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ABSTRACT

Resonantly enhanced second harmonic generation (SHG) spectra of Coumarin 152 (C152) adsorbed at the water-silica interface show that
C152 experiences a local dielectric environment slightly more polar than that of bulk water. This result stands in contrast to recently reported
time-resolved fluorescence experiments and simulations that suggest an alkane-like permittivity for interfacial water at strongly associating,
hydrophilic solid surfaces. Taken together, these results imply that while the static electric field across the aqueous-silica interface may be large,
restricted water dynamics lead to apparent nonpolar solvation behavior similar to that experienced by solutes in confinement. Resonance-
enhanced SHG spectra and time-resolved fluorescence of C152 adsorbed to aqueous-hydrophobic silica surfaces show that when water’s
ability to hydrogen bond with the silica surface is eliminated, a solute’s interfacial solvation and corresponding ability to photoisomerize
converge to an intermediate limit similar to that experienced in bulk acetone or methanol. While water structure and dynamics at solid-liquid
interfaces have received considerable attention, results presented below show how strong solvent-substrate interactions can create conflicting
pictures of solute reactivity across buried interfaces.

Published under license by AIP Publishing.

I. INTRODUCTION

Water’s complicated behavior at surfaces has attracted sig-
nificant attention since the first nonlinear spectroscopic study of
water’s interfacial vibrational structure was published in the early
1990s.  In parallel, numerous studies of organic solvents at inter-
faces have shown that surfaces can significantly change the organi-
zation and properties of adjacent liquids from bulk solution lim-
its.” " For example, nonlinear optical experiments examining the
silica-methanol interface showed conclusively that this interface is
characterized by a distinctly nonpolar solvation region where the
effective dielectric constant is ~2 (compared to methanol’s bulk
static dielectric constant € = 32.7)." Molecular dynamics simu-
lations and complementary vibrational spectroscopy studies sug-
gest that at the silica-methanol interface, solvent density is signif-
icantly reduced within ~1 nm of the interface, and the interfacial

methanol solvent molecules create a bilayer-type structure where
methyl groups in adjacent methanol solvent layers adopt antiparallel
orientation.” This organization creates an alkane-like sheet adjacent
to the interface with a correspondingly low dielectric environment.
Analogous results have been reported for the silica-acetonitrile
interface.

Water’s extended long range ordering at surfaces and strong,
directional hydrogen bonding raise similar questions about how
anisotropic water structure impacts water’s ability to solvate solutes
at interfaces. Studies of structure and dynamics at water-air and
water-quartz interfaces have sparked considerable debate as to the
dielectric environment, pH, and structural ordering of interfacial
water. ~ Despite considerable interest in the interfacial water’s lay-
ering structure, surprisingly little work has considered the effect of
water’s unique structure at silica interfaces on the solvent’s ability
to solvate adsorbed solutes. In this context, the term solvation
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refers explicitly to noncovalent interactions between an adsorbed .
solute and its surrounding solvent. These interactions can be either ' / N Water
nonspecific such as those described by polarizable continuum mod- / \\ —— Cyclohexane
els or specific such as the localized, directional interactions including 0.8 /N
hydrogen bonding and other dipole-dipole attractions.”” *’ /

A recent report examining the time resolved emission of
Coumarin 152 (C152), a solvatochromic fluorescent dye, adsorbed 0.6 // \
at the silica-aqueous (pH 5.9) interface suggested that adsorbed
solutes sampled a distinctly nonpolar solvation environment.” , ‘
Specifically, fluorescence lifetimes measured from the silica-aqueous 0.4+ / \
interface in a total internal reflection (TIR) geometry showed that \
C152 had a long-lived contribution more typical of C152 sol- \
vated in nonpolar solvents such as alkanes or carbon tetrachloride. 027 / ‘
Coumarin 152 (Fig. 1) derives its solvatochromic behavior from \
the +4 D change in dipole””’ and the proposed formation of a !

twisted intermolecular charge transfer (TICT) state upon photoex- 00
citation.””

Normalized Intensity (a.u)
.

