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interactions, the degree to which depends on polymer content. While NP addition minorly impacts ther-
modynamic and optical properties, rheological transitions and associated rheological properties are dra-
matically altered with increasing temperature, and depend on NP quantity, shape, and polymer molecular
weight. Thus NP content and shape can be used to finely tune transition temperatures and mechanical

properties for applications in stimuli-responsive materials.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Stimuli-responsive ‘smart’ materials that can actively respond
to external fields and vary their micro- or nano-structure in real-
time are foundational to future technologies in flexible displays
[1-3], biosensors [4], organic light emitting diodes [5,6] and thin
film photo-responsive cells [7-9]. These structural responses can
lead to significant enhancements in physical properties such as
optical reflectance [10-12], thermal or electrical conductivities
[13-15], or mechanical strength [14,15], opening the door to
increasingly complex applications. Thermoresponsive polymer
solutions are one example of responsive materials that display dra-
matic microstructural responses with temperature change. Poly-
mers that exhibit a lower critical solution temperature (LCST)
undergo a conformational change due to worsened solubility with
increasing temperature. Above this demixing temperature, macro-
scopic phase separation occurs. One of the most thoroughly inves-
tigated thermoresponsive polymer solutions is aqueous poly(N-
isopropyl acrylamide) (PNIPAM) [16] which has an LCST near body
temperature (~32 °C, dependent on polymer properties) making
PNIPAM of interest for biomaterial and drug delivery applications
[17-20] as well.

When aqueous PNIPAM solutions are heated above their phase
separation temperature, the PNIPAM chains dehydrate and liberate
bound water molecules [21]. Dehydration leads to a significant
decrease in polymer hydrodynamic volume and causes chains to
collapse into mesoglobules, decreasing conformational entropy
[21,22]. This change in conformational entropy contributes to the
heat input required to phase separate and can be quantified by dif-
ferential scanning calorimetry (DSC) through the demixing
enthalpy, AHg, [21]. The thermodynamics of demixing can be con-
trolled by altering the mechanism of polymer aggregation, such as
by introducing preferential initiation sites or controlling the liber-
ation of water molecules [23,24].

The resulting rheological behavior of phase-separating PNIPAM
solutions depends highly upon PNIPAM concentration, molecular
weight and end group chemistry. At low concentrations, collapsed
PNIPAM chains aggregate into sparsely populated mesoglobules
which can absorb light but generally do not cause an increase in
dynamic moduli; mesoglobules are commonly seen at concentra-
tions below 10~ g/mL PNIPAM [22,25-28]. With increasing PNI-
PAM content, mesoglobules grow into larger flocks and then
form space-filling aggregates above ~10> g/mL; above the onset
of phase separation, these flocks increase the dynamic moduli with
increasing temperature due to hydrophilic interactions between
flocks [22,26,28,29]. At significantly higher concentrations
(>1072 g/mL PNIPAM), flocks coarsen throughout the solution
space, dramatically contracting and forming a strong hydrogel
[22,25,29].

Adding nanoparticles (NPs) to thermoresponsive polymer
solutions can alter rheological behavior and macroscopic proper-
ties of interest in applications including drug delivery, hydrogel
formation and optically-tunable systems [30-35]. For example,
PNIPAM-grafted mesoporous silica NPs can be used for targeted
drug delivery due to the combination of particle porosity and

879

PNIPAM thermoresponsivity. At low temperatures, the grafted-
PNIPAM chains swell, enabling small molecules to percolate into
the NP pores; PNIPAM dehydration and subsequent collapse
upon heating subsequently traps the small molecules [36-
44,34]. Interactions between silica NPs and non-grafted PNIPAM
have also been shown to control the temperature and mecha-
nism of phase separation [45-47]. The presence of surface silanol
(Si-OH) and siloxane (Si-O-Si) groups allow for substantial
hydrogen bonding with hydrophilic PNIPAM amide groups,
whereas hydrophobic van der Waals interactions form between
silicon atoms and the hydrophobic portions of the PNIPAM back-
bone and isopropyl groups [45-47]. Petit et al. showed that the
hydrophilic interactions between dilute PNIPAM (0.5% wt) and
silica nanospheres decreased the enthalpy of phase separation
yet broadened the temperature range of the transition due to
colloidal stabilization [48]. PNIPAM chains interacting with NPs
form fewer hydrogen bonds with surrounding water molecules
and thus require less water liberation and less conformational
change upon thermal phase separation than non-interacting PNI-
PAM; as such, PNIPAM-NP interactions also decrease the entro-
pic penalty to separation [48,49]. Due to these interactions, the
PNIPAM separation preference varies with the inclusion of spher-
ical silica NPs, improving mechanical strength and swelling and
decreasing the phase separation temperature [50-57]. Zhao
et al. [50] suggests that PNIPAM-NP hydrogen bonds act like
brick and mortar, significantly increasing structural integrity of
resulting structures by providing preferential H-bond bridges
between PNIPAM mesoglobules and NPs. Weak attractive deple-
tion forces between silica NPs in the presence of unbound
neutrally-charged polymers like PNIPAM also decrease the inter-
particle distance and create polymer °‘bridges’ between NPs
which aid in thermal aggregation [58] and are partially respon-
sible for the increase in structural integrity of these mixtures
[59,60]. However, steric repulsion between NPs due to the
adsorbed polymer layer prevents widespread aggregation in
good solvent conditions. Thus, the inclusion of silica NPs can
both control the dynamic moduli of PNIPAM solutions for struc-
tural applications and the separation for thermally-active
applications.

Utilizing structurally-anisotropic NPs in place of spherical NPs
can expand the range of higher-order structures that can form with-
outrequiring high volume fraction suspensions, as is typically neces-
sary for isotropic nanospheres [32,61,62]. Yadav et al. [63] recently
showed that 0.1 nM gold nanospheres increase the phase separation
temperature of PNIPAM solutions by 2 °C [64]. However, the same
amount of gold nanorods with an aspect ratio of 3.2 increased the
phase separation temperature by nearly 24 °C [64]. The authors
hypothesize that hydrophobic NP-PNIPAM interactions effectively
hide the hydrophobic side group regions while exposing amide
groups to hydrogen bonding with water, stabilizing PNIPAM in solu-
tion [64]. Due to anisotropic surface properties of gold nanorods
compared to isotropic surface properties of gold nanospheres, rods
showed significantly higher increase in phase separation tempera-
ture over spheres [63]. While gold NP addition prevents PNIPAM-
NP hydrogen bonding interactions, many thermosensitive applica-
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tions require such interactions between PNIPAM amide groups and
NPs so that a strong polymer-NP network forms [65,50].

As the introduction of silica NPs [50-57,66] and use of anisotro-
pic NPs [64,63] can both have dramatic impacts on phase separa-
tion, combining these factors has the potential to yield further
synergies leading to thermally-tunable mechanical and optical
properties of PNIPAM solutions. However to our knowledge, no
study has examined the role of silica NP aspect ratio on the ther-
moresponsiveness of PNIPAM solutions in which significant hydro-
gen bonding interactions occur between NPs and PNIPAM amide
groups. To bridge this knowledge gap, we investigate the impact
of hydrophilic [67-69] silica NP addition on phase separation ther-
modynamics, optical properties, and rheological transitions of
aqueous PNIPAM solutions. These behaviors are examined across
a range of polymer-NP solutions to uncover the synergistic and
antagonistic effects from NP aspect ratio, NP concentration, poly-
mer concentration, and polymer molecular weight. Here, silica
NPs are chosen as a model system due to their hydrophilic surface
and well-established synthetic procedure [68,67]. Phase separation
temperatures are characterized via a combination of optical and
rheological techniques including turbidimetry and rheology; ther-
modynamic quantities governing phase separation, such as
enthalpy of demixing, are measured via differential scanning
calorimetry (DSC). Changes in the phase separation behavior with
NP addition are rationalized with Fourier transform infrared spec-
troscopy (FTIR) measurements of relative changes in interaction
modes. These studies reveal fundamental insight into interactions
between aqueous PNIPAM and anisotropic hydrophilic NPs, and
outline how macroscopic mechanical properties and rheological
transitions can be tuned via NP concentration, NP aspect ratio,
and polymer molecular weight.

