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4 ABSTRACT: Spatial confinement has a great impact on the structures and dynamics of interfacial molecular and polymer liquid
s films. Most prior research has focused on confined liquids of fixed material compliance and often treated them in approximation to
6 the “hard-sphere” interaction model. In this study, we microscopically investigate the structural dynamics of highly deformable
7 poly(N-isopropylacrylamide) (PNIPAM) microgels confined between two solid surfaces in comparison to that of nearly
8 nondeformable microgels of the same chemistry. We observe that the mobility and structural relaxation of highly deformable
9 PNIPAM microgels at an apparent volume fraction, ¢ = 0.49—0.70, show little change with the reduction of gap spacing, in stark
contrast to confinement-induced dynamic retardation of “hard-sphere”-like stiff PNIPAM microgels. The critical gap spacing, defined
as the onset of confinement effect to deviate from the bulk behavior, is found to be approximately 17—22 particle layers for highly
deformable microgels of ¢ = 0.56—0.70, much smaller than that of approximately 40 particle layers or larger for stiff microgels or
model “hard-sphere” colloidal liquids of similar ¢. Additionally, we observe no evident confinement-enhanced structural
reorganization of deformable microgels near the confining surfaces when gap spacing approaches the critical gap spacing. Microgel
deformation upon strong confinement is attributed to the disrupted confinement-induced ordering of confined microgels. Hence, it
is clearly indicated that spatial confinement exhibits a much weaker effect on highly compliant microgel particles than stiff ones,
resulting in a negligible to moderate reduction in microgel interfacial dynamics. It therefore gives insights into the molecular design
of polymeric thin films of variable compliance to control friction and lubrication.
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B INTRODUCTION

The effect of spatial confinement on the structure and
dynamics of liquids has been studied over the past several
decades."™ It has been much reported that spatial confine-
ment can effectively modify the packing structure, dynamic
process, and even phase behavior of molecular and macro-
molecular liquids.""*™"* For many molecular and macro-
molecular liquids, dimensional spatial reduction could
significantly impede structural relaxation and slowdown their
dynamics under constant temperature and volume fraction
conditions. When the gap spacing between two flat confining
surfaces is reduced to be comparable to, or less than, molecular
or particle dimensions, an increasingly ordered structure of
confined liquids relative to the bulk state is observed, where
molecules or particles assemble into discrete layers parallel to
these surfaces. As a result, the effective shear viscosities,
diffusion rates, and relaxation times of these confined liquids
increase signiﬁcantly.l‘%_17 Spatial confinement has, therefore, a

© XXXX American Chemical Society

4 ACS Publications

great impact on controlling the structural and dynamics of 37
complex thin films for various industrial applications ranging 3s
from coating, lubrications, to soft lithography. 39

Confined simple liquids are often modeled as “hard-sphere” 49
liquids with noncompliant and constant molecular dimension 4
and exhibit wall-induced structuring and modified interfacial 42
dynamics from their bulk behaviors. However, for many 43
complex materials, such as polymer gels and biomacromo- 44
lecular aggregates, their dimension and shape can be largely 45
tuned by external pressure due to their interpenetrable 46
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polymer network, giving rise to different short-ranged
interparticle interactions from “hard-sphere” repul-
sion." 7137 Accordingly, these complex materials upon
confinement could exhibit some intriguing and unique
interfacial structures and dynamics. For instance, synovial
fluids, which are the aggregates of hyaluronic acid polymers
with lubricin protein in mammalian articular joints, exhibit
long-lasting ultralow friction upon confinement between
cartilage surfaces."® ' Also, recent studies of deformable
microgels have reported a frustrated packing configuration of
confined microgel monolayers,”* deformation-induced vanish-
ing of yielding stress,”® and interfacial slip flow of dense
microgel liquids near solid surfaces.”**™>® However, a direct
comparative study of how particle compliance impacts the
structure and dynamics of confined liquids of the same
chemistry yet varied compliance seems sparse, despite its
significance in understanding the mechanism of super-
lubrication and molecular design of advanced lubricious
materials and coatings.

