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ABSTRACT

Controlling nanoparticle organization in polymer matrices has been and is still a long-standing
issue, and directly impacts the performance of the materials. In the majority of instances, simply
mixing nanoparticles and polymers leads to macroscale aggregation, resulting in deleterious
effects. An alternative method to physically blending independent components such as
nanoparticle and polymers is to conduct polymerizations in one-phase monomer/nanoparticle
mixtures. Here, we report on the mechanism of nanoparticle aggregation in hybrid materials in
which gold nanoparticles are initially homogeneously dispersed in a monomer mixture, and then
undergo a two-step aggregation process during polymerization and material processing.
Specifically, oleylamine-functionalized gold nanoparticles (AuNP) are first synthesized in a
methyl methacrylate (MMA) solution, and then subsequently polymerized using a free radical
polymerization initiated with azobisisobutyronitrile (AIBN) to create hybrid AuNP and
poly(methyl methacrylate) (PMMA) materials. The resulting products are easily pressed to obtain
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bulk films with nanoparticle organization defined as either well-dispersed or aggregated.
Polymerizations are performed at various temperatures (7) and MMA volume fractions (@mma) to
systematically influence the final nanoparticle dispersion state. During the polymerization of
MMA and subsequent material processing, the initially homogeneously AuNP/MMA mixture
undergoes macrophase separation between PMMA and oleylamine during the polymerization, yet
the AuNP are dispersed in the oleylamine phase. The nanoparticles then aggregate within the
oleylamine phase when the materials are processed via vacuum drying and pressing. Nanoparticle
organization is tracked throughout the polymerization and processing steps using a combination
of transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS). The
resulting dispersion state of AuNPs in PMMA bulk films is ultimately dictated by the
thermodynamics of mixing between the PMMA and oleylamine phases, but the mechanism of
nanoparticle aggregation occurs in two steps that correspond to the polymerization and processing
of the materials. Flory Huggins mixing theory is used to support the PMMA and oleylamine phase
separation. The reported results highlight how the integration of non-equilibrium processing and
mean-field approximations reveal nanoparticle aggregation in hybrid materials synthesized using

reaction-induced phase transitions.
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INTRODUCTION

Hybrid materials created by mixing polymer and inorganic nanoparticles have been a focused area
of research within the materials community over the last 30 years.!™ The primary motivation for
creating new hybrid materials is to improve existing material properties in polymer systems, or
introduce new functionality to polymers using inorganic fillers (i.e., metals and oxides).’ !
Regardless of the desired material property, mixing polymer and inorganic nanoparticle
components is a challenging thermodynamics problem, as unfavorable interactions quantified by
the Flory-Huggins interaction parameter (y) and large degrees of polymerization in polymer phases

(N) create significant barriers to mixing.*!6

Strategic blending of polymers and inorganic nanoparticles include “softening” the penalties of
mixing. Specifically, treatment of the particle surfaces with ligands, small molecules, or polymers
will reduce the enthalpic penalties of mixing within the polymer phase.!”° Furthermore, high
functional group density (o), and ratio between the degrees of polymerization of the grafted
polymer chain (N) and the matrix (P) (e.g., N/P = a > 0.2) prevents nanoparticle/polymer
dewetting.!®?!  The compatibilization of polymer-functionalized nanoparticles within
homopolymer, binary, and ternary blends, both within bulk phases and at film interfaces, is an
active area of research.’>2® While these strategies have been effective, surface modification
methods tend to be extensive, and the solution blending and annealing processes make the
materials challenging to scale. Often times, surface-initiated polymerization on a functional
particle surface is required to achieve sufficiently high group density at large enough molecular

weights to have entropically favorable surface/matrix interactions.'*7-!

Alternative methods include kinetically “trapping” particle components in polymer matrices to
limit phase separation.>’* In this instance, non-equilibrium processes are effective at rapidly
changing the state of a system (e.g., glass transition, crystallization, in sifu polymerizations) with
the goal that solubilized particles lack sufficient mobility to relax to a thermodynamically
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favorable state.'®3°7 The drawback to these methods, given that the low solubility criterion
remains, is that the particle morphologies are metastable, and will continue to phase separate over
time given sufficient freedom. An example is heating the material above the glass transition

temperature during processing, which will enable nanoparticle diffusion.***#!

