI; sol.
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coffee ring and Marangoni effects. PSLG-coated particles of high axial ratio (4.2) were more efficient in enhancing the electronic
performance of P3HT than low axial ratio (2.6) homologues. Devices fabricated from the ordered assemblies displayed improved
charge-carrier transport performance when compared to devices fabricated from P3HT alone. These results suggest that PSLG
can favorably mediate the organization of semiconducting polymers.
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1. INTRODUCTION

Conjugated polymers are a class of functional materials whose
performance is known to depend upon polymer structure,
orientation, and self-assembly.' The organization and alignment
of semiconducting polymers into highly ordered structures over
macroscopic length scales is a longstanding goal,-z_7 the extent
of ordering significantly influences electronic performance of
the active material.® Self-assembly occurs by 77—z stacking of
polymer chains that ideally propagates over large distances’ and
facilitates intra- and interchain charge transport.'® Chain self-
assembly generates crystalline domains surrounded by
amorphous regions, leading to the formation of grain
boundaries and defects.'"* These defects limit charge-carrier
transport and thus electronic performance.*'*'* A particularly
important feature associated with improved charge transport in
polymer semiconductors is enhanced planarization of the
backbone that ensures effective packing of the polymer chains
into well-organized assemblies.” This characteristic depends on
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the chosen processing protocol.">'37%%

Owing to powerful self-assembly capacities, natural and
synthetic biopolymers are appealing tools to assist organization
of functional polymers. In support of this idea, Cerato ulmin, a
fungal protein,26 *7 facilitated the formation of poly(3-
hexythiophene) (P3HT) condensed phases of remarkably
high crystallinity upon encapsulation by a self-assembled
biofilm.”® Efforts toward designing bioinspired semiconductors
with interesting self-assembly behaviors also involved synthetic
peptides and oligothiophene conjugates.””*° Polypeptides are
compounds that lack the complex amino acid sequence and
structure of natural proteins, a feature making them appealing
for large-scale use. Recently, self-assembled bundles of rodlike
poly(y-benzyl-i-glutamate) (PBLG) in toluene assisted the
organization of P3HT into three-dimensional (3D) networks.”’
The resulting gels showed reversible thermal and photophysical
responses.



The synthetic polypeptide poly(y-stearyl-L-glutamate)
(PSLG) is one of the less-explored polypeptides for its ability
to self-assemble and induce ordering.‘?’2 Like PBLG, PSLG has a
single amino acid repeat unit and both belong to the so-called
synthetic homopolypeptide class. PSLG forms lyotropic
cholesteric liquid crystals in various organic solvents, especially
ones that promote an a-helical conformation.*® This ordering
of PSLG in solution was exploited to organize symmetric and
asymmetric polypeptide composite particles into ordered
structures.>*> The identical chemical nature between the
covalently bound particle shell and the matrix led to their
compatibility. The hierarchical assemblies showed remarkable
stability, owing to hydrophobic—hydrophobic interactions
between the PSLG matrix and the particle shell through their
stearyl side chains. From these examples, it is expected that
similar interactions can be harnessed to increase the perform-
ance of functional polymers bearing alkyl groups.

Here, the homopolypeptide PSLG** covalently tethered to
anisotropically shaped silica particles was used to demonstrate
the ability of PSLG to interact with and organize functional
materials such as conjugated polymers into ordered, active
constructs. These particles are appealing because they act as
vehicles carrying a high load of polypeptide. Interactions
between the tethered PSLG and the representative z-
conjugated polymer P3HT facilitated P3HT alignment and
organization. Drop-cast films of P3HT blended with PSLG-
tethered particles exhibited highly crystalline order, as
evidenced by grazing-incidence wide-angle X-ray scattering
(GIWAXS) and polarized micro-Raman spectroscopy. The
ability of PSLG to assist in P3HT organization was also
reflected in semiconducting performance tested with an organic
field-effect transistor (OFET) architecture. The use of
polypeptide composite particles to organize semiconducting
polymers into ordered structures demonstrates the feasibility of
using biopolymers to induce organization of difficult-to-
crystallize functional materials.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(3-hexylthiophene) [P3HT; M,, = 90 000 Da,
polydispersity index (PDI) > 2, and regioregularity (RR) = 96%] was
purchased from Rieke Metal Inc. Anhydrous chloroform, CHCl;, was
obtained from Sigma—Aldrich. The preparation of anisotropic pristine
and PSLG-coated silica with and without a magnetic nougat followed
literature procedures.35 Two axial ratios (L/D, length/ diameter) were
used: 2.6 (low) and 4.2 (high).

2.2. Sample Preparation. A control sample of P3HT in dry
CHCI; (0.5% w/w) was prepared in an 8 mL scintillation vial by
heating to 60 °C under magnetic stirring for 20 min until the polymer
dissolved and the solution turned to a clear orange color. The
dispersions were produced by adding aliquots of particles dispersed in
chloroform to the 0.5 wt % P3HT/CHCI; solutions. Excess
chloroform was evaporated under a stream of nitrogen to bring
dispersions to the listed concentrations. Table S1 summarizes the
specific amounts of dispersion components and their concentrations.
All concentrations were calculated from weight.

