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ABSTRACT: Polymer-grafted nanoparticles (PGNPs) are a class of
hybrid materials with properties intermediate between those of
polymer and colloidal systems. Here, we assess how polymer
conformation and solvent interactions govern structural stability,
phase transitions, and aggregation kinetics in suspensions of gold
nanoparticles (AuNPs) grafted with polystyrene of varying molecular
weights. When suspended in cyclohexane, the PGNPs exhibit a two-
step transition as a function of temperature in which the polymer
corona contraction precedes aggregation below the upper critical
solution temperature. Time-dependent dynamic light scattering
measurements reveal that this aggregation follows a diffusion-limited
aggregation process in which the hydrodynamic size increases with
time according to a power law with an exponent a ~ 1/3. This
exponent is significantly lower than that observed for colloidal

systems. We attribute this discrepancy to a combination of long-range interactions and the viscoelasticity of the grafted layer
facilitating rearrangements within the aggregate. Our findings provide quantitative measurements of PGNP phase behavior by
quantifying the rate of aggregation, combining polymer thermodynamics and colloidal physics.

1. INTRODUCTION

Polymer-grafted nanoparticles (PGNPs) are a class of hybrid
material in which linear polymer chains are covalently attached
to a nanoparticle core at the chain end, forming a brush
architecture."™” In practice, the polymeric coating enables
dispersion and suspension in a wide variety of solvents™” while
the particulate chemistry controls some functionality. Specif-
ically, these materials can be used for plasmonic sensing,” drug

11,12 .13 . . .
"7 catalysis, ” and biomedical imag-

delivery,9’l() lubrication,
ing.'"* Controlling PGNP functionality requires precision
tailoring of dispersion and aggregation. While individual
particles may have, for example, well-defined optical and
electrical properties,”" aggregation can cause dramatic shifts
in these properties based on interparticle spacing and network
formation.'®"” Understanding the thermodynamic framework
that governs polymer—solvent interaction is therefore crucial
for controlling the stability of PGNPs.

A qualitative understanding of PGNP stability in suspension
can be developed by considering classical descriptions of
polymer solubility and mixing. Polymers in a good solvent
exhibit favorable miscibility, where the free energy of mixing
AG.;, = AH_;, — TAS,,;, is negative and dispersion occurs
spontaneously. For a linear, Gaussian chain dissolved in a
solvent, Flory—Huggins theory'*'? describes
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where the first two terms capture the entropy of the mixed
system with ¢ as the volume fraction of polymer and N the
degree of polymerization and the final term describing the
enthalpic interactions between solvent and polymer with an
interaction parameter that can be empirically approximated as
¥ = A + B/T. For an upper critical solution temperature
(UCST) system, B is positive so that y increases with
decreasing temperature.”’ According to the Flory—Huggins
theory, at high temperatures such as y < 0.5, the system is in a
good solvent condition (i.e, AGy, < 0). As T decreases,
however, the solvent quality becomes worse so that y = 0.5 and
AG,,;; = 0, which represents the binodal transition temper-
ature. At even lower T, the UCST system phase separates as y
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> 0.5 and AG,;, > 0. Although this theoretical framing was
derived for free chains, it has successfully described the
qualitative phase behavior of PGNPs.”"*” Quantitative
descriptions would require the development of theories that
successfully incorporate the conformation and topology of
grafted systems.

Beyond Flory—Huggins theory, the chemical identity of
these grafted chains helps PGNPs overcome immiscibility
challenges™ and instability in colloidal suspensions. The
grafting density, molecular weight, and chain architecture of
the grafted chains influence their conformation on the
nanoparticle surface and, consequently, the thermodynamics
and phase behavior of PGNP solutions.”*** At low grafting
densities, polymer chains adopt “mushroom” conformations
with minimal interchain interactions, while at intermediate
densities, chains begin to overlap and extend from the surface.
At high grafting densities, significant chain stretching occurs
due to strong excluded volume effects, leading to the formation
of highly extended polymer brushes in a dense layer.” The
degree of chain stretching and the resulting brush thickness
strongly depend on solvent quality. In a good solvent, the
polymer canopy is swollen due to favorable polymer—solvent
interactions, whereas in poor solvents or near the 6
temperature, the canopy collapses, leading to instability and
phase separation.”””® For example, solvent quality has been
shown to induce microphase separation in solutions”"”” or
autophobic dewetting when embedded in a linear polymeric
matrix.”* 7> The phase behavior has also been explored for
single-polymer component® ~** and blends.*>*® Although the
stability of PGNPs share similarities with that of free
polymers,”” there are significant differences. Past work has
shown that PGNP systems display a suppressed cloud point
relative to free chains,”' consistent with observed trends for
polymers with complex architectures.”” >

