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ABSTRACT: Well-dispersed polymer-tethered silica nanoparticles
exhibit soft glassy rheology and caging behaviors due to chain
interpenetration driven by entropic attraction and geometric
confinement. In this study, we use small-angle X-ray scattering
and rheology to investigate caging dynamics of silica nanoparticles
densely grafted with poly(ethylene glycol) methyl ether (mPEG)
dispersed in PEG oligomers (mPEGm). By systematically varying
the volume fraction, ϕc, of the silica cores in mPEGm hosts, we are
able to manipulate the extent of geometric confinement and, by
means of vibrational spectroscopy (infrared and Raman), probe
how molecular chain conformations are influenced by tethering
and confinement. Rheological measurements reveal that the hairy particle suspensions manifest soft glassy dynamics, analogous to
those reported in solvent-free hairy nanoparticles, down to particle volume fractions as low as 0.065. A simple geometric model is
proposed to explain the emergence of caging and soft glassy rheology of the materials. We show that this model correctly explains the
low yield strains observed in the materials and may also be used to rationalize the disappearance of yielding at ϕc < 0.065. Within the
soft glassy regime, the hairy nanoparticle suspensions exhibit a peculiar flow curve with an upturn at a low shear rate. And, stress
relaxation experiments show a significant unrelaxable stress upon flow cessation. Spectroscopic analysis suggests that tethered PEG
chains adopt more trans conformations compared to untethered chains, providing molecular evidence of confinement-induced chain
interpenetration in hairy nanoparticle soft glasses.

■ INTRODUCTION
Soft glassy materials, such as foams, emulsions, colloidal
suspensions, and star polymer solutions, have gathered
appreciable attention over the past few decades. These
materials exhibit a distinct yield stress and jamming behaviors
as the material elements are confined by proximity to their
neighbors, such that they can only exhibit liquid behavior when
the applied stress is higher than a critical value termed the yield
stress. Understanding the origins of these behaviors has
emerged as the subject of both academic1−12 and practical
interest in soft glasses for advanced coating, rheology
modifiers, energy storage, and as thixotropic materials.13−22

As a subclass of the universal class of soft glasses, hairy particles
composed of SiO2 nanostructures that are either ionically or
covalently tethered with polymer chains provide opportunities
for studying caging, yielding, and jamming of soft glasses in
detail.
Multiple, generic features of the soft glassy materials are

captured using Sollich’s soft glassy rheology (SGR) model.23,24

According to this model, dynamical elements that constitute
the soft glass are trapped in a potential energy landscape
formed by their neighbors that does not permit thermally
activated relaxation. As a consequence, the materials must rely
on the elastic energy stored upon local deformation, to yield
and flow. Previous studies of solventless/self-suspended hairy

nanoparticles have observed that many of the generic attributes
of the materials are consistent predictions of the simple SGR
model,25−31 but that the noise temperature, X = 1 + 2δ/π,
which describes the effective thermal energy available for the
material elements to hop out of the cages that trap them, is a
function of the thermodynamic temperatureindicating that
the cages themselves are dynamics objects, driving by the
underlying relaxation dynamics of molecules that form them.
Here, tan (δ) = G″/G′ is the loss tangent deduced from shear
rheology measurements at strains below the yield strain. The
material properties of the solventless hairy SiO2 nanoparticles
were also reported to have a synergistic dependence on
nanoparticle core size, grafting density, and tethered polymer
molecular weight. This effect can be captured in the dynamic
properties of the materials by relating them to the volume
fraction ϕc of the SiO2 nanoparticle cores. At low polymer
content, the viscosity of the materials diverges at a core volume
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fraction ϕc ≈ ϕ*c much lower than that for typical colloidal
suspensions.32 At high polymer content, however, the materials
may unjam and manifest Newtonian fluid characteristics.25

Recently, we reported that self-suspended hairy nano-
particles undergo a significant equilibration process, wherein
the interparticle correlations and the caging are substantially
enhanced in time.33 The process was explained in terms of
migration of tethered polymer chains toward their more
interpenetrated equilibrium states. A simple geometric model
for the particles in which crowding and geometric confinement
of the particles produces caging of the cores was found to
capture the structural and rheological behaviors of the
materials, including predicting yield strain values comparable
to experimental literature results. Here, we wish to explore this
model further by examining the relative roles of crowding and
geometric confinement on caging and yielding.
The hairy nanoparticles in this study feature a covalent

tethering between the polymer and nanoparticle, which
precludes any potential chain dissociation due to impurities
such as water and salts as might be possible with ionic
tethering. Previous study on SiO2-PEG/SiO2-PMMA self-
suspended hairy nanoparticle blends reported substantially
enhanced interparticle correlations compared to neat hairy
nanoparticles due to the favorable interaction between
poly(ethylene glycol) (PEG) and poly(methyl methacrylate)
(PMMA), as signified by a negative Flory−Huggins interaction
parameter.26 The results suggest that the enthalpic interactions
can play a significant role in the material properties of hairy
nanoparticles. Here, we would like to exclude any role of such
interactions and choose an oligomer solvent of the same
chemistry as the tethered chains with end group functionality
unable to form hydrogen bonds.
In addition to the established measures to interrogate the

caging, we follow the recent study by Lin et al.,34 where shear
reversal experiments were used to decouple frictional and
hydrodynamic contributions to the stress tensor in concen-
trated colloidal suspensions and adapt this procedure to
explore the microscale mechanical aspects of the cages formed
in hairy nanoparticle suspensions. In this approach, materials
were subjected to a specified shear rate to reach steady state,
followed by a sudden reverse in shearing direction. The idea is
that immediately upon shear reversal, frictional/contact stress
immediately decays and develops over time to steady state,
whereas the hydrodynamic contribution maintains the same
magnitude but instantaneously changes in sign. Here, we
develop a simple modification of the procedure in which we
apply a shear-rest-shear-reverse process to decouple the various
contributions to the stress in jammed materials. We observe
that the stress in the hairy nanoparticle soft glasses can be
separated into dynamic and static contributions, which
correspond to the liquid and solid characteristics, respectively.
The static contribution exists as a nonrelaxable residual stress
in the materials upon flow cessation even upon a prolonged
time scale, which likely reflects the orientations of the
interpenetrated sections of the tethered chains comprising
the cages. The dynamic contribution, however, appears to
reflect the molecular friction from the relative motions of the
chains and increases as the shear rate increases.
We study the effects of geometric confinement on the caging