One of the most straightforward ways to facilitate a phase change within a system is through a
chemical reaction.*”** Under specific conditions, chemical reactions proceed rapidly and with
triggers such as temperature,* light,* and mechanical activation.*’ An example of a reaction-
induced phase transition (RIPT) is frontal polymerization.*® During a frontal polymerization, the
thermal initiation and heat transport from a highly exothermic polymerization reaction drives the
propagation of a polymerization front. With unstable front propagation, the polymerization process
will spontaneously generate thermal instabilities, leading to complex microstructures in polymer

materials.*>*3

There are numerous advantages to using RIPT for dispersing nanoparticles within a polymer
matrix. Nanoparticles with functionalized surfaces are easily solubilized within a solution phase,
even if there are non-negligible enthalpic interactions, affording homogeneous dispersion without
interference from entropic mixing barriers associated with reduced a values. As a
nanoparticle/monomer mixture polymerizes, the polymer matrix degree of polymerization
increases, driving up the segregation strength (yN) of the mixture, favoring phase separation. Note,
Flory-Huggins theory assumes that y is constant between two components when one component
is either the monomer or the polymer. If the vitrification of the system due to increases in the glass
transition temperature (7,) or crosslinking occurs before the two components macroscopically
phase separate, the resulting materials will have well-dispersed nanoscale objects in the polymer
matrix. Recent work has similarly shown that carbon nanoparticles, graphite, and polymer-
functionalized nanoparticles can be dispersed within a polymer matrix through similar
methods.**>* Although there are examples of “trapping” nanoscale objects within polymer
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matrices during in situ polymerizations, there is a need to establish a foundational framework that
incorporates N and y to predict changes in the phase behavior during the progression of the
polymerization from a thermodynamic perspective that also accounts for the kinetics of the

reaction to control nanoparticle dispersion in hybrid polymer materials.

To investigate RIPT as a strategy to control nanoparticle dispersion in polymer matrices, we
systematically studied the phase separation and resulting particle dispersion after polymerization
and material processing. Specifically, a ternary solution blend of methyl methacrylate (MMA),
oleylamine, and oleylamine-functionalized gold nanoparticles are polymerized using a free radical
polymerization initiated with azobisisobutyronitrile (AIBN) and are vacuum pressed to obtain bulk
materials (Figure 1). Within the process, a new procedure for synthesizing and stabilizing
oleylamine-functionalized gold nanoparticles (AuNP) within a monomer phase is reported.
Polymerizations are performed at various temperatures (7) and MMA volume fractions (@mma) to
systematically influence the final nanoparticle dispersion state. Nanoparticle dispersion is
established using a combination of transmission electron microscopy (TEM) and small-angle X-
ray scattering (SAXS). The resulting AuNP dispersion in poly(methyl methacrylate) (PMMA)
bulk films are understood in the context of Flory Huggins mixing theory. During the
polymerization of MMA and material processing procedures, the initially homogeneously mixed
AuNP/MMA mixture undergoes phase separation in which PMMA and oleylamine form two
separate phases, while the nanoparticles reside in the oleylamine phase. The reported results
highlight how the integration of non-equilibrium processing and mean-field approximations reveal

nanoparticle aggregation in hybrid materials synthesized using reaction-induced phase transitions.
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Figure 1. Synthesis and processing of AuNP/PMMA hybrid materials. a) AuNP precursors
(Gold(IT)chloride trihydrate, oleylamine) are added to purified MMA monomer before b) the
reducing agent (borane tert-butylamine complex) initiates AuNP synthesis at room temperature.
¢) Particles are then diluted to a known volume fraction with additional MMA and a radical
initiator (AIBN) before polymerization is initiated, quenched after 60 min, and dried under

vacuum. d) Samples are then vacuum pressed into bulk samples for characterization.