Here, we resolve differences between PGNP phase behavior
in a UCST system and that of analogous polymeric and
colloidal systems by precisely defining and characterizing the
phase boundary and aggregation rates. Using dynamic light
scattering, we find that decreasing solvent quality induces
corona collapse, driving PGNP aggregation with distinct and
anomalous kinetics. Our findings demonstrate that PGNP
phase behavior can be better understood through polymer
thermodynamics rather than colloidal physics. Through a new
kinetic dynamic light scattering acquisition protocol, we
observe that the PGNP aggregates grow in size as a power-
law in time with an exponent that exhibits a step change from 0
to approximately 1/3 at the binodal temperature. This
aggregation rate contrasts with the universal power-law growth
observed for hard-sphere colloids with short-range attractions.
Furthermore, by defining phase separation according to the
rate of aggregation, we remove thermal history effects and
other ambiguities, enabling a precise determination of Tycgr.
Our findings thereby elucidate how grafted conformations
modify polymer thermodynamics and facilitate improved
predictions of the phase behavior of grafted systems.

2. MATERIALS AND METHODS

Sodium citrate tribasic dihydrate (Na;CsH;0,-2H,0, 99%), gold(11I)
chloride trihydrate (HAuCl,-3H,0, 99.9%), and N,N-Dimethylfor-
mamide (DMF, 99%) were purchased from Sigma-Aldrich.
Tetrahydrofuran (THF, 99%) and cyclohexane (99%) were obtained
from VWR, Inc. Thiol-terminated polystyrene (PS-SH) with weight-
average molecular weight M,, of 5.8 kDa (dispersity D = M,,/M,, = 1.1

), 27 kDa (P = 1.07), 61 kDa (P = 1.08), and 259 kDa (P = 1.11)
was purchased from Polymer Source and denoted as PS5.8, PS27,
PS61, and PS259, respectively. All experiments were conducted using
ultrapure water (24 MQ cm) obtained from a Millipore Milli-Q
system.

2.1. Synthesis of Gold Nanoparticles (AuNPs). AuNPs with an
average radius of R = 7.3 + 2.1 nm (n = 1200 particles) were
synthesized using a seed-growth method using a modified Turkevich
protocol.**~* Briefly, 1.05 mL of gold(III) chloride solution (50 mM
) was diluted with 91.95 mL water in a round-bottom flask. The
solution was heated to 95 °C under continuous stirring, and then
7 mL of sodium citrate solution (10 mg mL™") was rapidly added into
the flask. The reaction mixture was maintained at 95 °C with constant
stirring for 40 min, during which the color changed from light yellow
to deep red indicating successful AuNP formation. The solution was
then cooled to room temperature and stored at 4 °C for further use.
The concentration of AuNPs was determined to be
0.082 + 0.01 mg mL™" from the Beer—Lambert law using UV—vis
extinction sgectroscopy with an extinction coefficient € = 3.9 x 10*
M~ emL*

2.2. Functionalization of AuNPs with Thiol-Terminated
Polystyrene (PS-SH). AuNPs were first centrifuged and redispersed
in DMF and then added dropwise into a DMF solution of PSS.8,
PS27, PS61, and PS259 kDa at a polymer concentration of 0.7 mg
mL™" under rapid stirring. DMF was chosen as the initial solvent
because its high polarity ensures that citrate-coated AuNPs remain
stable after transfer from aqueous media, while also providing good
solvation of the polymer chains. After stirring overnight at room
temperature, a solution of THF and polymer (0.7 mg mL™") was
added to the mixture and allowed to react for another 24 h. THF was
introduced in the second step because it is a better solvent for
polystyrene and promotes efficient grafting onto the nanoparticle
surface. The final product was purified through three successive cycles
of centrifugation—redispersion at 8000, 14,000, and 20,000 RCF,
respectively, to remove any unreacted polymer. The purified PGNPs
were suspended in THF for TGA, UV—vis, and TEM measurements.
For DLS measurements, the solutions were centrifuged and
redispersed in cyclohexane.