dynamics of hairy nanoparticle systems by adding PEG
oligomers to alleviate the extent of confinement and observe
that caging behaviors such as the cage equilibration, yielding
transition, and reformed cage dynamics retain down to some

critical ϕc*. We report a flow curve with an upturn at a low
shear rate in soft glassy materials, which implies that shear
banding occurs in the materials at low shear rates. We also
separated the stress contributions in the hairy nanoparticles,
showing a significant residual stress potentially reflecting the
structure of the cages. We identified that geometric confine-
ment is likely the microscopic origin of caging in hairy
nanoparticle systems, with additional implications from
infrared and Raman results on chain conformations. In so
doing, we develop a comprehensive understanding of the
underlying physics in generic hairy nanoparticle systems.

■ EXPERIMENTAL METHODS
Materials. Silica nanoparticles (LUDOX SM30, 10 ± 2 nm),

poly(ethylene glycol) monomethyl ether (mPEG-OH) with Mn =
5000 Da, poly(ethylene glycol) dimethyl ether (mPEGm) with Mn =
500 Da, 3-(triethoxysilyl)propyl isocyanate, 1,4-diazabicyclo [2.2.2.]-
octane (DABCO), and anhydrous dichloromethane were purchased
from Sigma-Aldrich. The mPEG-OH and mPEGm were dried in
vacuo overnight at room temperature before use. All other reagents
were used as received.

The synthesis of PEG-tethered silica nanoparticles has been
previously reported.33 The mPEG-OH (Mn = 5000 Da) (10.0 g,
2.00 mmol, 1.00 equiv), 3-(triethoxysilyl)propyl isocyanate (0.495 g,
2.00 mmol, 1.00 equiv), and DABCO (0.336 g, 3.00 mmol, 1.50
equiv) were dissolved in anhydrous dichloromethane (10 mL) and
heated to 50 °C for 48 h. The reaction mixture was precipitated into
excess hexanes and the mPEG-silane product was isolated by
decantation, dried in vacuo at room temperature, and stored at 2−8
°C prior to use.

The silica nanoparticles (LUDOX SM30, 10 ± 2 nm) (1.20 mL)
were diluted in excess deionized water (400 mL) and a solution of
triethoxysilane-functionalized mPEG (2.00 g) from the previous step
in deionized water (50 mL) was dropwise added. The reaction
mixture was bubbled with argon and heated to 70 °C for 48 h. The
mixture was subsequently dried in a convection oven at 45 °C to
remove bulk water and further purified by repeated precipitation into
a 1:4 (v/v) mixture of chloroform/hexanes, followed by centrifugation
at 8500 rpm to remove untethered chains. The resultant self-
suspended hairy nanoparticles were dried partially in a convection
oven at 45 °C and more thoroughly in vacuum at room temperature
before storage under an argon atmosphere. By altering the ratio of
SiO2 nanoparticles to the triethoxysilane-functionalized mPEG, the
grafting density can be manipulated to a degree, and through it the
volume fraction of SiO2 nanoparticles can be varied. Blending the
hairy SiO2-mPEG particles with unfunctionalized PEG chains
provides an additional degree of freedom in creating hairy particle
suspensions in which the interparticle separation can be systematically
adjusted to understand the effect of geometric confinement on
physical and dynamic properties of the materials.

A schematic of the hairy nanoparticle suspensions used in the study
is illustrated in Figure 1. The suspensions were obtained by dispersing
the self-suspended hairy nanoparticles with SiO2 nanocore volume
fraction ϕc = 0.23 in deionized water added with different amounts of

Figure 1. Schematic of the hairy nanoparticle/oligomer suspensions
used in the study.
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the mPEGm (500 Da) oligomer to adjust the ϕc of the ultimate
suspensions. The suspensions were ultrasonicated at room temper-
ature for 1 h to fully disperse the SiO2-PEG/mPEGm mixture, dried
in a convection oven at 45 °C to remove bulk water, and dried
thoroughly in a vacuum oven at room temperature before storage
under an argon atmosphere.
Thermal Analysis. The inorganic content of the polymer-

tethered, hairy SiO2-PEG nanoparticles and their suspensions was
estimated using thermogravimetric analysis (TGA) (Q500, TA
Instruments). TGA was performed under a nitrogen atmosphere at
a ramping rate of 10 °C/min from 20 to 600 °C. The self-suspended
hairy nanoparticles used to create the oligomer suspensions used in
the study were found to have an inorganic content of 32.5 wt %,
which translates to a core volume fraction of approximately 0.23. The
inorganic content of the hairy nanoparticle suspensions was
determined to be 24.7, 19.5, 10.0, and 3.8 wt %, which translates to
core volume fractions ranging from 0.17, 0.13, 0.065, and 0.024,
respectively.
Thermal transitions of the PEG-tethered silica nanoparticles and

their suspensions were accessed by differential scanning calorimetry
(DSC) (Q2000, TA Instruments) at a fixed ramp rate of 10 °C/min
under nitrogen flow. The materials were first heated to 100 °C to
eliminate any thermal history, then cooled to −90 °C, and heated
back to 100 °C. Measurements during the second heating cycle were
used to obtain the melting temperature, recrystallization temperature,
and crystallinity. As shown in Figure 2, the melting and
recrystallization temperatures of the self-suspended nanoparticles
(ϕc = 0.23) are lower than those of untethered mPEG-OH. This

result has been reported in the previous literature and attributed to
tethering and confinement of the polymer by associated nano-
particles.33,35 For hairy nanoparticles diluted with mPEGm, the Tm,1

and Tc,1 that are associated with the mPEG-OH (5k Da) decrease as
the extent of dilution increases.