In recent years, colloidal liquids have been used to model
molecular liquids to allow direct experimental investigation of
their structures and dynamics thanks to their observable sizes
by different microscopic methods, such as wide-field
microscopy and confocal laser scanning microscopy
(CLSM).>*’~*" 1t has been confirmed that the dynamics of
bulk and confined colloidal liquids could resemble the
behaviors of bulk and confined molecular liquids, respec-
tively.”*®*? Spatial confinement could cause significant
dynamic retardation of model “hard-sphere” colloidal liquids,
such as poly(methyl methacrylate) (PMMA) microspheres
suspended in density and index-of-reflection matched liquids
of varied particle volume fractions, ¢ = 0.40—0.57.7*%%
Moreover, glass-like dynamics is observed when the gap
spacing between confining surfaces is reduced to the thickness
of 10—60 particle layers.””**” Critical gap spacing, where
dynamic arrest commences, is found to be in the range of 40—
60 particle layers with strongly ¢-dependence for “hard-
sphere” PMMA colloidal liquids.”® On the other side, it is
intriguingly reported that the glass-like behaviors of dense
colloidal liquids could be modified by varying cross-linking
density of microgel particles, leading to varied particle
compliance.” ~** For highly compliant microgels in suspen-
sions, dynamic interparticle bonding, resulting from particle
deformation, could give rise to anisotropic elastic interparticle
interaction. As a result, increased particle compliance or
deformability has led to the shift of glass transition to a higher
volume fraction in comparison to model “hard-sphere”
colloidal dense liquids, suggesting enhanced structural
relaxation with a delayed glass behavior.”*™** Thus, it is of
great interest to directly examine the impact of spatial
confinement on the dynamic behavior of highly compliant
microgels in comparison to confined “hard-sphere” liquids by
direct microscopic observation.

In this study, we examine the effect of spatial confinement
on the structural dynamics of microgel liquids of the same
chemistry but distinct particle compliance by using a custom-
made compression apparatus integrated with CLSM. Specifi-
cally, we focus on fluorescence-labeled poly(N-isopropylacry-
lamide) (PNIPAM) microgel particles of two different cross-
linking densities, which yield distinct compliance of microgel
particles, designed one as a deformable microgel and the other
one as stiff one resembling model “hard-sphere” liquids.”””*
We investigate the dependence of particle mobility and

structural relaxation of confined PNIPAM microgel liquids of 110
varied microgel concentrations between two solid surfaces of 111

varied gap spacings over the range from the bulk (greater than
100 particle layers) to ~10 particle layers. At each incremental
gap spacings, the structural dynamics of confined microgel
liquids is characterized by CLSM in real-space and real-time
image analysis at a single particle resolution. We thereby

112
113
114
118
116

quantify the variance of critical gap spacing for the onset of 117

spatial confinement against microgel particle compliance.

B EXPERIMENTAL SECTION

Materials. Fluorescence-labeled PNIPAM microgels were synthe-
sized usin§ a method of free radical polymerization described
previously,”** for which methylene-bis-acrylamide (BIS) was used
as the cross-linker. In this work, we focus on two PNIPAM microgels
of contrasting stiffness by varying cross-linking density (CL) based on
the mass ratio of the BIS cross-linker to N-isopropylacrylamide