2.3. Methods. 2.3.1. UV-Visible Spectrometry. Solid-state UV—
vis spectra were recorded on an Agilent 850 UV—vis spectrometer.
Thin films were prepared by drop-casting and by spin-casting (WS-
650MZ-23NPP, Laurell) the P3HT—particle suspensions onto
precleaned glass slides. Before film casting, the glass slides were
rinsed sequentially with acetone, methanol, and 2-propanol and the
surface was then dried with a nitrogen stream. Afterward they were
kept for 30 min in an UV—ozone cleaner (Novascan PSD-UV) to
remove contaminants.

2.3.2. Polarized Micro-Raman Spectroscopy. Dry films obtained
by drop-casting the dispersions onto glass substrates followed by
solvent evaporation were investigated with a micro-Raman spectrom-
eter (Raman Rxn) from Kaiser Optical Systems Inc. The instrument
has a 785 nm laser with a resolution of 4 cm™ in backscattering and an
integrated polarized light optical microscope equipped with a rotating
stage. The instrument is equipped with a Leica DM2500 P polarizing
microscope. For all experiments, a S0X objective was used; the laser
power was 40 mW and the exposure time was 16 s. The optimum
signal-to-noise ratio necessary for reliable peak fitting was achieved
with five exposures and five accumulations. Spectra were collected at
different angles (0°—180°) of the substrate position with respect to
polarizer upon rotating the microscope stage in increments of 10°. The
Holograms TM software was used to fit peaks corresponding to the
P3HT C==C stretching vibrations to a Lorentzian function.

2.3.3. Polarized Optical Microscopy. A Leica DM 4500P light-
emitting diode (LED) microscope equipped with a Canon DS126271
camera (Canon Inc.) was used to analyze the film samples deposited
onto glass substrates. The polarizer and analyzer were crossed at 90°.
The sample stage was rotated at 45° and 90° to inspect the anisotropic
character of the film. Bright-field images were also recorded for
comparison.

2.3.4. Confocal and Structured Illumination Microscopy.
Confocal and structured illumination images were recorded with an
Elyra PS 1 system that can operate in structured illumination mode.
Drop-cast samples on the glass substrates were irradiated with the 488
nm (200 mW) laser line.

2.3.5. Atomic Force Microscopy. An Icon Dimension (Bruker)
scanning probe microscope operating in tapping mode with a silicon
tip (RTESP, Bruker) was used to analyze the surface morphology of
the drop-cast semiconducting films.

2.3.6. Photoinduced Force Microscopy. An atomic force micro-
scope (AFM, model VistaScope) from Molecular Vista was used for
photoinduced force microscopic (PiFM) measurements. The micro-
scope was operated in tapping mode under ambient conditions. The
sample was scanned with a gold-coated cantilever (PPP-NCHAu)
from Nanosensors. The force constant was 30 N-m ™. The tunable IR
excitation source used for the PiFM measurements was a LaserTune
from Block Engineering, with ~1 mW of laser power at the sample.
AFM topographic images were taken concurrently with PiFM images,
while the IR source was tuned to either 1450 cm™" [for thiophene ring
characteristic signals (C=C)] or 1660 cm™" (for PSLG amide I
signal). PiFM spectra were recorded on the substrate, on and off
particle surface from 1350 to 1700 cm™", with an exposure time of 100
ms/wavenumber.

2.3.7. Organic Field-Effect Transistor Fabrication and Character-
ization. Bottom-gate, bottom-contact OFET device substrates were
assembled in a clean room. First, a 300-nm-thick SiO, dielectric layer
was grown on a highly doped silicon substrate that served as the gate
electrode. Photolithography-based liftoff process and E-beam evapo-
ration (Denton Explorer) techniques were used to deposit SO nm Au
contacts with 3 nm Cr as the adhesion layer. The OFET devices were
introduced into a UV—ozone chamber (Novascan PSD-UV) for 15
min to remove any residual photoresist and organic contaminants.
This step was performed right before drop-casting of the P3HT-based
solution and dispersions (~50 uL). OFET devices holding the P3HT
films were dried in vacuo overnight at 50 °C. Device testing was
performed in a glovebox under inert atmosphere (nitrogen) with an
Agilent 4155C semiconductor parameter analyzer. The field-effect hole
mobility was recorded in the saturation regime of transistor operation
(V, = —80 V).