The Tm,2 and Tc,2 values that are associated with the oligomer
mPEGm (500 Da) are elevated in the hairy nanoparticle suspensions.
Such thermal behavior has been observed for miscible polymer blends
and suggests that the tethered PEG chains and the oligomer solvent
interact substantially and likely co-crystallize to some extent.36 The
crystallinity associated with the 5k Da PEG chains is observed to
decrease, while that associated with the 500 Da oligomer solvent
increases as the extent of dilution increases, which is expected with
the change in the relative composition of tethered PEG and oligomer
solvent. Noticeably, a third minor melting peak is observed at a
temperature between the melting transitions of the neat mPEG-OH
(5k Da) and mPEGm (500 Da) when the hairy nanoparticles are
sufficiently diluted with the oligomer solvent. We tentatively attribute
this observation to co-crystallization of the tethered PEG and the
untethered oligomer.

Small-Angle X-Ray Scattering (SAXS). SAXS measurements
were conducted using a SAXSess (Anton Paar) bench-top X-ray
scattering system. The instrument utilizes a line collimated beam at a
wavelength of 0.1542 nm with a block camera setup for data
collection. The hairy nanoparticle suspensions were measured at 90
°C, which is above the melting temperature of the materials. The
experimental, line collimated intensity, Iexp(q), is related to the point
collimated intensity, I0(q), by

37,38

Figure 2. Heat flow as a function of temperature at 10 °C/min for (a) solvent-free hairy nanoparticles and a hairy nanoparticle suspension (heating
and cooling cycles) and (b) hairy nanoparticle suspensions in various dilutions (heating cycle) in comparison with untethered PEG (5k Da) chains
and oligomer solvent (500 Da). (c) Melting and recrystallization transitions associated with PEG (5k Da) chains and crystallinity associated with
PEG (5k Da) (subscript 1) and oligomer solvent (500 Da) (subscript 2) as a function of the core volume fraction of hairy nanoparticle
suspensions.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c01448
Macromolecules 2021, 54, 426−439

428

https://pubs.acs.org/doi/10.1021/acs.macromol.0c01448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01448?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01448?fig=fig2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01448?ref=pdf


i

k

jjjjjjj
i
k
jjjj

y
{
zzzz

y

{

zzzzzzzI q W x W y I
aq

y x( ) ( ) ( )
2x yexp 0

2
2∫ ∫ λ

π
= − +

−∞

∞

−∞

∞

where Wx(x) and Wy(y) are the horizontal and vertical X-ray beam
profiles, respectively, q is the scattering wave vector, a is the sample-
to-detector distance, and x and y are the horizontal and vertical
dimensions, respectively. The generalized indirect Fourier trans-
formation (GIFT) method was adopted to desmear the Iexp(q) data to
obtain I0(q). The scattering intensity of the particles, Iparticle, can be
written as39

I I Iparticle particle/medium medium mediumϕ= −

where Iparticle/medium is the scattering intensity of the particles in a
suspending medium, Imedium is the scattering intensity of the
suspending medium, and ϕmedium is the volume fraction of the
suspending medium. It is known that for a suspension of spherical
particles27,38

I q VP q S q( ) ( ) ( )particle c e
2ϕ ρ= Δ

where ϕc is the core volume fraction, Δρe is the electron density
contrast, V is the volume of a single particle, P(q) is the form factor,
and S(q) is the structure factor. In the dilute limit of particle
concentration, the interparticle correlations vanish, and S(q) → 1,
such that the form factor P(q) can be directly obtained from the
scattering intensity. A diluted aqueous suspension of bare charge-
stabilized silica nanoparticles (LUDOX SM30) was measured by
SAXS for this purpose. The structure factor was then obtained by the

GIFT method via a hard sphere structure factor model using the
Percus−Yevick closure relation.

Rheology. All rheology measurements were performed at 90 °C,
which is above the melting temperature of PEG. Dynamic oscillatory
shear rheology and creep experiments were conducted using a stress-
controlled MCR 501 (Anton Paar) mechanical rheometer outfitted
with a cone and plate geometry (10 mm diameter, 2° cone angle).
Materials used in the studies were rigorously dried under high vacuum
overnight before being loaded into the rheometer. Samples were
protected during the measurements using a dry nitrogen blanket. A
previously established oscillatory time sweep protocol with an
ultrasmall amplitude of γ = 0.01% and an angular frequency of ω =
1 rad/s was used to monitor the evolution of the material properties
with time.33 The time sweep measurements were complemented with
large amplitude oscillatory shear (LAOS) analysis at a fixed angular
frequency ω = 1 rad/s with shear strain γ ranging from 0.01 to 200%.
Previous studies have found that the storage modulus G′ and loss
modulus G″ in LAOS measurements of self-suspended hairy
nanoparticles exhibit plateau values at low strains. As the shear strain
increases, the plateau regime is followed by a decay in G′, which is
associated with strain softening of the materials, and the emergence of
a distinct G″ maximum, which is attributed to the yielding of the
materials from cage breakup.26,27,29,33,40 Such rationale is hereby used
to understand the behavior of hairy nanoparticle suspensions. The
caging dynamics were further probed by an established protocol of
creep and recovery experiments,33 where the materials that were
deemed equilibrated on the basis of the time sweep analysis were first
presheared in LAOS at a fixed angular frequency ω = 1 rad/s and
shear strain γ = 100% for 200 s and then interrogated by imposition of
a step stress σ for 1800 s, followed by removal of the stress for another

