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ABSTRACT: Bulk thermodynamic and kinetic properties of mixtures are
generally composition dependent, often in complicated ways, especially for
partially miscible and multicomponent systems. Combined "H chemical shift,
'"H diffusion NMR, and surface forces analyses establish the compositional
dependences of water solubility and self-diffusion in ternary polymeric
polydimethylsiloxane—water—tetrahydrofuran (THF) mixtures. The addition
of THF significantly increases the solubility of water, while decreasing its
diffusivity, in hydrophobic polydimethylsiloxane. Minimum values for the self-

diffusivities of both water and THF coincide with a minimum in the

hydrophobic adhesion energy between silicone polymer thin films near the same binary composition of 0.20 mole fraction THF.
Such interrelated diftusivities, solubilities, and hydrophobic interactions are analyzed with respect to hydrogen bonding among
the constituent species to account for the bulk physical properties of technologically important mixtures of silicone polymers with

water and/or cosolvents.

B INTRODUCTION

Polymers are often processed from or otherwise in contact with
multicomponent solutions, in which macromolecular and
solvent species interact in complicated ways to influence
material structures and functions." However, understanding and
correlating the compositional dependences of kinetic proper-
ties, such as diffusivities or other rate-dependent processes, with
thermodynamic quantities, such as solubilities and interaction
energies, are challenging, especially in complicated mixtures. In
the absence of concentration and thermal gradients, the
Brownian diffusivities of molecules and particles are governed
by the Stokes—Einstein relation,” which describes competition
between thermal motions and frictional drag in a viscous
medium. Even at thermodynamic equilibrium, the transient
structures of liquids are governed by molecules undergoing
random thermal motions, molecular collisions, and interactions
that influence their mean-free paths and self-diffusion proper-
ties.

In hydrogen-bonding liquids, such as water, molecular liquid
structures can be described in terms of interplay between self-
diffusion and the kinetics of hydrogen (H)-bond formation and
breaking.” Measurements of self-diffusion generally occur over
relatively long length and time scales, for which a liquid can be
considered to be at thermodynamic equilibrium, and depend on
molecular size and solute—solvent interactions. In multi-
component mixtures, self-diffusivities reflect time-averaged
association states among the molecular species and, thus, are
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highly dependent on the concentration and physicochemical
properties of each component. Amphiphilic molecules and
mixtures of polar and nonpolar species are even more
complicated due to the diverse intermolecular interactions
that govern their macroscopic properties, including their often
low mutual solubilities. Mixtures of polymers and small
molecules present additional complexities, such as macro-
molecular entanglements or tortuosity, that may limit the mean
free paths of diffusing species. This includes the silicone
polymer—water—tetrahydrofuran (THF) system, which exhibits
kinetic and thermodynamic properties that are difficult to
attribute solely to those of their individual constituent species
or to their binary mixtures. For example, whereas binary water—
THE and THF—polydimethylsiloxane mixtures are miscible
under ambient conditions, water and hydrophobic
polydimethylsiloxane phase-separate.

The physical interactions among THF, water, and poly-
dimethylsiloxane (PDMS, a silicone polymer) are determining
factors in their interrelated solubility and diffusion properties.
The absence of significant H-bonding and the corresponding
increased range and magnitude of hydrophobic interactions
lead to bulk phase separation between oil (including hydro-
phobic PDMS) and water.” As depicted schematically in Figure
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Figure 1. Schematic diagram depicting the behavior of water
molecules near PDMS surfaces for (A) pure water and (B) a
water—THF mixture. In the presence of water only, the PDMS chains
are collapsed, with an adjacent water layer that is unstructured and
exhibits diminished hydrogen-bonding near the PDMS surface. In the
presence of water and THF, both species can penetrate the PDMS
surface, causing the chains to swell.

1A, in the presence of water only, significant H-bonding is not
expected between water molecules and hydrophobic PDMS
interfaces, leading to phase separation. Conversely, in the
presence of the cosolvent THF, water and THF form H-bonds
through the lone electron pairs of the THF oxygen atoms
(Figure 1B), so that water, THF, and PDMS can form stable
ternary solutions. The objective of this study is to understand
the molecular-level interactions that influence the macroscopic
solubility and diffusivity behaviors of component species in
complicated polydimethylsiloxane—water—tetrahydrofuran mix-
tures. Here, surface forces measurements demonstrate the
effects of cosolvents on hydrophobic interactions, which are
correlated with "H chemical shifts that probe local water
hydrogen-bonding environments and 'H diffusion NMR
measurements that quantify the associated bulk liquid transport
properties. These complementary analyses establish that THF
affects hydrogen bonding in the ternary mixture, suppressing
the interactions that lead to phase separation.

B EXPERIMENTAL METHODS

Perdeuterated liquid-state d-PDMS was prepared following a modified
methodology of Beltzung et al,’ resulting in a molecular weight of
25000 g/mol (degree of polymerization n 340) with a
polydispersity of 1.1. Perdeuterated hexamethylcyclotrisiloxane (D3-
d,s) was synthesized in four steps from CD;], according to an adapted
method of Beltzung and co-workers.” In our case, a final fractional
distillation of mixed cyclosiloxane product yielded a mixture of D3-d,g
(majority) and D4-d,, (ie., octamethylcyclotetrasiloxane, minority),
taken as a solution in mixed aromatic solvents (benzene, toluene, and
xylene). This solution of mixed d-monomers was treated chemically
with (1) CaH, and (2) oligostyryllithium and (3) distilled under
vacuum and distributed into ampules. Perdeuterated polydimethyl-
siloxane (d-PDMS) was obtained by polymerizing this monomer
anionically, following an adapted method of Bellas and co-workers.’
The d-PDMS was analyzed by size exclusion chromatography using a

~
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Polymer Laboratories GPC-50 HPLC instrument equipped with three
PLgel Su mixed-C columns (300 X 7.5 mm) in series, a dual angle
light-scattering detector, and a refractive index detector; toluene was
used as the mobile phase at a flow rate of 1 mL/min.