2.3.8. Grazing-Incidence Wide-Angle X-ray Scattering. GIWAXS
data were collected at beamline 11-3 at the Stanford Synchrotron
Radiation Lightsource. The incident X-ray photon energy was 12.7
keV. Scattered X-rays were collected on a Mar345 image plate
detector. For data presented here, the sample incident angle was 0.12°,
and the sample-to-detector distance was 400 mm. The beam center
position and sample-to-detector distance were calibrated by use of a
lanthanum hexaboride standard. Exposure times were in the 90—120 s
range.



Scheme 1. Ilustration of Drop-Cast Film Preparation”
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3. RESULTS AND DISCUSSION

3.1. Processing of Drop-Cast Films. To investigate the
polypeptide-assisted organization of polymer semiconductors,
silica particles decorated with a dense layer of covalently bound
PSLG chains were selected because they provide a convenient
means to study PSLG-conjugated polymer interactions.”> Two
axial ratios (L/D) of composite particles (2.6 and 4.2) and
identical PSLG loading (10%) were evaluated. For convenient
removal from dispersions, magnetic nougats were incorporated
into the higher axial ratio particles. Control samples comprising
silica particles without the PSLG shell were also examined.
Scheme 1 illustrates the sequence of steps associated with the
fabrication of drop-cast films containing 2.6 L/D particle
dispersions (see Scheme S1 for 4.2 L/D particles). Briefly,
designated quantities of PSLG-coated particle dispersions and
P3HT in chloroform, as listed in Table S1, were added to
scintillation vials and heated at 60 °C to effect P3HT
dissolution. After the dispersions turned to clear orange (due
to absorption of P3HT), they were allowed to cool to ambient
temperature, and ~50 L from each vial was deposited by drop-
casting onto glass and silicon substrates. Abbreviations for the
particle-containing dispersions are P/CD2.6, P/PP-CD2.6, P/
CD4.2, P/PP-CD4.2, P/CD4.2-M, and P/PP-CD4.2-M, where
P/ indicates P3HT, PP represents the polypeptide (PSLG), and
M means the particles were magnetically removed before drop-
casting. P/PP-CD2.6 and its controls (P3HT and P/CD2.6)
were used first to investigate whether PSLG shell has the ability
to enhance the organization of P3HT chains (by UV—vis and
polarized micro-Raman spectroscopy). Next, the effect of the
two L/D PSLG particles on P3HT ordering and electronic
performance will be compared.

3.2, PSLG—P3HT Hydrophobic—Hydrophobic Interac-
tions. Photoinduced force microscopy (PiFM) performed on
P3HT —particle films fabricated via drop-casting revealed the
ability of PSLG to interact with P3HT. The spectra presented
in Figure 1 were collected on and off (outside) the particle
surface.

Figure 1A presents the superimposed 3D topographic and
PiFM spectral images obtained from the P/PP-CD2.6 film
surface. The laser source was tuned to the wavelength of the
PSLG amide I signal, which occurs at ~1650 cm™!. The strong
PiFM signal (orange coloration, Figure 1A) associated with the
presence of the excited species confirms the presence of PSLG
at the particle surface: the vibration at 1655 cm™ is associated
with amide I and reflects its a-helical secondary conformation
(Figure 1B).>**° Upon tuning the laser to the thiophene ring
C=C band (~1450 cm™’; Figure 1C), P3HT was observed at
the same location as PSLG (Figure 1B, black trace). The
semiconducting polymer was also observed on the silicon
substrate (red trace). The appearance of control samples
fabricated from P3HT and non-PSLG-bearing particle dis-
persions was distinctly different. As presented in Figure 1D,E,
while P3HT spread uniformly across the substrate, the
conjugated polymer was clearly absent on the particle surface.
PiFM data suggest that PSLG and P3HT interact in such a way
that P3HT appears to anchor to the particle surface.
Conceivably, hydrophobic—hydrophobic interactions between
the alkyl substituents, C6 (P3HT) and C18 (PSLG), facilitate
nucleation of P3HT into ordered structures at the particle
surface.

3.3. Photophysical and Anisotropic Optical Behavior.
UV—vis analysis, performed on thinner and more uniformly
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Figure 1. Typical PiFM data. (A, C) Superimposed PiFM spectral and 3D topographic images of P/PP-CD2.6 taken with the laser source tuned for
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off (B) P/PP-CD2.6 and (D) P/CD2.6 particle surfaces. (E) Ovetlay of PiFM and 3D topographic images of P/CD2.6, with laser tuned for P3SHT
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coated films prepared via spin-coating, demonstrated that
interactions between the PSLG particles and P3HT chains
enhanced semiconductor chain alignment via backbone

planarization. Figure 2A shows comparative P3HT spectra

with and without particle loading. Pristine P3HT exhibited the
anticipated amorphous absorption band at 452 nm (blue trace).

