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Nanoscale viscosity of confined polyethylene oxide
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Complex fluids near interfaces or confined within nanoscale volumes can exhibit substantial shifts in physical
properties compared to bulk, including glass transition temperature, phase separation, and crystallization.
Because studies of these effects typically use thin film samples with one dimension of confinement, it is generally
unclear how more extreme spatial confinement may influence these properties. In this work, we used x-ray photon

correlation spectroscopy and gold nanoprobes to characterize polyethylene oxide confined by nanostructured
gratings (<100 nm width) and measured the viscosity in this nanoconfinement regime to be ~500 times the bulk
viscosity. This enhanced viscosity occurs even when the scale of confinement is several times the polymer’s
radius of gyration, consistent with previous reports of polymer viscosity near flat interfaces.

DOI: 10.1103/PhysRevE.100.062503

I. INTRODUCTION

Confinement of molecular and macromolecular species
within nanoscale volumes is a useful strategy for designing
material properties, since the composite material can exhibit
performance exceeding any of the constituents [1]. The en-
hanced, emergent properties of the composite typically stem
from substantial changes in the fundamental behaviors of
the confined species. For instance, the crystallization and
orientation of semiconducting polymers can be controlled
by nanoconfinement [2,3], which in turn influences the ma-
terial’s electronic properties [3,4]. Nanoconfined polymers
exhibit properties that deviate substantially from those of the
bulk, including local dynamics [5], glass transition [6-8],
crystallization [9], shape memory [10,11], capillary insta-
bility [12,13], phase separation [14,15], and stiffness [16].
These changes arise from both entropic and enthalpic ef-
fects; interfaces restrict the accessible chain conformations
[17,18], modify entanglement density [19], and may exhibit
preferential chemical affinity [20]. Most studies of the ef-
fects of nanoconfinement use ultrathin films as model sys-
tems, in which the material is confined in one dimension
by substrate and free-surface interfaces, i.e., confined to a
two-dimensional (2D) volume. Here we use nanogratings, a
comparatively unexplored confining geometry, to study the
effect of nanoconfinement. In such cases, the proximity of
multiple interfaces may synergistically enhance confinement
effects or may compete and nullify any effect.

Although viscosity is a fundamental property of complex
fluids, affected by both molecular and collective properties,
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there is at present an incomplete understanding of how the rhe-
ological response of polymer melts may shift under nanocon-
finement; in particular, it is unclear whether the behavior
observed for thin films can be extrapolated to confinement
along two or even all three spatial dimensions [21,22]. For
example, at extremely small scales, confinement can prevent
molecular jamming and promote ballistic transport, which
greatly lowers effective viscosity [19,23]. However, slightly
larger confining volumes instead frustrate molecular motions
and increase effective viscosity [24-26]. This knowledge gap
is due in part to the challenge of accurately measuring dy-
namics under nanoconfinement, with respect to both material
preparation (fabricating and filling nanovolumes) and mea-
surement (probing ultrasmall volumes).

Here we use coherent x-ray scattering to directly probe the
nanoscale viscosity of polymer melts confined in nanograt-
ings. We use gold nanoparticles as tracers, inferring nanoscale
rheology from the stochastic motion of the particles. We ob-
serve that even at confinement size scales considerably larger
than the characteristic polymer chain size (radius of gyration),
the measured nanoscale melt viscosity is substantially higher
than that observed in the bulk. In particular, for polyethylene
oxide (PEO) confined to ~100 nm channels, the effective
viscosity experienced by nanoparticle tracers is more than two
orders of magnitude larger than the bulk PEO viscosity.

II. METHODS

A. Materials

Polyethylene oxide dihydroxy-terminated (PEO30k),
M, =39 kg/mol, M,/M, =1.18, was obtained from
Polymer Source, Inc., and used as received. Twenty
nanometer diameter and 10 nm diameter gold nanoparticles
(AuNPs; dispersed in water and stabilized by a trace amount
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of citrate) were obtained from TedPella, Inc. The as-received
solutions of 20 nm AuNPs were concentrated to ~20 nM by
centrifugation before use. Solutions of 10 nm AuNPs were
concentrated to ~340 nM. Experiments on both particle sizes
were performed. Reported nanoconfinement results are based
on the smaller particle size to minimize the ratio between
particle size and confinement size scale.

