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Abstract

In the field of polymers, 2D images are often used to discern
information about the microstructure of bulk polymer materials. For
brush particle assembly structures, this work evaluates
microstructure information retrieved from different material
characterization techniques for thin film (i.e., electron imaging of
brush particle monolayers) and bulk materials (small angle X-ray
scattering), respectively. The effect of confinement of polymer
chains into thin (2D) films on the conformation of tethered chains is
discussed and used to rationalize systematic discrepancies between
characteristic nanoparticle spacings in thin films and bulk
materials. An approach to rationalize bulk material properties
based on thin film measurements is presented.

Introduction

The field of nanocomposites saw significant development
around the turn of the century, motivated by the need for novel
properties and functionalities for high-performance devices.
Nanoparticle-assembled solids are formed from inorganic non-
covalently bonded building blocks into colloidal or solid
superlattices with unique, scale-dependent properties arising from
confinement effects (molecular semiconductors), physical size and
controllable microstructure (photonic crystals), and high surface-to-
volume ratios (photovoltaics) [1]-[8]. Processing challenges in
nanoparticle solids arising from weak cohesive forces between
particles [9]-[11] drew attention to mechanically robust polymer-
nanoparticle composites, where flexible, lightweight polymer serves
as a matrix for the hybrid material, and allows easier processing
techniques including extrusion, molding, and film-casting [12]—
[14]. More recently, the advent of surface-initiated controlled
radical polymerization (CRP) has enabled organic chains to be
covalently bonded to the surface of inorganic nanoparticles; thus
‘brush particles’ represent a hybrid building block for controlled
assembly of nanocomposite materials [15], [16]. Aided by a bonded
polymer brush canopy that promotes dispersion interactions, brush
particles assemble into materials with finer microstructural control
and tunability than their unbonded counterparts, without inorganic
aggregation [17]-[20].

Brush particles are a unique class of nanoscale particles, but
studies have confirmed useful topological similarity to star polymers
[21]-[24], where an impenetrable core is surrounded by radially
extended polymer chains with varied effective segment density
depending on the length and number of chains. In this context,
polymer chain conformation models for brush particles emerged and
were found to have strong influence on interparticle interactions and
packing behavior. In seminal works by Likos on star polymers [25],
[26], as well as Matsen & Kim [27] and Roan & Kawakatsu [28],
[29] more specifically for brush particles, spherical brush topology
was found to have interactions between hard and soft, dependent on
the ‘architecture’ of the polymer canopy (a term used to describe
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manipulable parameters). Control of brush architecture thus enables
mechanically robust materials with hard or soft sphere-like packing.
High grafting densities causing stretched chains from strong
excluded volume repulsion result in more rigid, FCC-like structures,
while lower grafting densities where polymer chains adopt random-
walk conformations tend to assemble amorphously. The latter
characteristic elicited interest in brush particles as a candidate for
the fabrication of ‘hyperuniform’ materials that were proposed by
Torquato [30] to feature novel properties such as high efficiency
photonic band formation of high mechanical strength. Simulations
by Douglas & Chremos have suggested that the ‘soft’ polymer
canopy suppresses long-range density fluctuations in brush particle
material [31]. However, realization of hyperuniform states requires
understanding of the effect of brush architecture and process
conditions on the microstructure of the assembled material.

Nanocomposite materials test the limits of long-standing
stereological procedures for microstructure evaluation, presenting a
contemporary characterization challenge. While nanoparticle solids
often assemble in crystalline and superlattice structures that can be
observed and identified through procedures like electron
microscopy and X-ray diffraction (XRD) [32], amorphous solids
such as a-silicon and domain-forming polymeric materials require
modified methods. Characteristic- or domain-sizing in amorphous
but periodic polymer materials have been characterized in the past
through micro-sectioning of bulk material and subsequent electron
imaging. However, the fine control and precise conditions necessary
to acquire a sufficient section (with electron-transparent thickness
and large cohesive area) motivated a shift to easier thin-film casting
methods such as spin-coating or drop-casting, and annealing [33].
These methods, while enabling suitable 2D materials for electron
imaging, were not perfectly representative of bulk material due to
surface interactions with both the air and substrate interfaces and
defect formation during film formation [34]. On the other hand, 3D
characterization methods were once restricted to bulk-averaged
scattering (e.g., X-ray or neutron scattering). The onset of back-
propagation algorithms driving automatic stereological calculations
advanced the imaging field to developing tomography
reconstructions of small 3D volumes of material imaged at series’
of angles [35].