[BIS]
(NIPAM) monomer, CL = BT+ NPAM] 1.6 and 6.0%. The

particle elasticity, E,, of PNIPAM microgels of CL = 1.6 and 6.0% was
measured to be 169 & 24 Pa and 22 + 0.15 kPa by analyzing osmotic
pressure-dependent particle size change with a simple Hertzian
model.*® In our previous study of dense PNIPAM microgels of varied
CL, we have ranked the microgels of CL = 0.9—6.6% from highly
deformable particles to “hard-spheres”-like ones, respectively.”” In this
work, we examined the dynamics of confined PNIPAM microgels of
E, = 169 Pa and 22 kPa to understand the effect of microgel particle
stiffness on the structural relaxation of confined liquids.*> Dense
PNIPAM microgels of apparent volume fraction, ¢ = 0.49—0.70, in
water were prepared by concentrating the microgel suspensions using
a Rotovap R-210 at 60 °C and rediluting with deionized water.
Characterization. A home-built compression apparatus integrated
with CLSM was employed to study the structure and dynamics of
confined PNIPAM thin films between two optical-smooth quartz solid
surfaces of varied thicknesses. As schematically shown in Supporting
Information Figure Sla, the compression apparatus is mounted on the
sample stage of an inverted confocal laser scanning microscope (Cal
Zeiss LSM S Pa) with an oil-immersion objective lens (NA = 1.4,
100X) to allow three-dimensional visualization of confined PNIPAM
microgel particles in aqueous suspensions. To reduce the depletion of
PNIPAM from smooth quartz surfaces, a thin layer of nonfluorescent
polydispersed PNIPAM microgels of CL = 6.0% and several microns
in diameter was spin-coated onto the quartz coverslips and sintered at
80 °C to roughen both confining surfaces. It helped prevent localized
crystallization of confined PNIPAM microgels between two surfaces.
A PNIPAM microgel suspension at a given volume fraction was
loaded into the compressible sample cell using a pipet and sealed with
UV-curing glue. Desired gap spacing was obtained by lowering the top
surface toward the bottom one in a stepwise fashion using two coarse
micrometers of 1 ym in resolution and one fine micrometer of 0.1 ym
that is an order of magnitude smaller than PNIPAM microgel
diameter of 1.5—2.5 um. The parallel layer between the top and
bottom surfaces was tuned by the fine micrometer and examined by
the uniform fluorescence intensity across the microscopic scan area of
microgel layers immediately adjacent to the top and bottom surfaces.
The gap spacing was decreased at a typical compression rate of ~10
p#m/min, and waited for a time period of ~5 min between each
compression step to minimalize the mechanical drift. Typically, the
first image acquisition was performed at a large gap size to capture the
bulk behavior, and the top solid surface was lowered to incremental
smaller gap spacings before each subsequent measurement. The film
thickness of confined PNIPAM microgels was determined by the
confocal z-stack profiles with an accuracy of +0.2 pm, thanks to the
nearly matching refractive index of PNIPAM microgels containing
>9S5 wt % water to that of aqueous medium, which was also confirmed
by the travel distance of the fine micrometer. It is noted that the
smallest gap spacing controlled in this work is approximately 9—10
particle layers, considering the nonfluorescent PNIPMA coating and
strong microgel particle—surface interaction. After a gap spacing is
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Figure 1. MSD against the lag time for confined PNIPAM microgels of E,= (a) 169 Pa and (b) 22 kPa at ¢ = 0.49 against varied gap spacings, H/

dy, as denoted in each panel.

177 achieved, the sample was left undisturbed for ~30 min before
178 commencing measurements. All the measurements were performed at
179 room temperature, T = 25 °C, where the microgels are swollen in
180 aqueous suspensions. It is also noted that because of a high water
181 content (>9S5 wt %) in PNIPAM microgel particles, the microgel
182 liquids are nearly density matched. Thus, the gravity-induced
183 sedimentation of confined PNIPAM microgel liquids is negligible.
184 In this reported work, we also cautiously verified the volume fraction
185 of each layers of confined microgel liquids upon the completion of
186 each experiment to be the same as the initial ones within experimental
187 uncertainty.

188 Z-stack and time (f)-dependent image analyses were accomplished
189 using the IDL particle-tracking algorithms as detailed elsewhere.>”*®
190 Three-dimensional z-stack images were acquired over a scanning area
191 of 30 ym X 30 pm in the x—y plane, while the scanning height in the
192 z-direction varied with gap spacing. To mitigate the wall effects, we
193 focused on the dynamics of microgel particles confined at the
194 midplane of the confined microgel thin film. At bulk and large gap
195 spacings, the image size in the z-direction was chosen to be 12 um. At
196 smaller gap spacings, the size was reduced accordingly to ensure that
197 the particles in acquired images were at least 2 particle layers from
198 each confining surface, which thereby limited us to keep the gap
199 spacing of ~9—10 particle layers or thicker in this work. All confined
200 microgel particles in aqueous suspensions exhibited disordered
201 structures as a representative fluorescence micrograph is shown in
202 Supporting Information Figure SI1b. Particle centroid-finding
203 algorithms were employed to identify particle positions and obtain
204 the trajectories of ~1000 particles for all the images acquired in varied
205 time series. We identified particle position with an accuracy of 0.05
206 pm in the x—y plane and 0.2 um in the z-direction.