In the presence of CD2.6 versus PP-CD2.6 particles, the
conjugated polymer displayed distinctly different results than
P3HT alone. The first peak recorded at low energy, 2.03 eV



(610 nm) for P/PP-CD2.6, was slightly red-shifted (S nm) and
more intense than the corresponding band of P/CD2.6 at 2.04
eV (605 nm). A similar trend was visible for the second band:
2.61 eV (561 nm) for P/PP-CD2.6, which represented a red
shift of 7.5 nm versus its non-PSLG-bearing counterpart, 2.24
eV (553.5 nm). A third absorbance was observed at 2.37 eV
(523 nm) for both particle-containing samples. The lower
energy spectral features represent the characteristic (0—0) and
(0—1) transitions and suggest enhanced planarization of the
P3HT backbone with subsequent self-assembly leading to
ordered aggregates.

In order to differentiate the extent of conjugation in the P/
PP-CD2.6-processed film versus its control, P/CD2.6, the
analysis of Spano and co-workers®® was applied to evaluate the
free exciton bandwidth, W, from the low-energy spectral bands
associated with ordered structures [0—0 (intramolecular) and
0—1 (intermolecular) coupling; see Supporting Information].*”
As summarized in Table 1, significant differences in W values
were observed for the two films: 53 meV for P/PP-CD2.6
versus 256 meV for P/CD2.6.

Table 1. A,_,/A,_; Ratios and Free Exciton Bandwidth
Values”

sample Ay _o/Ag-y W (meV)
P/CD2.6 0.33 260
P/PP-CD2.6 0.55 53

“Calculated from the model of Spano and co-workers.*®

The smaller W value associated with sample P/PP-CD2.6
reflects an increase in the conjugation length of the individual
polymer chains and also suggests the presence of a higher
degree of well-ordered versus disordered structures. Further
support for the presence of increased ordering in P/PP-CD2.6
comes from examination of A,_o/Ay_; ratios for P3HT in the
presence or absence of PSLG. These ratios are 0.55 and 0.33
tor P/PP-CD2.6 and P/CD2.6, respectively, which confirms
that intrachain coupling (0—0) became more pronounced than
interchain coupling (0—1) in films processed from PSLG
particle dispersions.*>*® The UV-—vis spectroscopic analysis
coupled with PiFM data demonstrates that PSLG is able to

P/PP-CD2.6

B

interact with and induce organization of the conjugated
polymer semiconductor.

Polarized micro-Raman spectroscopy confirmed the align-
ment of P3HT chains into ordered structures, leading to optical
anisotropy.” The angle-dependent profile of the thiophene
ring intensities associated with C=C and C—C stretching band
vibrations displayed in Figure 2B indicates enhanced
anisotropy. The position of the C=C and C—C Raman
bands implied that, in the presence of PSLG, the polythiophene
backbone became more planar. In P/PP-CD2.6, the respective
C=C and C—C vibrations were detected at 144S and 1377
cm™!, identical to P/CD2.6 but at lower frequencies than
pristine P3HT (1446 and 1380 cm™).

The birefringent nature of all studied samples was also
evidenced through polarized optical microscopy (POM)
(Figure 3). The drop-cast films exhibited two distinct regions:
a featureless zone in the center of the drop that was surrounded
by a patterned “outer skirt”, as seen in bright-field images
(Figure 3A,C,E and Figures S1 and S2). At the droplet edge, a
transparent ringlike deposit formed upon solvent evaporation
(Figure 3E), and three different undulating patterns (fingering,
marked as I, II, and III in Figure 3F) appeared to start from the
outer ring and traverse the drop’s edge-to-center area. Viewed
between crossed polarizers (Figure 3B,D,F), the films were
bright, suggesting the presence of ordered P3HT domains.
Rotation of the sample stage with respect to the polarizer
enabled visualization of other details: fingering and alternating
rings crossing the fingers were significantly brighter than the
body of the drop. No fingering was observed in drop-cast films
of PSLG and CP particles alone (Figure S3).

Investigation at high magnification revealed additional
interesting features of the films (Figure 4). Upon rotation of
P/PP-CD2.6 at 45° with respect to crossed polarizers (Figure
4B), a sharp and smooth isotropic linear pattern divided the
bright fingers (II), a feature that was not observed when the
sample was set at 0° (Figure 4A). At 0°, the undulating fingers
in the P/PP-CD4.2-M film consisted of two parts, a bright
region and a faded one (Figure 4C). Upon rotation at 45°
(Figure 4D), the bright part seen at 0° became isotropic while
the faded area exhibited brightness and seemed divided, in a
manner similar to that seen in P/PP-CD2.6 (Figure 4B). The

P/PP-CD4.2-M

Figure 3. Bright-field and polarized optical micrographs of drop-cast films processed from dispersions of (A, B) P3HT (P); (C, D) low axial ratio
particles, P/PP-CD2.6; and (E, F) high axial ratio particles after magnetic removal, P/PP-CD4.2-M. [, II, and III represent the three different

undulating periodic patterns observed at the edge of the film.
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Figure 4. High-magnification POM images of (A, B) P/PP-CD2.6 and (C, D) P/PP-CD4.2-M showing the undulating pattern periodicity and

twisting.

