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ABSTRACT: For graphene-based composites, the dynamics
of polymers confined between graphene sheets are a key
parameter governing the overall mechanical properties of bulk
materials. Here, we used neutron reflectivity (NR) to measure
the diffusion dynamics of polymer melts confined between
graphene oxide (GO) surfaces. From the NR results, we found
that the diffusion coefficients of poly(methyl methacrylate)
(PMMA) between the GO sheets were dramatically reduced
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by more than 1 order of magnitude when the film thickness was less than ~3 times the gyration radius of the bulk polymer (R),
whereas the diffusion of the polystyrene (PS) films sandwiched between GO sheets was only three times slower as the PS
thickness decreased from ~8 R, to 1 R,. This difference was due to the fact that the polymer-GO interaction significantly

influences the dynamics of confined polymer melts.

Over the past decades, there has been an intense interest in
polymer mobility in nanoconfinement systems.'~'”> Polymer
mobility varies considerably with film thickness, especially when
the thickness is less than ~4 times the bulk radius of gyration of
the polymers (R,).” Previous computer simulations and
experimental studies have shown that polymer dynamics in
confined systems are influenced by several complicated
factors.”>"*~"> For example, strongly attractive polymer—wall
interactions form a dead layer (or glassy layer) of polymer near
the solid walls, thereby reducing polymer mobility tremen-
dously. Polymer dynamics are also decreased due to spatial
confinement of polymer chains near the wall surfaces if the film
thickness is close to the molecular size of the polymers. On the
other hand, the reduced entanglement density of the polymer
melt near the solid wall enhances polymer mobility under
confinement.'®™"* Due to these complicated factors, the origins
of the different dynamics of confined systems are still not clear,
although this is an important clue to elucidating the mechanism
of enhanced mechanical properties in polymer nanocomposite
systems.w_21 Depending on the interaction (attractive or
repulsive), polymer segmental mobility around the nanoparticle
can be hindered or enhanced, which also influences the glass
transition temperature (T,) of the polymer.”

Recently, graphene-based polymer nanocomposites have
been of particular interest due to the significant impact of
graphene on polymer’s physical properties.”” > Graphene
oxide (GO), obtained from chemical exfoliation of graphite, has
been widely used for polymer nanocomposites due to good
dispersion in aqueous solvents or polymer matrices,” and also
its functionality as a compatibilizer in immiscible polymer
blends.”**” Simulation studies have predicted that GO sheets
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reduce the mobility of poly(methyl methacrylate) (PMMA)
films confined to them relative to bulk values without GO.*®
Near the GO surface, chain mobility is significantly restricted
due to interactions of the polymer with the GO surface.
However, to the best our knowledge, experimental results of
the dynamics of polymers confined between GO sheets have
not been investigated, although the mobility of polymers
confined at a molecular level plays a crucial role in the overall
mechanical properties of bulk composite systems.'”™>'

In this study, we prepared polymer thin films sandwiched
between GO monolayers as a model composite system to
provide a quantitative description, including the mobility
reduction of polymers near GO surfaces. Two different cases
of interaction were studied: (i) a strongly attractive interaction
and (ii) a weakly attractive interaction of polymers with GO
surfaces. A neutron reflectivity technique was used as a probe of
confined polymer mobility sandwiched between GO mono-
layers. The diffusion dynamics as a function of polymer film
thicknesses between GO monolayers can be directly compared
with previous results of the mechanical properties of bulk
systems with various concentration of the GO in the matrices.