Sylgard 184, a common commercial elastomer kit, was purchased
from Ellsworth Adhesives and used as-received to prepare the cross-
linked PDMS. All water used in these experiments was purified using a
Millipore filter to ensure high purity. Undeuterated tetrahydrofuran
(THF) was purchased from Sigma-Aldrich (anhydrous, >99.9%) and
dried over molecular sieves before use. In some experiments, it was
necessary to use deuterated THF or deuterated water (both from
Cambridge Isotope Laboratories) to either provide a deuterium lock
or enable the observation of dilute species. All -THF and D,0 were
used as-received.

Mixtures of the un-cross-linked d-PDMS with THF and water were
prepared directly in NMR tubes to minimize losses of the valuable
perdeuterated d-PDMS. Before any mixture was prepared, the un-
cross-linked PDMS was dried in a rotary evaporator until all volatiles
were removed. Then the desired amount of solvent was added to the
NMR tube, and each sample was mixed for several minutes, after
which it was allowed to equilibrate for at least 24 h before
measurements were conducted. Subsequent measurements were
conducted by adding solvent to achieve mixtures with different
concentrations of THF or water. When measuring the single-
component diffusion of THF in PDMS, in some cases THF was
removed after the measurements by using a rotary evaporator to
achieve other desired compositions. In all cases where the mixture
composition was changed, at least 24 h was allowed for equilibration of
the sample before any measurements were conducted.

To prepare cross-linked samples, a Sylgard 184 PDMS mixture was
prepared with a 1:10 ratio of curing-to-base components and then
immediately mixed with THF in an NMR tube. The sample was then
heated at S0 °C for several hours until gelled. Because of the high
volatility of the THF, the sample was weighed before and after cross-
linking to determine mass-loss during the cross-linking process. This
mass loss was entirely attributed to evaporation of volatile THF when
calculating the final sample concentrations.

To prepare a PDMS—water mixture that was fully saturated with
water, an excess of water was mixed with un-cross-linked PDMS, and
the mixture was subsequently allowed to equilibrate for several days.
After equilibration, the PDMS—water mixture was centrifuged at
35000 rpm for 1 h to separate the excess water. The water-saturated
PDMS was then transferred to an NMR tube for the NMR
measurements.

All of the NMR measurements were performed at 20 °C on a
Varian VNMRS 600 MHz spectrometer equipped with a double-
resonance probehead (*H—'F/"N—*P § mm PFG AutoX DB)
capable of gradient strengths up to 73 G/cm with a Performa IV PFG
Module gradient amplifier. The single-pulse 'H spectrum was obtained
by using a standard 1D pulse sequence with a 11.3 us 90° pulse, 10 s
recycle delay, and 64 scans. The 'H diffusion NMR measurements
were conducted using the “one-shot” sequence, as described in detail
by Pelta et al.” The “one-shot” sequence is similar to the standard
Stejskal and Tanner pulse sequence,® in which gradient pulses are
applied to encode and decode spatial information during a stimulated
echo experiment.

Signal attenuation (which results from random diffusion of the
molecules away from their initial positions in the sample) during a
time delay was measured while systematically incrementing the
gradient magnitude G at fixed gradient pulse length § and diffusion
time A. Because it is performed as a constant-time experiment, the
decay was determined by diffusion only and was not influenced by
relaxation effects. For well-resolved NMR signals, this allowed the
diffusion coefficient D to be determined. In a normal one-shot
experiment, the gradient strength G was incremented logarithmically
in 20 steps from about 1—40 G/cm, and each step consisted of 64
scans with a 10 s recycle delay, with constant diffusion time A and
gradient pulse length 8. The diffusion time A was optimized before
each series of measurements, so that the signal intensity decayed to
about 10—20% of its initial value, and the measured signal intensities
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were correlated with the intensity decays to obtain the respective self-
diffusion values D.

The surface force measurements used PDMS thin films on gold,
which were prepared as described previously,”'* or on mica surfaces.
For the latter, PDMS films were synthesized by first activating the mica
surfaces in a UV/ozone plasma oven (UVOCS Inc. Model T10X10/
OES, Montgomeryville, PA) for 30 min to convert surface siloxanes to
reactive silanols. The mica surface was then immediately immersed in a
1 vol % solution of (3-trimethoxysilylpropyl)diethylenetriamine
(DETAS, Gelest Inc, Morrisville, PA) in methyl ethyl ketone
(MEK, Sigma-Aldrich) to obtain approximately a silane monolayer
that exposed terminal amine groups. The silane was deposited for 2 h,
at which point the surface was immediately rinsed with ethanol, blown
dry with N,, and placed in pure monoglycidyl ether-terminated PDMS
liquid (M, = 5000 g/mol, Sigma-Aldrich). Next, the surface was placed
into a vacuum oven at 80 °C for approximately 60 h. The vacuum
oven was filled with argon gas to remove oxygen from the
environment to prevent oxidation of the back-silvered mica. After
the reaction, the fresh PDMS-functionalized mica surfaces were
washed using the same procedure described previously,” with shorter
sonication steps. One second of sonication was used to remove
physically bound PDMS molecules without damaging the underlying
mica surface.