Along with each of these characterization techniques — electron
imaging, scattering, and tomography — comes a unique set of
microstructural information for inorganic/organic nanocomposites.
Electron imaging can give a real-space view of particle spacings;
however, the sampling area is small, and 2D films lack z-direction
information, relying on stereological approximations from
composition and structures within the observed window [36].
Scattering provides bulk-averaged microstructural characteristics,
however the lack of analytical models for complex systems such as
brush particles results in a heavy dependence on instrument
resolution of data. Electron tomography appears to compromise



these two methods by providing direct observation of 3D
microstructure, however true 3D volume reconstruction requires
extremely difficult sectioning and is complicated by potential
material degradation due to long electron beam exposure times [37].
To explore and contrast the information content of these methods
and elucidate microstructural character of brush particle material,
the following techniques were used to characterize a library of
architecturally controlled PMMA-SiO2 brush particle systems:
TEM of monolayer material, and SAXS of bulk-thickness films.

Methods

Materials

Methyl methacrylate (MMA, Aldrich, 99%) was filtered
through a basic alumina column to remove inhibitor. Silica
nanoparticles dispersed in MIBK (MIBK-ST) with an average
radius of 7.4+2.2nm were donated by Nissan Chemical. Copper(l1)
bromide (CuBrz), Aldrich, 99%), anisole (Aldrich, 99%),
dimethylformamide (DMF, Fisher, 99%), tin(Il) 2-ethylhexanoate
(Sn(EH)z2, 95%, Aldrich), tetrahydrofuran (THF, VWR 99%), and
tris(1-(methylamino)ethyl)amine (MEsTREN, Alfa, 99%) were
used as received.

Synthesis of Brush Particles

Synthesis of 3-(chlorodimethylsilyl)propyl 2-
bromoisobutyrate initiator and surface modification of silica
nanoparticles was performed according to previously published
work [15], [17]. The initiator-modified silica nanoparticles, MMA
monomer, anisole, DMF, CuBrz and MesTREN were mixed in a
sealed Schlenk flask while a solution of Sn(EH)2 in anisole was
prepared. Both solutions were nitrogen-purged. The Sn(EH):
solution was injected into the Schlenk flask to activate the catalyst
complex and the flask was immediately placed in a 60°C oil bath.
The monomer conversion and polymer molecular weight were
monitored through TGA and SEC. Systematically high dispersity
PMMA-SIO2 particles were achieved by tuning [CuBrz] according
to [38]; concentrations less than 10ppm are able to achieve high
dispersity, defined as ©>1.5. The molecular parameters of the
library of particles are tabulated in Table 1. Architectural parameters
are defined as: gpmma is the organic volume fraction of the material;
N is the degree of polymerization of the polymer; My is the number
average molecular weight; o is the grafting density; B is the
dispersity index, where D=Mw/Mn.

Table 1. Molecular characteristics of PMMA-grafted silica (SiO,)
nanoparticles

Sample Mn o
D ®pvva | N (g/mol) (C:r?]lS)S/ b

N-d-1 0.86 | 159
N-d-2 0.96 | 763
N-d-3 092 | 351
N-d-4 0.94 | 482
N-d-5 0.96 | 822
N-i-1 0.86 | 313
N-i-2 0.91 | 526
N-i-3 091 | 722
N-i-4 0.88 | 642

15,930 0.66 1.26
76,270 0.63 1.32
35,120 0.62 1.29
48,180 0.59 1.28
82,230 0.55 1.29
31,300 0.35 1.25
52,570 0.35 1.24
72,160 0.25 1.34
64,200 0.20 1.30