2. Methodology
2.1. Materials

Ethanethiol (97%), potassium phosphate, tribasic (reagent
grade), acetone (>99.9%), 2-bromoisobutyric acid (98.0%), n-
hexane (>95%), ethyl acetate (>99.5%), silica gel (70-230 mesh),
1,4-dioxane (>99.0%), hexanes, mixture of isomers (>98.5%),
methanol (>99.8%), and sodium citrate dihydrate (>99%) were
used as received from Sigma-Aldrich. Carbon disulfide (99.9%),
diethyl ether (99%, stabilized), 1-pentanol (99%) and tetraethyl
orthosilicate (98%) were used as received from Acros Organics.
Dichloro- methane (DCM, >99.5%) and sodium sulfate (>99.0%)
were used as received from Macron Fine Chemicals. Hydrochloric
acid (VWR, 36.5% - 38.0%) and tetrahydrofuran (Fisher scientific,
>95%, stabilized), were used as received. Poly(vinyl pyrrolidone)
(Alfa Aesar, 40 kDa, powder), ethanol (Pharmco-Aaper, 200 proof),
and ammonia (Supelco, 25% (v/v)) were used as received. 2,2’-Azo
bis(2-methylpropionitrile) (AIBN, Sigma-Aldrich, 98%) was recrys-
tallized three times in methanol, vacuum dried and subsequently
stored in a flammable freezer. N-isopropyl acrylamide (NIPAM,
Fisher scientific, 98.0%, stabilized) was purified via sublimation.
The chain transfer agent (CTA) for RAFT polymerization was 2-(et
hylsulfanylthio-carbonylsulfanyl)-2-methylpropionic acid (EMP);
for synthesis details and NMR spectra, see S1.2.1-SL.2.2. High
molecular weight poly(N-isopropyl acrylamide) (M, ~ 314 kDa;
P~ 3.03) was used as received from Scientific Polymer Products;
for NMR and SEC characterization, see SI.2.2 and SI.3, respectively.

2.2. Synthesis of linear PNIPAM

NIPAM (12.5 g, 110 mmol, 1105 equiv.), EMP (22.5 mg,
0.1 mmol, 1 equiv.), and AIBN (1.65 mg, 0.01 mmol, 0.1 equiv.)
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were dissolved in 54 mL of 1,4-dioxane and degassed via three
freeze-pump-thaw cycles down to a maximum of 25 mTorr. The
flask was backfilled with nitrogen, brought into a 70 °C oil bath
for 18 h, and then quenched in liquid nitrogen and exposed to oxy-
gen. Purification followed three subsequent dissolutions using the
minimum amount of THF and precipitations in cold hexanes:
diethyl ether (3:2) and then vacuum dried overnight at 40 °C.
Resulting polymer had an M, ~ 87 kDa and b ~ 1.43 (see SI.2.2
for NMR and SI.3 for SEC) and is referred to as P87.

2.3. Silica NP synthesis and purification

In this work, silica nanoparticles are referred to as NP unless
otherwise stated. Bare silica NPs with aspect ratios, A, of 2.5, 8,
and 14 (designated A2.5, A8, and A14) were synthesized following
prior protocols [67,69]. This synthetic method produces NPs of
approximately constant diameter; thus aspect ratio was primarily
altered via NP length. In short, 30 g of poly(vinyl pyrrolidone),
300 mL of 1-pentanol, 30 mL ethanol, 8.4 mL deionized water,
2 mL of 0.18 M sodium citrate in water, and 6 mL of 25% (v/v)
ammonia were mixed with a combination of vortexing and sonica-
tion. Finally, TEOS was added last; for A2.5, A8 and A14 NPs, 1.5, 4.5
and 7.5 mL TEOS were used, respectively. For A8 batches, TEOS was
added in two equal additions spaced 6 h apart. For A14 NPs, 3 mL
TEOS was added, followed by 3 mL after 6 h and 1.5 mL after 18 h.
Following each TEOS addition, reactors were gently swirled for 10 s
to mix. Bare silica nanospheres (A1) were synthesized following
protocols by Bogush et al. [70]. Here, 20 mL ammonia solution
(0.714 M NHs, 25% (v/v)), 1.2 mL water (2.99 M H,0) and 230 mL
ethanol were mixed in an HDPE bottle. Under light mixing,
11.3 mL TEOS (0.17 M TEOS) was added rapidly for a target diam-
eter of 275 nm [70].

Approximately 18 h after initiation, NPs were purified through
an extensive centrifugation protocol (see SI.5). NPs were then dried
at 50 °C under vacuum overnight, ground with a mortar and pestle,
and calcined in air at 500 °C for 5 h to remove residual polymer and
organic compounds.

2.4. Silica NP characterization

2.4.1. Scanning electron microscopy (SEM)

NP dimensions are characterized using a JEOL 6010 scanning
electron microscope at 5 kV; select images are shown in Fig. 1
(see SI.6.1 for more images). For explanation of NP endcap shape,
see SI.9. Particle dimensions were analyzed using Image] software
to quantify length, diameter and aspect ratio (A = L/D); ~100 NPs
were analyzed per batch to provide statistical distributions (SI.6).
Aspect ratios (A L/D) of NPs were 2.6 (L=730+27 nm;
D =285+ 12 nm, Fig. 1b), 8.1 (L =2500+110 nm; D=310+9
nm, Fig. 1c) and 13.7 (L =64504+290 nm; D =470+20 nm,
Fig. 1d), denoted A25, A8, and Al4. Nanospheres
(L=D=275+25 nm, Fig. 1a) are denoted A1l. Although some
large outliers are visible for A2.5 (Fig. 1), the majority of NPs are
nearly homogeneous in size and shape, producing a fairly low dis-
persity (see SI.6). Note that A14 NPs are thicker than other NPs,
which is accounted for in data analysis.

2.4.2. BET Surface area analysis

BET method characterized specific surface area (m?/g) of A1 and
A8 NPs for comparison of synthesis methods. Physisorption was
performed on an ASAP Micrometrics 2020 analyzer using N, as
the adsorbate. See SI.6.2 for surface roughness and SI.6.5 for pore
surface area characterization using BET results.
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Fig. 1. SEM images of silica (a) nanospheres (A1) and (b-d) nanorods with aspect ratio (b) A2.5 (1.5 mL TEOS/batch), (c) A8 (4.5 mL TEOS/batch) and (d) A14 (7.5 mL TEOS/
batch). To accurately demonstrate sizes and changes in nanorod anisotropy, magnification varies between images. See SI1.6.1 for more images and similar magnifications.

2.4.3. DLS analysis

The hydrodynamic radii, R, and {-potentials were quantified
using a Malvern Zetasizer dynamic light scattering (DLS) instru-
ment. Hydrodynamic radius of PNIPAM was quantified in poly
(methyl methacrylate) (PMMA) semi-micro cuvettes filled with
at least 0.8 mL of 10 mg/mL polymer solution; radii were con-
firmed with 1 mg/mL solutions. {-potential was quantified in dis-
posable folded capillary cells using the Smoluchowski equation,
{ =nU/e, where U is the electrophoretic mobility, € is the electric
permitivity of the medium, and # is the viscosity of the medium.
Scattering was collected at 25 °C in HPLC grade water through trip-
licates of 11 scans of 10 s each. The R, for P87 and P310 are 11 nm
and 23 nm, respectively; see SI.3.1 for explanations of uncertain-
ties. {-potential values for A1, A2.5, A8, and A14 NPs are —34 +
1 mV, -40 +£ 1 mV, —47 &+ 1 mV, and —49 + 2 mV, respectively.

2.4.4. Surface silanol density estimation

Surface silanol (Si-OH) density of NPs was estimated utilizing a
combination of BET theory and thermogravimetric analysis (TGA)
[71]. Mass as a function of temperature was quantified from 25
°C to 1000 °C at a rate of 10 °C/min on a Mettler Toledo TGA/DSC
1 STAR System. Utilizing the Zhuravlev method (see SI1.6.4) [71],
mass loss from 180 °C to 1000 °C was converted into surface silanol
density. Surface silanol analysis of A2.5 NPs could not be done due
to insufficient sample quantity. Surface silanol densities of A1, A8,
and A14 NPs were 3.8, 12, and 11 OH/nm?, respectively, using the
surface area measured in BET; see SI.6.4 for additional details and
calculations.

2.5. Polymer-NP solution preparation

Aqueous polymer-NP solutions targeted three NP contents
(0.1%, 0.5%, 1.0%) for four NP aspect ratios (A = 1, 2.5, 8, 14) and
two polymer contents (2%, and 6%); all % are by mass. For each
NP aspect ratio, solutions were also made at 0.5% P87 and five
NP contents (1%, 2%, 3%, 4%, 5%). Recipes for each batch are shown
in SL7. Solutions are abbreviated with x% Pm/ y% Az, where x is
polymer content (in %), y is silica content (in %), and z is NP aspect
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ratio. Polymer number average molecular weight is denoted by m
with either 310 or 87 (for 310 kDa and 87 kDa, respectively). For
example, 2% P310/0.1% A8 refers to 2.0% 310 kDa polymer and
0.1% aspect ratio eight NPs. For each solution, the appropriate
amount of dry NP, dry polymer, and HPLC grade water were added
to a 2 dram vial. Vials were capped and shaken for ~1 min and son-
icated under ice for ~6 h to break up aggregates. Solutions were
then refrigerated and shaken for >4 days. To counteract potential
settling, solutions were vortexed for ~30 s and sonicated for 5 s
immediately before use.

