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ABSTRACT: Self-assembly of polymers driven by intermolecular and intramolecular
interactions leads to rich structural variations in thin films of polymer blends. In this work,
ordering of poly(3-hexylthiophene-2,5-diyl) (P3HT) to form nanoparticles (NPs) and the
self-assembly pattern of the NPs in poly(4-vinylpyridine) (P4VP) matrix are revealed by
using scattering-type scanning near-field optical microscopy (s-SNOM). The P3HT NPs
are formed spontaneously when the P3HT/P4VP/chloroform solution is spin-cast on
unpatterned silicon wafer at room temperature. We find that the P3HT NPs organize within
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the P4VP matrix forming continuous stripes along the parallel striations, depending on the Tyl 046
solution composition and spin-coating angular speed. The spacing between the parallel M8~ 000
P3HT stripes that runs along the center of the ridges varies from sample to sample within Q\@

K

4—12 pm, whereas the width of the P3HT stripes confined within the ridges ranges from 0.2
to 1.1 um as determined from the s-SNOM infrared phase contrast. The sizes of the P3HT
NPs range from S to over 100 nm depending on the composition of the blend as
determined by using an atomic force microscope after selectively dissolving the P4VP matrix. The smallest size observed in our
experiment is significantly smaller than the smallest diameter (larger than 20 nm) reported in the literature. The results presented
here show that interaction between immiscible polymers during solvent evaporation can be manipulated to control hierarchical self-
assembly from molecular ordering to mesoscale dimensions, and high-resolution chemical imaging is necessary to resolve nanoscale
domains so that solution processes can be optimized.

1. INTRODUCTION (%)HZVC

Self-assembly of polymers (e.g., organic semiconductors) on M= D

unpatterned substrates through solvent evaporation is the n ™)
simplest and cheapest route for fabricating organic electronics In addition to the local interfacial tensions and other
such as light-emitting diodes' and photovoltaics.”™* It is also a solution parameters, the morphology of the film will depend on
natural and convenient procedure for fundamental studies of the turbulence and other physical processes during the solvent
rich intermolecular interactions that may lead to hierarchical evaporation. For example, a natural solvent evaporation from a
molecular ordering and intricate pattern formation. The drop-casted solution results in accumulation of solutes at the
morphology of the organic film depends on the processes periphery of the film due to enhanced evaporation close to the
that the thin film of solution undergoes from the time the pinning point that induces outward capillary flow.” This
solution is applied on the surface to postprocessing after the process is commonly known as a “coffee-ring” effect. It has also

been reported that controlling the evaporation in confined
geometry can generate concentric rings of nonvolatile solutes

due to stick—slip receding motion of the edge of the
8-10

solvent evaporation is complete. Enhanced solvent evaporation
at liquid—air interface induces temperature and concentration
gradients, resulting in capillary forces and convection due to

variation of surface tension (y) from the surface to the droplet. Spin-coating is a common technique used for
subsurface.”® For a liquid thin film that is continuously

thinning during evaporation, the surface tension difference due Received: February 22, 2022

to concentration gradient (VC) at the surface is more Revised:  April 12, 2022

dominant than the thermocapillary driving force.”® The Published: April 25, 2022

convection driven by concentration gradient is characterized

by Marangoni number (M) that depends on film height (H),

solution viscosity (), and diffusion coefficient (D) as follows.”
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making a thin film of a mixture of two or more polymers from a
common solvent for polymer-based optoelectronic devices
such as light-emitting diodes,'”"* field-effect transistor,"*"*
and organic semiconductor photovoltaics.'">' Phase separa-
tion in organic thin films prepared by spin-coating procedure is
usually explained in terms of the Marangoni instability. In
addition to rapid solvent evaporation, the spin-coating process
exerts outward radial flow of solution due to centrifugal
force. ™" Assuming a uniform surface coating, the final film
thickness (k) can be expressed as’

3 \l/3

K (37 s
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where @ is the angular speed of the spin-coater, p is the density
of the solution, s is fraction of the solute content in the
solution, and K is a proportionality constant that depends on
the air flow in the environment. In most cases, spin-casting of a
solution generates thin films that consist of nanoscale domains
with irre$u.lar shapes randomly distributed throughout the
substrate.””~"* Deviation from thickness uniformity in spin-
coated film can originate from the influence of air current on
the localization of interfacial tensions across the solution
surface that leads to Marangoni instability depending on the
volatility of the solvent,lé’17 viscosity, diffusion, and substrate
functionalization."®

