Downloaded via NORTHWESTERN UNIV on July 11, 2022 at 08:01:12 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO.... 5

pubs.acs.org/NanoLett

Visualizing the Orientation of Single Polymers Induced by Spin-

Coating
Jonathan M. Chan and Muzhou Wang*

Cite This: https://doi.org/10.1021/acs.nanolett.2c01830

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The orientation of chains within polymeric
materials influences their electrical, mechanical, and thermal
properties. While many techniques can infer the orientation
distribution of a bulk ensemble, it is challenging to determine this
information at the single-chain level, particularly in an environment
of otherwise identical polymers. Here, we use single-molecule
localization microscopy (SMLM) to visualize the directions of
chains within spin-coated polymer films. We find a strong
relationship between shear force and the degree and direction of
orientation, and additionally, we reveal the effects of chain length
and solvent evaporation rate. This work utilizes single-chain
resolution to observe the important, though often overlooked,
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property of chain orientation in the common fabrication process of spin-coating.

KEYWORDS: bottlebrush polymer, super-resolution microscopy, spin-coating, orientation

S pin coating is a universal process used to prepare thin
polymer films with uniform thickness. Researchers have
observed anisotropic distributions in orientations of polymer
chains as a result of spin-coating,1 which has potential
implications for improving electron transport,z_6 mechanical
strength,”™” and thermal conductivity.'”"" While techniques
such as Fourier transformed infrared (FTIR) microscopy,
birefringence,'”'* and polarized resonant soft X-ray scattering
(P-RS0XS)"™'® have inferred chain orientation within
polymeric materials by probing bulk environments and fitting
data to models, they lack the specificity of studying individual
molecules. Single-chain specificity is especially useful in
studying orientation around defects in bulk polymeric
materials, where fractures propagated by defects can addition-
ally be affected by the orientation of chains.'”'® In another
example, liquid crystals derive optical properties from the order
of their molecules, and defects within this system disrupt order
as the chains orient themselves around these features.'” So far,
a deficit in single-chain and regional specificity prevents a
deeper understanding of orientation-driven properties and
functions.

Bottlebrush polymers are one notable example where
orientation plays a significant role. For example, spun-coat
bottlebrush films have displayed strongly oriented features with
little processing due to their conformational rigidity.”’
Orientation is particularly valuable in bottlebrush block
copolymer systems, where their well-ordered, highly oriented
self-assembled features are desired for photonic materials and
nanolithography.”' ~** In the example of lamellae-forming ABC
bottlebrush triblocks, P-RSoXS has suggested that chains are
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not as rigid and ordered as intuitively expected, but rather,
these chains experience a high degree of looping between
lamellae.”® Another study using self-consistent field theory and
small-angle X-ray scattering (SAXS) of AB bottlebrush
diblocks has implied high degrees of orientation at domain
interfaces, but this orientation decreases toward the domain
centers.”® These cases are just some examples of where
orientation strongly depends on the location within the system,
requiring a technique that provides locally specific information
at the single-chain level.

One technique that achieves such high resolutions and
specificity is super-resolution optical microscopy.””*® This
technique possesses resolutions of tens of nanometers and uses
strategic fluorescent-labeling schemes that can provide images
of individual polymers within a matrix of otherwise chemically
identical species. In past studies, single-molecule localization
microscopy (SMLM) was used to image bottlebrush polymers
within a densely occupied polymer environment.”” While this
previous study has provided considerable insight into the static
properties of bottlebrushes in equilibrium, single-polymer
imaging in bulk environments under flow and far from
equilibrium has yet to be realized.
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Figure 1. (a) Schematic describing spin-coating of polymer films and imaging by super-resolution microscopy. As a polymer solution is deposited
on the spinning substrate, the fluid undergoes a two-step process: (1) a step dominated by an outward flow induced by centrifugal forces and (2) a
step dominated by evaporation of solvent from the film. Following these steps, the orientations of the immobile chains can be directly observed
using super-resolution microscopy. (b) A mosaic of 49 randomly chosen super-resolution images of bottlebrush polymer chains within a linear
PMMA matrix spun from toluene. Red arrows indicate the direction of the end-to-end vector. The scale bar is 200 nm in length, and all images are
the same magnification. The film thickness is 40 nm, and the images were acquired S mm to the right of the center of the coverslip. (c) The
orientations of the end-to-end vectors of 1068 imaged chains are plotted in the polar histogram, with angular bins of 4° in width. The order
parameter is S = 0.32. The red line points in the direction of the average orientation of the ensemble, and the ratio of its length to the diameter of

the circle indicates the value of the order parameter.