Figure 3. (a) Structure factor S(q) of hairy nanoparticle suspensions in various dilutions at 90 °C as a function of normalized wave vector qR0. (b)
First and second peak heights of S(q), and S(q) at zero wave vector, of hairy nanoparticle suspensions in various dilutions as a function of the core
volume fraction. (c) Average interparticle distance estimated from SAXS and a simple geometric model assuming random close packing as a
function of the core volume fraction (for calculation see Section 2 in the Supporting Information). R0 is the average radius of the nanoparticle cores
and R0 ≈ 5 nm.
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1800 s. The strain response recorded is reported relative to any
residual strain present in the materials at time zero after imposition of
the step stress.
To understand the stress contributions constituting the caging of

the materials, we employed two rheological protocols: a shear
reversal34 and a shear-rest-shear-reverse using a strain-controlled
ARES-LS (Rheometric Scientific) rheometer outfitted with a cone
and plate geometry (10 mm diameter, 4° cone angle) on the materials
deemed equilibrated based on results from transient experiments.
Before each of the measurements, a preshear using the shear reversal
protocol at 0.01 s−1 was performed. The stress response recorded is
reported relative to the average of steady state stress in the forward
and reversed shearing.
Spectroscopic Analysis. The conformation states of polymer

chains in self-suspended hairy nanoparticles and their oligomer
suspensions were characterized at 298 K by attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR FT-IR)
(Thermal Fischer Scientific, Nicolet iS10). Two pairs of absorbance
bands corresponding to the trans vs gauche conformations of C−O
(1241 cm−1 vs 1280 cm−1) and C−C (1342 cm−1 vs 1360 cm−1)
bonds were identified for the materials.35 For the neat oligomer
solvent mPEGm, the IR absorbance associated with the trans vs
gauche conformations was identified to be 1248 cm−1 vs 1294 cm−1

for C−O and 1324 cm−1 vs 1349 cm−1 for C−C.41,42
The effects of crowding and confinement on the conformation

states of the tethered chains were also characterized by Raman
spectroscopy (Renishaw inVia) at 298 K. These measurements were

performed using the self-suspended hairy nanoparticles, untethered
neat mPEG-OH, and SiO2-PEG/mPEGm suspensions. A fixed
excitation wavelength of 785 nm was used for all studies to minimize
contamination of the Raman scattering from the fluorescence
background signal from impurities in the materials. Raman scattering
at 797 and 860 cm−1 was conclusively identified to vibration modes
associated with the trans−trans−trans (ttt) and trans−gauche−trans
(tgt) conformations of (−CH2−CH2−O), respectively.

43

■ RESULTS AND DISCUSSION
Structural Characteristics. Figure 3a reports the structure

factor S(q) of the self-suspended SiO2-PEG particles and the
SiO2-PEG/mPEGm suspensions used in the study. The results
show appreciable changes in S(q) as the hairy nanoparticles are
diluted with the oligomer solvent. Based on previous combined
experimental and density functional theoretical studies,44,45 the
S(q) maximum/peak apparent at the lowest q values is thought
to reflect the repulsive interactions between the hairy
nanoparticles. The second peak in S(q) observed at higher q
arises from the entropic attractions between the tethered
polymer corona due to the space-filling constraint. As the
extent of dilution increases, both the first and second peaks of
S(q) initially rise and then decay (see Figure 3b). This
observation is counter-intuitive to the general expectation that
dilution of a homogeneous particle suspension leads to larger

Figure 4. Small amplitude oscillatory time sweep of the unannealed hairy nanoparticle suspensions: (a) within the soft glassy regime (ϕc = 0.13)
and (b) outside of the soft glassy regime (ϕc = 0.024). The time sweep is done at γ = 0.01% and ω = 1 rad/s at 90 °C. (c) Equilibration time of

hairy nanoparticle suspensions as a function of the core volume fraction. An exponential fit of ( )t 4.4 10 exp 34000eqm
4

0.08
c≅ − × − +ϕ

is shown in

the dashed line. (d) Normalized loss modulus in large amplitude oscillatory strain sweep of the hairy nanoparticle suspensions before and after
equilibration as a function of strain.
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interparticle distances and less correlated cores. Dilution would
also be expected to weaken the space-filling constraint on
corona chains in the self-suspended SiO2-PEG system,
systematically reducing the size of the second S(q) maximum
with dilution. Our observations are nonetheless consistent with
an earlier report in which this so-called structural anomaly was
reported in suspensions of silica nanoparticles ionically grafted
with PEG oligomers dispersed in untethered PEG oligomers.46

According to the authors, the anomaly likely arises from the
softness of the molecular repulsion between the hairy
nanoparticles, such that the initial addition of the oligomer
solvents leads to a strong entropic gain that overcompensates
the energetic cost of molecular overlap, producing more
enhanced interparticle correlations.
Figure 3b (right) reports the structure factor values

estimated in the limit of zero wave vector S(0) as a function
of ϕc. S(0) is observed to first decrease moderately and then
increase strongly as the hairy nanoparticles are diluted with the
oligomer. It is known from the literature that S(0) is related to
the isothermal compressibility and as such is a reflection of the
magnitude of long-wavelength density fluctuations in the
materials.37,47 Figure 3b therefore suggests that the long-
wavelength density fluctuation in our hairy nanoparticle
systems is initially more suppressed upon dilution but
ultimately grows substantially as the SiO2 nanoparticle cores
are pushed further apart by PEG oligomer molecules. Previous
theoretical work has shown that polydispersity in both the
nanoparticle core size and grafting density can lead to an
elevation in S(0), with polydispersity in grafting density having
the larger effect.44 The observation has been explained in terms
of the effect of each hairy particle in the polydisperse systems
carrying different amounts of the tethered polymer as
solvent.44 On this basis, we suspect that the S(0) anomaly
arises from the fact that the initial addition of the oligomer
solvent saturates the effect of polydispersity of the tethered
corona and makes the particles more uniformly distributed,
leading to a decrease in the long-wavelength density
fluctuations. As the materials are further diluted, the effects
of relieving geometric confinement and softening of the
tethered chain interactions lead to weaker suppression of the
long-wavelength density fluctuations and thus result in higher

S(0). It is known that the position of the first peak in S(q), q1,
is related to the average interparticle distance, dp−p, of the hairy
nanoparticles by dp−p = 2π/q1. Figure 3c shows the dp−p
obtained from the SAXS results and from estimation of
random close packing of the particles, where the results agree
reasonably well.