The Marangoni instability can be harnessed to generate
regular patterns such as parallel ridges, where both thickness
and composition can be modulated. For example, depending
on the solution composition, alternating parallel stripes of
polystyrene (PS) and poly(vinylpyrrolidone) (PVP) have been
observed in the PS/PVP blend thin film spin-casted from a
chloroform solution on unpatterned substrates.® Similarly, a
periodic pattern of stripes with microscale pore size has been
observed on spin-casted thin films of PS and poly(ethylene
glycol) due to convection during radial flow, solvent
evaporation, and phase separation.'” In more recent studies,
holes aligned along the centrifugal force have been observed
upon spin-casting poly(4-vinylpyridine) (P4VP) film on
preformed PS thin film™® as well as in PS film spin-casted on
poly(methyl methacrylate) film®*' due to directional dewet-
ting effect and interfacial instability.”>** In the studies reported
to date, the domain sizes are on the order of several
micrometers, and the periodicity of the patterns is usually
larger than 30 pm. In addition, the chemical composition of
the domains has not been resolved bgr using optical microscopy
with relevant spatial resolution.”’">' Wu et al. used an
infrared beam size of ~10 ym to determine that the alternating
stripes in PS/PVP blend film have different chemical
composition indicating large-scale phase separation.” However,
this resolution is far from satisfactory, particularly considering
that the appropriate spatial resolution for characterizing
organic electronic materials should be comparable to the
exciton diffusion length, which is less than 20 nm.>**

In this work, hierarchical self-assembly of nanoscale domains
in spin-casted thin films of P3HT and P4VP polymer blend is
investigated by using a scattering-type scanning near-field
optical microscope (s-SNOM) that achieves spatial resolution
on the order of 10 nm independent of excitation wave-
length.***” The choice of P3HT is motivated by its use as
prototypical organic semiconductor in organic electronic
research.”®*’ In addition, experimental studies indicate that
interfacing P3HT thin film with P4VP can result in significant
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increase of electrical conductivity possibly due to contribution
of the P4VP permanent dipole orientation to the interfacial
electrical property.* In our recent study, pure P4VP thin film
with thickness gradient have been used as a model system to
study the molecular sensitivity of s-SNOM vibrational infrared
(IR) imaging by probing the P4VP ring vibration mode
frequency.”' Here, the hierarchical self-assembly in the P3HT/
P4VP blend is studied by targeting the P4VP component in the
binary system. The s-SNOM chemical imaging has revealed
stripes of P3HT with width as small as 200 nm arranged within
the P4VP-rich parallel ridges. The spacing between the parallel
P3HT stripes varies from sample to sample within 4—12 ym,
which is significantly smaller than expected for wavelength of
striation on unpatterned substrates. Further analysis reveals
that the P3HT domains consist of NPs that are formed
spontaneously during spin-casting and solvent evaporation on
the substrate at room temperature. The diameter of the NPs
ranges from S to over 100 nm depending on the P3HT
concentration in the solution. The P3HT NPs organize within
the P4VP matrix of striations to form continuous stripes
depending on the solution composition. Overall, the results
presented here show that s-SNOM IR vibrational imaging
reveals nanoscale chemical domains so that solution processes
can be optimized to achieve hierarchical self-assembly.

2. EXPERIMENTAL METHODS

Sample Preparation. Regioregular P3HT (molecular
weight M, = 50000—75000) and P4VP (M, = 60000) were
obtained from Sigma-Aldrich. Solutions of P3HT and P4VP
are prepared separately (Figure 1) in common chloroform

P3HT  P4VP

iU

Figure 1. Schematic showing the sample preparation and a simplified
s-SNOM setup. Solutions of P3HT and P4VP are separately prepared
in chloroform and mixed. The blended solution is then spin-casted on
a silicon wafer at spin-coating speed of @. The dried film is studied by
using s-SNOM at IR excitation wavelengths to resolve nanoscale
chemical domains. Q is the cantilever oscillation frequency.