2.3. Thermal Gravimetric Analysis (TGA). TGA samples were
prepared by pipetting PGNP solutions onto a clean platinum pan.
The samples were then dried in a vacuum oven to evaporate the
solvent. Measurements were conducted on a TA Instruments TGA 55
over a temperature range 25—600 °C at a heating rate of 5 °C min™".
The polymer grafting density ¢ was calculated according to

mpolymerpcoreRcore‘NA
oTGA =
mcoreSMW (2)
where m,qjymer and My, are the polymer and core masses, respectively,

Peore 18 the core density, R, is the core radius, and N, is Avogadro’s
number, as described in literature.">** The Myolymer Was determined at
200 °C to eliminate any contributions from residual THF. The AuNP
core radius R, was determined by TEM as described below. The
polymer graft density ¢ varied among the samples, with values of
1.29 + 0.35, 0.53 + 0.14, 0.64 + 0.18, and 0.07 + 0.02 chains nm™>
for PS5.8, PS27, PS61, and PS259, respectively.

2.4. UV-Visible (UV—-Vis) Spectroscopy. PGNP solutions at an
appropriate concentration (0.03—0.05 mg mL™") were loaded into a
quartz cuvette with a path length of 1 cm. UV—vis extinction spectra
were recorded using a Shimadzu UV-2600i spectrophotometer at a
scanning rate of 225 nm min~" over a range of 400—900 nm.

2.5. Dynamic Light Scattering (DLS). DLS measurements were
conducted on PGNP samples at a concentration of
0.01-0.02 mg mL™" using a Brookhaven BI-200SM instrument with
a wavelength of 4 = 640 nm, and 40 mW diode laser as the light
source. A scattering angle of 90° was used to measure the scattered
light intensity. Additionally, measurements at high temperature (i.e.,
50 °C) were conducted at four different scattering angles, ranging
from 40° to 120°. The intensity autocorrelation function G, was fit to
a stretched exponential function given by
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G,(q, ) = A + Bexp[—2(I't)"] (3)

where 7 is the delay time, I is the relaxation rate, and f is a stretching
exponent that characterizes the particle size dispersity. A and B are
constants that characterize the signal noise at long times and the
signal amplitude at short times, respectively. The PGNP diffusivity is
then determined by D = F/qz, where g = 4znsin(0/2) /A is the
wavevector and n = 1.426 is the index of refraction of cyclohexane.
The PGNP hydrodynamic radius is finally calculated by the Stokes—
Einstein equation Ry = kgT/67anD where ky is the Boltzmann
constant, 7 is the temperature-dependent solvent viscosity, and T is
the temperature.

2.6. Transmission Electron Microscopy (TEM). The PGNP
nanostructures were analyzed using transmission electron microscopy
(TEM, JEOL JEM-F200) operated at an accelerating voltage of
200 kV. TEM samples were prepared by drop-casting 3 uL of
suspension onto Formvar/carbon-coated 400-mesh copper grids
(Electron Microscopy Sciences), which were left to dry at room
temperature and ambient pressure. From the TEM images, we
identified particles using a threshold-based contrast algorithm and
manually measured the smallest surface-to-surface distance particles at
each surface functionalization condition to determine the height of

the grafted polymer layers.
3. RESULTS AND DISCUSSION

We conducted an initial characterization of the polystyrene-
functionalized AuNPs using TEM, as shown in Figure 1. In

Figure 1. TEM images of AuNPs functionalized with polystyrene with
molecular weights of (a) 5.8 kDa, (b) 27 kDa, (c) 61 kDa, and (d)
259 kDa.

good agreement with previous literature reports,” the AuNP
cores are have a radius of Ry = 7.3 + 2.1 nm. After
functionalization with PS-SH, the AuNP cores are separated by
the grafted polymer coronas, and the distance between cores
increases with increasing M, indicating that the corona
thickness h increases with M,. The TEM imaging demon-
strates that most AuNPs have been successfully functionalized
with polystyrene of different M,, with the described methods.