bright appeared twisted along the undulating fingers (white
arrows, Figure 4B,D). This feature was not observed in control
samples (Figure S4). Although the twisting origin requires
further in-depth investigation, its occurrence points to intense
interactions between P3HT chains and PSLG-coated particles
that generate long-range ordering of semiconductor assemblies.
A plausible explanation relates to combined drying effects and
polymer interactions; they may cause cleavage or breakage of a
small amount of PSLG chains from the CP particle surface.
These optically active rods may have a similar effect on P3HT
assemblies as chiral dopants have on nematic liquid crystal
phases.*”*" The presence of cleaved or broken PSLG chains in
the drop-cast film is also suggested by the PiFM data: slight
orange coloration, representing PSLG amide I signal, was
detected outside the P/PP-CD2.6 particle surface (Figure 1A).
Another feature of the patterns denoted as I, II, and III in
Figure 3F was their periodicity. The values extracted from the
optical images are listed in Table 2. No apparent correlation
was observed between the samples containing low and high

Table 2. Periodicity of Patterns I, II, and III Observed at the
Drop-Cast Film Edge

periodicity (um)

sample pattern I pattern II pattern IIT
P3HT 215 £2 545 + 16 162.0 £ 35
P/CD2.6 230 £S5 450 £ 10 98.0 £ 20
P/PP-CD2.6 170 £ 3 27.0 + 4 82.5 £ 11
P/CD4.2 210 £ 4 61.0 + 20 111.0 = 20
P/PP-CD4.2 170 £ 3 815 + 17 142.0 £ 40
P/CD4.2-M 3459 80.0 £ 16 146.0 + 34
P/PP-CD4.2-M 200+ S 48.0 + 11 162.0 £ 45

axial ratio PSLG-coated particles, as well as the particle-free
films (withdrawn by magnet). The behavior of these films
under polarized light is reminiscent of materials such as
cholesteric liquid crystals that present long-range order and
periodic patterns.>>*> The POM, polarized micro-Raman
spectroscopy, and UV—vis results suggest that, when processed
from PSLG-coated particles, P3HT underwent more extensive
ordering than either the PSLG-free silica controls or P3HT
alone.

3.4. Morphology of Drop-Cast Films. The micro-
structure of P3HT crystalline structures was further examined
by atomic force microscopy (AFM). Figure S shows that drop-
cast films consist of fibrils, presumably formed as a result of self-
assembly through polymer chain z—x stacking. Pristine P3HT
films (Figure SA) presented less ordered fibers on the substrate
when compared to P/PP-CD2.6 (Figure SB) and P/PP-CD4.2-
M (Figure SC). In all samples, P3HT fibers seem well-defined
across the viewing area. Their orientation on the substrate
suggests they followed the direction of the evaporating front
(white arrows). P3HT fibers were more ordered in the edge to
near-center area when compared to the center of the dried drop
(Figure SB). Because the formation of P3HT fibrils accelerates
during the drop-cast technique as a result of solvent
evaporation, it was not clear whether self-assembled fibers
exist in solution prior to film formation. Spin-casting, a
technique that leads to rapid solvent evaporation, provided
additional insight into the film formation process. The AFM
images are shown in Figure SS. Pristine P3HT films appeared
pattern-free. Similarly, the P/CD2.6 film surface morphology
exhibited no identifiable fiber features. On the other hand, P/
PP-CD2.6 films comprised clear fibrils spread across the silicon
substrate.
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Marks of undulating patterns accompanying the P3HT fibrils
are reminiscent of the wavy appearance seen in POM (Figure
S6). Fibril width varied from the edge to the center, where they
appeared to be thicker. AFM analysis coupled to PiFM further
suggests that the presence of PSLG on the anisotropic particle
surface facilitated P3HT self-assembly into elongated structures
(fibrils).

3.5. Coffee Ring and Marangoni Effects. From a
mechanistic perspective, the observed undulating patterns in
POM and AFM most likely occurred as a result of phenomena
associated with droplet drying. The observed film morphologies
suggest cooperative and competitive interactions between the
coffee ring and Marangoni effects,%*46 as illustrated in Figure
6A. It is conceivable that these effects synergistically helped to
increase the interactions between PSLG and P3HT, leading to
highly aligned structures according to the direction of the

evaporation front. Solvent evaporation induces an outward
capillary flow from the center to the edge and, typically, the
particulates form the coffee ring.*’ In the present drop-cast
films, the large anisotropic silica particles were not visible
within the exterior deposit, indicating that perhaps only
impurities and P3HT aggregates were pinned at the film
edge. P3HT fluorescence characteristics allowed investigation
of drop-cast films with structured illumination microscopy.
Whereas fluorescence was too weak in the exterior ring due to
insufficient P3HT deposition, a series of regularly spaced linear
patterns traversed the near-edge zone, beginning at the
outermost ring (Figure 6B). They split into X shapes and
merge into round, intensely fluorescent features. Dim, straight
lines emanate from these circular zones and become thicker;
they ripple across the proximity of the center area, as shown in
Figure 6C. Particles appear to follow these undulations in large
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Figure 7. GIWAXS comparative two-dimensional (2D) spectra of films fabricated from (A) P3HT; (B) low axial ratio particles, P/PP-CD2.6; and
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Table 3. d,y, and dy,;, Spacing and Associated Scattering Vector Magnitude q Values, Full Width at Half-Maximum, and Crystal