Silicon wafer

solvent at equal concentration of 2.6 mg/mL. A solution that
contains both polymers at different mass (m) fraction, f =
mpspr/(Mp3ar + Mpsyp), is then prepared by taking appropriate
volume from each polymer solution to make a 100 yL of the
blend solution at constant total polymer concentration of 2.6
mg/mL. The mass fractions used in this experiment range from
f=0.02 to 0.5. Thin films of P3HT/P4VP blends of varying
composition is prepared by spin-coating S uL of the blend
solution on a silicon wafer at room temperature at an angular
speed of @ = 1500—7000 rpm by using the spin-coating system
of Laurell Technologies Corporation (Model WS-650MZ-
23NPP) that has internal nitrogen gas flow to purge the air
above the sample. The spin-coater is operated in dynamic
mode, where the blend solution is applied on the substrate
after the ramping is complete and the set speed is attained.
Chemical Imaging. Chemical phase separation and
nanoscale domains in the P3HT/P4PV blend are studied by

https://doi.org/10.1021/acs.jpcc.2c01289
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using s-SNOM, which is based on the integrated atomic force
microscope (AFM) and near-field microscope system of
Neaspec GmbH. The schematic in Figure 1 shows a simplified
layout of the s-SNOM setup. In the past, we have used a
similar s-SNOM system for imaging plasmon modes on
individual®>** and coupled nanostructures™® by using visible
excitation wavelengths, and the technical details are the same
except that the IR laser source (quantum cascade laser, QCL)
is used in the present experiment similar to our most recent
report.’’ The AFM is operated in tapping mode with a
dithering amplitude of ~80 nm at cantilever’s natural
resonance oscillation frequency of € ~ 250 kHz. The QCL
(MIRCat-1200, Daylight Solution) system generates linearly
polarized IR radiation with tunable frequency. The IR laser is
focused by using a parabolic mirror (NA = 0.46) at the tip—
sample interface at a grazing incidence angle of 30° with
respect to the sample plane. The IR scattering from the tip—
sample junction is detected by using HgCdTe photodiodes
(Kolmar Technologies, Inc.) at liquid nitrogen temperature
implementing a pseudo-heterodyne interferometric detection
principle such that both IR amplitude and phase are recorded
simultaneous with the AFM topographic image.”* The
detector’s output is demodulated at higher harmonics of the
cantilever oscillation frequency, and the results at 3 Q are
presented and discussed. The chemical heterogeneity is
revealed by recording the IR image at 1598 cm™ that matches
the peak frequency of the P4VP ring vibrational mode.*" The
IR contrast in the on-resonance images are compared to that of
the off-resonance images obtained at laser frequency of 1570
cm™" that does not have significant overlap with any of the
vibrational frequencies of the P4VP or P3HT components as
illustrated in Figure S1. Ideally, the distribution of the P3HT
domains should be obtained by recording the s-SNOM image
at the corresponding vibrational frequencies (e.g, at 1456
cm™, Figure S1) similar to the recent study by Goikoetxea et
al.** Unfortunately, all the vibrational frequencies of the P3HT
component are outside the tunability range of our QCL.
Nevertheless, a negative correlation between the topographic
height and IR phase must indicate the P3HT domain as there
are only two components in the blend that is considered in this
study.

3. RESULTS

The results in Figure 2 illustrate our approach for resolving
nanoscale domains in polymer blend thin films using s-SNOM
chemical imaging. The IR phase contrast obtained at the
resonance of the P4VP vibrational absorption transition reveals
the distribution of the components with high spatial resolution
in a relatively large scan area (Figure 2b). On the other hand, a
smooth and featureless optical phase image is obtained at the
off-resonance laser line of 1570 cm™ (Figure 2c) that has no
overlap with any of the P4VP or the P3HT vibrational bands
(Figure S1). The difference in the details of the chemical
contrast at on- and off-resonance excitation conditions can be
observed by comparing the line profiles in Figures 2d,e, where
the on-resonance IR phase exhibits drastic fluctuation (blue
line) corresponding to lateral chemical heterogeneity com-
pared to the relatively smooth green line at off-resonance
excitation frequency. Upon comparison of the on-resonance
variation in the IR phase (blue line, Figure 2e) to the height
variation (Figure 2d), it is clear that the chemical identity of
the nanoscale domains identified in the IR image is not
obvious in the topographic image (Figure 2a). Additional
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Figure 2. IR s-SNOM image of P3HT/P4VP blend with f = 0.5 spin-
coated at 5000 rpm onto Si substrate. (a) AFM topography, (b) IR
near-field phase at on-resonance excitation, and (c) IR near-field
phase at off-resonance excitation. (d) Line profile of topography and
(e) line profiles of IR near-field phase at on-resonance (blue line) and
off-resonance (green line) excitation frequencies. (f—i) Small area
scan showing AFM topography (f), mechanical phase (g), IR near-
field amplitude (h), and IR near-field phase (i).