EXPERIMENTAL SECTION

Materials

Gold (IIT) chloride trihydrate, oleylamine (70%), borane fert-butylamine complex, methyl
methacrylate (MMA), and azobisisobutyronitrile (AIBN) were purchased from Sigma Aldrich and
used as received. Tetrahydrofuran was purchased from ThermoFisher Scientific and used as

received. Alumina was purchased from Honeywell.

Poly(methyl methacrylate)/Gold Nanoparticle Hybrid Material Synthesis

AuNPs were prepared using a modified procedure.’! Gold (III) chloride trihydrate (100 mg), MMA
(8 mL) and oleylamine (8 mL) were added to a 20 mL scintillation vial and stirred under ambient
conditions. In a second vial, borane tert-butylamine complex (50 mg) was dissolved in oleylamine

(1 mL) and methyl methacrylate (1 mL). The borane ter¢-butylamine solution was then added into
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the precursor solution under magnetic stirring and left to react for 45 min. AuUNP/MMA solutions
(3 mL) were mixed with AIBN (1.0 wt% with respect to MMA) and sonicated (10 s) before sealing
and placing in a vacuum oven for 60 min. After polymerization, sample vials were frozen in liquid

nitrogen and dried under vacuum overnight (< 50 mTorr) to remove unreacted monomer.

Bulk Film Processing
Samples were removed from their glass vials and placed in a pressing mold between two Kapton

films. Samples were pressed under vacuum at 105 °C for 20 min.

Material Characterization

UV-vis-NIR spectroscopy (UV-Vis)

UV-vis spectra were measured using an Agilent Cary 60 UV-vis spectrometer for bulk films and
solutions contained within a quartz cuvette. Scanning wavelength ranges were from 200 nm to 800
nm. Air and a pressed pure PMMA film were used as the blank to correct for baseline. Prior to
solution measurement, particles solutions were washed by precipitation in ethanol, centrifugation,
and redispersion in fresh MMA. Bulk film spectra were measured as prepared and were normalized

by the local maximum of the absorption peak.

Transmission electron microscopy (TEM)

Micrographs are taken with a FEI Tecnai G2 Spirit BioTwin TEM. AuNPs in solution were
prepared by precipitating the particle solution with ethanol, centrifuging (10,000 rpm, 5 min), and
redispersing in fresh MMA prior to drop casting onto TEM grids (Electron Microscopy Sciences,
formvar/carbon 200 mesh, copper). Drop casting as-prepared samples gave poor images due to the
excess oleylamine. Sections of polymerized and pressed samples were microtomed into 70-90 nm
sections using a Leica UC6 ultramicrotome and were kept under vacuum overnight prior to
imaging. Particle sizes were determined using ImageJ.
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Small-angle X-ray scattering (SAXS)

Transmission SAXS measurements are performed using a Cu K-a sourced (1.54 A and 8.04 keV)
Xeuss 2.0 (XENOCS) instrument installed with collimation optics and a 2D X-ray detector Pilatus
200K (Dectris). The sample to detector distances were calibrated using a silver behenate powder
standard. Samples were exposed for 5 min and their 2D isotropic scattering intensities were
azimuthally integrated to obtain /(g) vs. g plots. Particle solution samples were measured in quartz
capillaries (1.5 mm, Charles Supper Company) and PMMA films were measured using a bulk

stage.

Spinodal Calculation

The boundary of the spinodal regime can be plotted as a function of Noam, Nemma, and @Pmma.>

1 1 1
XSpin (Npmmar Noam» Puma) = 2 (

+
NPMMA cz)MMA NOAm (1 - (pMMA)

Binodal Calculation
The binodal curve for the system is calculated analytically by finding the common tangents of

the Gibbs free energy of mixing with respect to composition,

AG P 1-9
m MMA (@) + MMA

ksT ~ Npmuma Noam

In(1 — @yya) + Xerr(Puma) (X — Pyuma)
where the condition for the binodal composition is defined as

MG,  0AG,
a(pMMA(l) aCZ)MMA(Z) '

To find the common tangents, a double Legendre-Fenchel transform was performed on the Gibbs

free energy, where the transform is defined as



fr(k) = sup{kx — f(x)}

) = Sl}l{p{kx = fr(K)}

The function f**(x) is the convex envelope of the original function f (x). The points at which
f**(x), the double Legendre-Fenchel transform of the Gibbs free energy, intersects with f(x), the
Gibbs free energy itself, represent the common tangents of f(x). For each value of y, these

intersection points give the binodal composition for the system.