Rheological Behavior. Recently, we reported that self-
suspended hairy nanoparticles undergo a significant equilibra-
tion process that reflects the slow development of the
equilibrium cage structure in the materials. The process is
readily seen in transient ultrasmall amplitude oscillatory shear
rheology experiments as a gradual rise of the elastic modulus
with time.33 The same methodology was applied to the hairy
nanoparticle suspensions to investigate the effect of ϕc on the
equilibration process. Results reported in Figure 4a and in the
Supporting Information show that like the self-suspended
systems, the SiO2-PEG/mPEGm suspensions also manifest the
slow equilibration behavior, wherein the storage modulus G′
increases slowly but substantially toward a plateau value. The
behavior persists for ϕc > ϕ* ≈ 0.024, when it appears that the
separation between the nanoparticle cores becomes large
enough for the materials transit out of the soft glassy state,
resulting in an essentially instantaneous equilibration (Figure
4b).
The equilibration time, teqm, can be estimated from G′(t)

data as shown in Figure 4a and the results are reported in
Figure 4c. It is seen that teqm decreases as the extent of dilution
increases according to the approximate relat ion

( )t 4.4 10 exp 34000eqm
4

0.08
c≅ − × − +ϕ

. The acceleration of

equilibration is expected. It likely originates from the faster
configurational dynamics of the materials due to the addition
of the low-molecular-weight oligomer solvent. We note
nonetheless that before transiting out of the glassy state, the
acceleration in equilibration appears to be much weaker
compared to the nearly 3 orders of magnitude drop in G′ as
the materials are diluted. We suspect that the behavior reflects
the counterbalancing influences of the oligomer addition,
where the acceleration of chain dynamics tends to reduce teqm
and the relief in geometric confinement mitigates the driving
force for the equilibration.

Figure 5. (a) Yield strain of hairy nanoparticle suspensions before equilibration, after equilibration, and after equilibration with a preshear, as a
function of the core volume fraction, in comparison with a previously proposed geometric model. The preshear protocol is the same as the LAOS
measurement. (b) Noise temperature, X, of the hairy nanoparticle suspensions within the soft glassy regime before and after equilibration as a
function of the core volume fraction. The inset is the X vs core volume fraction with the hairy nanoparticle system outside the soft glassy regime
included.
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Figure 4d reports normalized strain-dependent loss moduli
G″ (γ) measured using large amplitude oscillatory shear
(LAOS) measurements at fixed oscillation frequency, before
and after the equilibration process. It is known from the
literature that the G″ maximum observed at modest shear
strains is associated with the cage breakup or yielding of soft
glassy materials.23,24 For the hairy nanoparticle suspensions
with ϕc > ϕc*, the G″ maximum is enhanced and shifts to
higher strain as the materials are equilibrated. Similar behavior
has been previously reported for self-suspended hairy nano-
particles and was attributed to the strengthening of caging by
enhanced chain interpenetration and entanglements. The shift
of the G″ maximum to higher shear strains as the core volume
fraction of the materials decreases has also been previously
observed for self-suspended hairy nanoparticles and was
attributed to an increase in the relative uninterpenetrated
length of the tethered chains, which allows the material
elements to move on a larger length scale before the cage itself
begins to be deformed and ultimately break down.33 The value
of the shear strain at cage breakdown, i.e. the yield strain γc,
can be estimated by γc = au/dp−p, where au is the
uninterpenetrated length and dp−p is the average interparticle
distance. After simplification [see Section 4 in the Supporting
Information], γc can be shown to depend solely on the core
volume fraction ϕc by γc = 0.42 − 0.58ϕc

1/3. It is then apparent
that γc → 0 when ϕc → 0.38, at which point the particles can
be thought of as fully interlocked by interpenetrating chains
and are thus unable to move without deforming the cage. This

result is also consistent with literature reports, which show that
the viscosity of self-suspended hairy nanoparticles diverges at
ϕc ≈ 0.25, i.e., much smaller than the random close pack
limit.32 Figure 5a reports the experimental yield strain obtained
from the LAOS analysis of the hairy nanoparticle suspensions
at various stages in comparison with the yield strain predicted
using the expression above. The fact that γc before
equilibration appears higher than the model prediction likely
arises from the less interpenetrated unequilibrated chain
conformations, which leads to a higher au. The higher γc
directly after equilibration may likewise arise from the extra
strengthening effect due to chain entanglements.
The agreement between the predicted and measured γc

values after equilibration indicates that the physics captured in
the simple geometric model accurately captures the yielding
transition in hairy particle suspensions with ϕc > ϕc*. That the
same model also accurately predicts γc self-suspended systems
from a variety of sources25,27−29,31,40,48 further confirms that it
captures the right set of physics to describe yielding in these
materials. Additionally, the finding means that the underlying
physics of yielding and caging of all jammed hairy nanoparticle
systems is likely the samecaging arises from chain inter-
penetration between adjacent particles driven by space-filling
constraint, yielding results when the interpenetrated chains are
deformed enough to break their associations. It follows that the
process is entirely reversible, which is also in accord with the
experiment.25−27,29,31,33,40 The potential deviation of the
model prediction and the experimental results at low ϕc likely

Figure 6. (a) Effective modulus (GE) of hairy nanoparticle suspensions as a function of stress (σ) applied in creep. (b) GE as a function of σ of hairy
nanoparticle suspensions within the soft glassy regime shows a linear relationship at low stress. (c) γR as a function of σ of hairy nanoparticle
suspensions shows a linear relationship. (d) GR of the hairy nanoparticle suspensions as a function of the core volume fraction.
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arises from the oversimplification of the model, in which the
uninterpenetrated section is treated as a string but in reality is
more likely a coil. Therefore, to induce a certain stress, a higher
strain is needed, and such effect is more significant at low ϕc.
In soft glassy materials, the noise temperature X = 1 + 2δ/π

is thought to provide a more useful variable than the
thermodynamic temperature T for measuring the driving
force for structural relaxation. Figure 5b reports X for the
SiO2/mPEGm system as a function of ϕc. The results were
obtained from tan δ measurements in the linear viscoelastic
regime, before and after equilibration. It is apparent that the
driving force for structural relaxation is reduced upon
equilibration, which is consistent with our previous argument
that during the equilibration process, tethered chains adopt
more interpenetrated conformations, which enhances caging.33