T
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T T T T T T
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Stabilization of the TICT state by polar, protic sol- Wavelength (nm)
vents is believed to lead to a much shorter fluorescence lifetime and
a red shift in the fluorescence spectrum relative to C152’s longer

— Hexanes
(~4 ns) lifetime and shorter wavelength emission in nonpolar media Water

(Fig. 2).22

While several density functional theory (DFT) studies””” have
questioned whether or not 7-aminocoumarin solutes are likely to
form charge transfer states, these calculations did not consider
explicitly the role(s) played by individual solvent molecules in sta-
bilizing C152 excited state conformers. Subsequent reports, both
experimental”” and computational,” have identified the importance
of polar solvents in stabilizing excited TICT state conformations. ‘
The excited state photophysical behavior of C152 (and other 7- 6 8 10 2 14 16 18
aminocoumarin solutes) with push/pull functional groups™”’ in Time (ns)
condensed phases is admittedly complicated, and more targeted

studies may clarify the excited state structure and dynamics in spe- (red). Bottom: TCSPC decay curves for C152 in water (red) and in hexanes (blue).
cific environments. Nevertheless, for the findings reported below, we Included in the time resolved emission are fits to exponential decays. Results from
interpret the time dependent emission behavior of C152 adsorbed to these fits are reported in Table .

a strongly associating silica-aqueous interface to reflect a restricted

solvation environment similar to what CI152 experiences in

. 21

1ce.

FIG. 2. Top: UV-vis absorbance spectra of C152 in cyclohexane (blue) and water

C152 to stabilize the TICT state, leading to a longer fluorescence

Given that water and silica are both polar materials, the exis- lifetime.”"*

tence of a “nonpolar” fluorescence lifetime at the silica-aqueous
interface is surprising. Two possible explanations for this behavior
have been proposed: (1) the effective static dielectric constant at the
aqueous-silica interface was reduced from its value in bulk water
of 80.4, consistent with reports from studies of water in confined
spaces'’ or (2) strong hydrogen bonding between water and the sil-
ica substrate restricted interfacial water’s mobility so that solvent
molecules at the surface could not reorganize around photoexcited

Additional studies in the same report measured the fluores-
cence behavior of C152 frozen in an ice matrix and reported life-
times consistent with the interfacial TIR measurements. These data
implied that restricted solvation dynamics prevented C152 from iso-
merizing into a nonradiative TICT state upon photoexcitation and
bolstered an explanation that solvation at silica-aqueous interfaces
was controlled largely by immobilized solvent.

Interpretation of TIR time-resolved fluorescence measure-
ments is hampered by ambiguity about the solutes being excited.
Given that fluorescence is not intrinsically surface specific and that
OFs 7Fa the evanescent field of incident light propagates ~150 nm into the
adjacent aqueous phase in the TIR geometry used in previous stud-

X ies, one cannot unambiguously correlate observed solute responses
directly to those solutes adsorbed to the solid-liquid interface. In
HsCa order to resolve whether or not the silica-aqueous interface is truly
i‘ °© °© nonpolar (with a low effective static dielectric constant) or if interfa-
CHy CHs

cial solvation is due to restricted solvent motion, experiments must
. o ) be able to discriminate responses from solutes in the interfacial
FIG. 1._Structures of Coumarin 152 in its ground state (left) and the excited TICT region from those originating in the adjacent, isotropic bulk. With
state (right). : . Lo . .
this consideration in mind, resonance enhanced second harmonic
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generation (SHG) is a valuable and complementary tool for test-
ing predictions that emerged from the TIR time-resolved emission
studies. SHG is intrinsically sensitive only to molecules subject to
the anisotropy induced by an interface within the electric dipole
limit.” > Furthermore, SHG’s sensitivity to electronic resonances
makes it ideally well suited for probing the local equilibrium sol-
vation environment sampled by C152 adsorbed to the silica-water
interface.

Data presented below report resonance enhanced SHG spec-
tra from C152 molecules adsorbed to the silica-water interface.
Results show that C152’s effective excitation wavelength at the
silica-aqueous interface is slightly longer than that in bulk aqueous
solution, supporting the idea that solvation at the silica-aqueous
interface is characterized by a high permittivity. This result, together
with C152’s time resolved emission, shows that solvation at the
strongly associating silica-water interface is characterized by high
local polarity and restricted solvent mobility. Disrupting substrate-
solvent association changes the local solvation environment dramat-
ically. SHG and time resolved fluorescence data acquired from C152
molecules adsorbed to a hydrophobic silica-water interface show
a local dielectric environment similar to what one would expect
if interfacial solvation were described by averaged contributions
from the adjacent phases. Complementary SHG and time resolved
emission data illustrate that strong solvent-substrate association can
conspire to create conflicting pictures of equilibrium and dynamic
solvation.