SMLM offers an excellent opportunity to operate in bulk
environments while providing the level of detail achieved using
single-polymer rheology experiments. These studies have
previously shown images of single-polymer chains in flow but
are typically limited to large biopolymers such as DNA or actin
and only in relatively dilute solution conditions. For
bottlebrush polymers, many properties in response to flow in
the bulk are highly relevant for numerous applications.’”*" For
example, effects of shear flow play an immediate influence on a
tunable color 3D printing platform that uses bottlebrush
polymers as the ink.”> Additionally, researchers have found that
these materials exhibit characteristic strain hardening under
certain flow conditions, which affect their behavior during melt
extrusion and printing.”” Further study of bottlebrushes in flow
by SMLM can also provide fundamental insight into the
rheology of rigid or semiflexible polymers, which encompasses
a wide category of materials.** >

In this Letter, we show that bottlebrush polymers orient in
the direction of the centrifugal force induced by spin-coating.
Using super-resolution microscopy, we image individual
polymer chains and analyze the orientations of ensembles of
chains at various locations in the polymer films. To further
study the variability of these orientations, the effect of
evaporation rate is also studied by changing solvents used for
spin-coating. We further investigate the features relevant to
these orientation effects by probing effects of chain length and
rigidity. Ultimately, SMLM reveals the orientation of single-

polymer chains within a spun coat film, a feat that is difficult to
achieve using other techniques.

To visualize the orientation distributions of single polymers
after spin-coating, we synthesized fluorescently labeled
bottlebrush polymers, imaged spun-coat thin films using
SMLM, and then analyzed their end-to-end vectors. We used
bottlebrush polymers consisting of a poly(hydroxyl-ethyl
methacrylate) (PHEMA) backbone with poly(methyl meth-
acrylate) (PMMA) side chains synthesized and fluorescently
labeled using previously reported methods.”” The bottlebrush
polymers have DP,;, = 3150 and side chains with M, = 6500
g/mol and D = 1.3. Films of 40 nm thickness were prepared by
spin-coating a polymer solution of linear PMMA (M, =
350 000 g/mol) with a dilute amount of the labeled
bottlebrushes onto coverslips. Figure 1b shows SMLM images
of 49 randomly chosen bottlebrushes imaged 5 mm from the
center of the coverslip. The orientations of the end-to-end
vectors for an ensemble composed of 1068 chains were plotted
on a polar histogram (Figure 1c). From this histogram, the
chains appeared to be oriented in the same general direction.
We also found that the directionality of the chains disappears
when the chains were given the opportunity to relax by thermal
annealing (Figures S3 and $4).

We confirmed the significance of the perceived orientation
of the end-to-end vectors of the polymer chains by performing
a Rayleigh test for angular uniformity, against a null hypothesis
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Figure 2. Polar histograms of the orientation of end-to-end vectors of chains imaged in the locations indicated by red boxes on the coverslip, which
were 5 mm away from the center in the East, South, and West directions and 0, 3, and 6 mm away in the North direction. Ensembles are made up
of 350 chains for each location. The order parameter S is indicated on the side of each of the polar histograms, and the red lines point in the
direction of the average orientation, with the ratio of their length to the diameter of the histogram indicating the value of S. The East, South, and
West locations are imaged from the same film, and a location in the North direction 5 mm away from the center on this film had § = 0.43, not
shown in this figure. The shown North locations at 3 and 6 mm are imaged from a different film.

that no anisotropy is present. This is done by first determining
the 2D order parameter S given by

S={(2cos’0 —1) (1)

where 6 is the difference between the angle of each chain and
the average angle of the entire ensemble. A value of S = 0
indicates randomly oriented chains, and S = 1 indicates all
chains pointing in the same direction. For the ensemble of
1068 chains (Figure 1b), we calculated an order parameter of
0.32. The Rayleigh test statistic is given by

z = nS* ()

where n is the sample size. We can reject the null hypothesis
with 99% confidence for n > 1000 when the test statistic is
above a critical value, z > 4.60.” The statistic for this
experiment was z = 110, confirming significant orientation
caused by shear forces on bottlebrushes in the polymer film.