2.6. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measured heat flow as a
function of temperature using a TA Instruments DSC Q2000 and
hermetically-sealed aluminum Tzero pans. Pans (~20 ul) were
loaded at 20 °C and equilibrated for 1 min. Temperature was
increased from 20 °C to 50 °C at 1 °C/min. DSC temperature ramps
were also collected for select solutions at 0.2 °C/min (S15) to allow
for direct comparison to rheological studies at 0.2 °C/min; how-
ever, these trials were only used qualitatively due to low signal.
A Python code was written to determine an appropriate baseline
following the tangential sigmoidal baseline model (TA Instruments
Universal Analysis); for equation and constraints, see SI1.20. The
integral of phase separation peaks results in an enthalpy of separa-
tion that can be normalized to the mass of solution (J/gsampie) and
then further to the moles of NIPAM monomers in the polymer
chain (kJ/molnpam) (shaded area of Fig. 2a).

2.7. Vibrational spectroscopy

Fourier-transform infrared (FTIR) spectra were collected using a
Thermo Nicolet 6700 spectrometer in attenuated total reflection
(ATR) mode. Approximately 2 uL of solution was deposited onto
the diamond crystal. 64 scans were collected for each solution from
650 cm~! to 4000 cm~! with a resolution of ~0.964 cm~!. Data was
baseline-corrected via the Thermo Fisher software. For FTIR peaks
and vibrational mode designations, see SI.19.
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Fig. 2. (a) Baseline-subtracted heat flow (DSC), (b) transmittance as a function of temperature for 2% P87. (c) Storage and (d) loss moduli (rheology) as functions of
temperature for a solution of 2% P310 and 1% A8 NPs in water. Heating rates are (a) 1 °C/min and (b), (c¢), and (d) 0.2 °C/min. Phase separation temperatures are overlaid.
Tangents in (c¢) and (d) are drawn from low temperature moduli (T <28 °C; blue, dotted), and the points of maximum slope on a semi-log-y plot (red, solid; through Ty eo)
and a linear-linear plot (pink, dashed; through Ty 4, ). Note that straight lines drawn on a log-linear plot curve, as shown.

2.8. Turbidimetry

To determine optical transition temperatures associated with
phase separation, Tycp, light transmittance was measured with
increasing temperature using an in-house instrument (Fig. S16).
An aluminum block was machined to include square holes for stan-
dard 4 mL 10 mm pathlength acrylate cuvettes. A red laser (5 mW,
class 3R, 650 nm) and a standard CdS photoresistor detect changes
in transmittance in real-time. A cartridge heater and PTD thermo-
couple control the temperature of the cell, and a Peltier module
and CPU fan provide active cooling. All components were con-
trolled by an Arduino Uno which recorded absorbance vs. temper-
ature. Solutions were heated from 25 °C to 40 °C at 0.2 °C/min. To
correct for reflectance and absorbance of light by NPs, transmit-
tance data was normalized from the values at 30 °C and 40 °C (as
Tr=1.0 and Tr =0, respectively) to minimize complications
derived from NP absorption; see SI.18.

2.9. Oscillatory rheology temperature ramps

Polymer aggregation associated with phase separation induces
a mechanical response [72,73] which was quantified via oscillatory
rheological temperature ramps. Rheological behavior of PNIPAM-
NP suspensions was analyzed using an Anton Paar MCR 302
rheometer and a 50 mm diameter cone-and-plate (1°) geometry.
A temperature-controlled Peltier hood ensured temperature
homogeneity. Solutions were pre-sheared at 10 s~! for 5 min and
allowed to rest for 5 min at 20 °C. The linear viscoelastic (LVE)
regime for solutions was determined using amplitude sweeps from
0.01 to 20% (w = 10 rad-s~'); the amplitude used was chosen as
the maximum amplitude in the plateau region of the loss modulus
versus amplitude (log,y(Gr) vs. log;4(y)). An amplitude of 1% was
chosen for all solutions. See SI.13 for examples of amplitude
sweeps for 0% NPs solutions.
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Temperature ramps were collected at y=1% and w =10
rad-s~! from 20 °C to 40 °C at a rate of 0.2 °C/min (0.1 min/data
point; 0.02 °C resolution). Supplementary experiments at
y =0.1% confirmed that shear did not have a large impact on
phase separation (SI.15). Note that noisy data at low temperatures
is attributed to low torque signals due to low viscosity. Due to low
yield of A2.5 NPs, temperature ramps on 2% P310 with A2.5 NPs
was not possible for this examination.

Rheological transition temperatures are quantified by the inter-
section of two lines, one in the low temperature region and one
tangent to the maximum slope in dynamic moduli; this intersec-
tion is done for both G/ and G (see SI.16). For rheological data that
includes shoulders or multiple transitions, the final transition lead-
ing to peak or plateau moduli denotes the main rheological transi-
tion temperature, Ty heo (Fig. 2¢, d).

2.10. Transition temperatures across techniques

As changes in any single transition temperature cannot fully
describe changes in separation [16], multiple temperatures are
defined for each technique. For DSC and turbidimetry, the temper-
ature where the maximum change in signal-heat flow and trans-
mittance, respectively-and thus the inflection of the derivative
occurs is denoted as Tiy. To determine the onset temperature,
Ton, the intersection temperature of tangents from Tiy and low-
temperature data before the transition is used. For DSC, Tpeq is
the point of maximum heat flow following baseline-subtraction
(which is similar to but not necessarily the same as Tiy) and Thign
is the temperature such that the integration of heat flow changes
at a rate lower than 0.2% per °C (see SI.21). For turbidimetry, Ty,
and Ty, are the temperatures such that the derivative of transmit-
tance as a function of temperature is 5% of the maximum value
below and above T, respectively. DSC heat flow and turbidimet-
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ric traces, with phase separation temperatures overlayed, are
shown in Fig. 2a and 2b.

Rheological transition temperatures are drawn from similar
methods, though distinction from tangents drawn from G, Grr vs
T and logGr, logGr vs. T should be noted. First, tangents are drawn
from dynamic moduli vs temperature data below the transition
temperatures (chosen as 25 to 30 °C, called the ‘low-
temperature’ region). Using linear dynamic moduli, the maximum
slope is weighted towards higher temperatures of the phase sepa-
ration and is usually attributed to polymer chain collapse and weak
H-bonding network formation [72,73]; the intersection of a tan-
gent drawn from the maximum slope of linear dynamic moduli
and the low-temperature tangent is designated Ty ;e0, OT the tem-
perature of primary transition (Fig. 2c and 2d). On a logarithmic
axis, the inflection point is weighted towards lower temperatures
(as moduli increase is weaker than exponential, on average); the
intersection of a tangent drawn from the maximum slope of loga-
rithmic dynamic moduli and the low-temperature tangent and is
denoted Tonrmeo. Whereas Ty peo provides information on when
larger-scale hydrogen-bonding networks form, Topme provides
insight into microstructures formed during low-intermediate
(T < Ty) temperatures. See SI.16 for details.

2.11. Statistical analysis

Statistical significance of trends in quantified results (separa-
tion temperatures, enthalpies, etc.) was determined using a simple
linear regression test through spreadsheet software internal calcu-
lations. For this work, both a p-value less than 0.05 and 95% confi-
dence intervals are used as benchmarks to determine statistical
significance of trends. See SI.30 for calculated p-values and 95%
confidence intervals. In all tables in this work, uncertainty in
parentheses is the standard error of the mean.

3. Results and discussion
3.1. Thermal signatures of phase separation in the presence of NPs

Thermal phase transitions in dilute solutions of 87 kDa PNIPAM,
denoted 0.5% P87, depend on both NP concentration and aspect
ratio (A) between A1 (spheres) and A14 (rods). Differential scan-
ning calorimetry (DSC) quantified the phase separation enthalpy
(AHgp) and thermal transition temperatures (Typsc, Fig. 2a) as a
function of NP concentration and aspect ratio. These polymer and
NP concentrations were selected for comparison with prior work
by Petit et al. on PNIPAM/silica nanosphere solutions [48], albeit
here the nanosphere diameter and PNIPAM molecular weight are
both an order of magnitude larger (~30 nm vs. ~300 nm,
8.5 kDa vs. 87 kDa, respectively). Additionally, the dilute polymer
content allows for better understanding of PNIPAM-NP interac-
tions in the absence of significant polymer-polymer interactions,
prior to examining more concentrated polymer solutions in
Section 3.3.

All PNIPAM/NP solutions examined in this work exhibit a single,
broad endothermic peak in the heat flow trace corresponding to
phase separation (Fig. 3a), regardless of NP content and aspect
ratio; see SI.32 for raw DSC traces, and SI.29 for tabulated values.
Here, AH,, for bare PNIPAM solutions is ~50% greater than in Petit
et al. (5.9 kJ/molypam Vs. 4.3 kJ/molypan in [48]), likely due to dif-
ferences in polymer end group and molecular weight [74,75]. As
molecular weight of PNIPAM increases, enthalpy of transition also
increases due to entropic penalties from entanglements preventing
dehydration and collapse [74].