Surface force measurements were performed at 21 °C with the SFA
2000 (Surforce LLC, Santa Barbara, CA), as described previously.'!
Briefly, PDMS films on gold and back-silvered mica were prepared on
cylindrical disks following the procedure described above. The PDMS-
functionalized surfaces were then installed into the surface forces
apparatus (SFA) in a crossed-cylinder geometry. White light was
passed normally through the surfaces and directed to a spectrometer to
observe the fringes of equal chromatic order (FECO), which allowed
for simultaneous measurements of separation distance and contact
mechanics between the two PDMS films. The gold-deposited and
back-silvered mica configuration resulted in a two-layer interferometer,
from which distances could be determined, as described previously."”
The two surfaces were immersed in 1 mM NaCl, pH 3 solution, and
approach/separation cycles were conducted by bringing the surfaces
toward each other and then pulling them apart at a constant quasi-
static rate of ~2 nm/s. One surface rested on a force-measuring spring,
which deflected in the presence of a force. From this deflection, the
force as a function of distance was obtained.

B RESULTS AND DISCUSSION

The binary diffusivities of the three components in PDMS—
water, PDMS—THF, and water—THF binary mixtures provide
insights into the diffusivities in the more complicated ternary
system. Crucially, perdeuteration of the (un-cross-linked)
PDMS enables observations of the weak 'H NMR signals
from dilute water and THF species, which otherwise would be
obscured by the dominant 'H signals from nondeuterated
PDMS. All of the 'H chemical shifts and self-diffusion
coefficients were measured at 20 °C, so the three-component
species were in the liquid state. Because of the low solubility of
water in PDMS (~0.001 g of H,0/g of PDMS, 'H chemical
shift 1.76 ppm), the binary self-diffusion coefficient of water
was feasible to measure by 'H-pulsed-field-gradient (PFG)
NMR only for a saturated water—d-PDMS mixture and found
to be 3.0 X 107 m*/s. Both the measured solubility and self-
diffusion of water in liquid phase d-PDMS correspond closely
with previously measured values in PDMS.'*'* By comparison,
the bulk self-diffusion coefficient of pure water (2.0 X
107 m?/s at 20 °C)" is significantly (40%) lower, consistent
with stronger hydrogen bonding in pure H,O. The higher
diffusivity and low water concentration suggest that the water
molecules possiblzr diffuse as single molecules, rather than as H-
bonded clusters.'” The higher measured diffusivities of water in
PDMS are also in qualitative agreement with simulations that
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predict a marked increase (~15%) in water diffusivity near
hydrophobic interfaces.'® Interestingly, this result indicates that
the PDMS polymer chains do not significantly limit the mean
free path of water molecules and that tortuosity effects are
minimal, likely because the PDMS chains are effectively in a
liquid state.

Diffusivities in mixtures generally vary with composition,
often in complicated ways that depend on the averaged
interactions of the different molecular species. For example,
Figure 2 shows a plot of the self-diffusivities of THEF,
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Figure 2. Self-diffusivities of THF in binary mixtures of perdeuterated
d-PDMS, plotted as a function of THF mass fraction, as measured by
'"H PFG NMR at 20 °C: neat THF (gray square) and as a function of
THF mass fraction in un-cross-linked d-PDMS (red squares) and
cross-linked PDMS (blue triangles). The uncertainties are approx-
imately the size of the data points.

Dryp_ppms in un-cross-linked d-PDMS (red squares), as
measured by '"H PFG NMR for a range of binary THF—
PDMS compositions spanning 1—90 wt % THF; the same data
are also plotted as a function of &-PDMS volume fraction in
Figure S1 of the Supporting Information. Over this
composition range, THF self-diffusion coeflicients closely
follow a linear relationship. The smaller THF diffusivities
measured at low THF mass fractions in PDMS are consistent
with PDMS polymer chains obstructing the diffusion paths of
dilute solvent molecules.'”” The overlap concentration is
estimated to be 0.85 mass fraction THF (see Supporting
Information), above which the PDMS polymers can be
considered noninteracting and dilute in the THF solvent.
The results indicate that at lower THF concentrations (< 0.85)
the PDMS chains are nonaggregated and dispersed. Separate
measurements establish that these quantitative results are
independent of PDMS cross-linking (blue triangles, see also
Figure S2). The linear relationship for Dyyp_ppys over the full
composition range suggests that THF and PDMS form ideal
binary solution mixtures,"® indicating that THF diffusion in
PDMS is governed principally by excluded volume and van der
Waals interactions, consistent with the absence of significant H-
bonding between THF and PDMS.

Although THF and water are miscible, their respective self-
diffusion coefficients exhibit significantly more complicated
composition dependences in their binary mixtures compared to
the THF—PDMS system. As shown in Figure 3A for
compositions ranging from pure water to pure THF, the
bicomponent self-diffusivities (left vertical axis) of both water
(yellow circles) and THF (red squares) vary nonlinearly with
THF mole fraction. The binary self-diffusion coeflicients for
both water (Dyer—trr) and THF (Drgp_yaer) are highest at
very low water concentrations. Minimum values are also
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Figure 3. Self-diffusion coefficients of water (or HDO) and THF
measured by '"H PFG NMR at 20 °C, plotted together with 'H
isotropic chemical shifts for water in (A) binary solutions of 99.5%
perdeuterated dg-THF and D,O and (B) ternary 25% perdeuterated-
PDMS/75% dg-THE mixtures, containing small amounts of H,O:
water self-diffusivities (yellow circles), THF self-diffusivities (red
squares), and water 'H chemical shifts (yellow triangles). The
uncertainties are smaller than the size of the data points. Lines are
shown to guide the eye.

measured for their respective self-diffusivities (D,,yer—trr = 80
X 107 m*/s and Drpp_yarer = 50 X 107% m?/s) at similar
THEFE mole fractions of 0.20 and 0.10, respectively. The rapid
decrease in the water self-diffusion coeflicient at low THF
concentration is consistent with stronger hydrogen bonding
among water molecules that are thought to involve clathrate-
like structures of H-bonded water around the relatively
hydrophobic THF molecules.'””° Similar diffusion minima
have been observed for other binary aqueous mixtures, which
are linked to the formation of water—cosolvent solvation
structures that limit molecular mobilities.””*' Recent simu-
lations have suggested that similar segregated structures can
form in binary water—methanol mixtures due to a loss of
rotational entropy of the cosolvent molecules.”