details of contrast can be observed in the mechanical force
amplitude and phase images (Figure S2) but not with the level
of details and chemical specificity observed in the IR phase
image.

The force and IR images in Figures 2f—i are recorded
simultaneously by scanning a relatively small area. Although
the morphology appears uniform in the AFM height/phase
images (Figures 2f,g), variation of chemical domains at the
nanoscale is observed in the IR phase image (Figure 2i). The
phase shift is related to the imaginary part of the dielectric
function, and therefore it provides direct chemical contrast due
to absorption differences between the components. That is, in
the IR phase image (Figure 2i), a higher phase shift is observed
when the probe interacts with the P4VP component that has
vibrational absorption resonance at the excitation frequency,
resulting in the visualization of the P4VP domains (red
regions) and P3HT domains (blue region) in real space. On
the other hand, the scattering amplitude is related to the real
part of the dielectric function,’" and the signal is dominated by
the high reflectivity of the substrate (silicon). As a result, the
scattering amplitude decreases with increasing overall thickness
of the polymer blend, resulting in darker regions at high
polymer thickness as displayed in Figure 2h. We will use the
complementary information to investigate the hierarchical self-

https://doi.org/10.1021/acs.jpcc.2c01289
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Figure 3. Effect of composition on hierarchical self-assembly at fixed spin-coating speed of 5000 rpm. At f = 0.02 (a) and f = 0.05 (b), hole arrays
and disconnected stripes, respectively, of P3HT are observed within the P4VP ridges. At f = 0.1 (c), the ridges are more defined, the stripes are
mostly connected, the spacing is reduced to ~9 ym, and bridges that connect the ridges start to form. At f= 0.5 (d), the stripes are fully connected.
The line profiles (bottom panels) are along the diagonal white lines on the images (the vertical scale bar corresponds to the black line, topographic
height). The spacing (green scale) is measured by using adjacent P3HT stripes (dips in the IR phase) as reference points.
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Figure 4. Effect of spin-coating speed on the striation pattern in the P3HT/P4VP blend film at fixed composition of 0.5S. AFM topography (first
row) and IR near-field phase (second row) and the corresponding line profiles across the vertical white lines on the images for @ = 1500 rpm (a, b),
® = 3000 rpm (c, d), and @ = 5000 rpm (e, f).

assembly of nanoscale domains in the P3HT/P4VP blend as film to a somewhat regular pattern of parallel striations going
discussed next. outward (see bright-field optical images in Figure S3). Analysis
The morphology and thickness of the film vary radially, of the film structures for the pure components indicates that
changing from random cellular structures at the center of the the striation pattern is mainly characteristic of the P4VP
7767 https://doi.org/10.1021/acs.jpcc.2c01289