The noise temperature also increases as the extent of dilution
increases, which likely originates from the weakening of the
cages due to addition of oligomer solvent. Moreover, it is
evident that X remains low as the hairy nanoparticles are
diluted until the critical core volume fraction, ϕ*, is reached,
whence X increases dramatically and the materials unjam.
A methodology of creep and recovery was previously

established to directly probe into cage dynamics, in which
the materials were first presheared above the yield strain to
destroy the existing cages, then subjected to a specified shear
stress σ, followed by the removal of applied stress.33 When the
specified stress is below a certain value, the creep of the
materials will be self-arrested and the strain plateaus. From the
plateau strain γp, an effective modulus GE can be defined as GE
= σ/γp. Upon stress removal, a portion of the strain will be
instantly recovered, which we denote as γR, from which a
recovery modulus GR can be defined as GR = σ/γR. Figure 6a
reports the GE of the hairy nanoparticle systems that still reside
in the soft glassy regime. The GE exhibits a maximum with
applied σ and both the GE maximum and the σ where this
maximum occurs shift to lower values as the extent of dilution
increases. The exhibition of a maximum in GE has been
observed in the self-suspended hairy nanoparticles,33 and the
results in Figure 6a are consistent with the expectation that the
addition of oligomer solvents weakens the cages and thus
lowers the maximum effective strength of the reformed cage
and the highest stress the materials can sustain without flowing

continuously in the creep process. More importantly, a linear
dependence of GE on σ at low stress that was observed in self-
suspended hairy nanoparticles33 is also observed for the hairy
nanoparticle suspensions, as illustrated in Figure 6b. The
results suggest that when the applied σ is low, the creep of the
materials is essentially self-arrested at the same strain
irrespective of the applied σ, which implies distinct subcage
and cage regimes even for hairy nanoparticle suspensions that
are substantially diluted. The recovered strain γR with respect
to applied σ is shown in Figure 6c, where GR can be obtained
from the inverse slope and is reported in Figure 6d. The GR is
observed to decrease as the extent of dilution increases, which
is expected due to the softening effect of the oligomer solvent.
The fact that γR is linear with σ suggests that the cage
essentially maintains its elasticity as long as the materials can
self-arrest during the creep, irrespective of the γp where the
deformation stops. Such linearity has been previously observed
for self-suspended hairy nanoparticles,33 and the current results
suggest that before transiting out of the soft glassy regime, the
oligomer suspensions of hairy nanoparticles essentially retain
the caging dynamics of the hairy nanoparticles.
While the material responses of the oligomer suspensions of

hairy nanoparticles are governed by the same underlying
physics of the self-suspended hairy nanoparticles, it is noticed
that the G′ of the suspensions is considerably lower than that
of the self-suspended materials at the same ϕc, as illustrated in
Figure S5. Such a decrease in modulus is expected to come
from the untethered nature of the oligomer solvent, where it
relaxes in a free manner in contrast to the tethered chains.
Moreover, the infrared results (Figure 9c,d) show that the
added oligomers in the hairy nanoparticle suspensions no
longer exhibit the characteristic frequencies of the neat
oligomers but rather display frequencies of the tethered chains.
It suggests that the tethered chains of the hairy nanoparticles
potentially have a coupling effect, such that the added
oligomers no longer exist in their original configurations.
In an attempt to understand molecularly the origins of

caging in the hairy nanoparticle systems, we were inspired by a
recent study by Lin et al. using a specially designed
methodology of shear reversal to analyze the contributions of
hydrodynamics and contact in the overall stress response of
shear thickening colloidal suspensions.34 In the experiment, the

Figure 7. (a) Illustration of the shear reversal protocol on equilibrated hairy nanoparticle suspensions, where the materials are subjected to a
forward specified shear γ̇i to steady state, followed by a sudden reverse in shear direction to steady state. The measurements are done at 90 °C. (b)
Steady state shear stress as a function of the shear rate of hairy nanoparticle suspensions in various dilutions.
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materials were first sheared to steady state, followed by a
sudden reverse in shear direction. The idea is that, upon the
reversal in shear, the hydrodynamic stress remains but in an
opposite direction, whereas the contact stress instantaneously
drops to zero and needs time to develop. We adopt the same
shear reversal methodology to examine the hairy nanoparticle

suspensions, where a representative result of the hairy
nanoparticle suspensions in the soft glassy regime is shown
in Figure 7a. What appears immediate to us is the observation
that the stress does not drop to zero or a finite negative value
upon reversal in shear direction, as would be expected for the
vanished contact stress and remaining hydrodynamic stress,

Figure 8. (a) Illustration of shear-rest-shear-reverse on equilibrated hairy nanoparticle suspensions, where the materials are subjected to a forward
specified shear (γ̇i) to steady state, followed by a rest stage of a specified time (200 s, unless otherwise mentioned), and reinitiated to flow at γ̇i to
steady state, followed by a sudden reverse in shear direction. The measurements are performed at 90 °C. (b) Stress difference between steady state
stress under shearing and residual stress after flow cessation as a function of the shear rate for hairy nanoparticle suspensions. (c) Residual stress of
hairy nanoparticle suspensions as a function of the shear rate before flow cessation. (d) Shear-rest-shear-reverse results of hairy nanoparticle
suspension out of the soft glassy regime. (e) Stress overshoot of a hairy nanoparticle suspension (ϕc = 0.13) upon flow reinitiation at varied shear
rates with a rest time of 200 s as a function of cumulative strain. The inset shows the maximum stress in the overshoot (left axis) as a function of the
shear rate, which also serves as the legend, and the strain associated with the stress maximum (right axis). (f) Stress overshoot of a hairy
nanoparticle suspension (ϕc = 0.13) upon flow reinitiation with varied rest time at a shear rate of 0.01 s−1, as a function of cumulative strain.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c01448
Macromolecules 2021, 54, 426−439