Molecular-level insights into the solubility and diffusion
properties of complicated water—polydimethylsiloxane binary
and water—polydimethylsiloxane—THF ternary systems can be
obtained by measuring and correlating the isotropic 'H
chemical shifts of water in the respective mixtures. The 'H
isotropic chemical shift is sensitive to average molecular
environments, including hydrogen-bonding interactions, in
the solutions.””** For example, Figure 3A shows a plot of the
"H chemical shift (right vertical axis, yellow triangles) measured
for water, which progressively decreases as the THF mole
fraction (Xpyg) increases. For low THF contents (Xpyp < 0.1),
the 'H chemical shift is close to that of pure water (4.6—4.8
ppm), indicating that the average hydrogen-bonding environ-
ment of water molecules is minimally perturbed, despite the
large (60%) decrease in its self-diffusion coefficient.

6913

These analyses indicate that the solvation environments of
the THF molecules do not significantly perturb local water
structure, though do reduce macroscopic water mobility. This
conclusion is consistent with X-ray scattering analyses for the
same compositions that indicate the solvation structure is
similar to that of pure water."” For higher THF contents (0.3 <
Xryr < 1), however, the 'H chemical shift of water decreases
dramatically from 4.4 to 2.7 ppm, reflecting reduced H-bonding
interactions for water molecules in comparatively hydrophobic
THF. Importantly, the decrease in the 'H isotropic chemical
shift of water in binary mixtures with THF is correlated with an
increase in both the water and THF self-diffusion coefficients.
This suggests that reduced hydrogen-bonding and formation of
local solution structure(s) similar to that of concentrated THF
enable water molecules to diffuse more rapidly.

For intermediate THF contents, 0.1 < Xryp < 0.3, the water
'"H chemical shift decreases slightly (4.6 to 4.4 ppm), while the
diffusivities of both THF and water pass through minima with
respect to THF mole fraction. This behavior is consistent with
dynamic transitional structures within binary THF—water
solutions over the range 10—20 mol % THF, including
transient local configurations in which the hydrophobic THF
moieties are directed away from H-bonding water molecules, a
result that is also supported by X-ray'® and theoretical
analyses.”” The transitional structure at these concentrations
is also su§§ested by a maximum in the viscosity of water—THF
mixtures.”* > Interestingly, the 'H chemical shifts associated
with the THF moieties remained constant within experimental
error over the composition range examined; more precise
measurements reported by Mizuno et al. indicate a slight
decrease of the THF 'H chemical shift (<0.2 ppm) as the THF
concentration increases.”’ The complicated composition
dependences of THF and water self-diffusion coefficients in
their binary mixtures can thus be linked to differences in local
hydrogen bonding, as manifested by the 'H isotropic chemical
shifts of water in the solutions.

Insights obtained for the binary PDMS—THF and water—
THF mixtures can be applied to the ternary PDMS—water—
THE system to better understand its more complicated bulk
properties. Ternary mixtures were examined by adding small
amounts of water to three binary mixtures, specifically 3:1, 1:1,
and 1:3 THF:d-PDMS by mass mixtures. As expected, the
saturation concentration of water decreased rapidly, as the
amount of THF in the ternary mixture decreased. For 3:1
THE:d-PDMS, the saturation concentration was approximately
S wt % water, which decreased to 0.9 and 0.5 wt % for the 1:1
and 1:3 THF:d-PDMS mixtures, respectively. The diffusivities
and 'H chemical shifts of the component species were
monitored as functions of water content in each of these
mixtures. Figure 3B shows plots of the self-diffusivities of water
and THF for a mixture with a 3:1 mass ratio of THF to d-
PDMS (left vertical axis). Similar to the diffusion behaviors of
water and THF in their respective binary mixtures (Figure 3A),
the self-diffusivities of water and THF both decrease, as the
amount of water in the THF-d-PDMS—water ternary mixtures
is increased. The diffusion coeflicient of water decreases
significantly from (2.7 + 0.1) X 107 to (1.5 + 0.1) X 107°
m?/s, as the amount of water increases from 0.01 to 5 wt %.
The diffusion coefficient of THF decreases modestly, from (1.7
+ 0.1) X 10~ to (1.4 + 0.1) X 10~ m?/s over the same
composition range. The decreases in the diffusivities of both
THF and H,O at higher H,O contents indicate that the water
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molecules interact primarily with THF in the ternary PDMS—
H,0—THF mixture.

Additional evidence that water interacts primarily with THF
in the ternary mixtures is provided by solution-state "H NMR
analyses. Specifically, comparisons of the isotropic 'H chemical
shift values of water in the binary water-THF versus the ternary
PDMS—water—THF systems (Figure 3A,B) reflect the different
extents of water H-bonding in the mixtures; stronger hydrogen
bonding is generally associated with displacements of the 'H
NMR signals to higher frequencies.”’ For example, bulk H,O
yields a 'H NMR signal at ~4.8 ppm that is characteristic of its
strong hydrogen bonds. By comparison, dilute water dissolved
in THF or dispersed in PDMS results in 'H signals at 2.63 or
1.76 ppm, respectively, consistent with reduced hydrogen
bonding of water in its binary mixtures with these cosolvents.