RESULTS AND DISCUSSION

Gold nanoparticles (AuNPs) were synthesized using an adapted particle preparation method in
which methyl methacrylate (MMA) monomer was used as the solvent.>! The gold precursor
(gold(Il)chloride trihydrate) was reduced at room temperature upon addition of borane tert-
butylamine, and the AuNPs were sterically stabilized within solution due to surface adhesion of
oleylamine (OAm). The synthesis of AuNP within the MMA phase streamlined blend preparation
into a single-pot process where AIBN (1.0 wt% with respect to total MMA) and additional MMA
monomer are added to the particle solution prior to polymerization without need for additional
purification. Size and optical properties of AuNPs prepared under this procedure were

characterized using UV-Vis, TEM, and SAXS and the results are shown in Figure 2.

The AuNPs possess a maximum absorption peak at Amax = 512 nm, which is similar to the
absorbance of OAm-modified AuNPs in the same size range.’"* The particle diameter (d = 5.5
nm) was determined via size analysis of TEM micrographs (Figure S1) and verified through fitting
the 1D SAXS profile to a spherical form factor. The nanoparticle size is predicted to provide fast

diffusion kinetics, as the Stokes-Einstein diffusion coefficient scales as Do =~ d"'. The



characteristically fast diffusion rate due to particle size allows for unambiguous identification of

particle dispersion.*’

AuNP/MMA blends were prepared by diluting the initial MMA volume fraction (@mma = 50%)
into four solution concentrations, with @vma equal to 90, 85, 80, and 75%. By mass, these samples
corresponded to AuNP concentrations between 0.5-2 mg/mL respectively and by volume
represented a small fraction (@np = 107°) of the remaining volume occupied by the oleylamine and
AuNP components. Blends that were polymerized under the initial particle synthesis conditions
(Dmma = 50%) yielded co-existing solid and liquid phase-separated mixtures (Figure S2).
Alternatively, the dilution of the initial AuNP solutions with MMA lead to free-standing and
homogeneous material after conducting polymerizations for 60 min, quenching in liquid nitrogen,

drying under vacuum overnight (< 50 mTorr), and vacuum pressing into bulk films (Figure 1).
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Figure 2. Characterization of AuNPs synthesized in MMA. a) UV-Vis absorption spectra of

AuNPs (red) in a methyl methacrylate monomer solution with a max absorption peak Amax = 512
nm. The blue trace is of the pure MMA liquid. b) Electron micrograph of AuNPs (d = 5.5 + 0.4
nm). ¢) SAXS profile (red) of AuNPs in reaction solution and fit to a spherical form factor (blue)

with particle diameter d = 4.9 = 0.2 nm.
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Aliquots (3 mL) of AuNP/MMA solutions (Pmma = 90, 85, 80, and 75%) were mixed with the
radical initiator AIBN (1 wt% with respect to MMA) and were thermally initiated to polymerize
the solutions at three respective temperatures (7= 75 °C, 90 °C, and 105 °C) for 60 min. AIBN
was used to thermally initiate the polymerization of the MMA phase, and was chosen over other
radical initiators (i.e., benzoyl peroxide) due to its reportedly low decomposition temperature and
temperature-variable polymerization rate.>* All samples, to some degree autoaccelerate during the
polymerization, but samples polymerized at 105 °C boil and increase in solution viscous within 5-
15 min of being placed within the oven. Reacted samples were quenched in liquid nitrogen and
dried under vacuum overnight (< 50 mTorr) to remove any unreacted monomer prior to bulk film
pressing. Sample conversions were obtained for each condition and the results are reported in
Table S1. Conversions ranged from 64-92% with a general trend of 75 °C having the highest
yields and 105 °C having the lowest yields, which is partially attributed to monomer evaporation
during polymerization. Sample conversion was also lower than that of a 100% PMMA control
polymerized under identical conditions (@mma = 100%). Whether the conversion difference is due
to the presence of non-polymerizing ligands or an inhibited polymerization will be a topic of future
discussion. Materials evacuated of unreacted monomer were then pressed into bulk films at 105
°C for 20 min with a representative photograph of @vma = 90%, 7'=75 °C presented in Figure 1.
Films were pressed under these conditions to minimize the influence of pressing on nanoparticle
aggregation. Furthermore, it is possible to press these samples at 105 °C due to the plasticization
of the materials containing oleylamine and PMMA oligomers, similar to previously reported