434

https://pubs.acs.org/doi/10.1021/acs.macromol.0c01448?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01448?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01448?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01448?fig=fig8&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01448?ref=pdf


but rather changes slowly toward the new steady state. From
the steady state stress σs.s. at each specified shear rate γ ̇, the
flow curves of the materials can be obtained.
As shown in Figure 7b, the flow curves of the hairy

nanoparticle suspensions exhibit a peculiar pattern, where an
upturn in stress is observed at low γ ̇. Such flow curves are
substantially different from those of typical colloidal soft glassy
materials that follow the Herschel−Bulkley equation σ = σy +
ηγ̇n where σy, η, and n are the yield stress, effective viscosity,
and a scaling exponent, respectively, in which a plateau
corresponding to yield stress would be observed at low γ ̇.49

They are also considerably different from the flow curves of
star polymer glasses, in which case the stress will further decay
when the time scale associated with the shear rate becomes
longer than the longest relaxation time of the star arms.50 To
the best of our knowledge, such peculiar flow curves are
observed for the first time in soft glassy materials, and we
attribute the upturn at low γ ̇ to the simultaneous reengage-
ment of tethered chains during deformation, such that when
the shear rate is slow enough, more molecular friction is
imposed to the flow, leading to an elevation in shear stress.

Figure 9. IR absorbance associated with the C−O trans vs gauche (1241 cm−1 vs 1280 cm−1) and C−C trans vs gauche (1342 cm−1 vs 1360 cm−1)
of (a, b) self-suspended hairy nanoparticles and (c, d) hairy nanoparticle suspensions in comparison with untethered PEG and oligomer solvent.
Relative absorbance of trans conformation for (e) C−O and (f) C−C bonds of self-suspended hairy nanoparticles and hairy nanoparticle
suspensions as a function of the core volume fraction.
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To desmear the stress contributions in the materials, we
further developed a protocol of shear-rest-shear-reverse. As
illustrated in Figure 8a, the materials are first sheared to steady
state in the forward direction, followed by a rest stage, and
then sheared again in the forward direction, followed by a
reversal in the shearing direction. A drop in stress Δσ1 is
observed when the flow is stopped, and a significant
unrelaxable stress σresidual is found in the rest stage. Upon
flow reinitiation, the stress exhibits an overshoot before
reaching a plateau, where the difference between the plateau
stress and σresidual is denoted as Δσ2. As reported in Figure 8b,
the Δσ1 and Δσ2 both relate to the difference between steady
state stress under flow and the residual stress under rest and
match with each other closely. It implies that such stress
difference likely originates from the flow of the materials and
can be regarded as a dynamic friction in the materials under
motion. The stress differences also increase with γ ̇ and the
behavior more closely resembles the Herschel−Bulkley
equation, or in other words, the typical flow curves of colloidal
glasses.
As shown in Figure 8c, the residual stress σresidual exhibits a

mild upturn at low γ̇, which likely accounts for the upturn in
the overall flow curves earlier mentioned. In addition, the
γresidual is observed to be preserved even with a rest time of 24 h
at a temperature nearly 140 °C above the glass transition
temperature of the tethered chains for the substantially diluted
hairy nanoparticle suspension (ϕc = 0.065), which implies that
the γresidual of the materials might never relax by themselves.
Such observation is in accordance with the potential energy
landscape proposed in the SGR model on the explanation of
caging, in which the thermal energy alone is far from enough to
match up the potential energy depth to allow the material
elements to escape the cages.24 The residual stress has also
been observed in the literature for two polymer-tethered
surfaces under compression and was attributed to the chain
orientations that do not relax under the measurement time
scale.51 As their systems bear a close analogy with our hairy
nanoparticle systems where tethered chains are confined
between geometric surfaces, it implies that the γresidual likely
originates from the orientation of the interpenetrated chains
and can be regarded as some static friction that the materials
have to overcome before they can start flowing. When the
extent of dilution is high enough such that the materials transit
out of the soft glassy regime, the caging behavior is lost and the
γresidual no longer exists, as illustrated in Figure 8d. The stress
overshoot upon flow reinitiation at different γ̇ is shown in
Figure 8e, where the maximum stress and the cumulative strain
that the maximum stress resides both increase as γ̇ increases.
Such stress overshoot has been previously observed in shear
startup of the hairy nanoparticle systems as well as generic soft
glassy materials and is believed to reflect the yielding or cage
breakup in the materials.27,40 In the framework of a previously
proposed geometric model, the interpenetrated sections of
tethered chains form the cages such that the material elements
can only move on the length scale of uninterpenetrated
sections without disturbing the cages.33 When subjected to
flow, a faster pulling on the “rigid” cages reasonably induces a
higher stress before it destroys the cages. Figure 8f illustrates
the effects of rest time on the stress overshoot in flow
reinitiation. Both the stress maximum and the cumulative
strain associated increase with rest time. The observation is
consistent with the geometric model framework that shows
that the reengagement of interpenetrated chains for longer

time leads to strengthened cages whose impairment require
higher stress and larger deformation, as well as the LAOS
analysis that indicates the shift of yield strain to a higher value
upon equilibration.
It should be noted that the peculiar upturn of the flow curve

in Figure 7b is suggestive of shear banding in thixotropic soft
glassy materials.52 Below a sufficient shear rate, the structure in
the materials cannot be fully destroyed, such that the materials
undergo nonaffine deformation, e.g., shear bands of the critical
shear rate and zero shear rate.53 Beyond some critical shear
rate, the structure in the materials can be eliminated by the
deformation and the material behavior follows back to the
Herschel−Bulkley equation.