B. Fabrication

Fabrication of nanostructured templates started with n-type
crystalline Si(100) wafers (0.001-0.005 €2-cm). MCC Primer
80/20 (MicroChem) was spin coated onto a Si wafer at
7000 rpm as an adhesion promoter. A negative photoresist,
NR7-250P (Futurrex, Inc.), was subsequently spin coated at
7000 rpm for 40 s and then placed on a hot plate at 150 °C for
1 min, resulting in a thickness of ~150 nm. A custom two-
degrees-of-freedom Lloyd-mirror interferometer built with a
325 nm wavelength HeCd laser (Model IK3501R-G, Kimmon
Koha Co.) was used for exposure [27]. For this experiment,
the exposure angle between the sample surface normal and
the laser beam was adjusted to 53°, resulting in a periodicity
of 270 nm. For nanogratings, a dose of 7 mJ/cm? was used.
For nanopore arrays, the exposure was split in two steps [28]:
first with a dose of 6 mJ/cm?, followed by another 6 mJ/cm?
after rotating the wafer by 90°. After exposure, the sample
was baked at 100°C for 1 min, developed in diluted RD6
(Futurrex, Inc., 33.3 vol% in deionized water), for 6 s, rinsed
in deionized water 30 s, and dried with a nitrogen gun.

The resist pattern was transferred to Si wafers via reactive
ion etching on an Oxford Instruments Plasmalab 100 using
a two-step process: 40 sccm SFg, 18 sccm O, 15 mTorr,
—100°C, ICP 800 W, and RF 40 W for 3 s followed by 7 W
for 60 s. Remaining resist was stripped using N-methyl-2-
pyrrolidone.

The final Si nanostructures were measured by SEM and
SAXS to confirm quality. Nanogratings were line-and-space
patterns with trenches 91 £ 9 nm width, 953 & 13 nm depth,
and 270 £ 1 nm spacing. The nanopores were square-grid
arrays of cylindrical pores with 105 &£ 5 nm diameter, 831 +
15 nm depth, and 270 4= 1 nm repeat spacing.

The patterned Si substrates were cleaned with O, plasma
on a March etcher (100 mTorr, RF 20 W for 3 min) before
filling with polymer. PEO was filled into the nanovolumes by
spinning coating from an acetonitrile solution in a humidity-
controlled dry room. For PEO/AuNP composites, a mixed
solution of concentrated AuNP and PEO solution was used.
The concentration of the solution and spinning speed were
controlled for optimum filling (no overfilling). The as-cast
samples were annealed in vacuum at 85 °C (above the melting
transition of bulk PEO, ~65 °C; and well above the glass tran-
sition temperature, which is below room temperature) for 1 h
to remove residual solvent [29] and facilitate PEO flow into
the confining volumes. Samples were sealed in argon-filled
polypropylene-lined vacuum pouches before characterization.

We verified the filling amount by imaging the cross-
sectional morphology using a Hitachi S-4800 scanning elec-
tron microscope. Because PEO has poor cleavability at room
temperature, we used sequential infiltration synthesis to con-
vert the PEO into a more brittle inorganic composite (i.e.,

loaded with AlOy), when preparing SEM cross-sectional sam-
ples [30,31].

C. X-ray photon correlation spectroscopy (XPCS)

XPCS measurements were performed at the 11-ID Co-
herent Hard X-ray (CHX) beamline at National Synchrotron
Light Source IT (NSLS-II), with a fixed photon energy of
9.65 keV (photon wavelength A = 1.29 A) and a beam size
of 10 um x 10 um. Beamline stability was tested on static
samples, confirming that one observes a constant signal (no
measurable decorrelation) even to timescales of 10* s. Sam-
ples were mounted on a thermal stage under vacuum. X-ray
beam damage effects were probed by measuring decorrelation
curves as a function of total x-ray dose and selecting the dose
regime where the computed time constant is independent of
dose. The total x-ray exposure time was limited to 200 ms
(for the full, unattenuated beam) for the presented results. A
millisecond shutter and an attenuator system made of double-
side polished silicon wafers were used to spread the 200 ms
full-beam equivalent dose over the timescales required by
the experiment. The unattenuated incident beam flux was
measured to be 3 x 10'! photons/s at the sample position. The
maximum sample dose can be estimated using this full beam
flux and the maximum (200 ms) exposure time. Accounting
for the incident angle of 0.24°, the areal photon dose onto
the sample was 3 x 10% ph/um?, corresponding to an areal
energy dose of 4nJ/um?. Of course, only a fraction of this
incident radiation is absorbed in the polymer sample.