132-2

N-i-5 0.91 | 957
N-i-6 0.77 | 353
H-i-1 0.87 | 484
H-i-2 0.90 | 551
H-i-3 0.71 | 228
H-i-4 0.82 | 317
H-i-5 0.81 | 327

95,690 0.18 1.30
36,690 0.16 1.25
48,400 0.25 2.04
55,070 0.30 1.59
22,790 0.19 1.68
31,680 0.26 1.76
32,650 0.23 1.63

Size Exclusion Chromatography (SEC)

Polymer chains were chemically cleaved from the surface of
nanoparticles for SEC using the procedure detailed by previously
published work [15]. Polymer number average Mn and weight
average Mw molecular weights were determined using a Waters 515
pump and Waters 410 differential refractometer through PSS
columns containing Styrogel at 105, 103, and 102 A. THF was used
as eluent at 35°C with a flow rate of ImL/min. Linear PMMA was
used as the calibration standard.

Thermogravimetric Analysis (TGA)

A TA Instruments 2950 was used to measure inorganic SiO:
fraction with 4 steps: 1) jump to 120°C; 2) hold at 120°C for 10
minutes; 3) ramp up at 20°C/min to 800°C; 4) hold for 2 minutes.
TGA plots were normalized to total weight after holding at 120°C
and analyzed using TA Universal Analysis software.

Transmission Electron Microscopy (TEM)

Monolayer films were cast by dropping 8-10uL of 1-2mg/mL
brush particle in toluene onto carbon coated copper grids. Particle
microstructure was observed using a FEI Tecnai F20 electron
microscope operated at 200kV. Images were taken on a Gatan Rio
high resolution camera. Micrographs were filtered, and binarized
using MATLAB?’s image processing toolbox.

Small Angle X-Ray Scattering (SAXS)

Bulk films were cast from highly concentrated (~40mg/mL)
brush particle solutions in THF in a layer-by-layer process in PTFE
molds, with average thickness of 0.2mm. Solvent evaporation
between layers was slowed with a semi-closed system and vapor-
supplied atmosphere. SAXS was performed on these films on a
Xenocs Xeuss 3.0 with rotating anode copper source and Dectris
Eiger2 detector (CMU Materials Characterization Facility) and
Pilatus 3 300K detector (WPAFB). Background scattering from
vacuum and linear PMMA were subtracted from resulting data to
observe silica core interference patterns. 2D diffraction patterns
were azimuthally averaged to 1D in XSACT software. Data analysis
and transformation was performed in MATLAB.

Results & Discussion

TEM and the Radial Distribution Function

TEM micrographs of monolayers provide direct observation of
particle positions to observe both uniformity and characteristic
spacing of silica cores throughout the brush particle array.
Previously published work used Voronoi analysis to describe
uniformity of brush particle material, showing that while high
grafting density with rigid polymer chains appeared more regular in
structure, ‘softer’ intermediately grafted particles had a broader
Voronoi cell size distribution indicating loss of order [17]. A more
direct representation of characteristic distances and uniformity of
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particulate material is the radial distribution function, g(r). To
determine this, large cohesive areas of film were imaged to obtain
sufficient particle counts (>1000). An algorithm written in
MATLAB using periodic boundary conditions produced
interparticle distances that were placed in an area-normalized
histogram. The resulting radial distribution function exhibits peaks
at characteristic distances present in the system, where the
magnitude reflects the frequency of that distance. Figure 1
exemplifies this analysis; the g(r) function shown was calculated
from particle positions determined from the TEM micrograph, of
which a subsection is shown. The brush particle films resulted in
amorphous g(r) functions where a single characteristic peak
appears, and second and third order distances are less significant,
similar to g(r) calculated for amorphous liquids using Percus-
Yevick approximation [39], [40]. The first peak of g(r) was used as
an interparticle distance, drem, corresponding to the radius at which
the peak appears, to observe trends over architectural parameters
compared to other characterization modes.

monolayer characteristic
distance, digy

alr)

0 200 400 600

r [nm]
Figure 1. Top: TEM micrograph of PMMA-SiO2 sample N-i-1; scale bar is
500nm. A subsection of the micrograph is shown here to make nanoparticles
(dark) easily visible to the eye. Bottom: Radial distribution function g(r)
calculated from particle positions determined from the micrograph. Periodic
boundary conditions were applied, with a maximum distance of half of the

image size. The dotted line indicates the radius at which the characteristic
peak appears.