207 The structure of confined microgel liquids at varied volume
208 fractions and gap spacings was analyzed by computing the pair
209 correlation function as

" 4nrpg(r)dr = N
o /0- arpg(r)dr (1)

211 where r is the radial distance from the center of the particle, p is the
212 number density of particles, and N is the total number of particles in
213 the image-acquired sample. The dynamics of confined microgel
214 liquids was analyzed by computing the one-dimensional mean squared
215 displacement (MSD) along the x-coordinate direction against lag
216 time, T

1N
A=Y () x(0)>
ﬁz A @)

218 which is averaged over all the N particles in the scan area of the
219 middle layer across two surfaces and initial time, £.>°

217

20 l RESULTS AND DISCUSSION

221 We start with examining the effect of spatial confinement on
222 the dynamics of highly deformable PNIPAM microgel liquid of

E, = 169 Pa at apparent volume fractions, ¢ = 0.49. ¢ is 223
calculated based on the undeformed microgel hydrodynamic 224
diameter, dy = 14 + 0.05 pm, measured in the dilute 225
suspension limit of ¢ < 040 for PNIPAM microgels.”” 226
According to the previously reported phase diagram of bulk 227
PNIPAM suspensions against ¢ and EP,32 PNIPAM microgels 228
of E, = 169 Pa exhibit a typical liquid behavior at ¢ = 0.49. We 229
quantify the effect of spatial confinement on the particle 230
mobility of PNIPAM microgel liquids by one-dimensional x- 231
component MSD using eq 2. We choose not to analyze the 232
MSD along the z-direction due to insufficient temporal 233
resolution, which has been commonly neglected in micro- 234
scopic studies of colloidal dynamics.”***>** On the other 235
hand, the resolution in the x and y directions for acquired 236
confined particles in the middle layer between two surfaces is 237
equivalent, and therefore (Ax*) =~ (Ay*), which has been 238
confirmed previously with confined “hard-sphere”-like colloidal 239
liquids.”***” Figure la shows the H/dy-dependent <x*> for 24011
confined PNIPAM microgel liquids of ¢ = 0.49, where H is the 241
confinement gap spacing as determined by the travel distance 242
of the fine micrometer and confirmed by z-directional gap 243
depth by CLSM. Surprisingly, PNIPAM microgels show nearly 244
no change in the MSD as the gap spacing is reduced from the 245
bulk to H/dy = 11, exhibiting little impact of spatial 246
confinement on the dynamics of highly deformable microgel 247
particles. We have fitted the linear region in longer 7, where the 248
slope @ = 1 by (Ax?) = 2Dt% and obtained the diffusion 249
coefficient, D = 0.42 um?/s, which agrees well with the 250
calculated D = 0.35 pum?/s based on the Stokes equation, D = 251
kgT/6anR with known water viscosity, 7, at T = 298 K and 252
microgel radius, R (=0.70 pm), within experimental 253
uncertainty. Thus, it indicates that the diffusive dynamics of 254
confined microgel particles in aqueous liquid media is 255
preserved even down to H/dy = 11, confirming bulk liquid 236
behaviors. In control, we also examine the MSD of the “hard- 257
sphere”-like PNIPAM microgel of E,, = 22 kPa at the same ¢ = 258
0.49 as shown in Figure 1b. Confinement-induced dynamic 259
arrest of confined noncompliant microgels is clearly observed: 260
the measured MSD is reduced by more than 1-2 orders of 261
magnitude from that of the bulk liquid (at typically H/dy 262
>85—100) as H/dy is decreased from ~43 to 21 or smaller, 263
which is in sharp contrast to that of the confined PNIPAM 264
microgel of E, = 169 Pa at similar H/dy. At the smallest H/dy, 265
dynamic arrest of confined PNIPAM particles is exhibited with 266
a plateau in the MSD, indicating dynamic arrest without net 267
displacement over a considerably long lag time.” Such a strong 26s
confinement effect on the mobility of the PNIPAM microgel of 269