To further test the effect of shear flow on orientation, we
captured super-resolution images at various positions on the
same sample (Figure 2). Moving between four different

locations (North, East, South, West) relative to the center of
the coverslip, we find the chains are generally oriented pointing
toward the center, with similar order parameter values for
similar distances from the center. Additionally, the order
parameter increases from an insignificant value at the center to
S = 0.3—0.4 at a distance of 5—6 mm away. These highly
predictable and systematic results further confirm the
significance of the preferential orientation phenomena.

The position-dependent orientation results are consistent
with flow-induced alignment during the spin-coating process.
In the commonly accepted model for spin-coating, after the
liquid is applied, a solid film is formed after undergoing two
successive phases.”®™*' (1) The first phase is dominated by
outward flow of the liquid solution driven by centrifugal forces.
(2) After the liquid film has thinned such that the velocities are
negligible due to the no-slip condition at the substrate,
evaporation of the solvent then dominates. During Phase 1, a
simple solution of the Navier—Stokes equations (assuming a
Newtonian fluid) with the lubrication approximation provides
an expression for the shear rate, which is dominated by the
radial component of the velocity
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where p is the fluid density, y is the viscosity, w is the angular
velocity of spin-coating, h is the time-dependent fluid film
thickness, r is the radial distance from the center axis of
rotation, and z is the distance from the surface of the coverslip
(see Supporting Information for derivation). The maximum
shear rate in the fluid with the density and viscosity of toluene
at a position of r = 6 mm when the fluid layer is h = 100 ym
thick is 1.26 X 10° s". (h varies throughout Phase 1, but this
value was chosen for demonstrative purposes, near the
beginning of the coating process.) The rotational diffusivity
of similarly sized colloidal rods of ~300 nm has been measured
to be D, ~ 10" s7'.** To describe the competing effects of
hydrodynamics, which align the polymers, versus diffusion,
which randomizes their orientation, the resulting Peclet
number is Pe = 7/D, ~ 10% which is consistent with the
results in Figure 2. We note that rotational diffusivity is only
one mechanism that randomizes orientation, and other
mechanisms such as chain relaxation could play a role. Eq 3
also explains the increasing S with distance from the center, as
the shear rate increases linearly with radius. The S values
significantly less than unity may be partially explained by the
nonuniform shear rate through the thickness of the fluid film,
which increases from zero at the fluid—air interface to its
maximum at the substrate. Our SMLM experiments image
through the entire thickness.

The two-phase model of spin-coating also provides
predictions associated with Phase 2, when solvent evaporation
dominates. Here, the fluid flow is negligible (Pe = 0), so the
bottlebrush orientations can randomize for a duration that
depends on the evaporation rate of the solvent. To study this
dependence, we tested the effect of solvents with varying
volatilities while holding other parameters constant, such as
film thickness, spin speed, etc. We note that changes in solvent
will simultaneously introduce confounding variables such as
density, viscosity, and inter- and intramolecular interactions,
but we assume these effects are minor compared to the
evaporation rate. Based on 350 chains for each condition, we
observe a decrease in the order parameter S as the solvent
boiling point increases and thus volatility decreases (Figure 3).
This agrees with our expectation: if the solvent evaporates
more slowly, the chains have more time to undergo relaxation
and randomize their orientations."