Increasing NP content linearly decreases the phase separation
enthalpy in dilute P87 solutions for all aspect ratio NPs (Fig. 3b,
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Table 1). For solutions with nanorods, the decrease in AHg, is
between 0.12 and 0.21 kJ/molypam per % NP; hydrogen bonds
between PNIPAM amide groups and NP silanols are likely respon-
sible for the decrease in AH,, [64,48,50-57]. NIPAM groups
adsorbed onto the surface of silica NPs have fewer amides available
to hydrogen bond with water molecules and a decreased potential
for dehydration upon temperature increase; this hydrogen bonding
interaction is illustrated in Fig. 4. Interestingly, while NP inclusion
decreases AH,,, the transition onset and peak temperatures mea-
sured via DSC, Tonpsc and Tpearpsc, are independent of NP content
(Table 1), in contrast to the increase in T,,psc seen by Petit et al.
[48]. However below 3% NP, these authors note only minimal shifts
in Tonpsc [48]; when the differences in NP specific surface area are
accounted for, expected polymer coverage here falls in the regime
with little observed change in T,y psc.

The decrease in AH, with NP content in this work is weaker
than the trend observed by Petit et al. with 30 nm silica nano-
spheres (~0.36 kJ/molnpam per % NP) (pink #, Fig. 3b) [48], poten-
tially due to the larger total NP surface area in Petit et al. [48]. As
the nanospheres utilized by Petit et al. have a higher total surface
area than the NPs used here, and the reduction in AH,,;, with NP
aspect ratio appears non-monotonic (m-values, Fig. 3), AHy, was
also normalized by the NP surface area for all aspect ratios to
examine the impact of particle shape in the absence of surface area
as a confounding variable (Fig. 5a). See SI.6.3 for details on surface
area characterization and SI.22 for enthalpy normalization. After
surface area normalization, nanospheres in this work actually
decrease AHsep/mﬁp by threefold more than those in Petit et al.
(SI.23). Interestingly, AH,, per NP surface area decreases more
rapidly (steeper slope in Fig. 5a) with increasing NP aspect ratio
(Fig. 5b). Yadav et al. [64] previously showed a substantial impact
of NP aspect ratio on the DSC phase transition shape, transition tem-
peratures, and AH,, in PNIPAM solutions with hydrophobic gold
nanorods, which the authors attributed to PNIPAM stabilization on
the hydrophobic curved portions of gold nanorods. However here,
no significant change in either DSC peak shape or position occurs
with NP addition. Additionally, the stronger decrease in AHg,/NP
surface area with increasing NP aspect ratio observed here likely
cannot be explained by NP curvature, as differences in the polymer
vs. NP size likely diminish curvature effects [76-78]. For example,
the PNIPAM average hydrodynamic radius (Rypg; = 11 nm, Rpp310 =
23 nm; see SI.3.1 for explanations of uncertainties) and silica NP
radius (Ryp ~ 150 nm) substantially differ in this work, whereas both
length scales are comparable in Yadav et al. (Rynp ~ Rg pnipav ~ 5nm)
[64].

To better explain why AH,.,/NP surface area is influenced by NP
aspect ratio, NP surface properties and colloidal stability were
examined via {-potential. As shown in Fig. 5b, NP {-potential is
negative for all NP solutions, with more negative values with
increasing NP aspect ratio indicating improved stability due to
more significant electrostatic repulsive forces. The (-potential
and AH,.,/m?p scale similarly with NP aspect ratio, suggesting that
this aspect ratio effect is largely due to differences in NP (-
potential. Colloidal silica solutions are known to exhibit a higher sta-
bility to aggregation, i.e. greater magnitude (-potentials, than pre-
dicted by classical Derjaguin-Landau and Verwey-Overbeek (DLVO)
theory [79-82] which considers the total interaction energy between
two particles as the sum of van der Waals attractions and electro-
static double layer repulsions. This enhanced stability is generally
attributed to an additional repulsive force resulting from the pres-
ence of hydroxyl groups on the NP surface, which introduce sites
for hydrogen bonding with water [83,84,71,85-88]. This short-
range repulsive force is generally explained as a repulsive hydration
force [79,84,81] or as a polymer-like steric repulsion that results
from the protruding surface groups [82].
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following a similar scaling. Error bars are mean standard error (N >
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from data for A2.5 and A8 NPs, likely due to changes in surface area; see Fig. 5 which accounts for this change.

Table 1
Phase separation onset (Tonpsc), peak heat flow (Tpeupsc) temperatures and phase
separation enthalpy (AH,e,) as derived from DSC for solutions of 0.5% P87.

NP inclusion Ton.psc Tpeak.psc AHsep
[eC) [ec] [k]/molipam]
2% P87
0% 31.93 (0.02) 33.35(0.03) 5.90 (0.22)
1% A8 32.02 (0.05) 33.47 (0.04) 5.57 (0.06)
2% A8 31.96 (0.01) 33.40 (0.01) 5.42 (0.08)
3% A8 32.00 (0.01) 33.42 (0.02) 5.29 (0.05)
4% A8 31.97 (0.02) 33.42 (0.02) 5.08 (0.02)
5% A8 32.04 (0.03) 33.44 (0.02) 4.85 (0.18)
5% Al 31.81 (0.07) 33.20 (0.06) 5.21 (0.19)
5% A2.5 32.04 (0.05) 33.53 (0.04) 4.87 (0.04)
5% A14 31.95 (0.01) 33.40 (0.01) 5.14 (0.05)
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Fig. 4. Schematic of hydrogen bonding (dotted green lines) between NP surface
silanol/siloxane groups and water or PNIPAM. PNIPAM-NP associations partially
dehydrate PNIPAM prior to phase separation, explaining the negative trend
between AH,., and NP content in Fig. 3. Note: NP surface curvature not drawn to
scale.

While {-potential cannot be directly converted into a NP surface
silanol or siloxane density, increasing {-potential magnitude sug-
gests a higher density of surface hydroxyl groups which could form
H-bonds with PNIPAM and thus decrease AH,/surface area. Esti-
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images in Fig. 1. (b) Slopes of AH,,, with NP content of trendlines shown in (a), as
well as {-potential as a function of NP aspect ratio.

mates of the surface silanol density, Joy, using the Zhuravlev
method [71] confirm that these differences in {-potential can be
attributed in part to an increasing doy with increasing NP aspect
ratio (see Sections 2.4.4, S1.6.4). These measurements support the
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link between (-potential and AH,,/surface area: more surface OH
groups both stabilize suspended NPs while also promoting more
polymer-NP interactions, making the {-potential more negative
and decreasing AH,p/surface area more substantially for higher A
NPs with higher &oy.

Interestingly, while Yadav et al. [64] attributed aspect ratio
effects to NP curvature, the authors similarly note a larger (-
potential magnitude in nanorods vs. nanospheres, which could also
contribute to the reported behavior. Comparison of AHs,, changes
and NP (-potential in Fig. 5b thus suggests that the ability for
NPs to depress phase separation enthalpy is due to a combination
of total NP surface area and surface charge. This combined effect
may also explain the differences in AH,, reduction with nano-
sphere addition in this work vs. Petit et al. [48], though thorough
surface characterization was not reported in their work.

While NP addition decreases AHj, if the proposed mechanism
is correct, few polymer-solvent H-bonds are disrupted with NP
addition. To contextualize the magnitude of the decrease in AHj,
with NPs, the PNIPAM-water hydrogen bonding interactions are
considered, where each monomer can form a maximum of three
‘direct’ hydrogen bonds from the amide group when fully hydrated
- one from the amine (H-bond donor) and two from the carbonyl
(H-bond acceptor) [21,89,90]. Additional water molecules form a
hydration shell around the monomer, known as hydrophobic
hydration [21,91]. Here, separation enthalpies in Fig. 3b are per
monomer unit (4-6 kJ/molypam) and are significantly smaller than
the magnitude of the H-bond formation enthalpy between an
amide group and water (~ 50+ 15 KkJ/moly_pona) [91-93] or
between two water molecules (~ 10 kJ/moly_pona) [91,94]. How-
ever, ~2/3 of direct PNIPAM-water hydrogen bonds survive the
thermal phase separation transition [91,89,95,96], and approxi-
mately two waters from the hydrophobic hydration shell are
released to the bulk during phase separation [21,91]. During phase
separation new PNIPAM-PNIPAM H-bonds also form [89,91,95],
but the number of new amide-amide bonds per monomer is low
(<one per ten monomers) [91]. Thus, a relatively low AHj, is
due to the small number of disrupted polymer-solvent H-bonds
from NP addition and a balance between liberating one directly-
bound water molecule and the formation of bulk water H-bonds
by the two waters per monomer released from the hydrophobic
hydration shell [91].

3.2. Spectroscopic signatures of polymer-NP interactions

Vibrational spectra of the dilute P87/NP solutions at ambient
conditions (Fig. 6) provide additional evidence for the polymer-
NP interaction mechanism (Fig. 4), as interactions in solution are
altered at temperatures far below the onset of phase separation.
Increasing either the NP concentration or aspect ratio has a similar
impact on spectroscopic signatures of hydrogen bonding interac-
tions in solution (Fig. 6); see SI.37 for complete set of spectra across
NP aspect ratio and concentration. As solutions are dilute in poly-
mer relative to other components, FTIR spectra are dominated by
water and silica signals; thus polymer-particle interaction modes
are examined via differences in hydrogen bonding between water
molecules and between water and PNIPAM. For peak assignments
and more in-depth analysis of FTIR peak intensity changes, see
SI.24 and SI.26.