J. Phys. Chem. C 2022, 126, 7764—7772



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

component (Figure S4), which is less soluble in chloroform
than P3HT. The assembly of the P3HT domains within the
P4VP matrix depends sensitively on the composition of the
blend as illustrated in Figure 3 at a fixed spin-coating speed of
5000 rpm. At f = 0.02, linearly arranged holes have been
observed as revealed in the IR amplitude and phase images
(Figure 3a). In general, the linear alignment of the hole arrays
is in azgreement with past observations in bilayer polymer
films*>*' and can be attributed to dewetting effects resulting
from the interplay between the interfacial tensions at the
substrate and air interfaces.”” However, the spacing between
the parallel arrays (see line profile in Figure 3a, bottom panel)
is significantly smaller than reported values (>30 um).>' As the
P3HT mass fraction increases, the hole arrays appears to
connect (Figures 3b—d). The high points in the topography
correspond to dark regions in the IR scattering amplitude
(second row in Figure 3), while the fine details due to variation
in the chemical domains are revealed in the IR phase images
(third row). For more quantitative analysis, the line profiles
perpendicular to the parallel striations (across the diagonal
white lines on the images) are plotted in Figure 3 (bottom
panels), where generally a negative correlation is observed
between the topographic height (black lines) and the IR
scattering amplitude (red lines). Comparing the IR phase
contrast (blue lines) to the topographic height (black line), it
can be seen that the ridges are P4VP-rich. The accumulation of
the P4VP along the ridges can be attributed to the fact that
P4VP is less soluble than P3HT in chloroform, which can lead
to faster rate of solvent evaporation and rapid solidification of
the P4VP domain.*® The phase contrast also reveals nanoscale
domains of P3HT along the ridges as indicated by the blue
regions in the images (Figure 3, second row). At f = 0.05
(Figure 3b) disconnected stripes of P3HT domains are
observed along the P4VP ridges. Using the P3HT domains
within the ridges as reference points, we estimated a periodicity
of A ~ 10 ym. At f = 0.1 (Figure 3c), the ridges are more
defined; the P3HT domains within the ridges are mostly
connected, and bridges that connect the ridges start to form. At
f = 0.5 (Figure 3d), the hierarchical assembly is well-defined
with the P3HT domains within the ridges forming long stripes.
Interestingly, the overall microstructures of the height image in
Figure 3d have some resemblance with the popular micro-
structures in butterfly wings.”” Considering all the composition
variation, the striation wavelength (defined as the distance
between adjacent P3HT stripes) ranges from 6 to 10 ym as
shown on the line profile plots (bottom panels in Figure 3)
with no obvious correlation to the P3HT mass fraction.
Overall, the periodicity in the P3HT/P4VP blend remains
reliably much smaller than the reported values for other blends
that produces periodicity larger than 30 um® as illustrated, for
example, in PS/poly(vinylpyrrolidone)® and PS/PMMA*'
blends.

The effect of spin-coating speed (@) on the film morphology
is illustrated in Figure 4 at fixed P3HT mass fraction of 0.5.
Both the width of the ridges and the periodicity of the striation
pattern decrease with increasing @ as can be seen in the images
and line profiles in Figure 4. Overall, the periodicity of the
striations remains short compared to past reports, but
variations of A have been observed upon repeating the sample
preparation at nominally the same conditions. For example, 4
&~ 9 pm in Figure 3c and 4 & 4 um in Figure SS have been
obtained for samples prepared on different days at the same
composition (f=0.1) and the same spin-coating speed of S000
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rpm. However, within the same sample, the spacing between
successive ridges is reproducible within 0.5 ym as the A values
in Figure 3d and Figure SS indicate. The width of the ridges is
estimated from the AFM force image (it can also be estimated
from the s-SNOM scattering amplitude), whereas the
dimension of the chemical domains can be estimated from
the s-SNOM IR phase images as illustrated in Figures S6 and
S7. The width of the ridge varies from about 4 to 1.5 ym
depending on the sample preparation, while the width of the
P3HT stripes that run along the ridges ranges from about 0.2
to 1 pum.

The P3HT stripes in the s-SNOM IR phase images should
not be confused with a continuous and long P3HT fiber. It is
difficult to confirm a nanometer and subnanometer lateral
material continuity in the IR phase as nanostructures of the
same chemical identity can aggregate linearly to create the
appearance of extended P3HT domain. Close observation of
the AFM topographic images reveals that the P3HT domains
consist of discrete P3HT NPs that are self-assembled
hierarchically (see the enlarged AFM image in Figure S8).
Clear evidence for the formation of the P3HT NPs is obtained
by scanning different regions on different samples. For some
samples, a monolayer of P3HT NPs has been observed in
certain regions due to large-scale phase separation, where the
striation pattern is absent as shown in Figure Sa. The chemical
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Figure 5. (a) Close-packed monolayer of P3HT nanoparticles formed
spontaneously during the spin-coating and solvent evaporation (f =

0.3 and @ = SO0 rpm). (b) Raman spectrum of P3HT nanoparticles
(red line) compared to that of pure P3HT film (blue line).

identity of the nanoparticles is confirmed by using Raman
spectroscopy (Figure Sb). Comparison of the Raman spectra
of the P3HT NPs to that of pure P3HT film indicates about a
15 cm™ downshift, which is in agreement with past
observations of similar shift due to interchain interaction in
H-type aggregates.?’8