To confirm that the polystyrene coating stabilizes the
AuNPs in organic solvents, we measure the extinction spectra
of dilute solutions of PGNPs at a concentration of

~0.04 mg mL™! dissolved in THF, as shown in Figure 2.
Bare AuNPs were measured as an aqueous suspension. As
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Figure 2. UV—vis extinction spectra of bare and PGNPs normalized
to the height of primary peak.

expected for nanoscale gold, we observe that the bare AuNPs
exhibit a single peak at a wavelength of 4 = 520 nm. This peak
corresponds to the localized surface plasmon resonance
(LSPR) signal of the gold nanoparticle core and is consistent
with the particle size measured in TEM.*® For PGNPs, we
observe a subtle red shift of the LSPR peak to A = 526 nm as a
result of changes to the electrical permittivity of the solvent
and changes to the local refractive index near the nanoparticle
surface from the grafted polymer chains.”’~* The consistency
of this primary peak across different polymer M,, indicates that
the vast majority of AuNPs exist as individual PGNPs, in
agreement with the observations from TEM. These character-
ization results verify the successful functionalization of AuNPs
with polystyrene chains of varying M, and their dispersion
within a good solvent.

Although extinction spectroscopy confirms that the AuNPs
remain dispersed within organic solvents, it does not provide
information on the conformation of the grafted chains. We,
therefore, use DLS to measure the dynamics of the PGNPs in
dilute suspension and infer the thickness of the grafted corona.
We measure the intensity autocorrelation function G, of
PGNPs with polymers of varying M,, as a function of delay
time 7 (Figure 3a). Bare particles exhibit a fast relaxation due
to their small size, but these relaxations dramatically slow for
PGNPs, indicating an increase in their effective size. To
quantify this shift, we fit G, to a stretched exponential (eq 3)
to extract the relaxation rate I', and convert this rate into an
effective hydrodynamic radius Ry using the Stokes—Einstein
expression. We find the Ry of PGNPs functionalized with
PS5.8, PS27, PS61, and PS259 to be 13.3 + 0.3, 18.4 + 0.8,
31.7 + 1.5, and 66.0 = 4.0 nm, respectively in cyclohexane at
50 °C. By subtracting the size of bare AuNPs, we determine
the thickness h of the grafted polymer corona, which we
compare as a function of M,, to values determined from TEM
(Figure 3b). First, we find that h of the grafted corona is
consistently larger when measured in DLS than in TEM
because the polymer swells in a good solvent. Second, we find
that h follows a power-law scaling with M, according to
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Figure 3. (a) Normalized intensity autocorrelation functions G,(q, 7)
for PGNPs of varying M,, at g = 19.8 um™". (b) Grafted polymer
thickness h determined by DLS (closed symbols) and TEM (open
symbols) as a function of grafted molecular weight. Solid and dashed
lines represent power-law fits h ~ M with § = 0.63 + 0.07 and
0.46 + 0.0S for DLS and TEM data, respectively.

h ~ M2 with § = 0.63 + 0.07 and 0.46 + 0.05 for DLS and
TEM measurements, respectively. These scaling exponents
indicate that the grafted polymer adopts more extended
conformations when dispersed in the solvent, as measured with
DLS, than in the melt state, as measured with TEM.
Theoretical derivations®>>" predict that h scales with M,
with 6 = 1 in planar polymer brush systems. Spherical
geometries, however, introduce a radial dependence to
monomer concentration, leading to a transition from a
concentrated polymer brush (CPB) regime near the particle
surface to a semidilute polymer brush (SDPB) regime at longer
distances.’>™>* This structural change in the polymer brush
results in a transition from & = 1 in CPB to & = 0.6 in SDPB.>”
The grafted height should also depend on grafting density
according to h ~ ¢"/*in CPB and h ~ 6"/* in SDPB.>* We note
that our grafting density decreases with increasing M,, because
the larger chains generate larger steric repulsions and therefore
our measured power-law scaling of & reflects contributions
from both ¢ and M,,. Our scaling exponent 6 = 0.63 + 0.07 is

therefore consistent with existing literature and suggests that a
majority of grafted chains exist within the SDPB regime.
Although full characterization of this conformation would
require more precise measurements, such as small angle
neutron scattering,52 our results confirm that these particles are
effectively grafted with polymer and stable within organic
solutions.