work 490
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Figure 3. Representative micrographs of the AuNP dispersion within PMMA under different
reaction conditions. Samples were obtained by microtoming sections of bulk films three weeks
after pressing. Blends were polymerized with @mma volume fractions of a-¢) 90%, d-f) 85%, g-i)
80%, and j-1) 75% with the left most column of images corresponding to reaction temperatures of
75 °C, the center column of images corresponding to reaction temperatures of 90 °C, and the right

most column of images corresponding to reaction temperatures of 105 °C, respectively.
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After pressing, bulk samples were microtomed and AuNP dispersion states were inspected using
TEM. Representative micrographs of AuNPs within polymer matrices are presented in Figure 3.
Under all reaction conditions, AuNPs were found to have preserved their initial spherical shape
and steric stabilization when aggregated. The stability of the nanoparticles is attributed to the
oleylamine surface-functionality being preserved during the course of the reaction, sample drying,
and sample processing. The absence of AuNP agglomeration and coalescence was
macroscopically quantifiable as well, as the optical properties within the bulk film were not found
to change significantly across samples (Figure S3). Despite the interparticle stability, particle sizes
were found to increase from their initial size (d = 5.5 nm, as measured using TEM) to diameters
ranging from = 6-10 nm over the course of polymerization and pressing. A summarizing table of
size increase is presented in Table S2. AuNP size increase and coalescence was initially expected
due to the thermal nature of the reaction, but the minimal size increase and notable particle
stabilization in the materials was an unexpected result. Typically, in situ polymerizations (thermal
or otherwise) with gold nanoparticles are expected to favor agglomeration and particle
coalescence, so the preservation on individual nanoparticle shape and absorption properties are

notable advantages to utilizing an oleylamine-functionalized AuNP surface.*®>3

Within the micrographs presented in Figure 3, there are varied degrees of particle aggregation.
For convention, the authors refer to observed nanoparticle dispersion states after polymerization
and bulk film processing as either well-dispersed or aggregated. Interestingly, some aggregated
regions of micrographs displayed dispersion states resembling particle strings, clusters, and

nanosheets that are seen and resemble previously reported equilibrium dispersion states in
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polymer-functionalized nanoparticle/homopolymer sytems.?! Although here the nanoparticle
dispersion states are defined as either well-dispersed or aggregated, the degree of aggregation in
samples is not easily quantified using real space imaging. As evidenced above, a degree of
coexistence between aggregation and particle dispersion is seen in several of the images shown in
Figure 3, which makes identification of the bulk dispersion state ambiguous. Additionally, air and
material interfaces resulting from the auto accelerating reaction are easy to see in microscopy but
are not expected to significantly contribute to the bulk dispersion state. As a result, identification
of the influence of reaction conditions, namely temperature and @vma on AuNP dispersion state

are quantified using other means.

Specifically, SAXS was used to quantify the degree of aggregation within the processed bulk
materials of samples polymerized under three temperatures (75 °C, 90 °C, and 105 °C) and four
volume fractions (@mma = 90, 85, 80, and 75%). Here, the reciprocal space information allows for
an ensemble measurement of particle-particle correlations that are apparent when particles
aggregate at the relevant length scale. The resulting 1D profiles of SAXS measurements are
included in Figure 4. Primary scattering peaks (¢* = 2n/d*) corresponding to the center-to-center
distance of the particles were evident in all samples except for Pmma = 75% at 90 °C and 105 °C,
and @mma = 80% at 90 °C (Table S3). The g* shows no discernable trend at constant @vma across
T, but show constant correlation at 7= 75 °C, and decreased correlations at 7= 90 °C and 105 °C
with decreasing @vma. Combined with real space imaging of Figure 3, the measured g* is
attributed to strong correlations between closely packed particles at 7 = 75 °C and weaker

correlations with more diffuse particle spacings at 7= 90 °C and 105 °C.
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Figure 4. 1D SAXS profiles of Au/PMMA bulk films displaying interparticle correlations.
Processing conditions (7, @mma) correspond to a) 7=75 °C b) T=90 °C ¢) T = 105 °C and
Dvmva = 90% (red), Dmma = 85% (blue), Pmma = 80% (green), and Dmma = 75% (purple)

respectively.