Changes in vibrational spectra with increasing NP content
(Fig. 6a) and aspect ratio (Fig. 6b) occur in three main regions:
water-water hydrogen bonding (~3300 cm~'), PNIPAM-water
hydrogen bonding (~1630 cm™!), and silica intra-particle modes
(~1100 cm™'). Water-water hydrogen bonding modes around
3300 cm~! and PNIPAM-water hydrogen bonding modes around
1630 cm™! provide insight into hydration shells around NIPAM
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groups and the affinity of polymer-solvent interactions. Increases
in overall intensity of modes from 750 cm~! to 1300 cm~! with
increasing NP content (Fig. 6a) are attributed to various stretching
and bending modes from the NPs, such as asymmetric Si-O bond
vibration (1090 cm™!), asymmetric vibration of Si-OH
(950 cm™'), and symmetric vibration of Si-O (795 cm™!) [97].
Although silica modes in this region can qualitatively determine
differences in silica concentration and NP surface hydrophilic
groups, changes in the modes around 1100 cm~! were not further
evaluated due to the convolution of several vibrational modes.

Water-water hydrogen bonding modes between 3000 cm~! and
3700 cm™! decrease in intensity with increasing NP concentration
(Fig. 6a,c) and NP aspect ratio (Fig. 6b,d). To better demonstrate rel-
ative changes in intensity, the water hydrogen bonding region of
the FTIR spectra in Fig. 6a and b are shown in Fig. 6¢ and d, sub-
tracting data from (c) 0% NPs and (d) 5% A1 NPs; these modes
are compared only semi-quantitatively, as without Raman spec-
troscopy, thorough peak deconvolution is difficult for aqueous
solutions [98]. Peak intensities in the lower wavenumber water
modes (v < 3450 cm™!) corresponding to single-donor, double-
acceptor (DAA, 3004 cm™!), double-donor, double acceptor (DDAA,
3200 cm™!), and single-donor, single-acceptor (DA, 3440 cm™!)
OH-bending modes decrease with increasing NP concentration
(Fig. 6¢); the number of ‘donors’ is the number of H-bonds from
the hydrogen atoms in a water molecule whereas the number of
‘acceptors’ is the number of H-bonds from the oxygen atom (see
SL.25).

This decrease in intensity of several water hydrogen bonding
modes is unsurprising given that the presence of NPs breaks up
the extensively coordinated bulk hydrogen bonding network
[89,90]. Prior to phase separation, the amide group on PNIPAM
serves as an initiation site for extensively H-bonded water clusters
with high concentrations of DDAA bonding; these clusters partially
break up during PNIPAM phase separation and decrease the aver-
age number of H-bonds per water molecule [89,90]. With amide
groups and silica NPs associating, initiation sites for such ‘solid’
water clusters decrease in number causing a decreased intensity
in the DDAA FTIR peak. This breakup of DDAA hydrogen bonding
is present both with increasing NP concentration (Fig. 6e) and
increasing aspect ratio (Fig. 6f). One possible explanation is that
longer NPs extend a farther distance in solution and disrupt a lar-
ger portion of the bulk hydrogen bonding network than smaller
NPs. The disruption of DDAA clusters with increasing NP aspect
ratio could also relate back to longer NPs having higher (-
potential (Fig. 5b) such that NP surface charge is felt further from
the NP surface, disrupting a higher number of clusters. As a result,
further water cluster disruption during PNIPAM phase separation
is limited in NP solutions, lowering the required energy input
(Fig. 3).

Increasing NP content (A8, Fig. 6e) or NP aspect ratio (Fig. 6f)
decreases the intensity of the peak around 1630 cm~'. The main
contribution to this peak is PNIPAM amide C=0 stretching due to
hydrogen bonding with water, though contributions from H,O
scissoring and the surface hydroxyl groups of mesoporous silica
are also present [99]. Following PNIPAM-silica hydrogen bonding
interactions, the hydrophobic PNIPAM backbone and isopropyl
groups are exposed to the bulk of the solvent and exclude some
water from the hydration shell around the amide. A decrease in
this amide-water H-bonding portion of the 1630 cm ™! peak corre-
sponds to a decrease in the overall polymer-solvent hydrogen
bonding strength [100-102], suggesting that NPs disrupt poly-
mer-solvent hydrogen bonds at room temperature. Thus as NP
concentration increases, fewer H-bonds between PNIPAM and
water are present which must be broken to dehydrate the polymer,
in agreement with DSC findings that NP addition reduces AHp.
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Fig. 6. FTIR spectra of 0.5% P87 across (a) A8 NP concentrations and (b) 5% NP aspect ratios. Zoomed spectra of (c,d) water-water hydrogen-bonding modes and (e,f) amide-
water hydrogen-bonding modes across (c,e) A8 NP concentrations and (d,f) 5% NP aspect ratios are subtracted from 0% NP data. Peaks corresponding to H-bonding in water
and between amide groups and water decrease while silica peaks increase as NP content increases. Water-water H-bonding modes are shown in vertical dashed lines: DAA
(3004 cm™'), DDAA (3200 cm™'), DA (3440 cm™'), DDA (3565 cm™!), and free OH (3633 cm™1).

The monotonic decrease in the 1630 cm™' peak intensity with
increasing aspect ratio (Fig. 6f) initially appears in conflict with
the non-monotonic change in AH,, with aspect ratio seen prior
to surface area normalization (Fig. 5). However, changes in NP (-
potential and surface charge are known to influence FTIR signa-
tures corresponding to interactions with NPs [103,104]; the surface
charge of higher aspect ratio NPs may be felt further from the NP
surface and disrupt a higher number of amide-water H-bonds.
Another potential explanation for the decrease in 1630 cm™' peak
intensity is due to a difference in surface hydroxyl groups across
the varying NP shapes [99]. Assuming the number of NP hydroxyl
groups per unit area of NP is approximately constant across NP
shapes [69], as total NP surface area decreases so too should the
total number of NP hydroxyl groups yielding a decrease in the
NP hydroxyl group contribution to the 1630 cm ™! peak.
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3.3. Thermodynamic transitions at higher polymer content

To determine the impact of NP addition on PNIPAM solutions at
more application-relevant concentrations [105,106], aqueous solu-
tions with higher concentration (2% and 6%) and molecular weights
(M, ~ 87 kDa and 310 kDa) of PNIPAM were investigated with DSC.
In the absence of NPs, phase separation enthalpy increases with
polymer concentration from 5.9 kJ/molypam in 0.5% P87 to 6.6 kJ/-
molypam in 6% P87, potentially due to increasing PNIPAM-PNIPAM
entanglements restricting rearrangement during dehydration [23].
Consistent with 0.5% solutions, systems with NPs showed statisti-
cally significant decreases in AHs, (Figs. 3b and 5a) but no impact
on Tonpsc OF Tpeaxpsc With increasing NP content (Table 2). Across
NP shapes, addition of 0.1% NP to 2% P87 decreased AH,,, by ~7%
(Table 2) and ~8% in 6% P87 (Table SI.29). In both 2% and 6% P87
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Table 2
Phase separation onset (Tonpsc), peak heat flow (Tpeupsc) temperatures and phase
separation enthalpy (AH,,) as derived from DSC for solutions of 2% P87.

NP inclusion Tonpsc T peak,psc AHgep
[eC] [eC] [k]/molipam]

2% P87

0% 31.66 (0.01) 33.15 (0.01) 6.19 (0.10)
0.1% A8 31.67 (0.01) 33.19 (0.01) 5.92 (0.15)
0.5% A8 31.67 (0.02) 33.19 (0.01) 5.91 (0.05)
1.0% A8 31.68 (0.01) 33.17 (0.01) 5.70 (0.13)
1.0% A1 31.59 (0.01) 33.07 (0.02) 5.67 (0.09)
1.0% A2.5 31.66 (0.01) 33.14 (0.01) 5.67 (0.16)
1.0% A14 31.68 (0.02) 33.16 (0.01) 5.78 (0.04)

solutions, the largest reduction in enthalpy is from 0% NP to 0.1%
NP, with diminishing decreases in AH, as NP concentration fur-
ther increases (Fig. 7a, 7d).