We now characterize how the grafted polymer conformation
varies with solvent quality by dispersing the PGNPs in
cyclohexane, which forms a UCST system with polystyrene.*®
To characterize the phase behavior of PGNPs, we capture DLS
measurements at different temperatures from 50 to 7 °C, just
above the freezing point of cyclohexane, at a rate of
approximately 0.1 °C min~' and measure the resulting change
in Ry (Figure 4). We normalize Ry by the value at 50 °C to

2.0 ] I ] I I ] I ] I
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Figure 4. Hydrodynamic radius Ry of PGNPs with various M,
measured as a function of temperature at a cooling rate of
0.1 °C min™" starting at 50 °C. Size is normalized to Ry at 50 °C
for clarity.

easily compare the behavior across grafted M,,. At high T, the
PGNPs are stable in solution with a swollen corona as
expected from the good solvent condition. As the temperature
decreases, the solvent quality worsens and we observe a
gradual decrease in the effective size as the grafted chains
contract toward the particle surface. This contraction occurs
because the grafted chains are stretched away from the particle
surface in solution as confirmed by the scaling of Ry with M,
(Figure 3b), requiring a gain in enthalpic interactions to offset
the reduction in conformational entropy. As the solvent quality
worsens, the grafted chains no longer experience sufficient
enthalpic interactions with the solvent and must regain some
entropy. As a result, the corona collapses into a more compact
conformation, causing a decrease in Ry as shown in Figure 4.
We observe that PGNPs with PS27, PS61, and PS259
experience a maximum contraction to ~80% of their swollen
size. With this relatively limited data set, we cannot comment
on whether this observation is a universal property of grafted
particle systems or simply a coincidence for these experimental
parameters. We do not see any significant change in the size of
PGNPs grafted with PS5.8, which is likely a result of their small
size making changes insignificant relative to experimental error.
For example, an 80% contraction in size would result in less
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than a 3 nm change to the radius, which is well within our
experimental error.

At sufficiently low temperatures, we observe that the
normalized size of the PGNPs measured in DLS experiences
a dramatic increase. Such an increase in measured size
indicates that the PGNPs are destabilized and beginning to
aggregate. This aggregation must be initiated by unfavorable
interactions between the polymer and solvent, which can be
minimized beyond the full collapse of the corona through
interparticle association. Thus, in analogy to phase separation
in polymer solutions, the onset of aggregation determines the
binodal temperature for the PGNP suspension, allowing us to
define the phase transition temperature Tycgr as the first
temperature at which the size becomes larger than Ry at 50 °C
(Table 1). This onset temperature increases with increasing

Table 1. Comparison of Three Different Methods for
Defining Tycgr of PGNPs with Various M,

Tycsr (°C)
M, (kDa) linear PS**7° ramp quench aggregation o
27 9-10 13 15 16
61 16—18 18 19 19
259 25-26 25 27 27

“Values for linear polystyrene in cyclohexane are estimated from the
cited literature.

M,, consistent with theoretical descriptions for free polymer.”
We note, however, that aggregate size depends strongly on the
measurement time scale. First, under a temperature ramp,
there are temperature gradients in the DLS chamber and
within the sample. Second, aggregation is a kinetic process,
making Ry inherently dependent on measurement time.
Together, these effects make the increase in effective Ry an
imprecise measurement of the binodal transition.

To demonstrate this ambiguity in aggregate size at
temperatures below the binodal, we conduct an alternative
experiment in which we directly quench the samples from
50 °C to varying temperatures and measure the hydrodynamic
size of PGNP aggregates after 2 h (Figure S5). While the
temperature ramp results in a continuous, gradual increase in
aggregate size with temperature, the aggregate size following
quenches exhibits a rapid and discontinuous step change for all
M,,. These step changes define the phase transition at slightly
higher temperatures than what was observed during ramps,
confirming that aggregate size is a kinetically controlled
property. At low temperatures, these different measurements
of PGNP aggregate size converge to similar values, which likely
reflects nearly complete aggregate formation and therefore
depends on the total concentration of PGNPs in solution
rather than temperature.