The extent of nanoparticle aggregation presented in Figures 3 and 4 is hypothesized to be due to
competing thermodynamic driving force for macrophase separation between PMMA and OAm in
which AuNPs reside in the OAm phase, and material processing procedures. Considering that
multiple reaction and processing steps are undertaken to arrive at the final bulk hybrid material, it
is necessary to identify multiple contributing factors that influence nanoparticle dispersion. Here,
we discuss the thermodynamically expected equilibrium state of the mixture and influence of

thermal processing on AuNP reorganization.

For @vma = 75% reaction conditions conducted at three different temperatures shown in Figure 4
(purple curves), a transition from aggregation to well-dispersed particles is apparent as the reaction
temperature increases from 75 °C to 105 °C. To investigate the transition, quartz capillaries were

filled with the @mma = 75% solution mixture and scattering profiles were compared before and
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after polymerization at each of the three respective temperatures (Figure 5). It is apparent in
Figure 5 that no correlation peak indicating nanoparticle aggregation forms within the region of
interest (g = 0.06-0.07 A™! per Figure 4). The absence of the correlation peak indicates, despite the
aggregation seen within the bulk materials, that AuNPs stay well-dispersed during the 60 min
polymerization. Interestingly, the shift in scattering curves to lower ¢ at increased temperatures
indicate that the particle size changes during the polymerization which is consistent with the TEM
images. The SAXS results shown in Figure 5 suggest that AuNP aggregation shown in Figures 3
and 4 are not triggered by the polymerization, but are predicted to occur during the processing of

the bulk materials.
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Figure 5. 1D SAXS profiles of @mma = 75% solutions prior to polymerization (red circles) and

post polymerization (blue circles) at each reaction temperature (75, 90, 105 °C, respectively).

To confirm that the nanoparticle aggregation occurs during the material processing, SAXS patterns

and TEM images were acquired for the sample @mma = 75% at T = 75 °C, which is the reaction
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condition known to exhibit nanoparticle aggregation in the final state (Figures 3 and 4) but remain
well dispersed after polymerization (Figure 5). The material formed under the specified condition
was measured at three distinct processing stages: after vacuum drying, after 20 min of pressing
under vacuum at 105 °C, and after five days of annealing at 105 °C. The additional imaging of the
processed sample thermally annealed at 105 °C for five days was performed to provide particles
sufficient mobility to reach their equilibrium phase separated state. The results of the processing

study are presented in Figure 6.

Intensity (a.u.)
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Figure 6. The influence of drying, pressing, and annealing on AuNP dispersion for hybrid samples
synthesized at 7= 75 °C and @mma = 75%. a) 1D SAXS profiles showing a transition in dispersion
from well-dispersed in the polymerized blend (red curve) to aggregated upon vacuum drying
(blue). The dispersion state is maintained upon material pressing (green) and thermal annealing at
105 °C for five days (purple). Micrographs of microtomed samples for b) the vacuum dried sample,
¢) the pressed sample, and d) anneal sample show representative AuNP dispersion within the

material.

By comparing the SAXS profiles of the polymerized blend (red) to the vacuum dried sample (blue)

in Figure 6a, it is apparent that the particle correlation peak associated with aggregation forms
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upon vacuum drying. The vacuum drying step is done to evacuate unreacted MMA monomer
within the vitrified melt after polymerization. Therefore, it is expected that on removal of unreacted
MMA, @vma reduces, promoting nanoparticle aggregation. The formation of the correlation peak
in the SAXS pattern shown in Figure 6 upon vacuum drying persists when the material is pressed,
and stays at a constant ¢g* during the five days of thermal annealing at the processing temperature
(105 °C). Furthermore, the scattering profile does not significantly change within the 20-min
processing time scale, suggesting that AuNP reorganization is minimal during the process.
Additionally, the correlation peak is maintained after, indicating that particle reorganization occurs
primarily during the drying process. Micrographs of each of these three conditions show dispersion
states consistent with the scattering profiles, with sterically stabilized AuNPs dispersed throughout

the matrix in varied degrees of aggregate assemblies.