Interestingly, at low water concentrations (~0.01 wt % in the
ternary system), the water 'H chemical shift was measured to
be 2.4 ppm (Figure 3B), which is between the values for the
two dilute binary water—THF and water—PDMS mixtures and
reflects an intermediate extent of water interaction with THF
and PDMS. The 'H chemical shift values thus indicate that
water molecules experience average H-bonding environments
in the ternary mixture that are similar to binary water—THF
mixtures with the same water-to-THF ratio. In contrast, water
and PDMS appear to interact less in ternary PDMS—water—
THEF mixtures, as reflected by water 'H chemical shifts between
2.4 and 3.1 ppm that would otherwise be closer to the value
measured in PDMS (1.76 ppm).

Conversely, at higher ternary water concentrations
(>0.5 wt %), the isotropic 'H chemical shift varies with the
water-to-THF mass ratio in a manner similar to that of the
binary system, increasing as the water content increases.
Specifically, for 1 wt % water in the ternary mixture, the
measured isotropic 'H chemical shift of 2.70 is approximately
the same as the weighted-average value of 2.77 ppm. This is
similarly the case for 2 and 3 wt % water mixtures, for which the
measured values of 2.94 and 3.11 ppm compare closely to the
weighted-average values of 2.90 and 3.06 ppm, respectively.
Thus, all of the observed 'H chemical shift values for H,O are
within a fraction of a ppm to their weighted-average values,
indicating that water molecules experience H-bonding environ-
ments in the ternary mixture that are similar to what they
would experience in a binary water—THF mixture with the
same water-to-THF mass ratio. Therefore, these chemical shift
values indicate that the higher water solubility in the THF—
PDMS mixtures is due to favorable interactions, specifically
hydrogen-bonding, between water and THF.

Similar trends in the diffusion coeflicients and chemical shifts
as observed for the 3:1 THF-to-d-PDMS sample are observed
for 1:1 and 1:3 THF-to-d-PDMS mixtures when the water
contents are systematically increased. Figure 4A,B shows plots
of the self-diffusion coefficients of water (yellow circles) and
THF (red squares) for the 1:1 and 1:3 mixtures, respectively.
Whereas the THF self-diffusion coefficients did not vary
significantly over the range of compositions examined, the
water self-diffusivities were significantly lower in both the 1:1
and 1:3 mixtures and varied similarly as for the 3:1 solution.
The water self-diffusion coefficients in the three mixtures also
exhibit similar values of approximately 1.5 X 107 m*/s at their
respective saturation compositions. The isotropic 'H chemical
shift values of water in the 1:1 and 1:3 THF-to-d-PDMS
mixtures also follow similar trends to that observed in the 3:1
mixture, reflecting similar associated molecular interactions
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Figure 4. Plots of the self-diffusion coefficients of water and THF and
the isotropic 'H chemical shift of water in mixtures of (A) 1:1 THF:d-
PDMS and (B) 1:3 THF:d-PDMS in the presence of small amounts of
water at 20 °C. Both panels use the same symbol and color scheme:
red squares correspond to THF diffusivities, yellow circles to water
diffusivities, and yellow triangles to the isotropic 'H chemical shifts of
water. For the 1:1 THF:d-PDMS mixture, the saturation concentration
of water is about 0.9 wt %, while for the 1:3 THF:d-PDMS mixture, it
is about 0.5 wt % water; above these concentrations, water begins to
phase-separate. The uncertainties are smaller than the size of the data
points. Lines are shown to guide the eye.

across the ternary composition range. For the 1 THF:1 PDMS
mixture (Figure 4A), at low water contents, the 'H chemical
shift was measured to be lower than for dilute water—THF
mixtures, indicating unfavorable water interactions with d-
PDMS as well as the THF molecules. At higher water contents,
the observed water 'H chemical shift was similar to the
expected values, based on its molar ratio with THF (2.67 ppm
versus 2.73 ppm, respectively, for 0.5 wt % and 2.91 ppm versus
2.81 ppm, respectively, for 0.9 wt %). This suggests that for
higher water contents water molecules are mostly proximate to
THF molecules, rather than d-PDMS, as was found for the 3
THF:1 PDMS mixture. The isotropic 'H chemical shift data
indicate that, in both the 1:1 and 3:1 mixtures, sufficient THF is
present for water molecules to interact almost exclusively with
THF molecules at higher water contents. By comparison, for
the 1 THF:3 PDMS mixture (Figure 4B), only small differences
were observed in the water 'H chemical shifts over the narrow
composition range in which the solutions were miscible. The
values of the water 'H chemical shift for this 1 THF:3 PDMS
mixture were slightly smaller than for dilute water in THEF,
consistent with water molecules interacting mostly with THF
molecules and modestly with the hydrophobic d-PDMS.
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Collectively, these results indicate that the water is solubilized
primarily by THF, rather than PDMS, especially at water
contents that significantly exceed the solubility limit of water in
PDMS. The complex interactions among water, THF, and
PDMS molecules account for their relative solubilities and
complicated self-diffusion behaviors in their ternary mixtures.
Further insights on how molecular interactions influence the
macroscopic properties of ternary PDMS—water-THF mixtures
are gained by quantifying the interaction forces at PDMS
surfaces in the presence of the two cosolvents. By using the
surface forces apparatus (SFA), direct force measurements can
be correlated with the respective self-diffusivities and 'H
chemical shifts of the cosolvent species. Using a recently
derived general interaction potential,”'****" the hydrophobic
interaction energy, Wy, decays exponentially with the film
separation d and depends on the PDMS—water interfacial
tension y;, the nondimensional Hydra parameter Hy, and decay
length Dy (generally Dy ~ 1 nm for extended surfaces):