Size
sample q (A_l) digo (A)
P3HT 0.390 16.10 + 0.02
P/CD2.6 0.367 17.11 + 0.01
P/PP-CD2.6 0.367 17.11 + 0.01
P/CD4.2 0.390 16.10 + 0.03
P/PP-CD4.2 0.387 16.36 + 0.02
P/CD42-M 0.380 16.50 + 0.03
P/PP-CD4.2-M 0.390 16.10 + 0.01

q (A™) doio (A) fwhm (deg) 7 (nm)
1.640 3.83 + 0.003 0.070 75+2
1.660 3.78 + 0.004 0.065 81+1
1.670 3.76 + 0.002 0.056 94 + 4
1.650 3.80 + 0.005 0.075 70 £ 2
1.650 3.80 + 0.001 0.069 76 +3
1.630 3.85 + 0.002 0.073 71+2
1.640 3.67 + 0.002 0.067 78 £1

numbers (Figure 6C) when compared to the near-edge region
(Figure 6B). The center zone was populated by uniform
deposits of particles and P3HT aggregates (Figure S7).

The presence of the X-shaped, circular, and undulating
patterns, as well as particle deposits in the droplet center,
suggested continuous surface-tension-induced Marangoni flows.
Thus, the outward flow that formed the coffee ring was not
strong enough to propagate over long distances and was
overwhelmed by the inward convective flow at the liquid—air
interface (Figure 6A). The evaporating solvent cooled the
system and induced temperature and surface tension gradients
along the liquid—air interface. Under these conditions, and as
suggested by the linear and X-shaped patterns visible in Figure
6B, the outward capillary flow brought particles and P3HT
aggregates to the drop edge, but they were repelled and drawn
away by the inward flow. The radial flow (vortex) or Marangoni
eddy is reflected in the circular, highly fluorescent patterns near
the edge (Figure 6B, white arrow).**The brightness that
accompanies the patterns, regardless of shape, is most probably
associated with P3HT molecular alignment enhanced by the
Marangoni flow. It is likely that the orientation of P3HT
molecule transition dipole moments favorably disposes them to
absorb or re-emit light more brightly in these regions. With
time, mass transfer from the center toward the edge of the drop
increased, but particulates were rejected in large numbers and
redeposited uniformly across the drying drop area as a film. The
distribution is expected to depend on particle size; larger
particles (CD, PP-CD, P3HT aggregates) would be carried
further toward the center.

Another characteristic of the film morphology is the presence
of multiple tree-ring-like structures in the near-edge area
(Figure 6B). During evaporation, the inward convective flow
causes rapid depinning and repinning of the three-phase
contact line.®® The newly formed contact lines stabilize
themselves by self-pinning. The process takes place several

times until only the Marangoni flows dominate the solute
deposition. The center of the film has nearly uniform deposits
of both P3HT aggregates and CD/PP-CD particles, as seen in
Figures S2 and S7. When the dispersion’s native P3HT fibrils
move with the outward coffee ring and inward Marangoni
flows, they also interact with each other. The directed flow can
favor fibrils merging into long structures essential to generate
crystalline films. It is also possible that the regular structure
(fingering) seen across these films formed after edge depinning.
Clear separation between the coffee ring and Marangoni effects
requires in-depth investigations that are beyond the scope of
this report.

3.6. Polypeptide-Assisted P3HT Organization into
Ordered Crystalline Structures. Incorporation of PSLG
particles into P3HT solutions resulted in birefringent films with
improved optoelectronic properties, suggesting enhanced
polymer chain ordering. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) was used to study the crystalline nature
of the drop-cast films.

Figure 7A presents the typical diffraction pattern for a
pristine P3HT film. The in-plane (100) and higher order (200
and 300) reflections indicate a perpendicular orientation of the
hexyl side chains relative to the substrate, where the 7z-
conjugation axis is preferentially oriented parallel. This
disposition of P3HT assemblies relative to substrate is well-
known as edge-on. The in-plane (010) peak corresponding to
thiophene ring 7—7 stacking in pristine P3HT was centered at
a d spacing of 3.83 A (d = 2zq™"), as shown in Table 3.