Il. EXPERIMENTAL

Laser grade Coumarin 152 was purchased and used as received
from exciton. Water used in the experiments was nanopure, from
a Millipore filtration system, a resistivity of 18.2 MQ and a sur-
face tension of 72.3 mN/m at 22 °C. Silica slides and experi-
mental assemblies were rinsed with methanol and de-ionized (DI)
water then soaked in a bath of 50/50 sulfuric/nitric acid for no
less than 1 hr and rinsed with DI water and dried under nitro-
gen before use. Experiments described in this work used saturated
solutions of Coumarin 152 in water that were made by combin-
ing excess C152 and water and allowing the solution to equilibrate
with stirring overnight at 50 °C. The solutions were filtered to
remove excess dye before use. At room temperature, the concen-
tration of C152 in a saturated aqueous solution is approximately
6 uM. SHG spectra were collected from Kel-F sample chambers con-
taining saturated C152 solution in contact with fused silica slides
(Structure Probe, Inc.). For total internal reflection-time-correlated
single-photon counting (TIR-TCSPC) measurements, a custom-
built assembly was made from Kel-F sample chambers containing
saturated aqueous C152 solution in contact with fused silica prisms
(ISP Optics, Inc.) that allowed the excitation pulse to irradiate the
interface formed between a hemispherical prism and an aqueous
solution at angles greater than the critical angle (61° at 400 nm).
Sample chambers, coumarin solutions, silica slides, and prisms were
allowed to equilibrate for at least an hour before being used in
experiments.

Silica slides (Structure Probe, Inc.) and prisms (ISP Optics,
Inc.) were functionalized according to previously published meth-
ods™**” with a solution of dimethyldichlorosilane in toluene to create
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hydrophobic surfaces. These methods have been shown to repro-
duce consistent hydrophobic monolayers on a silica substrate. Silica
substrates were cleaned as described above and allowed to sit in a
3% silane solution at 130 °C for 36 h. This procedure reliably leads
to water contact angles of 100°. Once removed from the silane solu-
tion, silica slides and prisms were first washed with toluene, then
methanol, and finally tested with water to verify that the surface was
hydrophobic. Slides were used within 24 h of silanization to ensure
consistency of the monolayer.

To collect TIR-TCSPC spectra, the output of a Ti:Sapphire
oscillator (Chameleon, Coherent) was frequency doubled (APE
Autotracker) and the 80 MHz repetition rate was attenuated to
4 MHz using an electro-optic modulator (Conoptics Model 350-
105). Fluorescence emission was collected using a Picoquant 200
time-to-amplitude converter, and the instrument response function
(IRF) was measured using a nonemissive Ludox scattering solution.
Emission was detected at 90° relative to the silica-aqueous inter-
face. The TIR assembly’s IRF was ~200 ps. For every experiment,
the IRF was deconvoluted from the time-resolved emission his-
togram and the resulting trace was then fit to one or more single
exponential decays. The minimum number of lifetimes required to
accurately fit the data was determined using the Akaike information
criterion.”

In order to collect the SHG signal from surface molecules, the
coherent output from a tunable, amplified Ti:sapphire pumped opti-
cal parametric amplifier (OPA) at frequency w is focused on the
surface and creates a polarization of the surface molecules at 2w. The
intensity of the collected second harmonic signal is proportional to
the square of the second order polarizability, denoted as p?

1(20) o ‘P(z)(Zw)r, (1)

where P = ‘X(Z)E(wl)E(wz)|. In the case of second harmonic
generation, the incident beam is of a single frequency and w; = w>.
The surface specificity of SHG, along with all second order nonlin-
ear optical techniques, derives from X(z), the second order nonlinear
susceptibility. x? is a rank 3 tensor consisting of 27 matrix elements;
@ _,®

ik = Xi—j—k
means that no second harmonic response will originate from an
isotropic solution within the electric dipole approximation. At an
interface where symmetry is broken, elements of the x® tensor can
take on nonzero values, dependent on the identity of the molecules
at the interface. x'® is composed of a nonresonant (NR) piece and a
resonant (R) piece

in centrosymmetric systems, the requirement that y

K = xR )
The nonresonant portion of the x® tensor is usually simple and can
be fit to a single value, whereas the resonant contribution is more
complicated. The resonant portion of X(z) is equal to the number of
molecules on the surface multiplied by the orientational average over
the molecular hyperpolarizability () of the adsorbed molecules

A

(2) _ e o _
XR —N(ﬁ,-,j,k), where B is given by 8 = m.