The present results can be contextualized alongside the
mature field of single-polymer rheology, where typically large
fluorescent biopolymers such as DNA or actin are visualized in
real time in flow.”””* Our SMLM experiments offer the
obvious advantage of higher spatial resolution, which directly
enables exploration of more application-relevant materials**
and particularly in bulk environments. Some drawbacks include
a more complex flow field during spin-coating, compared to
simple shear or extensional flows that are commonly generated
using microfluidics in previous studies. Real-time dynamics are
also a challenge, as our experiment can be considered a single-
polymer rheology experiment frozen in time, though significant
progress has been made in other SMLM studies of biological
dynamics.”” On the other hand, when compared to other
techniques that measure orientation such as birefringence and
P-RS0XS," ™' SMLM offers the key advantage of single-chain
information. We can thus readily explore statistics beneath the
ensemble, providing much more detailed information than just

$=0.39 S$=0.33 S$=0.28
Benzene Toluene Anisole
BP =80.1°C BP =110.6°C BP =153.8°C

Figure 3. Polar histograms of the orientation of the end-to-end
vectors in super-resolution images for samples spun using different
solvents with boiling points (BPs). The order parameter is indicated,
and the ratio of length of the red line to the diameter of each
histogram reflects the magnitude of S. The images for each condition
were taken S mm away from the center of the sample. Films (40 nm
thick) were prepared by spin-coating each polymer solution at 3000
rpm.

a bulk value of the order parameter. Two examples of this are
shown below.

One may intuitively postulate that chains oriented by shear
forces will take a more rigid conformation. In fact, this result is
demonstrated in other studies, which have directly observed
the elongational effects of shear forces on polymer
chains.*”*>*® From our experiments, we may expect to find
that chains oriented toward the direction of the centrifugal
force have a higher apparent persistence length [, due to the
effects from shearing flow. Specifically, alignment of the chain
over its length will cause the tangent—tangent correlation
function to decay to a nonzero asymptotic value,® which
would cause [, to appear higher when fitting to a zero-
asymptote exponential function, as we do. We thus revisit the
1068 chain ensemble from Figure 1 to directly study the effect
of orientation and rigidity. Here, we take smaller subsets of
chains binned by the direction of their end-to-end vectors and
calculate a persistence length I, based on the smaller ensemble

r

for each direction. We plot the [, vs the average angle of each

bin in Figure 4. While the data does not show a strong
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Figure 4. Plot of persistence length I, vs average angle of each binned
subset of the ensemble of chains in Figure 1B. Each point consists of
133 chains, and the spans of each bin are provided in Table S1. The
95% confidence intervals are calculated based on 7 sets of 133
wormlike chains from simulation. This analysis was performed in a
previous study.”” The red dashed line is a linear fit to the data, with R?
= 0.091. The arrow indicates the postannealed persistence length of
this polymer, which is 307 nm. The polar histograms display the bins
of chains closest to (left) and farthest from (right) the average angle.
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relationship, a slight correlation is suggested where chains
closer to the flow direction have a higher persistence length,
which may be explained by the expected extensional effects
from shear flow.

We further analyze the large ensemble to understand the
effect of chain length on orientation. During the evaporation
step, where flow is negligible and no longer affects the chains,
we expect chains to begin to relax to their equilibrium isotropic
conformations before becoming kinetically trapped when all
the solvent has evaporated. Additionally, shorter chains have a
higher rotational diffusivity D, than longer chains and should
thus relax faster. For example, for rigid rods in dilute solution,
the dependence on contour length L is D, ~ L™>. Although our
system is a concentrated solution of relatively rigid chains
surrounded by flexible polymers, we can still expect a strong
inverse relationship between D, and L. We plot the order
parameter S vs contour length L, (Figure S). Each condition
consists of 213 chains. Despite expecting longer chains to
retain their orientation, our results show a slight trend that
suggests the opposite result: the ensemble consisting of the
longest chains has the lowest order parameter. While this
seems to be a relatively weak dependence, we briefly speculate
on its origin. During evaporation, we expect conformational
relaxation to require mobility at the local scale and thus occurs
faster than orientational relaxation toward isotropy. As chains
approach their equilibrium conformations, longer chains will
have a lower value of the tangent—tangent correlation function,
which decays exponentially with distance. This results in the
end-to-end vectors of longer chains pointing farther away from
the shear direction. Rather than an effect of rotational
diffusion, the decrease in S for longer chains is possibly an
effect of chain relaxation.