E, = 22 kPa is consistent with previously reported confine- 270
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271 ment-induced glassy dynamics of “hard-sphere” colloidal
272 liquids.”*®*” In comparison, the contrasting results shown in
273 Figure 1a,b clearly indicate a distinct confinement effect on the
274 dynamics of compliant microgels from that of noncompliant
275 ones. Intriguingly, spatial confinement appears to exhibit a
276 considerably weak impact on the dynamics of highly
277 deformable microgel liquids.

278 To further understand the dynamic response of highly
279 deformable microgel liquids to spatial confinement, we also
280 analyze the particle mobility of the confined PNIPAM
281 microgel of E;, = 169 Pa at high ¢ = 0.56 and 0.70, at the
282 latter of which bulk microgel liquids exhibit supercooled glass-
283 like dynamic behaviors.*>”* The reduction of measured MSD
284 at ¢ = 0.56 and 0.70 from that of ¢ = 0.49 for bulk microgel
285 liquids (at H/dy; >85—100) agrees well with the ?revious MSD
286 results simply due to the well-known ¢-effect.** As shown in
287 Figure 2, as H/dy is reduced to be smaller than 20 particle
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Figure 2. MSD against lag time for confined PNIPAM microgel
liquids of E, = 169 Pa at ¢ = (a) 0.56 and (c) 0.70 at varied gap
spacings, H/dy, as denoted in each panel.

288 layers, particle mobility of microgel liquids at both ¢ = 0.56
289 and 0.70 commences to slowdown. A moderate reduction by a
200 factor of 3—S$ from the bulk mobility is observed at H/dy; = 16
291 and 22 at ¢ = 0.56 and 0.70, respectively. At further lesser gap
202 spacings, a narrow plateau in MSD emerges at H/dy = 14 for ¢
293 = 0.70, suggesting the confinement effect on microgel dynamic
294 arrest. Apparently, the plateau in MSD of confined PNIPAM
295 microgels of E, = 169 Pa in Figure 2 is much narrower over a
296 short lag time than that observed with the confined microgel of
297 E, = 22 kPa at ¢ = 0.49 (Figure 1b) and ¢ = 0.56 (Supporting
208 Information Figure S2). In sharp contrast, significant dynamic
299 arrest over a much longer lag time period of up to 1000 s is
300 observed with the confined microgel of E, = 22 kPa at ¢ = 0.56
301 as shown in Supporting Information Figure S2, suggesting a
302 confinement-induced glassy behavior of confined “hard-
303 sphere” liquid. Conversely, the results in Figure 2 suggest
304 that confined deformable microgels of E, = 169 Pa mostly
30s remain uncaged from their neighbors and exhibit a very liquid-

like behavior. Thus, for PNTPAM microgels of E, = 169 Pa, the 306
MSD results at three different ¢b, values as shown in Figures la 307
and 2a,b strongly indicate that spatial confinement exhibits a 308
much weaker effect on their dynamics than that of the 309
PNIPAM microgel of EE = 22 kPa as well as model “hard- 310
sphere” colloidal liquids.”***’ 311
To seek the answer for a much weakened effect of spatial 312
confinement on the dynamics of PNIPAM microgels of low 313
compliance, we investigate the structure and size change of 314
confined microgels of E, = 169 Pa by analyzing their pair 315
correlation function, g(r), against H/dy. Figure 3a—c shows 316

— Hid,, = 96(Bulk)
20F —— Hid, = 52 H
Hid, =22
15} —Hidy, = 16 H
=14

Figure 3. Pair correlation function, g(r), of confined PNIPAM
microgel liquids of E, = 169 Pa between two solid surfaces of varied
gap spacings, H/dy, at ¢ = (a) 0.49, (b) 0.56, and (c) 0.70.