Selective dissolution confirms that the P3HT NPs are
formed at all mass fractions considered. That is, AFM imaging
of the film after selectively dissolving the P4VP component (by
soaking the blend film in ethanol, a good solvent for P4VP, for
about 30 s) exposes the P3HT NPs. Examples of the P3BHT
NPs revealed through the selective dissolution are shown in
Figure S9 for f = 0.0S. The size of the NPs increases with

https://doi.org/10.1021/acs.jpcc.2c01289
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concentration, consistent with past observations.>” For
example, at f = 0.3 (Figure $), the diameter of the NPs is
about 80 nm as estimated from the AFM height measurement.
On the other hand, for f = 0.05, the NPs have diameters as
small as 5 nm, which is significantly smaller than the smallest
size reported in the literature by using other methods.*’ In
general, the P3HT NPs are formed at all composition and spin-
coating speed in dynamic modes. Overall, the observation of
the NPs and their distribution within the P4VP matrix indicate
that P3HT ordering and crystallization may take place rapidly
at the beginning of the spin-coating and solvent evaporation
processes.

4. DISCUSSION

The results presented in this work show the hierarchical self-
assembly of P3HT polymer within striation patterns of the
P3HT/P4VP blend film formed by spin-casting on unpat-
terned silicon wafer. The periodicity of the striation is
significantly shorter than the periodicity observed in past
experiments, where the film structure is dictated by Marangoni
instability. The length scale is also smaller than the
corresponding wavelength in other sample varieties. For
example, in PS/AuNPs blend drop-casted from chloroform
solvent, radially aligned microchannels have been formed
spontaneously with 4 ranging from 12 to 35 ym."' In the sol—
gel-derived films of silica—poly(vinylpyrrolidone) prepared by
using a dip-coating process, the spacing between the adjacent
linearly arranged parallel striations is larger than 100 pm.*”
Similarly, striations in films prepared by casting polymer
solution at a tilt angle has periodicity larger than 30 um,*
while spin-coating of SiO, and TiOx sol—gel mixture solution
produces striations with 4 > 50 ym.**

The more striking observation in the P3HT/P4VP blend is
the observation of the P3HT stripes with width as narrow as
200 nm within the P4VP-rich ridges. This is in contrast to the
expectation of alternating composition based on past
observation in PS/PVP blend® due to large-scale phase
separation considering that P3HT and P4VP can be
considered immiscible components. The formation of the
P3HT domains within the P4VP ridges can be attributed to the
formation of the P3HT NPs at the beginning of the spin-
coating and solvent evaporation processes as illustrated by the
schematic in Figure 6. Considering that chloroform is not a
good solvent for P4VP, the solvent molecules will be lost from
the P4VP region at a faster rate, inducing concentration and
surface tension gradient that leads to diffusion and
accumulation of P4VP to form the parallel ridges. However,
if the P3HT NPs are formed before the viscosity of the solvent
is preventing the flow of the suspension, they can be found
everywhere within the fluid. As the solvent evaporation is
progressing, the P4VP component can solidify around the
aggregates of the P3HT NPs that can then be trapped within
the P4VP side walls (Figure 6, bottom panel). In this regard,
the process during the spin-casting of the P3HT/P4VP blend
has similarity to the metal nanoparticle aggregation pattern
along striations during spin-casting of nanoparticle/polymer
mixture,""** except that in the current case the P3HT NPs are
formed during the spin-coating process.

The absorption spectra of the P3HT/P4VP/chloroform
solution and that of the film prepared at different solution
compositions are compared in Figure 7. The results show that
the absorption wavelengths of the film have red-shifted
significantly compared to that of the solution, which is in
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1. P3HT/P4VP solution on substrate
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Figure 6. Possible sequence of physical processes during spin-casting
and solvent evaporation. The P3HT/P4VP/chloroform solution is
applied on the substrate after the spin-coater has attained the desired
speed. We propose that the PZHT NPs are formed at the beginning of
spinning before solvent evaporation is complete. As the solvent
evaporation continues, the P3HT NPs are trapped within the P4VP
matrix.
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Figure 7. Absorption spectrum of the P3HT/P4VP/chloroform
solution (black line) and the film at different mass fractions of P3HT
as labeled. The absorption for the pure P3HT (brown line) is
obtained from a film prepared by using a solution with P3HT
concentration equivalent to that in the f = 0.1 blend. The purple line
indicates that P4VP film is transparent in this spectral window. The
rise below 400 nm is due to background in the cover glass used to

support the film.