In this work, we study shear effects on the chain orientation
of bottlebrush polymers through direct imaging by SMLM.
The direction of the end-to-end vectors of the chains is driven
by the outward flow during spin-coating. We have captured
direct evidence of these effects, displaying a strong dependence
bof the direction and degree of orientation on the direction
and magnitude of shear forces. Additionally, we tested the
effects of evaporation rate, providing evidence of relaxation
during the evaporation step of spin-coating. Investigation of
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Figure 5. Order parameter S vs contour length L,. Each data point is
based on an ensemble of S equally binned sets of 213 chains and is
based on the 1068 chain ensemble discussed previously (Figure 1B).
L, was determined from the skeletonized traces extracted from our
image analysis code. The error bars are 95% confidence intervals
based on the simulated probability distribution of S over N = 213
chains, assuming each chain orientation follows the von Mises
distribution.

the relationship between orientation and chain rigidity suggests
some relationship, though the observed trend is not
particularly strong. Finally, longer chains show a greater
deviation from the ensemble-average direction. Ultimately, our
access to location- and chain-specific information allows us to
study orientation as it changes throughout the film and probe
how various experimental conditions affect anisotropy.

B EXPERIMENTAL METHODS

All materials were acquired from Sigma-Aldrich unless
otherwise stated. Fluorescently labeled bottlebrush polymers
were synthesized using previously published methods using a
grafting-from approach.”’ ~>* Poly(2-hydroxyethyl methacry-
late) (PolymerSource M, = 410000 g/mol, B = 1.55) was
functionalized by coupling with a-bromoisobutyryl bromide to
form poly(2-(2-bromoisobutyryloxy)ethyl methacrylate)
(PBIEM). The identity of PBIEM was confirmed using 'H
NMR (Bruker Avance III HD 400 MHz system). Polymer-
ization and successful dye attachment were confirmed using gel
permeation chromatography (GPC) using a preparative-scale
system (JAI LaboACE LCS5060, Shodex KF-806L and KF-
803L columns) equipped with a light scattering detector
(Wyatt Dawn 8) operated with chloroform at 1 mL/min. The
dn/dc value used for PMMA in chloroform was determined to
be 0.065 mL/g. The side chain molecular weight was
determined by cleaving the side chains from the backbone
by methanolysis and characterized using the same preparative
GPC as above.

Thin films were prepared by spin-coating solutions of linear
PMMA (350000 g/mol) with a dilute amount of dyed
bottlebrush PMMA (0.03:1 dyed to undyed polymer by
weight) from various solvents. Films were prepared at room
temperature (20—22 °C), which varied only by a few degrees
even though it was not precisely controlled. For toluene and
anisole as the solvent, solution concentrations were 1 wt %,
while 0.5 wt % was used for benzene, all to achieve the same
film thickness. These concentrations are very dilute and thus
far below the overlap concentration c¢*. Most of the films were
prepared using toluene, unless otherwise indicated, and spun at
3000 rpm on #1.5 glass coverslips, which underwent Piranha
treatment (1:3, 30% H,O, solution to H,SO,) for at least 3 h.
Polymer films were measured to be approximately 40 nm thick
by ellipsometry (J.A. Wollam Co., M-2000D).

Polymer films were imaged using previously published
methods.””>* An identical optical setup was also used, which
featured a custom modified Olympus IX73 inverted micro-
scope equipped with optical components from ThorLabs.
From super-resolution images, bottlebrush polymers were
chosen based on size (>250 nm) and shape (elongated). These
images were skeletonized, tracing a line through the center of
each feature using an image processing code written in
MATLAB. The end-to-end vector was extracted from these
skeletonized traces by taking the difference between the end
points of the trace. From the ensemble of calculated angles, we
calculated the circular mean using the equation

O = atanZ[i sin Hl,i cos Q]

i=1 i=1

where n is the number of chains, doubling the angle values to
account for the bidirectionality. Because the calculated angles
range from —90 to +90°, when plotting the polar histograms,
we plotted 6 and @ + 180° to reflect the bidirectional nature of
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the end-to-end vectors, resulting in symmetric histograms.
Persistence lengths were determined by exponential fits to the
tangent—tangent correlation function, as described in a
previous study.”’
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