III. RESULTS AND DISCUSSION

We fabricated nanogratings in silicon substrates (91 nm
trench width, 270 nm pitch) using laser interference lithogra-
phy [27] and dry plasma etching [32] [schematic in Fig. 1(b);
see Fig. S1 in the Supplemental Material [33] for top-view
scanning electron microscope (SEM) images]. The high-
density and wide-area patterning (20 mm x 20 mm) increased
the amount of confined material available for study. We con-
trollably filled these nanogratings with PEO via spin casting,
followed by vacuum annealing slightly above the polymer
melting temperature (~65 °C), which results in nanogratings
filled with PEO from the bottom up [Fig. 1(c)]. We optimized
these preparation conditions to slightly underfill the confining
volumes to ensure no unconfined material remained atop
the substrate, so that subsequent measurements probed only
confined material (Fig. S2).

In order to measure the viscosity of nanoscale volumes
of polymer material, we used x-ray photon correlation spec-
troscopy (XPCS) at the National Synchrotron Light Source
IT (NSLS-II, Brookhaven National Lab). This technique illu-
minates the material of interest with a highly coherent x-ray
beam, measuring the decorrelation of the scattering pattern
with time [34,35]. This differs from conventional small-angle
x-ray scattering (SAXS), which uses a beam with minimal
coherence, in which case the far-field scattering pattern arises
from interference within individual nano-objects and between
nearby nano-objects. With a highly coherent x-ray beam, the
pattern contains speckles arising from interobject scattering
from all nano-objects within a coherence volume (Fig. 2). The
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FIG. 1. (a) Schematic bulk and (b) nanograting filled with PEO. (c) SEM image of nanograting filled with PEO. SEM image was taken at
70° sample tilt. A sputtered silver coating was used to reduce charging effects, and the PEO was infiltrated with alumina to improve image

contrast.

speckles encode the distance between objects and vary in time
if the objects are dynamically moving. The time for a typical
speckle to decorrelate is a robust measure of the dynamical
properties.

Because of the low scattering contrast of soft materials,
the XPCS measurements were carried out in a manner to
enhance the signal (Fig. 2). First, we measure the samples
in grazing-incidence (GI) geometry, where the x-ray beam
reflects off the substrate interface at a glancing angle. This
geometry improves the overall scattering intensity, owing
to beam projection, making GI-XPCS uniquely suited for
studying the dynamics of ultrathin film nanostructures [36].
Previous XPCS measurements of polymer-coated gratings
[37] were performed at an incident angle less the critical an-
gle, in order to measure surface height fluctuations (capillary
waves). Such measurements are by design insensitive to the
behavior in the polymer well below the surface, which is
the focus of our study. We measure using an incident angle
above the critical angle in order to probe the entire depth
of the film. Second, we disperse gold nanoparticles (AuNPs)
at low concentration within the polymer matrix, giving rise
to a form factor scattering signal that encodes particle size
[35,38,39]. The XPCS measurements of the Brownian motion
of these nanoparticle “tracers” is a robust reporter of the

viscosity which the tracers experience [39,40]. The particle-
particle scattering produces coherent speckles (see Figs. S3
and S4), which fluctuate as AuNP diffusion through the poly-
mer matrix changes the interparticle distances. The temporal
intensity-intensity autocorrelation of these speckles can be
used to probe dynamics. Finally, we measure grating-confined
material with the x-ray beam orthogonal to the grating grooves
(i.e., the g, direction is along the grooves). In this geometry,
the strong structural peaks from the grating—which could
overwhelm the scattering from the nanoparticles—do not
appear on the detector.