SAXS and the Structure Peak

SAXS experiments typically involve obtaining interference
patterns of X-rays transmitted through a volume of scattering
centers. Dilute solutions provide interference patterns containing
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information about the shape of the scattering center in question,
while more ‘concentrated’ — or in this case bulk material — systems
yield scattering center periodicity or order. The two can be related
through Equation 1, where 1(q) is the bulk interference pattern, P(q)
is the form factor, S(q) is the structure factor, and AN/V is the
difference in concentration per unit volume of scattering centers in
the bulk and dilute materials.
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Figure 2. (a) I(q) curves of solution-cast PMMA-SiO: bulk films with high
grafting density (o > 0.5nm), narrow dispersity ( < 1.5), and varied degree
of polymerization; background subtraction was used with vacuum and linear
PMMA (35kg/mol) scattering, and curves shown here are scaled for visibility.
(b) 1(q) curve collected from PMMA-SiO2 sample N-i-1 bulk film after
background subtraction; the dotted line indicates the g-value at which a
structure peak appears, which is converted to real-space distance using
Equation 2.

In the case of PMMA-SIO2 brush particles, the silica core
provides much stronger X-ray scattering than the PMMA
surrounding it due to electron density. To eliminate background
scattering from the PMMA canopy, scattering from linear PMMA
of similar molecular weight (35kg/mol) was also collected and
subtracted. Thus, 1(q) interference patterns obtained in this way
exhibited characteristics of silica positions within the material.
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Systematic parameter variation allowed examination of 1(q)
scattering curves over the organic content of the brush particle
material. Figure 2a compares 1(q) (background-subtracted and re-
scaled) of materials with consistent grafting density, narrow
dispersity and varied molecular weight to observe the peak position
as the polymer molecular weight (and consequentially, organic
content) increased. The peak positions shifted to lower g-
wavevectors, corresponding to increasing real-space distances, as N
increased, indicating that as expected more organic material
separated the silica cores, pushing them further apart and confirming
that the first 1(q) peak is a structure peak. This was also observed at
lower grafting densities and increased dispersity. Thus, the 1(q) peak
position, converted to real-space using Equation 2, was used as a
characteristic distance dsaxs to observe architectural trends. This is
exemplified in Figure 2b, for sample N-i-1.

d= 21

Adpeak

@

Microstructural Trends

Both TEM micrographs of 2D monolayers and the bulk-
averaged SAXS interference patterns yielded a characteristic
distance observed in brush particle material. Previous studies by
Ohno et al., Choi et al., and Lee et al. have confirmed that densely
grafted brush particle materials exhibit polymer brush height scaling
with degree of polymerization, N, dependent on grafting density
[17], [22], [41]. Densely grafted systems tend to show brush height
scaling of N%° due to polymer chains being locally stretched from
steric repulsions at high segment density. Intermediately grafted
systems on the other hand exhibit brush height scaling of N°6, where
segment density is lower, permitting random walk polymer
conformation. Figures 3a and 3b illustrate the scaling observed at o
greater than 0.5 chains/nm? of PMMA-SiO: brush particles from
both TEM of monolayers and SAXS of bulk material. Figures 3c
and 3d contrast brush particles of intermediate o, or less than 0.5
chains/nm?. The scaling laws observed are consistent with
theoretical calculations of two times PMMA brush height plus a
15nm SiO2 core diameter (i.e., the entire brush particle diameter).
As expected, the presence of locally stretched chains in high grafting
density materials results in a larger logarithmic scaling coefficient
than their intermediately grafted counterparts. This trend appears
consistent regardless of 2D or 3D material, as does an expected
increase in characteristic distance as the organic content (reflected
in degree of polymerization N at controlled grafting density)
increases.