the H/dy-dependent g(r) of PNIPM microgels of E, =169 Pa 317
at ¢ = 0.49, 0.56, and 0.70, respectively. At ¢p = 0.49, the first 318
peak of g(r) of the confined PNIPAM microgel liquid shows 319
no shift in the interparticle separation distance or a clear 320
change in its intensity down to the smallest gap spacing of H/ 321
dy = 11 as allowed in this work. It is similar to the g(r) of the 322
confined PNIPAM microgel of E, = 22 kPa and the same ¢ = 323
0.49 as shown in Supporting Information Figure S3. In 324
contrast, for confined PNIPM microgels of E, = 169 Pa at ¢ = 325
0.56 and 0.70, the first peak of g(r) clearly shifts to smaller r 326
when the gap spacing is reduced to H/dy = 12 and 22 as 327
shown in Figure 3b,c, respectively. At ¢ = 0.70, the first peak 328
shifts to further smaller r upon decreasing H/dy; from 22 to 16 329
and 14. Yet, no clear enhancement in the peak values is 330
observed at both ¢, Thereby, it is suggested that spatial 331
confinement imposes a nearly negligible structuring effect on 332
highly deformable microgels, except their size, even when H/ 333
dy is reduced to be approximately 10 particle layer thickness, 334
distinct from strong wall-induced layering with confined “hard- 335
sphere” liquids. 336
According to g(r) as shown in Figure 3, the effect of spatial 337
confinement on the effective diameter, d.; of PNIPAM 338
microgel particles of E, = 169 Pa and varied ¢ is summarized 339
against H/dy in Figure 4. At ¢p = 0.49, confinement causes a 340 f4
negligible change in the size of PNIPAM microgels down to 341
the smallest gap spacing of H/dy; = 11. In comparison, 5—10% 342
size reduction is observed with confined microgel liquids at ¢ 343
= 0.56 and 0.70. Confinement-induced size reduction could 344

—- =
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Figure 4. Effective particle diameter, d. normalized by the
hydrodynamic diameter, dy, of confined PINPAM microgel particles
in aqueous suspensions of ¢ = 0.49 (squares), 0.56 (circles), and 0.70
(triangles) against H/dy;.

345 lead to an increase of the microgel effective volume fraction to
346 0.61 and 0.79 in comparison to their respective initial ¢ = 0.56
347 and 0.70. It is noted that despite a confinement-induced
348 increase of effective ¢ at the smallest gap spacing, microgel
349 liquids remain in the supercooled liquid phase, not in the glass
350 phase that is reported to occur at ¢ > 0.87.>> Combined with
351 H/dy-dependent g(r), the results suggest that the moderate
352 size reduction of confined deformable microgels could be
353 attributed to the structural disruption of microgel particles near
354 the confining surfaces, leading to the preserved liquid-like
3ss structure and unimpeded dynamics of microgel liquids even
356 down to strong spatial confinement.

357 With strong evidence of nearly unimpeded particle mobility
358 of confined highly deformable microgel liquids, it is also of
359 great interest to determine how confinement influences
360 structural relaxation. We thereby analyze the overlapping
361 order parameter

L&
7)=—) w(r(z) r |
10 = S Z ) o) Y

363 where w = 1 or 0 if Ir,(z) — r,(0)! {or) a, respectively. q,(7)
364 quantifies the average number of “overlapping” particles
36s separated by the distance, a, over a given 7 and has been
366 employed in the study of glassy dynamics of dense liquids and
367 confined thin film.”” For confined highly compliant microgels,
368 we are interested in the impact of gap spacing on the
369 localization of deformable particles. In g,(7), the parameter a is
370 a “coarse graining” length scale that is typically larger than the
371 vibration amplitude of particle motion in the f-regime. For
372 model “hard-sphere” liquids, the particle radius is often chosen
373 as a to give the best distinction between the localized and
374 delocalized particles.29 In this work, considering the
375 deformation and size change of microgel particles with
376 decreasing gap spacing, we approximate a to the first peak of
377 g(r) at given ¢ and H/dy as determined in Figure 3.
378 Considering that no evident effect of spatial confinement is
379 observed with the PNIPAM microgel of E, = 169 Pa at ¢ =
380 0.49 (see Supporting Information Figure S4), we merely focus
381 on analyzing g,(7) at ¢ = 0.56 and 0.70 as shown in Figure
382 Sa,b, respectively. At larger H/dy, a rapid a-relaxation process
383 is observed to resemble the typical liquid behaviors. Moderate
384 slowdown of the structural relaxation process is observed with
385 the shift of g,(7) to longer 7 when the gap spacing is reduced.
386 However, it is noted that at the smallest gap spacing, H/dy =
387 12—16 at both ¢, no clear dynamic trapping is observed in
388 sharp contrast to the plateau observed for the confined
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Figure S. Overlap order parameter, g,(7), of the confined PNIPAM
microgel liquid of E, = 169 Pa at ¢ = (a) 0.56 and (c) 0.70 at varied
gap spacings, H/dy, as denoted in each panel.