The (010) reflection recorded for P3HT in the presence of
low axial ratio P/PP-CD2.6 particles was at 3.76 A (Figure 7B),
and that of the P/CD2.6 control was at 3.78 A (see Figure
S8D). In the presence of the higher axial ratio magnetic
particles, the d spacing was centered at 3.80 A in both P/PP-
CD4.2 and P/CD4.2 samples (see Figure S8AB). After the
particles were magnetically removed, the 010 reflection was at
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Figure 8. (A) Average field-effect mobility values and (B) associated transfer and output curves for drop-cast films processed from dispersions

containing low and high axial ratio particles and pristine P3HT.

3.85 A in P/CD4.2-M control (Figure S8C) and significantly
decreased at 3.67 A in P/PP-CD4.2-M (Figure 7C), pointing to
a more tightly packed crystal structure. Intense in-plane
reflections indexed to (100) and centered in the 16.11—16.50
A d-spacing range indicated that the P3HT films consisted of
multistacked layers arranged perpendicular to the silicon
substrate (Table 3).

Crystal size evaluated from the Scherrer equation revealed
significant differences between films processed from low and
high axial ratio particles. The data also suggest that the presence
of a PSLG shell impacted P3HT packing and crystalline domain
size. Irrespective of the particle axial ratio, the 100 peak was
significantly narrower in films originated from polypeptide-
coated silica dispersions than those containing plain silica
domes and pristine P3HT. Crystal size increased with the
narrowness of the 100 reflection peak. This trend was more
prominent for low axial ratio particles, 94 + 4 nm (P/PP-
CD2.6) versus 81 + 1 nm (P/CD2.6) and 75 + 2 nm (P3HT),
than for high axial ratio particles, 78 + 1 nm (P/PP-CD4.2-M)
and 76 + 3 nm (P/PP-CD4.2) versus 71 + 2 nm (P/CD4.2-
M) and 70 £+ 2 nm (P/CD4.2). Interestingly, the domain size
of crystals was larger in drop-cast films from short (2.6) versus
long (4.2) silica dome dispersions. Altogether, the GIWAXS
data point to a close-packed P3HT structure with 7-stacked
conjugated segments characteristic of highly crystalline
aggregates. Films prepared from dispersions containing the
PSLG particles appeared to be more crystalline than either the
PSLG-free controls or P3HT alone.

3.7. Organic Field-Effect Transistor Device Perform-
ance. In order to distinguish between the effects of the two
axial ratio particles, the electronic performance of the films was
evaluated in an OFET device architecture. Figure 8 depicts
characteristic OFET transfer and output curves (p-channel) as
well as the calculated charge-carrier mobilities.

Introduction of either low or high axial ratio particles into
P3HT solutions had no negative effect on charge-carrier
transport of the semiconductor. As seen in Figure 8A, in the
presence of high axial ratio particles, drop-cast film mobility
increased by a factor of 3 versus low axial ratio homologues. For
instance, the average mobility of P/PP-CD4.2-M film, which
was exposed to an applied magnetic field, was as high as (6 =
0.16) X 107* cm®V 157! versus (1.84 + 0.38) X 1072 ¢cm™
V~'s7! for P/PP-CD2.6. The values of mobility also represent
a factor of 6 and 2 increase when compared to pristine P3HT.
These results are somewhat surprising given the presence of

large particles in the device channel, which are not expected to
favor effective transport; particles would likely lead to
additional defects and/or grain boundaries and interfere with
charge transport. Mobilities calculated for films fabricated after
magnetic separation of the dispersions prior to drop-casting
suggest that defects did limit transport in particle-containing
films. P/PP-CD4.2 exhibited a macroscopic mobility of (3 =+
0.3) X 1072 cm®V s~ !, which is almost 2 times less than that
of the corresponding film after particle magnetic removal. All
samples processed from dispersions containing PSLG particles
presented higher charge-transport values than their controls.
These results indicate that the presence of PSLG may improve
the performance of the semiconductor polymer. Importantly,
the on—off ratios for P/PP-CD4.2-M films were higher than
those for low axial ratio homologues and controls (Figure 8B).

Overall, in the presence of PSLG, conjugated polymer
charge-transport performance was noticeably improved in
comparison with pristine P3HT. Combined with AFM findings,
the OFET results show that PSLG-coated anisotropic particles
can stimulate the nucleation and growth of P3HT into the
ordered crystalline structures seen as long and aligned fibrils on
the substrate. These results confirm the positive impact
associated with hydrophobic interactions between P3HT C6
and PSLG C18, as suggested by PiFM data (Figure 1).