We use a low AuNP concentration (0.09 vol%) to minimize
particle agglomeration and to probe the dilute-particle regime.
Using electron microscopy, we verified that AuNPs are homo-
geneously dispersed throughout the PEO and localized within
the nanoconfinement volumes [Fig. 2(a), inset]. Importantly,
we imaged nanoconfined samples after thermal cycling to
verify that AuNPs remain dispersed and do not preferentially
migrate and stick to any of the confining volume sidewalls.
Nevertheless, it is difficult to eliminate the possibility that a
fraction of nanoparticles form dimers or larger aggregates;
we discuss below the corresponding implications for data
analysis. Because we are interested in probing the full depth of
the confining volumes, we selected an x-ray incidence angle
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FIG. 2. (a) Schematic of grazing-incidence x-ray photon correlation spectroscopy (GI-XPCS) measurement of a nanograting filled
with PEO and gold nanoparticles. (Inset) High-magnification SEM cross-sectional view of PEO confined within grating channels. Gold
nanoparticles (AuNPs) are homogeneously dispersed within the nanoconfined PEO. (b) A series of x-ray detector images captured from one
measurement at a single sample spot. The time sequence of scattering images provides information on the dynamics of nanoparticle motion.
(c) A SAXS image from nanoconfined material, averaged over time and space (20 repeated measurements at separated sample spots; exposure
time at each spot was 200 ms). The time-averaged image shows scattering from the substrate and the form factor of the spherical nanoparticles.
We define ¢, as the out-of-plane direction and ¢, as the in-plane direction (gratings were measured with the beam across the grating grooves,

as shown).
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FIG. 3. (a),(b) GT-XPCS measurements (20 nm diameter AuNP probes): (a) normalized g at different g for bulk PEO39k at 85°C;
(b) temperature-dependent time constants for bulk PEO39k versus g. (c),(d) GI-XPCS measurements: (c) normalized g at different ¢, (fixed
q. = 0.0335 15\71) for a bulk (dropcast) PEO39k film at 85°C; (d) time constants for PEO39k versus ¢,. The dashed lines in (a) and (c)
are single exponential fits. In (b) and (d), the number on top of each line is the slope of a linear fit in the log-log graph (exponent of the
power-law g dependence). The transmission scattering (GT) measurements exhibit the expected single exponential relaxation and a scaling of
79 ~ q2, indicative of Brownian motion of the nanoparticle tracers. The corresponding grazing-incidence (GI) measurements instead exhibit
slightly stretched exponential behavior, and a different scaling. These small discrepancies can be attributed to the GI measurement geometry.
Importantly, the magnitude and trends in 7, are correctly probed in GI geometry (up to a systematic error).

of 0.24° (the critical angle for PEO is ~0.13° at 9.65 keV)
and collected a time series where the total x-ray dose at
any sample position was below the experimentally measured
damage threshold [Fig. 2(b)].

Measurements of a bulk PEO sample using GI-XPCS yield
a melt viscosity consistent with previous reports, validating
the experimental approach. Figure 3 shows XPCS data for
~1 pum thick dropcast film of PEO (molecular weight M,, =
39 kg/mol), comparing conventional transmission scattering
with grazing-incidence scattering. For transmission measure-
ments, we used the grazing-transmission SAXS geometry
(GTSAXS) [41], wherein the x-ray beam is directed to the
downstream edge of the sample at an incident angle larger

than the critical angle, thus avoiding multiple scattering pro-
cesses that can affect GISAXS measurements. We compute
a temporal correlation curve (g) by selecting a particular
region of interest (ROI) on the detector and computing the
average correlation for a range of temporal intervals (7)
[42,43]. For the grazing transmission-geometry (GT-XPCS)
measurements, we combine data over rings of constant g
to improve signal-to-noise. However, for grazing-incidence
experiments (GI-XPCS), we select ROIs over a limited range
of g, and ¢, due to the multiple scattering effect from the
reflection geometry [44—47].

We systematically vary g by choosing a series of equally
spaced ROIs (Fig. S3). The g curves at different g values
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are fit to an exponential decay function,

@ = Be 7 + g, (1)

where § is the Siegert factor [38], g is the lower plateau,
and T is the characteristic time constant. g is normalized to
arange between 0 and 1 [Fig. 3(a)] by

€ =(g? —gu)/B =7, )

where ¢® is the normalized g®. The autocorrelation func-
tions gradually shift to the right (slower dynamics) as ¢ de-
creases. This is expected since longer diffusion times (slower
dynamics) are associated with larger distances in real space
(smaller ¢ in the reciprocal space).