After normalizing to total NP surface area, changes in AHj,
nearly collapse onto the same curve (Fig. 7a,d and Table 2), sug-
gesting that in higher concentration P87 solutions, depression of
phase separation enthalpy is largely dominated by total NP surface
area rather than differences in NP {-potential. This hypothesis is
supported by amide-water H-bonding FTIR signatures in 2%
(Fig. 7b,c) and 6% (Fig. 7e,f) P87 solutions where the reduction in
peak intensity with increasing NP content or aspect ratio is largely
suppressed. In solutions of 30 nm silica nanospheres (87 m?/g),
Petit et al. [48] found that complete adsorption of PNIPAM
occurred around 1 g/L PNIPAM per 5 g/L NP. Thus in the more con-
centrated P87 solutions here with much higher PNIPAM:NP ratios,
a large majority of PNIPAM chains are not directly interacting with
NPs, minimizing changes in FTIR peak intensities vs. in dilute P87
solutions. However, as some chains do interact with NPs in these
concentration regimes, NP content decreases separation enthalpy
in all presented cases.

Solutions with higher molecular weight P310 show relatively
similar trends, where statistically significant decreases in separa-
tion enthalpy are observed with increasing NP content (see SI.31,
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Table S16). However, no statistically significant differences in
AH,p[% NP are observed between P87 and P310 solutions (2% or
6%), potentially due to larger uncertainty in the P310 data due to
fewer trials. In bare PNIPAM solutions (2% and 6%), the tempera-
ture corresponding with the maximum heat flow in the DSC trace,
Tpeak.psc, decreases with molecular weight (33.2 °C in 2% P87 vs.
32.5°Cin 2% P310)-as expected based on worsened solubility with
increasing M, [73]. This difference in Tpeqi psc drops to ~0.3 °C in 6%
solutions. For bare PNIPAM solutions, Tpeaxpsc also exhibits a
concentration-dependence, where Tpeqpsc is >0.5 °C lower in 6%
solutions (Table 2).

Across the bare and NP-containing solutions, the full-width at
half maximum (FWHM) of the DSC peak for P310 solutions is
60% lower than for P87 solutions (~1.0 °C vs. ~2.4 °C), despite
the larger polydispersity of P310; this finding is also independent
of temperature ramp rate (Table SI1.29). An inverse relationship
between phase separation width and molecular weight is expected
to arise from worsening solubility of long PNIPAM chains, which
leads to a more thermodynamically favorable separation that
requires less energy input and proceeds at an elevated rate
[74,75]. In P310 solutions, minimal differences in FWHM are
observed with increasing NP (A8) or polymer content (Table SI.29).

3.4. Turbidimetric phase separation of PNIPAM-NP solutions

Comparable to findings from DSC, turbidimetry displays a single
broad transition corresponding to macroscopic phase separation
and PNIPAM mesoglobule formation (see SI.36 for all traces). As
shown in Fig. 8 and Table 3 for 2% P87/A8 solutions, increasing
NP content shifts early measures of opacity change, Tju.cp and
Toncp, to lower temperatures and broadens the optical phase tran-
sition. These trends are similar across NP aspect ratios; see SI.27 for
values. Decreasing Tow,cp and Toncp With increasing NP content sug-
gest that the PNIPAM chains and PNIPAM-coated NPs more readily
aggregate, which can be rationalized by both PNIPAM-NP interac-
tions and depletion attractions. For all solutions examined in this
work, PNIPAM saturates the NP surface and most PNIPAM chains
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Fig. 7. (a,d) Separation enthalpy as a function of total NP surface area for (a) 2% and (d) 6% P87. FTIR spectra from 1400-1800 cm~' showing changes in amide-water
hydrogen bonding for (b,c) 2% and (e,f) 6% P87. (b) and (e) show changes in amide-water hydrogen bonding as a function of A8 NP content. (c) and (f) show changes in amide-

water hydrogen bonding as a function of NP aspect ratio of 1% NP solutions.
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shown by symbols on the turbidimetry curve. (b) Transition temperatures of 2% P87/ A8, derived from turbidimetry. Transition temperatures are also quantified in Table 3. As
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Table 3

Transition temperatures as derived from turbidimetry (T, cp) for solutions of 2% P87/ A8 NPs. Numbers in parentheses designate standard error (n > 3).
NP inclusion Tiow.cp Toncr Tinf.cp Thigh,cp

[°C] (2] [=Cl [=C]

2% P87
0% 32.06 (0.03) 32.37 (0.03) 32.62 (0.02) 33.01 (0.02)
0.1% A8 31.88 (0.04) 32.14 (0.06) 32.36 (0.07) 32.78 (0.11)
0.3% A8 31.80 (0.01) 32.02 (0.02) 32.36 (0.01) 33.48 (0.01)
0.5% A8 31.67 (0.2) 32.04 (0.08) 32.38 (0.04) 34.23 (0.07)

remain dissolved in solution, inducing a depletion attraction
between NPs (see SI.11). Additionally, while the PNIPAM adsorbed
to the NP surface provides steric stabilization, adsorbed polymer
will also attenuate the electrostatic repulsion which stabilizes
NP-only solutions (Fig. 5b), further promoting aggregation. Thus
these interactions promote formation of larger polymer-NP aggre-
gates that scatter light, thereby decreasing Tjowcp and Toncp.

The decrease in T, cp with NP content is —0.34 £ 0.06 °C from
0% to 0.5% NP (Table 3), suggesting that NPs promote a lower-
temperature onset of clouding (T,ncp). The 2% P310 solutions
behave similarly to the P87 solutions, showing decreases in
Tiowcp and Topcp with increasing NP content up to 0.5% A8 NPs
(S60). The onset turbidimetric temperature of 2% P310 decreases
by —0.48 + 0.11 °C from 0% NP to 0.5% NP, statistically equal to that
for 2% P87.

While the temperature corresponding to the inflection of trans-
mittance vs. temperature, Ty cp, decreases upon the addition of
0.1% A8 NPs, increasing NP content further does not have any effect
(Fig. 8), largely due to a transition broadening with increasing NP
content. Additionally, the temperature corresponding with the
end of optical transition, Tpign cp, sStrongly increases with NP concen-
tration due to the observed transition broadening (Fig. 8b). This
broadened transition suggests that polymers in NP-containing
solutions do not fully aggregate until higher temperatures vs.
PNIPAM-only solutions, which could result from the steric stabi-
lization provided by the bound polymer layer, or that the bound
polymer has reduced chain mobility which hinders subsequent
collapse.

Interestingly, while Tiow.cp, Toncp, and Tpigncp depend on NP con-
tent, DSC separation temperatures (T psc) are statistically indepen-
dent of NP content (Fig. 7, Table 2). One potential explanation for
these differences is the difference in temperature ramp rate of
DSC vs. turbidimetry (1.0 °C/min vs. 0.2 °C/min, respectively),
which may have minimized changes in the DSC onset temperature
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[16,75]. Additionally, these transition temperatures likely depend
on NP content differently, as turbidimetry captures the formation
of polymer-NP aggregates that can occur prior to phase separation
due to reduced colloidal stability, whereas DSC captures polymer
chain collapse and thermodynamic changes across the phase sepa-
ration. While PNIPAM-NP H-bonds make the phase separation
more thermodynamically favorable (decreasing AHy,), extensive
PNIPAM dehydration is not induced at lower temperatures
(Ton.psc). However, PNIPAM chains adsorbed onto NPs likely reduce
the inter-particle electrostatic repulsion while dissolved polymers
induce a depletion attraction, promoting aggregate formation and
a change in opacity at a lower temperature (T, cp).

3.5. Temperature-dependent rheological behavior

Linear viscoelastic (LVE) rheology of P87 and P310 solutions
reveals complex rheological transitions dependent on NP content
and aspect ratio which are not observed in the single thermal tran-
sition from DSC or turbidimetry. In oscillatory temperature ramps
of PNIPAM above a critical polymer concentration (dependent on
M,, solvent, etc.), the onset of phase separation typically corre-
sponds to a distinct increase in dynamic moduli [48,107-109]. As
the phase separation temperature is exceeded, polymer-polymer
associations are more energetically favorable than polymer-water
ones; PNIPAM-PNIPAM interactions then form a weakly attracting
PNIPAM mesoglobule cluster network that spans the solution vol-
ume [110-113]. Consistent with this expected behavior, solutions
of both P87 and P310 in the absence of nanorods exhibit a rapid
increase in G/ near 32 °C (Figs. 9, 10).

3.5.1. LVE rheology of P87/NP solutions

Adding 1% A8 NPs to 2% P87 solutions decreases the onset of the
rheological transition, T, e, from 32.2 °C to 31.0 °C (Fig. 9a). As
discussed in Section 3.4, both adsorbed and dissolved PNIPAM
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Fig. 9. Oscillatory temperature ramps of 2% P87 solutions as a function of increasing (a) A8 NP content, and (b) NP aspect ratio (1% NP). In (a), enlarged points correspond to
either Toppeo (T < 32 °C) OF Tpeqirheo (T > 32 °C). Increasing either the NP content or NP aspect ratio increases the peak modulus and maximum modulus slope.
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Fig. 10. Oscillatory temperature ramps of 2% P310 with A8 nanorods. Solutions transition above approx. 31 °C. (a) Storage moduli and (b) loss moduli as functions of
temperature. Enlarged data points correspond to onset temperatures (T < 32 °C) and main rheological transition temperatures (T > 32 °C).

chains reduce the colloidal stability of NP-containing solutions and
promote formation of PNIPAM-NP clusters which are sterically sta-
bilized by the bound polymer layer, resulting in a rheological tran-
sition at lower temperatures. Increasing the NP content also
increases the maximum slope of the dynamic moduli following
the transition onset, in direct contrast to the turbidimetric transi-
tion which instead broadens with added NPs (Fig. 8a). Here, the
maximum slope in G/ with temperature increases from ~ 0.2 Pa/
°C (no NPs) to 1.4 Pa/°C (1% A8 NPs, Fig. 9). Even when the moduli
are normalized by peak values (see SI.33), the maximum slope of
the complex modulus G* still increases from 0% NP to 1% A1 NPs
and further to 1% A > 1 NPs.