3.8. Quantitative Evaluation of P3HT Fiber Physical
Parameters. In order to extract more quantitative information
about the demonstrated film properties, the FiberApp
software™ was used to evaluate P3HT fiber persistence length,
Lp,52 and contour length, L (Table 4). Slight differences in L,
were apparently associated with variations in the processing
approach (e.g, low vs high axial ratio), but drying effects can
also influence an accurate evaluation of L. One feature defined

Table 4. Contour and Persistence Lengths of
Semiconducting Drop-Cast Films

sample L (nm) L, (nm)
P3HT 1885 + 932 8616 + 100
P/CD2.6 509 + 156 3975 + 18§
P/PP-CD2.6 1748 + 932 8663 + 400
P/CD4.2 430 + 85 2916 + 160
P/PP-CD4.2 536 + 130 3836 + 644
P/CD4.2-M 685 + 162 7040 + 495
P/PP-CD4.2-M 533 + 160 4182 + 370



all samples: L, was, on average, 1 order of magnitude higher
than L. This finding suggests that highly rigid structures of
ordered P3HT chains were necessary to yield highly crystalline
films, as evidenced by GIWAXS.

In solution, free P3HT polymer chains adopt a random coil
structure with a semiflexible backbone and L, ~ 3 nm.*? During
self-assembly by z—7 stacking, electron delocalization may
occur concomitantly with chain planarization. The planar
disposition of 3-hexylthiophene units along and relative to
P3HT backbone that can propagate over long distances leads to
the formation of more rigid rodlike structures that are favorable
for efficient charge-carrier transport. The high L, values
extracted from the AFM images signify high stiffness in the
P3HT assemblies. On the other hand, effective organization of
P3HT polymer chains via 7—7 stacking over long distances is
reflected by their conjugation length. Consequently, there is a
direct correlation between the calculated stiffness of P3HT
fibers and their conjugation length.*®

The above relationship can be further expanded to P3HT
crystal size (Table 3) and charge-carrier mobility values (Figure
8A). Whether PSLG was present or not, films processed from
low axial ratio particles had larger crystalline domains and
smaller mobility values than their high axial ratio homologues.
The same trend was observed for films with PSLG versus those
without PSLG, regardless of particle axial ratio. The calculated
L, values of P3HT fibers formed in the presence of PSLG were
higher than those without PSLG, except the one that was
processed by magnetic withdrawal. In this case, particle removal
could cause fibril breakage, but instead, this film showed the
lowest 7—n stacking distance (3.67 + 2 nm, Table 3),
indicating a tight packing of P3HT chains. These correlations
suggest that particle architecture® may also play a role in the
demonstrated film properties. Both PP-CD particles (2.6 and
4.2) were designed with approximately similar numbers of
initiators that enabled the growth of PSLG chains. It is then
reasonable to assume that the high axial ratio particles had a
sparser coverage with PSLG helical chains than the low axial
ratio ones. This feature could favor P3HT chains to penetrate
through the particle shell and interact strongly with C18-
bearing PSLG helices. Under these conditions, P3HT could
easily adopt an extended conformation where the chains
become planar relative to the backbone and have fewer defects
(e.g, kinks, twists). Such extended P3HT chains pinned to the
PSLG helix through entangled C6—C18 arms likely led to
effective nucleation and growth of tightly packed structures, as
revealed by GIWAXS (Table 3). Conceivably, this dense
packing led to rigid fibrils (Table 4) and high charge-carrier
mobility values (Figure 8).

4. CONCLUSIONS

Covalently bound PSLG-coated dome-capped cylindrical silica
composite particles induced organization of P3HT. The
tormation of P3HT fibrils in the dispersion state was supported
by both AFM imaging of spin-cast films and PiFM. UV—vis
spectroscopic analysis demonstrated that planarization of the
P3HT polymer backbone was enhanced in the presence of
particles, especially PSLG-coated particles, when compared to a
pristine P3HT film. Thus, PSLG-primed particles influenced
the organization of the conjugated polymer into ordered,
optically anisotropic and rigid structures, a characteristic that
was evidenced by POM, polarized micro-Raman spectroscopy,
and persistence length calculations. Mechanistically, hydro-
phobic—hydrophobic interactions between the alkyl moieties of

P3HT and PSLG shells enabled effective orientation (planari-
zation) of the conjugated polymer chains, promoting their
nucleation and growth into organized structures.

The morphology of the films observed in POM and AFM
presented undulating periodical patterns that were shaped by
the coffee ring and Marangoni effects. In concert, these two
natural effects accelerated the interactions between the PSLG
shells and P3HT polymer, leading to enhanced alignment of
semiconducting fibers on the substrate. GIWAXS revealed that
P3HT ordered structures were highly crystalline. PSLG-assisted
self-assembly of P3HT chains leading to crystalline structures
enabled up to a 6-fold increase in charge-carrier mobility when
compared to pristine P3HT, as measured in an OFET device.

Given the apparently favorable hydrophobic interactions
between PLSG and P3HT, the integration of polypeptide-based
particles may prove advantageous to the design of advanced
organic semiconducting materials with improved electronic
performance. Integration of polypeptides into manufacturing is
also expected to expand the range of organic electronic
applications toward printable and wearable electronics, as well
as biomedical sensors. The use of bioderived components for
processing of active electronic materials also provides a
potential route to greener technology solutions.
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