Spectroscopic Analysis. To verify our molecular explan-
ation of caging in hairy nanoparticle systems, we employed
infrared (IR) and Raman spectroscopy to access the effects of
geometric confinement on polymer chain conformations. We
identified two conformation pairs in IR spectra that correspond
to C−O trans vs gauche (1241 cm−1 vs 1280 cm−1) and C−C
trans vs gauche (1342 cm−1 vs 1360 cm−1) of PEG.35 The
absorbance of the conformations is reported in Figure 9a−d
for the self-suspended hairy nanoparticles and the hairy
nanoparticle suspensions.
The absorbance of the vibration modes A(ν) is known to

follow the Bouger−Lambert−Beer law, A(ν) = ∑[ai(ν)bci],
where ai(ν), b, ci are the absorbance of component i, light path
length, and concentration of componenet i, respectively.54 It
thus allows us to use the peak intensity to estimate the relative
compositions of the conformation pairs. While the absorbance
ratio of C−C conformations in the self-suspended hairy
nanoparticles does not appear to vary much, an obvious change
can be observed in C−O conformations as the core volume
fraction varies. For the hairy nanoparticle suspensions,
however, both the C−O and C−C conformations lack a direct
trend with ϕc.
The relative intensity of the C−O and C−C conformations

is reported in Figure 9e,f. For the self-suspended hairy
nanoparticles, the relative fraction of C−O trans conformation
increases substantially as ϕc increases. In the meantime,
minimal variation is observed in the relative fraction of C−C
trans conformation. Since ϕc reflects the extent of geometric
confinement, the results suggest that the tethered chains in the
self-suspended hairy nanoparticles likely adopt more trans
conformations overall, which is consistent with the idea that
geometric confinement leads to more extended and inter-
penetrated chains that induce caging. For the oligomer
suspensions of hairy nanoparticles, the conformations of the
tethered chains are obscured by the oligomer solvent. Due to
the low molecular weight of 500 Da, the estimated radius of
gyration of the oligomer is ∼0.8 nm, which just matches the
Kuhn length of PEG (0.82 nm).55 In other words, the oligomer
is not long enough to observe the Gaussian coil conformation
but might rather exhibit a preference in the molecular
orientation, as evidenced in the trans vs gauche ratios that
apparently differ from those of 5k Da PEG, as shown in Figure
9. Surprisingly, even for hairy nanoparticle suspensions that are
diluted out of the soft glassy regime (ϕc = 0.024), there are still
no absorbance peaks of free oligomer solvent observed,
implying that the vibrational modes of oligomer solvent now
align with those of tethered chains. Such observation is
consistent with the DSC analysis that suggests co-crystal-
lization of the oligomer solvent and the tethered polymer.
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The spectroscopic measurements were performed at room
temperature due to experimental limitations and therefore
cannot eliminate the complexation of material crystallinity. An
underlying assumption is that a more interpenetrated system
exhibits overall a higher fraction of trans conformations despite
the material crystallinity.
For the oligomer suspensions, the ambient measurement

temperature is above the melting temperature of the added
oligomers, as illustrated in Figure 2b. Therefore, the oligomer
solvent exists mostly in its amorphous form in the
spectroscopic measurements. The potentially preferential
orientations of the oligomer solvents compete with the effects
of geometric confinement on tethered chain conformations in
the infrared absorption, which leads to a complex pattern for
the oligomer suspensions in the infrared spectra.
Figure 10 reports the Raman spectrum of a self-suspended

hairy nanoparticle system in comparison with the untethered
PEG. We can see that the tethering leads to several new peaks
that are unique to the hairy nanoparticles. Among them, the
peaks at 797 and 860 cm−1 are identified to correspond to the
trans−trans−trans (ttt) and trans−gauche−trans (tgt) con-
formations of the PEG backbone unit (−CH2−CH2−O),
respectively,43 and are shown in Figure 10b. Compared to
untethered PEG, the tethered PEG in hairy nanoparticles
exhibits a boost in the peak of ttt and a reduction in the peak of
tgt conformations. The results imply that the tethered chains
under confinement overall adopt more trans conformations
and are therefore likely in a more extended state. Such findings
provide additional molecular evidence on the notion of
enhanced chain interpenetration due to geometric confine-
ment, which is believed to be the microscopic origins of caging
in hairy nanoparticle systems.

■ CONCLUSIONS
We investigated the caging dynamics and structural evolution
of PEG oligomer suspensions of model soft glassy materials
composed of silica nanoparticles covalently tethered with PEG
chains. The amount of oligomer addition modulates the extent
of geometric confinement, which is reflected in the core
volume fraction. The oligomer suspensions of hairy nano-
particles exhibit weakened primary and secondary structure
factor peaks as the core volume fraction decreases, indicating

that the nanoparticle cores are less correlated, and the corona
chains are less interpenetrated as the geometric confinement
relieves. LAOS and time sweep rheology measurements reveal
that the hairy nanoparticle suspensions exhibit the typical
caging behavior of solvent-free hairy nanoparticles up to a
critical ϕc, where the materials transit out of the soft glassy
regime. Creep and recovery experiments of hairy nanoparticle
suspensions within the soft glassy regime indicate significant
subcage motions similar to those of solvent-free hairy
nanoparticles, implying that before a critical limit, even
substantial addition of solvent would not change the caging
dynamics in the hairy nanoparticle systems. The observation is
consistent with the noise temperature obtained from the SGR
model, where a sudden rise in noise temperature is coincided
with the transition out of the soft glassy regime.
A peculiar flow curve with an upturn at low shear rates is

observed for the first time for soft glassy materials, which is
believed to originate from the extra resistance due to corona
reengagement in the hairy nanoparticle soft glasses upon slow
enough shear rates. Stress decomposition using a shear-rest-
shear-reverse rheology protocol reveals a significant residual
stress in the hairy nanoparticle soft glasses upon flow cessation,
where the residual stress likely arises from the orientations of
interpenetrated corona chains under confinement. Infrared and
Raman spectroscopy suggests that the tethered chains adopt
more extended conformations due to the geometric confine-
ment, which provides molecular evidence on the enhanced
chain interpenetration driven by geometric confinement. The
overall caging behavior of hairy nanoparticle suspensions is in
good accordance with the simple geometric model previously
proposed for solvent-free hairy nanoparticles. As the hairy
nanoparticle suspensions molecularly lie between colloidal
glasses and star polymer glasses, the findings of the study
would not only serve as good design principles for practical
applications utilizing hairy nanoparticle derivatives but also
help bridge the various subclasses of soft glassy materials.
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Figure 10. (a) Raman spectrum of self-suspended hairy nanoparticles in comparison with untethered PEG chains. (b) Zoom-in of the Raman
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