Across 2% P87/NP solutions, the dynamic moduli peak between
32-35 °C. With increasing NP content, the peak modulus increases,
whereas the temperature at which the peak modulus is achieved,
Tpeak rheo, decreases. The steeper slope and higher peak moduli with
increasing NP content suggest that NPs contribute to the mechan-
ical properties in the lower temperature (T ~ 31-33 °C) portion of
the transition, forming a microstructure which is stronger than in
the absence of NPs. With further temperature increases, the
dynamic moduli decay in all solutions, likely due to polymer dehy-
dration and collapse, which reduces the total volume fraction in
solution as potential inter-aggregate linkages are broken and the
adsorbed layer thickness on the NP is reduced (see SI.10). Any
potential steric stabilization provided by the adsorbed PNIPAM
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brush is also likely mitigated as the layer thickness shrinks and sol-
vent quality worsens at higher temperatures. Above 35 °C, the rate
of decay in complex modulus (G*) with temperature appears inde-
pendent of NP concentration (Fig. 9a), supporting the idea that the
weakened microstructure at high temperatures is largely due to
polymer chain collapse. This lower molecular weight solution is
near the overlap concentration at ambient conditions (SI.17),
enabling an increase in modulus as polymer-NP aggregates form;
however, a reduction in the polymer pervaded volume with
increasing temperature and a lack of extensive entanglements
(see SI.14) could prevent a system-spanning network from forming
at elevated temperatures.

In contrast to increasing NP content, increasing the NP aspect
ratio in 0.5% (Fig. S53) and 1% NP solutions does not measurably
change the rheological transition onset or the rate at which G*
increases following T, me (Fig. 9b). However, the peak modulus
does increase with NP aspect ratio. Higher aspect ratio NPs contain
more silanol binding sites per NP than low A NPs, allowing longer
NPs to act as inorganic cross linkages between PNIPAM clusters.
Longer nanorods also have a lower minimum interparticle distance
(S1.8), allowing for formation of more polymer bridges between
particles [60]. Thus, longer nanorods likely increase the total sys-
tem interconnectedness, strengthening the dynamic moduli simi-
lar to previously-reported systems of nanorod-containing
hydrogel scaffolds [56,114,115]. While spherical NPs increase the
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maximum complex modulus, the rate of G* increase is below that
of the A2.5 NPs, potentially due to overall NP size or differences
in {-potential. Spherical NPs can still increase the system intercon-
nectedness, but cannot span between PNIPAM clusters as effec-
tively as rods. The nanospheres also have lower {-potential than
nanorods in this work (Fig. 5b), potentially leading to weaker bind-
ing between mesoglobules vs. in higher {-potential nanorods. Ver-
sus 0% NP solutions, spherical NP addition may also increase G* by
increasing the effective volume fraction in these solutions, though
this effect is likely small due to the low NP content.

3.5.2. LVE rheology of P310/NP solutions

The addition of NPs to P310 solutions leads to distinct rheolog-
ical behavior vs. the P87/NP solutions, including the emergence of
a two-step transition not previously observed. For example, when
A8 NPs are added to 2% P310 solutions, a shoulder forms in the
dynamic moduli near 32 °C following the transition onset Ty neo
(Fig. 10); this shoulder stage is short-lived, persisting for only a
few degrees (~31-32.5 °C) (see SI.34 for more data). The onset of
the rheological transition and appearance of the shoulder region
shifts to lower temperatures with increasing A8 NP content
(Fig. 10a, SI.16). As such, the temperature window in which this
shoulder arises widens with increasing NP concentration but is rel-
atively unaffected by NP aspect ratio (Fig. S59). The presence of a
lower-temperature shoulder in dynamic moduli suggests the for-
mation of an intermediate microstructure caused by NP aggrega-
tion and bridging between PNIPAM clusters as, at this point in
the separation, PNIPAM mesoglobule clusters have minimal
inter-globule interactions [22,24].

Unlike in P87 solutions, the maximum slope of Gr in 2% P310
solutions does not increase with NP content (SI.16) at the primary
rheological transition (T 4, ). However, the maximum slope in log
Gn—-corresponding to the maximum slope of the moduli shoulder-
does increase with NP content, further suggesting that NP content
dictates the rheological transition in this region. The shoulder in
the moduli also occurs before the transition onset temperature in
either turbidimetry or DSC, suggesting that polymer chains remain
primarily in the hydrated state at these temperatures and do not
aggregate substantially [22]. Thus polymer-polymer associations
below 32 °C are likely insufficient to form an interconnected net-
work [22,116-118]. However polymer-NP interactions and deple-
tion attractions may lead to formation of small clusters of
increased modulus.

In P310/A8 solutions, G/ and G nearly perfectly coincide with
those of the bare P310 solutions above 33 °C, following the shoul-
der in the dynamic moduli (Fig. 10). Unlike in P87 solutions in
which the dynamic moduli decay at elevated temperatures, the
dynamic moduli of 2% P310 increase following the shoulder region,
suggesting formation of an interconnected network rather than
localized polymer/NP aggregates [22,116-118]. These conclusions
are unsurprising given the relative polymer sizes: Ry is twice as
large for P310 as for P87, giving an estimated overlap concentra-
tion, ¢* [119], that is 2.5-fold smaller for P310 (c* ~ 1%) vs. P87
(c* ~ 2.5%); see SI.17 for calculations of the overlap and entangle-
ment concentrations. P310 is also more disperse, with a weight-
average molecular weight that is nearly eightfold larger than that
of P87. Thus at ambient conditions, 2% P310 is well above ¢* and
the longer chains likely entangle (SI.17); conversely, after account-
ing for chain polydispersity, 2% P87 is likely near c* at ambient con-
ditions but likely drops below c* as its pervaded volume decreases
with water expulsion at elevated temperatures. As such, the larger
P310 chains more easily interact in solution and can form a
system-spanning network, rather than localized aggregates, during
phase separation. While T, 4, decreases with increasing NP con-
tent, the primary temperature at which this rheological transition
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Fig. 11. Rheological transition onset temperatures for 2% P310 or P87 with A8 NPs.
Increasing NP content decreases T, e, by a similar degree in both P87 and P310, up
to ~1 °C at 1% NPs. Error bars are mean standard errors (N >3).

occurs, T meo (see Section 2.10), does not significantly decrease
from bare to 1% NPs. Thus, the rheology of 2% P310 solutions near
T¢r rheo 1S predominantly polymer dominated, and PNIPAM-NP inter-
actions do not contribute significantly to the solution rheological
response at higher temperatures.

3.5.3. Impact of PNIPAM molecular weight and NP length on phase
transition

NP addition decreases the onset of the rheological transition,
Tonrheo» in both 2% P87 and P310 solutions by a similar degree
(Fig. 11, Table 4). For example, adding 1% A8 NPs decreases
Tonrneo Dy ~1 °C for both 2% PNIPAM solutions; these trends are rel-
atively consistent across NP aspect ratios (Figs. 11, SI.34).

In both P310 and P87, the decrease in T, ne, follows a similar
trend with increasing NP content and appears to eventually pla-
teau at higher NP contents (Fig. 11). The similar impact of NP addi-
tion regardless of PNIPAM molecular weight and dispersity
suggests that the rheological transition onset is governed primarily
by NPs rather than PNIPAM. Interestingly, the average difference
between Ty heo aNd Topnrheo for P310 is nearly an order of magnitude
higher than in P87 (3.1 °C vs. 0.4 °C). However notably, Ty e COT-
responds to the single transition in P87 solutions vs. the transition
that occurs after the shoulder region in P310 solutions, suggesting
that the transition in P87 solutions is analogous to the initial,
shoulder-region transition in P310 solutions.

Table 4

Rheological transition temperatures, including transition onset (Tonheo) and primary
transition temperature (T meo) for 2% P87 and 2% P310 solutions. See SI.28 for all
rheological transition temperatures of all samples studied in this work.