PNIPAM microgel of E, = 22 kPa at ¢) = 0.49 and H/dy = 9 389
(see Supporting Information Figure SS) or the previously 39
reported for confined hard-sphere liquids.””* 391

Accordingly, we extract the a-relaxation time, 7, which 392
characterizes the superexponential decay of g,(7), by fitting 393

q,(7) with the Kohlrausch—Williams—Watts (KWW) formula 394
qs(T) =A eXP(_(T/Ta)ﬂ) (4) 305

where A is a freely floating parameter and f is the stretching 396
exponent.’”*' Normalized 7, by the relaxation time in the bulk 397
(H/dy >100), 7, i, for the confined PNIPAM microgel of E,, 398
=169 Pa at ¢ = 0.56 and 0.70 is plotted against H/dy; in Figure 399 f6
6. At ¢ = 0.70, 7, exhibits a gradual growth from ~5000 s to 400 fs

—
[-®— 6=0.56|
\EK‘_ .|

— .,

0 10 20 30 40 50 100 125
Hid,,

10 26 3‘0 46 5b 160 1é5
H/d,,

Figure 6. Normalized a-relaxation time, 7,, by 7, of the confined

PNIPAM microgel liquid at ¢p = 0.56 (red circles) and 0.70 (black

squares) against H/dy. The interception of the extrapolation of 7,/

Ty bu at small H/dy with unity determines (H/dy),,. Inset: H/dy-
dependent 7,,.

~6300 s and ~10,000 s as H/dy is decreased from 52 to 22 401
and 16, respectively. A similar behavior is observed at ¢ = 0.56: 402
7, increases from ~4000 s to ~9500 s when H/dy, is decreased 403
from 24 to 12. In this work, 7, for confined highly deformable 404
microgel even down to the smallest H/dy ~12 is far smaller 4o0s
than the measured a-relaxation time, 7, 4., 210,000 s, for the 406
same microgel in the bulk glass phase at ¢, = 0.87,%* thus no 407
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408 glass transition is induced by strong spatial confinement,
409 distinct from the confinement effect on model “hard-sphere”
410 colloidal liquids at the similar volume fractions. We estimate
411 the critical gap spacing, (H/dy)., for the onset of the
412 confinement effect when 7, deviates from 7,y that is, 7,/
413 Ty ~1 based on the interception in gap spacing from the
414 linear extrapolation of 7,/7,y to the unity as illustrated in
415 Figure 6. We therefore determine (H/dy). for the highly
416 deformable PNIPAM microgel of E, = 169 Pa to be
417 approximately 16 and 22 at ¢ = 0.56 and 0.70, respectively,
418 while (H/dy)., for ¢» = 0.49 cannot be accessed experimentally
419 due to the limit of the smallest gap spacing allowed in this
420 work. However, it is noted that 7, at ¢ = 0.49 remains nearly
421 unchanged even when H/dy is reduced down to 11, it is thus
422 reasonable to derive that (H/dy)., for the microgel at ¢ = 0.49
423 must be smaller than 10. In comparison, according to the H/
424 dy-dependent 7, for confined microgels of E, = 22 kPa at ¢ =
#25 0.49 (see Supporting Information Figures S2 and S3), (H/
426 dy), is determined to be approximately 25, smaller than the
427 reported (H/dy). = 40—58 that leads to the glass behavior of
428 confined model “hard-sphere” liquids at ¢ = 0.43—0.57.%
429 Cautiously, by taking the confinement-induced change of dg
430 into consideration, we estimate the error of (H/dy)., could be
431 roughly 2—3 particle layers given by 5% reduction of d.
432 Nevertheless, the obtained (H/dy)., <10, ~16 & 2, and ~22 +
433 2 for the highly deformable PNIAPM microgel of E, = 169 Pa
434 at ¢ = 0.49, 0.56, and 0.70, respectively, is much smaller than
435 (H/dy)e, ~ 25 for the PNIPAM microgel of E, = 22 kPa and ¢
436 = 0.49 (Supporting Information Figure S6) as well as ~40—58
437 for model “hard-sphere” colloidal liquids at equivalent or lower
438 ¢ as reported previously.””**" Hence, all the results suggest
439 that spatial confinement exhibits a considerably weak impact
440 on highly compliant microgel liquids. Particle deformation
441 under confinement could be attributed to facilitate structural
442 relaxation of confined microgel liquids, where deformation-
443 induced dynamic interaction between microgel particles could
444 lead to the delay in confinement-induced dynamic retardation.