Because aggregate size is not solely a function of T but also
depends strongly on the thermal history, we propose an
alternative experimental approach to quantify the rate of
aggregation following thermal quenches from 50 °C to
determine a time-independent metric of phase separation.
Similar approaches were used in classical polymer blend
studies, where small-angle neutron scattering was analyzed as a
function of time after thermal q7uenches to extract thermody-
namic interaction parameters.’””® We measure the hydro-
dynamic size of PGNPs aggregates as a function of time at
various quench temperatures, as shown in Figure 6. At
T > Tycsr (e.g, 28 °C for PS259), the effective size remains

30 ||I||I||I||I||I||
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3 —| 27 A A
o oo [ 48 S ]
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Figure S. Hydrodynamic radius Ry; of PGNPs measured with various
molecular weights M,, as a function of temperature, normalized to Ry
at 50 °C. The data are shown for temperature ramps at a rate of
0.1 °C min~" (open symbols) and quenches (closed symbols). The
lines serve as guides to the eye.

constant over time, indicating that the PGNPs are stable in
solution. For lower T, however, the aggregate size grows over
time as a power-law according to Ry ~ t*. This power-law
growth exists for all quench depths with T < Tycgr, suggesting
that once the grafted corona has collapsed, these aggregates
grow through a diffusion-limited aggregation (DLA) proc-
ess.”” "% Furthermore, we observe qualitatively similar power-
law growth for PGNPs with different M,, at a constant quench
depth AT = T — Tycsy = — S °C. The ubiquity of this power-
law growth indicates that PGNPs undergo aggregation similar
to colloidal systems and independent of grafted M,,.

To quantify the rate of aggregation, we extract the power-law
exponent a and plot as a function of T (Figure 7). We notice
two important characteristics. First, a exhibits a rapid change
from a = 0 to @ = 1/3 at a temperature that depends on M,,.
This step change is consistent with a first-order transition,
which is typically characterized by a discontinuity in a
fundamental property,*® between the 1- and 2-phase regions.
Thus, we can precisely define Tycgr as the highest temperature
at which a > 0. Because this exponent is constant with time,
our definition of the binodal is now time-independent. We
report these values for Tycgr in Table 1, and find that they
agree well with our the observed changes in Ry. Additionally,
all of our measurements are consistently higher than literature
values for free chains with comparable molecular weights,
consistent with our earlier studies on PGNP phase separation”"
and literature reports for polymers with complex architec-
tures.”* "%’

The similar phase boundaries of PGNPs and free chain
analogues indicates that PGNP stability is largely controlled by
the polymer thermodynamics. In contrast to free chains,
however, PGNPs possess a composite structure in which the
grafted chains are attached to a hard colloidal core, which may
play a significant role in the aggregation process. To
understand potential colloidal contributions to PGNP
aggregation, we note that for T < Tycgr, all of the PGNPs
exhibit @ ~ 1/3 within experimental error. The observed
power-law growth is therefore independent of grafted polymer
M,, and suggests that the aggregation mode may be primarily
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Figure 6. (a) Hydrodynamic radius of 259 kDa-PGNP aggregates as a
function of time at different quench temperatures. Curves at 26 °C,
22 °C, 20 °C, and 18 °C are shifted by 1.2, 2.6, 6, and 14 for
temperatures decreasing from 26 to 18 °C, respectively, for visual
clarity. (b) Hydrodynamic radius of PGNP aggregates of varying My
at a constant quench depth AT = — 5 °C. Curves of 61 kDa, and
259 kDa shifted vertically by S and 7, respectively, for visual clarity.
Solid lines represent power-law fits to the growth trends. Inset:
Normalized intensity autocorrelation function G,(g, 7) for 259 kDa at
q = 19.8 um™" after 10 and 120 min quenched at 22 °C.

controlled by the colloidal nature of these particles. Existing
literature on the aggregation of hard-sphere colloids with short-
range attractions find similar power-law scalings in the DLA
regime,”> but with a dramatically different exponent of
a ~ 0.55. In DLA, the aggregation exponent o ~ 1/d;
where d; is the fractal dimension of the aggregate. Therefore,
the smaller value of o observed for PGNPs suggests that the
resulting aggregates are significantly denser than those formed
in colloidal systems.