Results and discussion: Bilayer films of PMMA/deuterated
PMMA (dPMMA) and polystyrene (PS)/deuterated PS (dPS)
sandwiched between GO monolayers (denoted as GO/
PMMA/dPMMA/GO and GO/PS/dPS/GO, respectively),
were prepared as illustrated in Figure la. The thickness (d)
of each film in the bilayer was varied symmetrically from ~100
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Figure 1. (a) Schematics of GO/PMMA/dPMMA/GO and GO/PS/dPS/GO; (b) AFM image of the GO monolayer transferred onto Si substrates
by LS deposition; (¢) Raman spectra of GO/PS/dPS/GO, GO/PMMA/dPMMA/GO, and PS/PMMA/dPMMA/PS.
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Figure 2. (a) Neutron reflectivity data of GO/PMMA/dPMMA/GO as a function of time, t, at 135 °C; (b) The corresponding SLD profile near the
PMMA-dPMMA interface; (c) Ao plotted as a function of /% (d) D plotted as a function of the thickness, d; (e) schematics of GO/PMMA/

dPMMA/GO/PS; (f) schematics of PS/PMMA/dPMMA/PS.

to ~700 A to investigate the effect of the GO surfaces on the
diffusion dynamics of confined PMMA and PS thin films. GO is
known to exhibit amphiphilic properties due to the hydro-
phobic basal carbon plane and the hydrophilic carboxylic group
at the edges.”” Therefore, PMMA can strongly interact with the
oxidized domain of GO through hydrogen bonding, whereas PS
has relatively weak interactions with the unoxidized basal plane
through van der Waals forces and 7z—r stacking” We
measured contact angle (6,) of the PMMA and PS on the
GO monolayers using AFM (Figure S1), where 0, values were
obtained to be 1.38° and 6.41°, respectively. This difference is
due to stronger interaction between the PMMA and GO than
that between the PS with GO. In this study, we thus
investigated the role of the GO-polymer interaction on the
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mobility of polymer chains in the thin films confined between
GO sheets.

The GO monolayers were deposited using Langmuir—
Schaefer (LS) and Langmuir—Blodgett (LB) techniques for the
bottom and top layers of the GO monolayers, respectively,
while the polymer layers were deposited by the floating
technique (see Supporting Information for details).”” The
atomic force microscopy (AFM) results shown in Figure 1b
revealed that the GO monolayers were densely packed upon
the monolayer compression. The thickness of the GO layer was
125 nm, indicating a single layer.’’ This close-packing
morphology of the GO monolayer on the PMMA thin film
was maintained even after annealing at 135 °C from the results
of AFM (Figure S2) and neutron reflectivity (Figure S3). The
presence of GO in the films was confirmed with Raman
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Figure 3. (a) Neutron reflectivity data of GO/PS/dPS/GO as a function of time, £, at 107 °C; (b) the corresponding SLD profile near the PS-dPS
interface; (c) Ao plotted as a function of t'/%; (d) D plotted as a function of the thickness, d. D of ~8 R-thick sample is obtained to be 0.534 X 10716
cm?*/sec, which is consistent with D (~0.4 X 107'¢ cm®/sec) of PS (M,, = 110 kDa) using a forward-recoil spectrometry from a previous report.>*
Williams—Landel—Ferry (WLF) relationship was used to convert from D at 125 °C to D at 107 °C.

spectroscopy after deposition of the polymer films on the GO
monolayers, as shown in Figure 1c. Typical peaks of GO sheets
were obtained in the G, D, G+D, and 2D bands,> indicating
that the GO monolayers on the Si substrates were stable,
without detachment, even after the deposition of the polymer
layer by the floating technique. However, this feature of the
Raman spectrum was not seen in the control PMMA/dPMMA
bilayer confined between PS layers.

The structure of the GO-confined polymer thin films and
their diffusion dynamics was measured by neutron reflectivity.
Since the deuterated and nondeuterated polymers are chemi-
cally identical, neutron reflectivity results can provide the
mobility information on the polymer chain itself from the
variation in the concentration profiles across the interface
between them as a function of annealing time. Figure 2a shows
the typical neutron reflectivity profiles of GO/PMMA/
dPMMA/GO (M, = 92 and 110 kDa for PMMA and
dPMMA, respectively) annealed at 135 °C as a function of
time. The profiles in the low momentum transfer (g) region (g
< 0.07 A™') were significantly changed with time; new
oscillation peaks appeared after annealing, as denoted with
arrows, due to dPMMA-segmental diffusion to the PMMA
layer. The scattering length density (SLD) profiles also show
that the interface between the PMMA/dPMMA bilayer
becomes broader with increasing time (Figure 2b). The
broadening of the interface, Ao, was corrected for the initial