While it is expected that the removal of unreacted MMA after the polymerization would reduce
the distance between particles, the apparent nanoparticle transition from well-dispersed after
polymerization to aggregated structures when processed is unexpected. To understand the
nanoparticle dispersion state transition, it is useful to consider the binary phase behavior of OAm
and PMMA and interpret particle dispersion through the resulting context. Over the course of the
presented work, initial OAm and MMA monomer blends were miscible within the specified
temperature and composition ranges (7 = 25-105 °C, ®&mma = 75-90%). A representative AuNP-
free dvmma = 75% sample before polymerization is shown in Figure 7a. However, upon
polymerization at the three reported temperatures (7= 75 °C, 90 °C, and 105 °C), OAm/PMMA
mixtures are visibly seen to phase separate, as shown in the photographs presented in Figure 7b-

d. Since the AuNP volume fraction (@xp =~ 107) is assumed to minimally interfere with the
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polymerization under these conditions, we assume that the phase transition occurs in AuNP
solutions as well, with the OAm-functionalized AuNPs undergoing a similar phase transition to
the OAm-rich minority phase. As unreacted MMA monomer is both miscible with PMMA and
OAm phases, we hypothesize that the removal of MMA from the polymerized blend reduces the
volume of the OAm-rich minority phases where the initially well-dispersed AuNPs have migrated
and drives the observance of the nanoparticle aggregation shown in the SAXS patterns of Figure
6a. An interesting implication of this hypothesis is that, while AuNPs are macroscopically phase
separated into OAm-rich phases, they can be considered well-dispersed at the nm length scale in

the OAm-rich prior to MMA removal, as confirmed in the SAXS pattern of Figure 5.

Figure 7. Visible observation of a one-to-two-phase transitions upon polymerization of
OAm/MMA blends. a) an AuNP-free &mma = 75% mixture is initially transparent and
homogeneous prior to polymerization. After polymerization at b) 7=75 °C, ¢) T= 90 °C, and d)

T =105 °C, samples are visibly cloudy, signifying macrophase separation.

The results above are supported by calculating the predicted equilibrium binary phase diagram of
OAm/PMMA blends. To consider the equilibrium state of the blend, we approximate the blend as
a binary mixture of MMA and OAm, with MMA undergoing a chemical reaction (Npmma

increasing from 1 to an achievable upper limit during polymerization). Flory-Huggins mixing
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theory is useful for determination of predicted thermodynamic state of these systems. Due to the
low overall volume fraction of nanoparticles (Table S4), the AuNP contribution to the free energy
of mixing is assumed to be minimal, despite their non-negligible impact to the resulting optical
properties (Figure S3). In the case of mixing MMA and OAm phases, the Gibbs free energy of

mixing for the initial state before polymerization is given as,

AGp @ 1-@

TN T In(Pyma) + %ln(l — Pyma) + Xerr(Puma)(1 — Puma)  Eq. 1
B PMMA O0Am

Where Npmva is the degree of polymerization of the MMA phase and y.rq(T) =

Vuma(Bmma—60am)?
NakpT

+ 0.34 is the effective interaction parameter between MMA and OAm

calculated using values for the solubility parameters Sy 4 = 18.8 MPa"? and 84, = 16.6 MPa'!”?
reported in the literature.’>>> Here, yerr is a pairwise interaction and is expected to stay constant
during the polymerization even though MMA is converted to PMMA. There is a possibility that
xetf changes as MMA is consumed to form PMMA, but for now, it is assumed that y.fr is constant
during the polymerization. The Flory-Huggins lattice site volume can be defined as the volume of
an MMA monomer, and we approximate the Npmma as the maximal conversion that was
determined experimentally (Table S1) using size-exclusion chromatography (Table S5, @vma =
100%, Npmma = 1030), and the volumetric degree of polymerization of OAm, Noam = Voam/VMma