We confirm that these PGNP aggregates are dense and
approximately spherical through TEM images taken on
samples prepared below Tycgr, as shown in Figure 8. In
these micrographs, we observe aggregate structures with a
compact structure and a smooth interface, in strong contrast to
the fractal, diffuse morphologies observed for aggregates of
hard sphere colloids or nanoparticles. We hypothesize that this
difference between the aggregation rates of hard-sphere
colloids and PGNPs is attributable to two potential factors.
First, the polymer-mediated interactions are long-range,
quantified by the grafted polymer thickness relative to radius
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Figure 7. Aggregation exponent & as a function of temperature for

PGNPs with different molecular weights. Dashed lines are guides to
the eye, indicating the onset of aggregation.

of nanoparticle core 0.75 < h/Ryp < 15, as compared to the
short-range electrostatic and van der Waals interactions for
colloidal systems with ¥™'/Ryp < 0.02, where k™! represents
the Debye screening length of interactions.”””"”> The long-
range interactions of the grafted polymer chains may improve
the efficiency by which PGNPs explore the free energy
landscape, facilitating bonding to more attractive sites and
increasing the density of the resulting aggregates. Second, the
viscoelasticity of grafted polymers may allow particles to
rearrange within the aggregate. Whereas hard-sphere colloids
are immobilized by the strong bonds between particles in the
aggregate, the collapsed grafted layer forms a polymer melt at
the particle surface that may relax into the globular
conformations with di = 3 observed in phase-separated
polymer solutions.”>”” This collapsed state minimizes the
contact area between polymer chains and free solvent, allowing
the system to reach even lower energy states than exist for
diffuse fractal-like structures. Although our results do not
provide direct mechanistic information on the aggregation
process of PGNPs, we have identified essential characteristics
of PGNP phase separation that are different than simple
polymers or hard-sphere colloidal systems: the onset of
aggregation is controlled by polymer—solvent interactions,
the aggregation occurs through a DLA process, and the rate of
aggregation is suppressed relative to that of hard-sphere
colloids due to forming denser aggregates.

4. CONCLUSIONS

In this paper, we demonstrate the aggregation and dispersion
behavior of PGNPs in thermal solvents by varying the
molecular weight of the grafted polymers. UV—vis extinction
spectroscopy, DLS, and TEM experiments were performed to
confirm the presence of a polymer canopy that stabilizes the
PGNPs within organic solvents. By conducting DLS experi-
ments at different temperatures, we observed the emergence of
a two-phase region below the UCST and precisely identified
the binodal temperature according to the power-law
aggregation exponent @, which exhibits a discontinuous step
change at Tycgr. This definition removes the ambiguity over
determining phase behavior through kinetically dependent

https://doi.org/10.1021/acs.macromol.5c02667
Macromolecules XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.macromol.5c02667?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02667?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02667?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02667?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02667?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02667?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02667?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02667?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c02667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Figure 8. TEM images of aggregated AuNPs functionalized with polystyrene formed below Tycgr with molecular weights of (a) 27 kDa, (b)

61 kDa, (c) 259 kDa.

parameters such as aggregate size, and results in phase
transition temperatures that are comparable to but higher
than those reported for free chains with similar M,,. Future
work will focus on remaining open questions about the
mechanism of PGNP aggregation, to test our hypothesis on the
contributions of viscoelastic rearrangements and long-range
interactions in forming dense, spherical aggregates, and the
role of polymer grafting density, particle size, and PGNP
concentration in shifting the phase boundary. The unique
aggregation behavior of PGNPs may present an opportunity to
control and tune the photothermal and optical responses of
AuNP aggregates, and we therefore expect our findings to be
useful in controlling nanoscale self-assembly.
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