roughness,o,. Thus, Ao is given by Ao = Jo — 002 , where ¢
is the experimentally determined interfacial root-mean-square
(rms) roughness. The values of Ao for the PMMA/dPMMA
bilayer confined between GO monolayers with various film

thicknesses were plotted as a function of time (Figure 2c). The
rate at which the interface broadened, that is, the interdiffusion
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rate, became significantly slower with decreasing the film
thickness.

We obtained the diffusion coefficient (D) of the polymers
from the interdiffusion rate and investigated the effect of the
GO monolayers on the D values. From Figure 2¢, we see that
the interfacial width increases linearly with t'/% D is then
extracted from the Fickian relationship, Ac = 2(Dt)"/2** In
Figure 2d, the D values are plotted as a function of d, showing
that D approaches constant values (0.7 X 107 cm?/sec) for
thicker samples (d = ~5 and 8 R,). This is in a good agreement
with D of PMMA (M, = 120 kDa) obtained using a forced
Rayleigh scattering technique.”* As the thickness decreases to
~1 Ry, D dramatically decreases by a factor of up to 25 (D =
0.028 X 107! cm?/sec). This indicates that the interaction
between PMMA and the GO surface is strongly attractive,
significantly suppressing the mobility of confined PMMA near
the GO-polymer interface. This reduced diffusion is consistent
with our previous report of dewetting dynamics, in which the
dewetting hole of the PMMA thin films is completely prevented
by the GO monolayer due to their attractive interactions.”

It is known that the mobility of PMMA near the Si substrates
significantly decreases due to the polymer pinning effect on the
substrates.” Hence, to eliminate the effect of attractive Si
substrates on the diffusion dynamics of the GO-confined
PMMA layer, we added spin-coated films of PS with high M,,
(7100 kDa) between the bottom GO monolayer and Si surface,
as illustrated in Figure 2e. GO/PMMA/dPMMA/GO with d =
~1 were prepared on PS substrates (denoted as GO/
PMMA/dPMMA/GO/PS), and the neutron reflectivity was
measured as a function of annealing time at the same
temperature. We obtained that the diffusion coeflicient values
(D = 0.056 X 107'¢ cm?/sec) were significantly low, similar to
that for GO/PMMA/dPMMA/GO with d = ~1 R, This
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indicates that the reduced dynamics were due to the PMMA-
GO interaction rather than the PMMA-Si substrate interaction.
For the sample in the absence of GO, that is, the PMMA/
dPMMA bilayer sandwiched between the PS layers (denoted as
PS/PMMA/dPMMA/PS and illustrated in Figure 2f) with d =
~ 1 R,, the diffusion coefficient was found to be 0.357 X 10716
cm?/sec, which was 13-fold higher than the corresponding
sample with GO.

This change in the diffusion dynamics due to the GO-PMMA
interaction can be compared with the mechanical properties of
bulk systems. For example, Brinson et al. reported that T, was
improved by nearly 30 °C by embedding 1 wt % of GO in the
PMMA.* The rheological results of the GO-PMMA nano-
composites also have shown that zero shear viscosity (1)
values determined by initial Newtonian plateau of viscosity (1)
from steady shear experiments increased after adding 0.6 vol %
(1.02 wt %) GO to the PMMA matrix.’® From Einstein
relationship, we compare this increase in #, with our diffusion
results,

kT
D=
Noks/ G(M)F(M, v)

(1)

where G(M) depends on the entanglement molecular weight
and F(M,v) is a function of the microstructural })arameters of
the polymer and ky is Boltzmann constant.”’ Since D is
inversely proportion to 7, the enhancement of viscosity of the
bulk PMMA by the GO is due to the fact that diffusion
dynamics of the PMMA is reduced by adding GO sheets.