For simple Brownian motion, the relationship between
the time constant (7o) and ¢ can be derived from the three-
dimensional form of Fick’s Law. Assuming the AuNPs un-
dergo Brownian motion in all directions, their mean-square
displacement (Ax?) obeys the relationship

sz = 6D()‘[(), (3)

where Dy is the diffusion coefficient. In reciprocal space, this
is equivalent to

Doty =g °. 4

Our GT-XPCS measurements of a thick PEO film
[Fig. 3(a)], PEO39k, are consistent with Eq. (4), with 1
proportional to 1/g? (i.e., a slope of —2 on a log-log scale).
We convert the measured diffusion coefficient into an effective
viscosity, using the Stokes-Einstein equation:

kT
= 671 Dor’

where kg is Boltzmann’s constant, T is the absolute tempera-
ture, and r is the AuNP radius.

Our GT-XPCS measurements of PEO39k at 85°C yield
a viscosity of ~700 Pa-s. Measurements at higher tempera-
ture show higher particle mobility (smaller tp), as expected,
since the AuNP dynamics are determined by the viscosity
of the confining medium (Fig. S5). Moreover, we find that
the viscosity-temperature scaling measured by GT-XPCS is
consistent with literature [48,49], confirming that measuring
the motion of AuNP tracers is an effective probe of the
viscoelastic response of the complex fluid.

In this experiment, we specifically chose AuNP diameters
(10 nm or 20 nm) which are sufficiently large to ensure
Stokes-Einstein scaling. Cai et al. [50,51] theoretically con-
sidered the diffusive behavior of nanoparticles of different
sizes in entangled polymers, showing that the particle size
relative to the polymer chain dimension dictates the particle’s
diffusive behavior. In particular, the diffusivity of a particle
that is several times larger than chain dimensions of the poly-
mer should follow the usual Stokes-Einstein prediction. Using
fluctuation correlation spectroscopy, Grabowski et al. [52]
reported Stokes-Einstein scaling for particles whose diameter
are 5 times larger than the mesh size d; (a metric for the
chain dimensions as defined by the average spacing between
polymer chain entanglements), 2r/d, > 5. We calculate [53]
for PEO39k that d; = 3.7nm, and thus the AuNPs are >5
times the mesh size (2r/d, = 5.4).

(&)

In order to obtain sufficient signal-to-noise in XPCS mea-
surements of thin layers of nanoconfined material, we exploit
the grazing-incidence geometry, which introduces artifacts
that must be accounted for in the XPCS analysis. First, the g,
direction is distorted by refraction as the beam enters and exits
the film [44—47]. Moreover, every detector pixel at a nominal
g, has two true ¢, values associated with it, owing to scattering
from both the direct beam and reflected beam. Thus, the tem-
poral decorrelation measured for any ROI on the detector is in
fact the mixture of two different decorrelations with slightly
different time constants (owing to the slightly different g of
the two contributions). Despite this complication, the results
from GI geometry can be validated and interpreted [Fig. 3(b)].
We analyze the GI-XPCS data by using ROIs over a small
span of g, and ¢, in the detector images, selected such that
the competing g, trends roughly cancel, and the g dependence
is nearly entirely captured by ¢, (Fig. S6 confirms that 7 is
thereby nearly invariant as a function of g,). The correlation
curves measured in GI are found to be slightly stretched
exponentials, which we attribute to the mixing of multiple
correlation curves (refer to Fig. S7 for a quantitative analysis
of this effect). This apparent stretching due to GI distortion
would mask stretching of the decorrelation curve for physical
reasons, such as a distribution of dynamic timescales. Thus,
we fit the GI-XPCS data with a single exponential to extract
a single characteristic time constant ty. The ¢ dependence
of the GI data deviates from the —2 slope observed in the
GT experimental geometry. The direct comparison between
GT and GI data (Fig. 3) highlights the complicating effect
of the GI geometry. However, this comparison also allows us
to verify that the 7y obtained using our procedure is a valid
measure of the system’s effective viscosity (within a small
systematic error).