Molecular weight dispersity introduces physical differences in
the polymer canopy stemming from a positively skewed chain
length distribution [42]. The presence of this ‘tail” in the distribution
results in most chains having length less than the number average,
My, and thus a higher concentration of chain ends potentially
contributing to larger fractional free volume. Figure 4 shows this
phenomenon in the observed microstructures, where both TEM of
monolayer (a) and SAXS of bulk material (b) exhibit larger
characteristic distances in high dispersity PMMA-SiO: particles
than their narrow dispersity counterparts, at the same organic
content. The unique space-filling behavior of high dispersity brush
canopies is captured in both 2D material and bulk-averaged 3D
material.

Physical trends in the characteristic distance of brush particle
microstructure over controlled grafting density, degree of
polymerization, and dispersity are consistent in both planar and bulk
material. However, systematic discrepancies between the
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characterization modes presented in Figures 3 and 4 are apparent.
The magnitude of the characteristic distance measured from TEM
of monolayers is larger than those measured from SAXS curves of
particles with similar (or same) architecture.
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Figure 3. (a) Characteristic distances for high grafting density (o = 0.5
chains/nm?) PMMA-SIO particles calculated from the position of the structure
peak in 1(g) measured from SAXS where dsaxs = 217/qpeak (Open squares) and
from the position of the peak in g(r) determined from monolayer TEM
micrographs drem = rq() peak (filled triangles); (b) log-log plot of characteristic
distances from (a) to determine N* scaling where the slope of the linear fits
shown correspond to x; the dotted line and dashed lines correspond to SAXS
and TEM fits, respectively. (c) Characteristic distances for intermediate
grafting density (o < 0.5 chains/nm?) PMMA-SiO- particles calculated in the
same way as plot (a); (d) log-log plot of characteristic distances from (c) to
determine N* scaling using the same method as (b).
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Figure 4. (a) Characteristic distance calculated from g(r) from TEM of PMMA-
SiO2 monolayers; the distance corresponds to the peak position radius of g(r).
(b) Characteristic distance calculated from the structure peak position of 1(q)
curves collected from PMMA-SIO2 bulk films; the distance corresponds to
dsaxs = 21/qpeak. High dispersity is classified as © = 1.5 (blue), narrow
dispersity is classified as B < 1.5 (red).

TEM has long been used to observe polymer film morphology,
and studies have shown that sample preparation plays a distinct role
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in observations and measurements. For example, solvent affinity can
influence domain morphologies, as evidenced by Li et al. in PS-
block-PMMA diblock copolymers in mixtures of 1,1,2-
trichloroethane and toluene [43]. Solvent interactions, casting
mechanism, and surface interactions in both polymeric and
nanocomposite materials can produce defects or entirely different
morphologies. PMMA-SIOz brush particles are susceptible to these
variations due to interactions with the polymer canopy. When cast
as a 2D monolayer, the PMMA layer minimizes interfaces with air
and the carbon substrate by taking a ‘flattened’ conformation
favored by its relatively high surface tension compared to other
commodity polymers [44]. This produces different particle distance
as opposed to respective neat brush particle bulk material. Figure 5
shows the calculated ratio, drem/dsaxs between the characteristic
distances observed in 2D monolayer and 3D bulk of identical
PMMA-SiO2 materials, and we find that the polymer expansion
caused by surface interactions is approximately 30%, regardless of
organic content or brush architecture.
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Figure 5. Calculation of polymer expansion vs. degree of polymerization due
to polymer morphology in a 2D monolayer film compared to 3D bulk material.
The expansion is calculated as the ratio between drem and dsaxs which are
defined in the text. The dotted line represents the average value of this ratio,
calculated at 1.36 with a standard deviation of 0.11.