Wy = —2yHye ¥/Pu 1)
The Hydra parameter Hy is related to the interfacial
hydrophobicity and can be thought of as the area fraction of
hydrophobic groups at an interface.”’”*” For two PDMS
surfaces interacting across an aqueous solution, y; =
44 mJ/m?%>° a strongly attractive hydrophobic interaction is
expected, Hy ~ 1,'° corresponding to essentially complete
phase separation. The measurements of the interaction forces
between two PDMS interfaces separated by pure water indicate
that the main contribution to the overall interaction is the
hydrophobic interaction (see Figure S3), with small contribu-
tions from van der Waals forces as well.'"” The van der Waals
adhesion was calculated as shown in the Supporting
Information and is relatively weak compared to the measured
adhesion in pure water. Therefore, the magnitude of the
adhesion energy approaches W, = 2y,Hy at molecular contact
for two hydrophobic interfaces. For two PDMS interfaces in
water, the theoretical adhesion energy is thus W, = 88 mJ/m”.
According to the Johnson—Kendall-Roberts theory,”" the
adhesion energy can be calculated from the measured adhesion
force W,q = 2F,4/37R. The value of Hy can then be evaluated
for different solvent compositions by measuring the adhesion
energy for different compositions in water—THF mixtures.
The adhesion energy between PDMS films decreases as the
aqueous solution becomes more concentrated in THEF,
reflecting the complicated influences of both the hydrophobic
and hydrogen-bonding characters of THF. As shown in Figure
S, the magnitude of the adhesion energy, W,4, along with the
corresponding value of Hy, both decrease accordingly, as the
THF concentration increases. The average measured adhesion
energy is W,y = 94 + 20 mJ/m? for 0% THF, in good
agreement with the expected thermodynamic value of W, = 88
mJ/ m?2. For PDMS thin films in water, Hy is determined to be
1.07 + 0.23, consistent with their highly hydrophobic
characters. By comparison, for PDMS films separated by an
aqueous solution with 10 mol % THF, the adhesion energy was
measured to be dramatically lower, corresponding to values of
W,q = 31 = 10 mN/m and Hy = 0.34 + 0.13, both of which
reflect significantly reduced hydrophobic contributions to the
overall interaction energy. For 20 mol % THF, the values of
W, =7 + 2 mJ/m® and Hy = 0.05 + 0.03 reflect nearly
negligible contributions from hydrophobicity, as similarly
observed at higher THF concentrations: Hy = 0.03 + 0.01
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Figure 5. Average adhesion forces (left vertical axis) and energies
(right vertical axis) measured by SFA as functions of THF mole
fraction at 21 °C. The blue line labeled “VDW” indicates the
theoretical composition-dependent van der Waals adhesion.

for 30 mol % THF and Hy = 0.04 + 0.04 for 50 mol % THF.
Thus, above 20 mol % THF, Hy approaches zero, as the
adhesion approaches the expected van der Waals adhesion
(Figure S).

Interestingly, Hy decreases to effectively zero at ~20 mol %
THEF, the same concentration at which minimums are observed
for the self-diffusivities of THF and H,O in the water—THF
binary mixtures. The minimum values of the self-diffusivities, as
discussed above, manifest stronger H-bonded-liquid structures
in the binary THF—water system compared to water—PDMS.
Therefore, it appears that bulk-phase hydrogen bonding directly
influences the hydrophobic interactions by allowing similar H-
bonding to occur near the PDMS interface, reducing otherwise
strong hydrophobic adhesion between PDMS surfaces. While
the exact composition likely varies within the PDMS films, the
PDMS surfaces are in contact with bulk-like liquid films, even
approaching molecular dimensions.”

The force—distance curves measured between two PDMS
interfaces for different THF—water compositions provide
quantitative insights into PDMS swelling and chain—solvent
interactions, as shown in Figure 6. The adhesion force F,4/R is
determined from these curves as the minimum value before the
final jump-out from contact. Adhesive contact of the two
PDMS films in pure water corresponds to the case where d = 0;
the combined thickness of the two PDMS layers in contact is
2T =~ 12 nm. Addition of THF to the aqueous solution causes
the thicknesses of the PDMS films to become larger, while the
adhesion energy W,y decreases. Thicker films are observed
when contact of the films occurs at distances d > 0 for
increasing THF concentration. The SFA results indicate that
THEF and water penetrate into the PDMS films, consistent with
the '"H NMR chemical shift measurements in Figure 3B.
However, no evidence for entropic repulsion is observed.”' It
is noteworthy that, for aqueous solutions with 10—30 mol %
THF, a 5—10 nm extension of the force—distance curve is
observed in Figure 6 before jump-out from contact, as the
PDMS films were separated from each other, which is
characteristic of a bridging-type force—distance profile. This
indicates that PDMS chains extend from the surfaces and into
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Figure 6. Representative SFA force—distance curves and associated
adhesion energies for retracting PDMS surfaces separated by water—
THEF mixtures containing 0%, 10%, 20%, or 30% THEF at 21 °C.

the solvent environment before the final jump-out,33 consistent
with a reduction of the energy needed to solubilize PDMS
chain segments at higher THF concentrations. The SFA
measurements of PDMS films in binary water—THF solutions
thus establish that THF and water can penetrate into the
PDMS films as depicted in Figure 1B, resulting in dramatically
reduced adhesion between the films.