AuNPs moving within PEO confined within nanogratings
decorrelate significantly slower than in a bulk PEO39k film
(Fig. 4); that is, the nanoparticles experience a higher effective
viscosity in the nanoconfined geometry. Whereas AuNPs in
bulk PEO39k decorrelate in approximately tp ~ 2 s (for g, =

0.00728 A_l), the same AuNPs moving in the same PEO
when confined to nanoscale volumes require much longer
timescales to decorrelate (7o &~ 1000 s), demonstrating that
the effective nanoscale viscosity of PEO under confinement
is more than two orders of magnitude greater. This more
than 500 times increase in rheological response compared to
the bulk (Fig. 4) was observed for confinement along two
dimensions (nanogratings; i.e., 1D nanovolumes) and also
for confinement in all three dimensions (nanopores; i.e., 0D
nanovolumes). A comparison is provided in Fig. S9. It is
likely that the diffusive behavior of the nanoparticles under
confinement is non-Brownian, which would lead to stretching
of the decorrelation exponential. Indeed the measured correla-
tion curves are not strictly exponential decays. However, given
the GI distortion effect described above, it is not possible to
robustly quantify the contribution to stretching that is “intrin-
sic,” that is, due to physical effects. In order to approximately
determine the effective nanoscale viscosity experienced by
the nanoparticles, we can nevertheless use the Stokes-Einstein
equation, from which we estimate a viscosity of ~0.6 MPa-s
under nanoconfinement.
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FIG. 4. Normalized g2 at (g, = 0.007284 ', ¢. =
0.0335 Afl) of line grating filled with PEO4k (blue), bulk
PEO4k (yellow), line grating filled with PEO39k (green), and
bulk PEO39k (red), all measured in the GI geometry using 10 nm
diameter AuNP probes. For both molecular weights, the bulk at this
q exhibits relatively fast dynamics (with a relaxation time of ~2s),
whereas confinement drastically slows dynamics (higher viscosity).
Confined materials were measured with the x-ray beam across the
grating grooves, such that the in-plane (g,) scattering probes AuNP
motion along the long direction of the grating trenches.

Because these XPCS measurements are actually probing
the statistical motion of the dispersed AuNPs, it is natural to
wonder whether the observed dynamics represent a faithful
report of the local hydrodynamic environment. For exam-
ple, the spatial restrictions caused by nanoconfinement will
modify the statistical measure of decorrelation, even with the
matrix viscosity unchanged, because the AuNPs are more
constrained in their diffusion directions. However, this effect
only introduces an offset to the correlation curve (i.e., a
nonzero baseline), stemming from the AuNPs’ inability to
diffuse arbitrarily far from their starting positions (and thus
fully decorrelate; Fig. S8). Moreover such effects would be
expected to be significant for measurements with the x-ray
beam along the grating grooves, whereas we instead mea-
sure with the beam orthogonal to the grooves and are thus
measuring the particle diffusion along the long direction of
the grating trenches. It is also possible that AuNP motion is
arrested due to binding to the confining volume sidewalls.
SEM analysis of the confined materials both before and after
thermal cycling showed AuNPs well dispersed within the PEO
and not preferentially adhered to the side walls. Moreover, the
eventual decay of g® confirms that the nanoparticles are not
completely immobile. Intermittent sticking of nanoparticles to
sidewalls is also possible and would influence average mea-
sured dynamics. However, in such a case one would observe
two decorrelation times: one associated with intrinsic particle
motion, and one associated with the timescale of particle bind-
ing and unbinding. We do not observe this experimentally.
We also note that assuming the particles diffuse as in the
bulk, the AuNPs would encounter sidewalls over timescales
of ~4 s (approximate time for AuNPs to traverse 50 nm). Our
measurements show a substantial shift of the correlation curve
at timescales as short as 0.1 s (Fig. 4)—well before the AuNPs
would (statistically) encounter a sidewall. Nanoparticle dimer-
ization or aggregation would of course influence dynamics

measurements. The recovery of the expected viscosity of PEO
when measuring in the bulk suggests that the dynamics mea-
sured by XPCS and analyzed assuming isolated particles is
reasonable in this case. As with particle-sidewall interactions,
we note that a population of aggregated particles would tend to
have much slower dynamics. From the form factor measured
in SAXS and the available SEM images, we conclude that
there is a population of free particles, which would then be
responsible for the shortest decorrelation time measured by
XPCS (i.e., the dynamic timescales reported herein). It is of
course difficult to disentangle the contributions of intrinsic
shifts of the melt viscosity and collective phenomena between
the AuNPs, the confinement walls, and the polymer network
(which mediates interactions). We can nevertheless conclude
that the dynamics measured by this approach is representative
of the effective viscosity experienced by nanoscale objects
moving in the complex fluid.