agreement with past reports, and it is attributed to the P3HT
ordering and interchain interaction in the nanoscale
domains.**™** In addition, close observation reveals that the
spectra of the film is convolution of three bands (0—0, 0—1,
and a shoulder peak at ~605 nm), which is consistent with
published spectra of P3HT NPs deposited on glass.** We note
that the spectral shape of the photoabsorption of the pure
P3HT solution and the P3HT/P4VP blend solution are
identical, confirming that the P3HT NPs are not formed in the
solution. The absorption spectra shown by the purple line in
Figure 7 indicate that pure P4VP film is transparent in the
given window, and the optical density increases with increasing
mass fraction of P3HT in the film. The spectra also show that
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absorption of P3HT NPs in the P4VP matrix have similar
absorption bands as that of the corresponding aggregates in
pure P3HT film as can be seen comparing the cyan and brown
lines in Figure 7. The similarity of the absorption bands is
evidence for similar ordering of P3HT polymer chains
regardless of the different morphologies of the nanoscale
domains. However, determining the exact crystallinity within
the P3HT NPs depending on size and processing condition
requires future studies using X-ray spectroscopy.

It is interesting to note that for a given sample the spacing
between adjacent ridges is reproducible within 0.5 ym as
mentioned above. This observation implies that the Marangoni
instability inducing the striation has well-defined wavelengths.
It has been reported that striation patterns do not form in films
spin-cast in a closed system.” The periodicity may be defined
by the resultant effect of the flow of gas above the solution and
the solution parameters. That is, a governing sinusoidal surface
wave in the form of h(xt) = h(t) sin(kx — wt) (where h(t)
represents uniform film height that thins with time ¢, and k is
the propagating wave vector) may define enhanced regions of
solvent evaporation and surface tension localization at the
beginning of the solvent evaporation process.

The nanoscale phase separation may be explained in terms
of unfavorable interaction between the polymer compo-
nents.”>*” Considering a blend of two polymers A and B
with volume fractions of @, and ¢ and degree of
polymerization of N, and Ny, the free energy of mixing
(AGny) at a temperature T may be approximated by the
modified Flory—Huggins equation™’

AGmix (pA (pB
= yp,05 + — In(p,) + — In(p,)
kyT ATE Ny A Ng B 3)

where kg is the Boltzmann constant and y is the Flory—
Huggins interaction parameter. According to this model, the
mixing between A and B is thermodynamically favorable when
AG,,, is negative. In eq 3, the enthalpy of mixing (first term) is
most likely positive, and the contribution of the entropy of
mixing terms (the second and the third terms) is small,
resulting in overall positive AGg;, that favors phase
separation.”” The tendency of P3HT to crystallize can further
enhance the phase separation behavior. However, the fact that
nanoscale domains of P3HT are distributed throughout the
P4VP matrix indicates some level of PBHT—P4VP intermo-
lecular interactions.

5. CONCLUSION

In conclusion, the hierarchical self-assembly of P3HT nano-
scale domains within the P4VP matrix is revealed by using s-
SNOM chemical imaging at infrared laser frequency tuned to
the P4VP ring stretching vibrational absorption resonance.
Parallel ridges that are occasionally connected with bridges are
formed spontaneously upon spin-casting of the polymer blend
on unpatterned substrate. The periodicity of the striations
determined from the s-SNOM IR vibrational images is less
than 12 pm, which is significantly smaller than striation
wavelengths observed in the past in thin films of different
polymer components. The ridges consist of P3HT stripes with
width as narrow as 200 nm supported by a P4VP wall on each
side. Further analysis of the blend film reveals that the P3HT
domains result from self-assembly of nanoparticles that form
spontaneously during the spin-coating process. The smallest
size of the NPs observed in this work is about 5 nm
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(significantly smaller than previously achieved), which
provides large surface area that may be important for device
applications. Overall, the results presented here show that s-
SNOM vibrational imaging reveals nanoscale chemical
domains so that hierarchical self-assembly may be achieved
by optimizing solution processes.
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