In order to compare an interlayer spacing (lg) of the GO
sheets in the bulk composites with the thickness between the
GO sheets for our systems, we calculated [, from the simple
equation, assuming a homogeneously dispersed layer structure
formed by semi-infinite, parallel layers of GO sheets with
thickness d;. The interlayer spacing I, varies with the volume
fraction according to ¢ = m/¢e, where m is the mass fraction and
€ is the ratio of the densities of GO to polymer. One wt % of
GO in the PMMA matrices corresponds to I, = 251 A, which is
consistent with our results in which the diffusion coeflicient
began to decrease at nearly the same thickness of PMMA in the
GO-sandwiched films. Therefore, we postulated that the
previous results of mechanical improvement of the bulk GO-
PMMA nanocomposites can be considered the cause of the
reduced polymer diffusion dynamics confined between GO
sheets in the matrices.

PS chains are also known to interact with the carbon basal
plane in GO by van der Waals forces and z—r stacking.”’
However, this interaction is weaker than the GO-PMMA
interaction.”” Using neutron reflectivity, we also measured the
diffusion dynamics of GO/PS/dPS/GO (M, = 106 and 110
kDa for PS and dPS, respectively) with various film thicknesses
(approximately 1 R, < d < 8 R,) and measured the neutron
reflectivity as a function of annealing time at 107 °C (Figure
3a). The SLD profiles show that as the annealing time
increases, the interface between the PS layer and the dPS layer
becomes broader, while the structure of GO layers remains
unchanged regardless of annealing time. From the SLD profiles,
we again plotted Ao as a function of annealing time to obtain
the diffusion coefficient from the Fickian eq (Figure 3d). From
this result, we found that the diffusion was reduced by only ~3
times as the polymer thickness decreased from approximately 8

to 1 R,. This is significantly different from the dramatic
reduction in diffusion seen in the GO/PMMA/dPMMA/GO
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samples with a strong attractive interaction between GO and
the polymers.

Previously, several groups have reported computational
simulation studies on polymer structure and dynamics in
confined polymer systems between solid walls using dynamic
Monte Carlo (MC) and molecular dynamics (MD) meth-
ods.”"¥'>%” They investigated the effects of the interactions
between the polymer—solid wall and the layer thickness of the
polymers between the walls on the polymer conformation and
diffusion dynamics. In the case of weak interactions between
the polymer and wall, simulation results reveal that the
relaxation time becomes only 2—3 times longer as the polymer
film thickness decreases compared to that for the bulk
polymers,” which agrees with our diffusion results of GO/PS/
dPS/GO. The weak interaction between the polymer-wall
allows some chains to move from the surface to the middle of
the polymer layers, whereas the strong interaction between the
polymer—wall forms an immobile surface layer of adsorbed
polymer chains like a glassy state.” In our diffusion results,
therefore, the reduction of diffusion dynamics of GO/PS/dPS/
GO was not significant due to weaker attractive interaction
compared to GO/PMMA/dPMMA/GO. We quantitatively
measured the reduced D of polymer melts in confinement
within GO sheets.

In summary, we used neutron reflectivity to study polymer
mobility in thin films near graphene oxide (GO) surfaces.
Model composite specimens were prepared, consisting of
polymer thin films sandwiched between GO monolayers. In
order to investigate the spatial confinement effect of the GO on
the diffusion dynamics of polymer melts, a series of polymer
PMMA/dPMMA or PS/dPS bilayers with various thicknesses
confined between GO monolayers were prepared, and the
neutron reflectivity measurements were performed as a
function of annealing time at 135 °C. The results showed
that diffusion coefficients of the PMMA in GO/PMMA/
dPMMA/GO were dramatically reduced from 0.691 X 107 to
0.028 X 107'% cm?/sec, whereas the diffusion of the PS in GO/
PS/dPS/GO was suppressed by only three times from 0.534 X
107 to 0.219 X 1076 cm*/sec when d decreases from ~8
to 1 R,. This difference is due to the degree of the attractive
interaction between the GO and polymers.
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