The combined observations from 'H diffusion NMR, 'H
isotropic chemical shift, and SFA analyses provide insights
about the influence of solvent structure on hydrophobic
interactions. These results indicate that the addition of THF
alters the hydrogen-bonding structure of water, both in bulk
solution and at a PDMS interface, as shown schematically in
Figure 1. Water molecules in general cannot establish a
hydrogen-bonding network with extended PDMS interfaces, as
manifested by a strongly attractive hydrophobic interaction
measured by SFA. These results are supported by molecular
simulations, which show increased interfacial fluctuations, water
dynamics, and proximity to a liquid—vapor phase transition
near hydrophobic interfaces.”’®** In contrast, THE forms
hydrogen bonds with water molecules, modifying the interfacial
solvation structure, so that the overall hydrophobic interaction
decreases. Our results therefore suggest that local fluctuations
of water molecules, due to hydrophobicity, would be
significantly damped in the presence of THF. The multi-
component 'H diffusion NMR and isotropic chemical shift
measurements reveal why this is the case: in ternary PDMS—
THEF—water mixtures, the influences of the highly unfavorable
water—PDMS interactions are substantially mitigated by the
presence of THF, which interacts favorably with the hydro-
phobic PDMS and can hydrogen bond with water. Under such
circumstances, hydrophobic interactions between the PDMS
interfaces are dramatically reduced and hydrophobic influences
essentially disappear at ca. 20 mol % THF. This is consistent
with the influence of hydrogen bonding among water and THF
molecules on their long-range mobilities (as measured by 'H
PFG diffusion NMR) and on the interfacial hydrophobicity (as
probed by the SFA adhesion measurements). Quantifying
interfacial hydrophobicity with Hy aids the analyses, forming
the basis by which composition-dependent hydrogen-bonding
and interaction forces between hydrophobic surfaces are
correlated, here, for the THF—water—PDMS system.
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In summary, the self-diffusivities and "H chemical shifts of
water and THF in binary and ternary solutions with silicone
polymers have been correlated with the hydrophobic adhesion
energies between hydrophobic polydimethylsiloxane thin films.
These results elucidate the molecular factors that account for
the suppression of phase separation in complicated ternary
polydimethylsiloxane—water—THF mixtures compared to
binary polydimethylsiloxane—water systems. '"H PFG diffusion
and chemical shift NMR measurements of ternary PDMS,
water, and THF mixtures establish that water molecules are
solubilized by THF and interact weakly with PDMS. In the
presence of THF, water diffusion in PDMS is significantly
lower than that for water in pure PDMS, which correlates with
significant hydrogen bonding between water and THF
molecules. It is noteworthy that recent experimental work has
reported the disappearance of hydrophobic adhesion in
methanol—water solutions® at a similar composition where
segregated structures were separately found in bulk solution by
simulations”* and where diffusion minima were observed by 'H
PFG NMR.” This provides corroborating evidence that these
properties are general and interrelated effects of cosolvents on
hydrophobicity.

When bulk liquid structures of water—cosolvent mixtures are
dominated by water, hydrophobic interactions can still persist.
At higher cosolvent concentrations, a threshold is eventually
reached where water preferentially hydrogen bonds with THF,
and hydrophobic interactions between PDMS films are
diminished congruently. Therefore, we have shown that local
hydrogen bonding can have a dramatic influence on the
solubilities, diffusivities, and thin-film interaction forces in
ternary polydimethylsiloxane—water—cosolvent mixtures, as
governed by the relative hydrophobicities of the respective
components, as depicted schematically in Figure 1B. These
effects are expected to be important to the formation of
supramolecular assemblies of nanoscale materials and in the
engineering of oriented polymer mesostructures, where the
behaviors, properties, and interactions of polymer—water—
cosolvent mixtures are of broad interest.
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Self-diffusivities of THF in binary d-PDMS-THF mixtures as a function of polymer volume
fraction
Due to the high viscosity of the d-PDMS, all samples were prepared on a mass basis for

improved accuracy. To facilitate comparisons with data based on polymer volume fractions, self-

diffusivities of THF in perdeuterated d-PDMS are plotted in Figure S1, as a function of d-PDMS

volume fraction.
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Figure S1. Self-diffusivities of THF in binary mixtures of perdeuterated d-PDMS, plotted as a
function of d-PDMS volume fraction, as measured by 'H PFG NMR at 20 °C. The same data are
shown in Figure 2 of the main manuscript and in Figure S2 below, as a function of THF mass

fraction in d-PDMS.
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As THF is a good solvent for PDMS, no evidence of aggregation was anticipated or observed at
higher THF contents. This is consistent with an estimate for the overlap concentration
c*=3Mw/(47tNARg3),3 where My, is the polymer molecular weight, N4 is Avogadro’s number, the

12/6' and the literature value for segment length / = 5.6 A.

radius of gyration is given by R,=In
Using these values, the radius of gyration is estimated to be R, = 4.2 nm for PDMS, leading to an
estimated overlap concentration of ¢*=134 g/L, which corresponds to a PDMS mass fraction of

0.15, below which the PDMS chains can be considered non-interacting and dilute.