~ 4. From this, a predicted phase diagram can be calculated and is presented in Figure 8.
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Figure 8. Predicted phase diagram of a PMMA/OAm blend after vacuum drying. The binodal

(blue curve) and spinodal regions (red) are calculated based on the lattice site volume being the
molar volume of MMA, with Nvma = 1030, Noam = 4. The corresponding @vmma (corrected using
reaction conversions), the yes(7) of the processing step (105 °C, ye = 0.474), and the reaction

temperatures (7= 75 °C, green; 90 °C, blue; and 105 °C, red) are represented by the open circles.

As AuNP aggregation is hypothesized to occur during the vacuum drying phase, the @mvma values
for each sample are adjusted using the reaction conversions reported in Table S1, with the
assumption that all mass loss during drying is from unreacted MMA. Using the data from Table

S1, and the approximate yetr of the processing temperature (105 °C, yerr = 0.474), each reaction
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condition is predicted to lie within the two-phase region of the OAm and PMMA phase diagram
when at equilibrium. As the AuNP is surface-functionalized with OAm, it is expected that the
AuNP reside within the OAm minority phase of a phase separated OAm/PMMA mixture. To this
effect, there are three possibilities for why the well-dispersed nanoparticle states are seen in Figure
3 and confirmed by SAXS (Figure 4): 1) reduced Npmma after the polymerization, which would
favor miscibility, 2) AuNPs are in a metastable or kinetically trapped dispersion state that would
otherwise phase separate given sufficient mobility, or 3) the OAm fraction in the phase separated

domains is large enough to solubilize AuNPs and prevent aggregation.

Although the reported sample preparation method 1is different from conventional
nanoparticle/polymer material preparation procedures, it is interesting to point out the resemblance
between the OAm-functionalized AuNPs and polymer-functionalized nanoparticles. The core-
shell structure of the OAm-functionalized AuNPs is effectively similar to a polymer-functionalized
nanoparticle with a surface brush of small graft length (Noam) and high graft density (o, =
constant).!%2127 Approximation of these structural parameters (Noam = 4, 6 = 1.2 nm™) gives a
polymer-functionalized nanoparticle structure that would be predicted to adopt a phase separated
or connected nanosheet preferred state in a polymer matrix with large matrix length (a < 0.2).'6
As a result, the trending toward aggregation from well-dispersed particles reported here matches
our understanding of preferred polymer-functionalized nanoparticle/polymer material

phases. 49:50:56

CONCLUSIONS
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Here, we report a novel synthetic preparation method, termed RIPT, for creating AuNP/PMMA
materials with sterically stable and variable nanoparticle dispersions. AuNPs were initially
synthesized within an OAm/MMA mixture at room temperature, and were subsequently diluted to
desired MMA volume fractions and thermally initiated to polymerize MMA. After the reaction,
samples were evacuated of unreacted monomer and vacuum pressed to yield processed bulk
materials. TEM and SAXS of processed samples exhibited hybrid materials with varied states of
AuNP dispersion dependent on the reaction temperature and MMA volume fraction. The hybrid
blends were found to maintain solution like AuNP dispersion throughout the reaction-induced
phase transition from a solution to vitrified melt state and were observed to aggregate upon
decreasing the MMA volume fraction during the drying stage. It is hypothesized that the OAm and
PMMA components within these blends undergo phase separation as predicted by Flory-Huggins
mixing theory, which effectively directs the OAm-functionalzed AuNPs into the minority OAm
phase. As MMA is expected to be co-miscible within the OAm and PMMA phases, the removal
of MMA from the OAm phase is hypothesized to drive AuNP aggregation. Despite the complex
phase behavior observed, the reported process demonstrates resilience to thermal processing and
annealing that preserves particle dimension and stability. Future work will investigate how
processing techniques can be implemented to tune nanoparticle dispersion within this reaction-
induced phase transition method to achieve intermediate states that lie between solution like

dispersion and preferred equilibrium aggregate states.
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