Hyperuniformity

We have demonstrated that while 2D monolayer and 3D bulk
film characterization methodologies both capture similar physical
trends in the material, there are systematic differences in the
magnitudes of characteristic length scales obtained by the two
techniques. These differences can be interpreted as a consequence
of the geometric constraints implied by thin film states. This raises
the question of whether, in an isotropic amorphous material, there
are microstructurally relevant properties that can be determined
from both methods, independent of stereological differences. One
such property is hyperuniformity. Torquato presented a versatile
definition deriving from the structure factor of materials
(determined through either imaging or scattering experiments) near
the zero wavelength limit [45].

The relationship compares the characteristic distance defined
by the first structure peak S(peak) with long-range material density
captured in the zero-limit at S(g=0). Thus, the hyperuniformity
parameter h decreases with long-wavelength density fluctuations.
Equation 3 defines the practical limit that characterizes
hyperuniform materials.
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This hyperuniform character of brush particle assemblies was
examined over a range of architectural parameters including N, o,
and P in 2D monolayers of PMMA-SIO2 brush particles using the
radial distribution function g(r). First, a two-dimensional Fourier
Transform was performed on the g(r) functions using Equation 4 to
obtain the structure factor S(q),

S(q) =1+ 2mp [ (g(r) = Do(qrirdr @)

where p is the number density of particles by volume, and Jo(qr) is
the zero-order Bessel function of the first kind. Subsequently h was
determined from Equation 3.

Preliminary results from calculation of h using this method are
presented in Figure 6. Previous studies by Chremos & Douglas
proposed that brush particles with ‘softer’ polymer canopies, i.e.,
with intermediate grafting densities (to avoid locally stretched
chains) and chain lengths enabling entanglement formation favored
hyperuniform character [31]. Interestingly, results from monolayers
generally agree for high dispersity PMMA-SIO2 systems where
larger molecular weights result in lower h, however narrow
dispersity systems appear to have a limiting molecular weight to this
behavior, regardless of grafting density.
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Figure 6. Hyperuniformity, h, of PMMA-SIO2 brush particles over weight
average molecular weight Mw. Yellow points are materials with narrow
dispersity (9<1.5) and high grafting density (020.5 chains/nm?); red points are
materials with narrow dispersity (£<1.5) and intermediate grafting density
(0<0.5 chains/nm?); blue points are materials with high dispersity (9>1.5) and
intermediate grafting density (0<0.5 chains/nm?).

Conclusions

The primary focus of this work was to analyze and compare
microstructure data obtained through thin film and bulk material
characterization techniques, specifically in the context of brush
particle systems. Thin films were characterized by electron imaging,
while bulk materials small angle X-ray scattering. For each method,
microstructure-related properties such as radial distribution,
structure factor, characteristic distance, and hyperuniformity were
considered. Characteristic distance was shown to increase with
increasing degree of polymerization, regardless of dispersity or
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grafting density. Importantly, the discrepancy in this quantity
between monolayer and bulk material agreed with the expected 2D-
3D discrepancy. Our results demonstrate that the packing
constraints in thin films can alter characteristic spacings and thus the
information retrieved from the analysis of thin and thick film
geometries. The impact of these packing constraints is that structure
characteristics obtained from bulk (X-ray scattering or electron
tomography) and thin film measurements (TEM) cannot be brought
to congruence by application of, for example, stereological analysis.
For the example of brush particles, we demonstrate reconciliation of
2D and 3D results by considering the role of interface energy on the
film topography and particle distance. Hence, structure
characterization using multimodal analysis was accomplished.

Some aspects of this work merit additional investigation. For
example, 1(q) provides a convenient means to determine the
characteristic distance, however a better representation could be
obtained by collecting a coherent brush particle form factor and
using the relation outlined in Equation 1 to compute a corresponding
structure factor. This would allow for the correction of errors due to
shape scattering, raise the resolution of the technique, and enable its
application to determine more refined structural parameters such as
the degree of hyperuniformity.
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