NP inclusion Ton rheo Ttr rheo %mw‘
[°C] [°C] [Pa/eC]
2% P87
0% 32.18 (0.60) 32.62 (0.52) 0.21 (0.04)
0.5% A8 31.32 (0.16) 31.68 (0.03) 0.30 (0.01)
1.0% A8 30.98 (0.10) 31.21 (0.05) 1.37 (0.05)
1.0% A1l 31.09 323 0.73
1.0% A2.5 31.12 (0.11) 31.49 (0.21) 1.10 (0.20)
1.0% A14 31.03 (0.19) 31.44 (0.15) 0.87 (0.19)
2% P310
0% 31.72 (0.27) 34.67 (0.09) 3.51(0.82)
0.5% A8 30.95 (0.14) 33.75 (0.40) 3.53(1.13)
1.0% A8 30.69 (0.02) 34.13 (0.02) 2.87 (0.82)
1.0% A1l 30.86 (0.09) 33.96 (0.11) 6.16 (0.63)
1.0% A14 30.74 (0.04) 33.69 (0.63) 5.16 (1.05)
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Comparing the dynamic moduli between 2% P87 and P310 solu-
tions with no NPs in Fig. 12a suggests that the onset of modulus
increase for bare PNIPAM solutions, Ton e, OCCUrs concurrently
with the peak in DSC heat flow, Tpeqkpsc. As such, the primary rhe-
ological transition in bare PNIPAM solutions is due to the dehydra-
tion of PNIPAM chains and the subsequent mesoglobule formation
and growth. With 1% A8 NPs (Fig. 12b), lower-temperature modu-
lus increase occurs before Tpeqpsc, suggesting that the first rheo-
logical transition-or the modulus increase before primary
PNIPAM chain dehydration-depends primarily on PNIPAM-NP
interactions that reduce the inter-particle electrostatic repulsion
and inter-particle depletion attractions due to free PNIPAM, which
destabilize the suspension and lead to flocculation prior to polymer
dehydration and aggregation [60,83]. Further, as the loss moduli
for 2% P87 and P310 with 1% A8 NPs coincide between T, eo
and Tpeqrpsc (30-32 °C), this lower-temperature rheological transi-
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tion likely depends more on NP concentration than either polymer
molecular weight or dispersity. Near T ~ 32 °C, the heat flow of 1%
A8 NP solutions begin to rise as the moduli increase slows
(Fig. 12b). At Tpeakpsc (enlarged points), P310 moduli lag and then
steadily increase until above 40 °C. P87 moduli, however, peak
and decay. PNIPAM entanglements formed at low temperature
become more important in the late-intermediate temperatures (T
~ 33-34 °C) and likely dictate whether moduli decay or grow at
higher temperatures [22,116-118]. Thus the difference in rheology
curves in Fig. 12 suggests that low temperature transition is dic-
tated by colloidal stability whereas high temperature transition
is determined by PNIPAM-PNIPAM interactions, with the specific
trend in G* dictated by the proximity of the solution to c*.

Based on the culmination of rheological and thermodynamic
data, two pathways for microstructure formation between PNIPAM
and NPs are proposed (Fig. 13). In contrast to hydrophobically-

2
10 G" Héat flow '
_ P310
P87 14
10‘I E ‘/f\‘;‘ %_
I £
3
© fet o
= 10% 122
2 i E
[\ 2
10} % ]\ o
, b) 2% PNIPAM/ 1% A8
o 30 40

35
T[C]

Fig. 12. Loss modulus (symbols) and cumulative AHy, (lines) for 2% P310 (teal) and P87 (orange) with (a) no NPs and (b) 1% A8 NPs. High M, solutions are polymer-
dominated, with increasing moduli. For clarity, every 3rd point is shown. Overlaid DSC traces suggest that the shoulder from rheology corresponds to the peak in DSC heat

flow.
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Fig. 13. Proposed mechanisms of polymer-NP association: (top) high M,, P310 and (bottom) low M, P87 interact with the surface of NPs at low temperature, with hydrogen
bonds potentially forming between chains on different NPs. As temperature increases, chains dehydrate and form mesoglobules. With high M, P310, entanglements can form
between chains on different NPs and mesoglobules coarsen to form system-spanning aggregates. In low M, P87, however, mesoglobules do not form system-spanning
aggregates at elevated temperatures. Polymers and NPs are not drawn to scale. Polymer chain symbols can signify single chains, multiple chains or mesoglobules. Due to

relative sizes of NPs and polymer, NP curvature is not shown.
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interacting gold NPs [64], associations with silica NPs are largely
due to amide-silanol hydrogen bonding. Given the relatively high
M, and D of P310 (SI.17), single PNIPAM chains may associate with
multiple NPs or entangle with chains on other NPs and form PNI-
PAM bridges between NPs, increasing the dynamic moduli contin-
uously at elevated temperatures (Fig. 10). In P87, however,
PNIPAM adsorbed onto the NP surface likely does not entangle
with chains adsorbed on other NPs. In either case, as temperature
increases further, PNIPAM-PNIPAM interactions become more
thermodynamically favorable, leading to chain collapse and
mesoglobule formation. In high M, PNIPAM solutions with concen-
trations well above c*, mesoglobules remain interconnected and
strengthen the gel. In P87, however, chain collapse likely leads to
smaller mesoglobules that do not span the solution, causing the
modulus decay. Thus while NPs can impact the PNIPAM separation
route, the ability for NP shape to impact PNIPAM rheology also
depends largely on polymer properties and a balance of PNIPAM-
PNIPAM and PNIPAM-NP interactions.

Finally, while the complex modulus increases at a similar rate
across NP aspect ratios in 2% P87 solutions (Fig. 9b), peak modulus
values, G, are correlated with aspect ratio, again suggesting that
longer NPs span more of the solution and associate with a larger
number of PNIPAM chains per rod, creating a stronger microstruc-
ture. This positive trend in complex modulus with aspect ratio
appears to remain even at higher temperatures (T > 35 °C) after
thorough polymer dehydration. As such, tailoring silica NP aspect
ratio is yet another method to control the strength of thermore-
sponsive mesoglobules, although polymer concentration and M,
must also be considered. Given extensive research on altering the
size and shape of silica NPs [67,120-122], use of distinct NP shapes
including platelets and complex prisms may yield additional
routes for controlling these properties.

4. Conclusion

Both the quantity and shape of anisotropic silica nanoparticles
(NPs) added to aqueous poly(N-isopropyl acrylamide) (PNIPAM)
solutions alter the temperature-dependent phase separation and
rheological properties. NPs at concentrations as low as 0.1% pro-
mote hydrogen bonding interactions between the NP surface sila-
nol groups and polymer amide group, which replace hydrogen
bonds with water and reduce the intensity of the amide-water
H-bonding peak in FTIR spectra. For all polymer concentrations
investigated in this work, increasing NP content decreases the
enthalpy of phase separation, AHy, as these polymer-NP associa-
tions reduce the number of polymer-water H-bonds to be broken
during phase separation. In low PNIPAM content solutions (0.5%),
higher NP aspect ratios decrease AH,, more substantially per
equivalent surface area. This finding is likely due to the increasing
NP (-potential and surface silanol density with increasing NP
aspect ratio, in contrast to prior work on PNIPAM/hydrophobic
gold nanorod solutions that suggested that changes in phase sepa-
ration temperatures resulted from changes in NP aspect ratio and
curvature [64]. In higher PNIPAM concentration solutions (2%
and 6%) with equivalent NP content, no statistically significant dif-
ferences in AHj, are observed based on aspect ratio. In these more
concentrated solutions, the intensity of the amide-water H-
bonding peak in the FTIR spectra is reduced only minimally due
to NP inclusion, suggesting that a smaller fraction of PNIPAM
chains interact with NPs and thus PNIPAM-PNIPAM interactions
and entanglements instead dominate the phase separation
behavior.

While thermodynamic and optical measurements suggest rela-
tively minor changes in phase separation behavior with NP addi-
tion, oscillatory rheology suggests that NP inclusion alters the
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pathway for chain collapse and agglomeration. Differential scan-
ning calorimetry and rheological temperature ramps on aqueous
PNIPAM confirm that with increasing temperature, PNIPAM chains
first collapse then agglomerate into clusters or flocks that attract
each other. However with NP addition, depending on polymer
molecular weight, a peak (87 kDa) or shoulder (310 kDa) in the
dynamic moduli appears with increasing temperature far prior to
the thermal transition observed in the bare solutions. The onset
of this transition decreases with increasing NP content, suggesting
that overlapping PNIPAM-NP clusters form prior to extensive PNI-
PAM chain collapse, increasing the modulus. Interestingly, in
87 kDa PNIPAM solutions, higher aspect ratio NPs result in higher
maximum complex moduli during this stage, suggesting that the
mechanical properties can be tuned via both NP content and NP
aspect ratio; future investigations using distinct NP shapes could
provide additional routes for finely controlling the properties of
these thermoresponsive systems. With further temperature eleva-
tion, PNIPAM chains either entangle and form strong hydrogels
(310 kDa) or weakly interact through attractive forces (87 kDa).
These results demonstrate that the thermodynamic, optical and
rheological properties of aqueous PNIPAM solutions can be finely
tuned via the concentration and shape of hydrophilically-
interacting silica NPs, allowing for more robust applications for
thermally-responsive systems.
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