Diffusion analyses of cross-linked polydimethylsiloxane-THF solutions

For many PDMS applications, including membrane separations and microfluidics,' cross-
linked polymer gels are used rather than non-cross-linked liquids, so diffusion of THF within
cross-linked PDMS was also examined. THF self-diffusion coefficients (Figure S2) were
measured, as a function of composition for binary mixtures of 20-50 wt% THF in cross-linked
(non-deuterated) PDMS (blue triangles) and non-cross-linked deuterated d-PDMS. All of the
measured THF self-diffusion coefficients exhibited an approximately linear quantitative
dependence on THF mass fraction that was essentially identical for the cross-linked and non-
cross-linked PDMS. Only the concentration range between 20 wt% and 50 wt% THF could be
measured for the non-deuterated cross-linked PDMS samples, because radiation damping during
the NMR measurement prevented resolution of THF 'H NMR signals outside this composition
range. Based on the technical specifications provided for the Sylgard™ 184,> we estimate that
there are approximately two functional branch points per polymer molecule. Assuming that all of
the functional endgroups have reacted, we estimate a rough upper-bound for the cross-linking
density to be about 1 cross-link for every 200 monomer sites. The actual value is probably
significantly smaller than this value, and this is consistent with the observed liquid-like "H NMR
spectra of the cross-linked samples. This low extent of cross-linking is consistent with the
observed diffusivities not being significantly affected by the cross-linking. Much higher extents

of cross-linking would likely have a larger effect on self-diffusion properties.
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Figure S2. Self-diffusivities of THF in binary mixtures with cross-linked PDMS, plotted as a
function of -PDMS volume fraction, as measured by 'H PFG NMR under ambient conditions.
The line shows the approximate trend for non-cross-linked PDMS, the data for which is shown in
Figure 2 of the main text. The cross-linked data lie on approximately the same trend line,
indicating that PDMS cross-linking does not have a strong effect on molecular self-diffusion of
THF under these conditions. The uncertainties are approximately the size of the data points,
except for 0.50 THF, where the error bar is slightly larger, as shown.

Interactions between symmetric PDMS thin films

In SFA measurements of force-distance curves, values for the force F are typically scaled
with respect to the radius of the curved interacting surface R, which allows results obtained from
other techniques to be compared. The scaled force F/R can be used to calculate the interaction
energy by using the Derjaguin approximation, W = F/2nR, and was measured during both
approaches and separations of the surfaces, as a function of the film-film separation distance d.
Typical force-distance curves exhibit repulsive forces as /R > 0 and attractive forces as F/R <0,
as functions of the separation distance d between the surface films. As shown in Figure S3, the
interactions between two PDMS films are fully attractive on both approach and separation.
During approach, the surfaces jump-in from a large distance Dy = 22 nm to a hardwall distance
Dy =13 nm, which corresponds to the combined thickness of the two PDMS films. The attractive

force is clearly longer-ranged than the van der Waals forces for this system, as shown by the red

S3



curve. During separation of the two surfaces, a very large adhesion energy of W, = 85 mJ/m” was
measured, a value very close to the expected thermodynamic adhesion for two PDMS surfaces,

i.e., Wy =2y =88 mJ/m”. This force run is representative for the PDMS-PDMS system in water.
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Figure S3. Interaction forces between two PDMS thin films in 1 mM NaCl aqueous solution at
pH 3 and room temperature, as measured using the surface forces apparatus. The blue curve
represents the maximum hydrophobic interaction using Equation 1 in the text, with Hy =1, y =
44 mJ/m?, and Dy = 1 nm. The van der Waals forces according to Equations S2 and S3 below are
shown for comparison as the red curve.

The interactions between PDMS films in aqueous solutions and aqueous-organic liquids
mixtures can be described quantitatively by the total interaction energy Wiy, which consists of
contributions from both hydrophobic and van der Waals interactions, Wiy = Wy + Wyaw, with the
van der Waals interaction energy W,qw calculated, as described below. The fit to the force data
(Figure S3) establishes that the overall interaction potential is quantitatively well-described with
Hy =1, capturing both the long range attraction (d > 10 nm) and adhesion when the two films are
in molecular contact (d = 0).

As shown above and in the main text of the manuscript, the interactions between the PDMS
films are attractive during both approach and separation, with the main contribution arising from
hydrophobic interactions. However, van der Waals interactions are always present between

surfaces, and in this case the main contribution from van der Waals forces arises between the two
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PDMS films. The PDMS films are sufficiently thick that the van der Waals force between the
underlying mica and gold can be effectively ignored. The van der Waals interaction energy per
unit area, W,qw, between two PDMS films depends on the Hamaker constant of PDMS
interacting with PDMS across water, 4,31, and the separation distance D between the films, as
shown in Equation S2:°

_ A|31
2

vdW

The Hamaker constant was calculated by using the following equation, as described in detail in
reference.” Equation S3 comes from Lifshitz theory and is used to calculate the Hamaker
constant for the symmetric case of two identical phases 1 interacting across medium 3:

2
3 & —¢& 3hv, (n’ —ni)?
Am:ZkT[ ]_ 3] + \/e_ (z1 23)3/2
& —& 16 2(1’11 +n3) (83)

In this case, the subscript 1 corresponds to PDMS, while subscript 3 corresponds to water. Using
well-known values for the refractive indices and dielectric constants for PDMS and water, the
Hamaker constant for PDMS films interacting across pure water, 4;3; = 4x10™' J. Tabulated data
for the concentration dependent refractive indices’ and dielectric constants® in water-THF
mixtures were used to calculate the Hamaker constant for each composition. The van der Waals
adhesion was estimated using Equation S2 and the Hamaker constant for each composition, at a
cut-off distance of D = 0.165 nm. The line labelled “VDW” in Figure 4 (main manuscript text)

corresponds to the van der Waals adhesion calculated in this way.
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