45 l CONCLUSIONS

446 In summary, we have experimentally demonstrated that spatial
447 confinement exhibits a much weaker effect on the structural
448 dynamics of highly compliant PNIPAM microgel liquids than
449 that of stiff PINIAM microgel liquids of the same chemistry
450 and similar volume fractions. The dynamics of the confined
451 deformable microgel liquid of E, = 169 Pa at ¢ = 0.49 highly
452 resembles its bulk behavior down to the strongest confinement
453 of H/dy = 11, which approximates to the smallest gap spacing
454 allowed in this experimental study. At increased ¢ = 0.56 and
455 0.70, we have observed a marginal decrease by a factor of 3—5
456 in particle mobility of confined microgel liquids when H/dy is
457 reduced below 20. In sharp contrast, the confined stiff
458 PNIPAM microgel of E, = 22 kPa at ¢ = 0.49 and 0.56
459 exhibits significant dynamic arrest upon decreasing H/dy; from
460 ~43 to ~21, where the particle mobility is reduced by 1-2
461 orders of magnitude. Based upon H/dy-dependent 7, (H/
462 dyy) o, which indicates the onset of spatial confinement effect
463 on microgel dynamics, is determined based on the deviation of
464 To/ Ty pux from the unit and approximates to 17 and 22 for the
465 deformable PNIPAM microgel of E, = 169 Pa at ¢ = 0.56 and
466 70, respectively. Apparently, (H/dy)., for a highly compliant
467 PNIPAM microgel even at higher ¢ is smaller than those of
468 stiff PNIPAM microgels at ¢p = 0.49 or the reported (H/dy)., =
469 40—58 for model “hard-sphere” colloidal liquids at similar ¢.

=

_

Additionally, we have found that decreasing the gap spacing 470
between two solid surfaces leads to the deformation and size 471
shrinkage of PNIPAM microgel particles of E, = 169 Pa at ¢ = 472
0.56—70, but not so with the microgel of E, = 22 kPa. 473
However, no apparent confinement-induced packing and 474
ordering is observed with deformable microgels based on 475
g(r) analysis. Thus, it is suggested that confinement-induced 476
particle deformation and resulting dynamic interparticle 477
interaction could further frustrate particle packing and thereby 478
facilitate structural relaxation of confined deformable micro- 479
gels. Hence, the results in this work provide further insights 4s0
into the correlation among material compliance, structural 4s1
relaxation, and critical confinement gap spacing of complex 4s2
polymeric liquids, which could become an effective and 4s3
practical control of interfacial fluid transport and lubrication. 484
In perspective, a future study of confined microgels of 485
systematically varied particle compliance and the effect of 4s6
confining surface compliance on confined liquids will be of 487
great interest to seek optimal liquid and surface compliance for 4ss

ultralow friction and superior lubrication. 489
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