Complex fluids, such as polymers, have physical and me-
chanical properties that are scale-dependent. For example,
polymer dynamics can be vastly different at the scale of the
monomer, the chain, the network, and the continuum. Our
measurements are probing the effective nanoscale viscosity
of PEO when in close proximity to multiple interfaces. The
confinement size of the gratings is ~100nm; however, we
note that for 20 nm diameter AuNP probes, the confinement
size is perhaps better thought of as ~40nm (the distance
from the grating sidewall to the particle surface when the
particle is centered in the grating). This can be compared
to the polymer radius of gyration, which is Ry = 6.7nm
for PEO39k [54]. That is, we observe a dramatic effect of
nanoscale confinement on the PEO dynamics and viscoelastic
properties, even though the confinement size scale is ~6R,,
i.e., larger than the individual polymer chain dimensions. Our
results can be compared to previous studies of the rheology
of confined polymers. Granick and co-workers [25,55-57]
studied the dynamic response of polyphenylmethylsiloxane
confined between parallel plates, observing that the loss
modulus increased by orders of magnitude as the thickness
of the polymer sample decreased. These studies observed
that the loss modulus scaled with the ratio of film thickness
to the polymer radius of gyration [56]. The modulus was
found to rise significantly when the film thickness dropped
below ~6R,, reaching a maximum value around 4 R,, and
finally decreasing as the film thickness dropped below 2 R,.
This effect was attributed to entanglement between neighbor-
ing polymer strands creating an effect akin to crosslinking.
Luengo er al. [58] observed comparable effects in polybutadi-
ene, with the effective viscosity increasing dramatically when
the polymer was confined to a layer thickness approaching
6 R,. Similar behavior is known for nanoparticles systems.
Anderson and Zukoski [59] reported the behavior of silica
nanoparticles in PEO melts of varying molecular weights and
observed a dramatic increase in the viscosity of the composite
material as the internanoparticle spacing approached small-
integer multiples of the polymer radius of gyration. Moreover
the enhancement was beyond what would be expected based
on simple hydrodynamic arguments. These results can also be
compared to shifts in the viscosity of small-molecule fluids
when confined at molecular (~1 nm) scales. Extremely small
confinement volumes (on the scale of the molecule) promote

062503-6



NANOSCALE VISCOSITY OF CONFINED POLYETHYLENE ...

PHYSICAL REVIEW E 100, 062503 (2019)

ordered flow and thus extremely low effective viscosities
(near-ballistic transport) [19,22,51]. Somewhat larger confine-
ment volumes give rise to increased viscosity, depending on
commensurability between the confinement and molecular
dimensions [24-26]. Our results confirm that confinement ef-
fects in macromolecular systems extend far beyond the length
scale of the individual “constituents”—whether one consid-
ers individual polymeric repeat-units or the overall polymer
chain size—owing to the interchain entanglements. We ex-
perimentally confirm that polymers under nanoconfinement
will exhibit an effective viscosity enhanced relative to the
bulk. The viscous flow of a polymer is necessarily perturbed
in proximity to interfaces. At the scale of individual chains,
the finite size of the macromolecules as well as polymer-
surface interactions will alter the effective viscosity. In the
case of macromolecules, chain entanglements transmit this
effect over further distances, leading to increased viscosity
even when the confinement size scale is several times the
radius of gyration.

IV. CONCLUSION

We have used grazing-incidence x-ray photon correlation
spectroscopy to establish that a nanoconfined polymer melt
exhibits an effective viscosity substantially larger than the
same polymer melt when unconfined. Consistent with previ-
ous reports of polymers confined in thin films, the stiffening
of the material occurs due to the proximity to interfaces,
occurring at confinement sizes that are several times larger
than the polymer chain dimensions. Tuning the polymer
melt viscoelastic properties via confinement can be a vehicle

for enhancing the performance of nanocomposites or nan-
odevices. As one example, a nanoconfined ion-conducting
polymer (such as PEO) may have beneficial properties for
high-cyclability lithium metal rechargeable batteries, which
require electrolytes with high mechanical stiffness to suppress
the formation of deleterious dendrites [60—66].
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