©)

In this expression for B, A is a constant related to the transition
dipole moment of the electronic resonance being examined, wy is
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the resonant frequency of the transition, w is the frequency of the
incident light, and T is the linewidth associated with the transition.

In cases where the interface under investigation carries a sur-
face charge, the second harmonic spectral lineshape can be influ-
enced by some nonresonant elements of the x*’ tensor, which makes
Eq. (2) take the form

A2 o x @+ (P +ig)a(0), @)

where ®(0) is the interfacial potential and both elements of the X(3 )
tensor are purely real.”"’ Collected second harmonic spectra are fit
with Egs. (2)-(4) to determine the linewidth and the center of the
resonant peak.

Resonance-enhanced SHG spectra were acquired from an
experimental assembly that has been described previously.' "’
Briefly, ~3.3 W from a Ti:Sapphire regenerative amplifier (Libra-HE,
Coherent, 85 fs pulses, 1 kHz repetition rate, 801 nm) was cou-
pled to a visible optical parametric amplifier (Coherent OPerA Solo,
FWHM 10 nm) and focused on the sample. If necessary, incident vis-
ible light was attenuated to below 4 mW with neutral density filters
before it reached the sample. The second harmonic signal was col-
lected using a photomultiplier tube and photon counting electronics.
Data from each individual wavelength were collected over 3-5 sep-
arate 10 s intervals, background corrected, and then averaged. Typ-
ically, up to 300 counts were measured on resonance during a 10 s
acquisition.

Ill. RESULTS AND DISCUSSION

Figure 3 shows the second harmonic spectrum of C152 at the
silica/aqueous interface. Also included on the opposite ordinate is
C152’s absorbance spectrum in bulk water. The SHG data show that
the surface spectrum experiences a modest bathochromic shift rela-
tive to the spectrum in bulk water, with the resonance center at the
surface measuring 405 nm, 7 nm higher than the absorbance peak at

0.20 4 —— Absorbance ~ 60
® SHG -
Nonresonant background

0.19

0.18

o
~N
|

Absorbance

0.16

SH intensity (a.u.)

0.15

0.14

360 80 400
Wavelength (nm)

FIG. 3. UV-vis absorbance of C152 in water (red) and the surface second har-
monic spectrum of C152 at the water-silica interface (blue). Also included are SHG
data from the water-silica interface in the absence of any adsorbed C152 (green)
emphasizing C152’s strong resonant enhancement of the SHG response. SHG
data are fit to Eqgs. (1)-(4), and the results of this fitting procedure are included as
the blue, solid line.
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398 nm in bulk aqueous solution. This result includes the x*® term
in Eq. (4) above with an assumed surface potential of 70-80 mV
given an unbuffered, pH = 6 aqueous solution.”” """’ [Omitting the
x? contribution changes the calculated excitation wavelength max-
imum by less than 1.5 nm.] According to C152’s well-characterized
solvatochromic behavior, a red-shifted spectrum implies solvation
in a more polar dielectric environment.” This result at the water-
silica interface is consistent with experiments and calculations pre-
dicting that water molecules immobilized in a solid ice matrix can
also create a more polar dielectric environment than that found
in liquid water. Under the influence of dipole ordering introduced
by the solid structure, ice’s dielectric constant is reported to be
between 78.2 and 107, depending on the ice structure and tempera-
ture." '° (Pure water at room temperature has a dielectric constant
of 80.4.)

Both experimental and computational results have shown that
water molecules within 10 A of a silica surface experience a hexago-
nal ordering analogous to water molecules frozen in a solid state.” *’
The alignment of dipoles at the surface induces the coumarin to dis-
play spectroscopic evidence of a more polar static, dielectric environ-
ment at the surface than in bulk. At the silica-aqueous interface, all of
the water dipoles are expected to be aligned in the same direction for
the first 2-3 solvent layers.””’ We propose that this anisotropic sol-
vent dipole ordering leads to a local permittivity greater than that of
an isotropic arrangement of the same solvent in bulk solution. Given
these considerations, the fluorescence signatures reported in Ref. 21
are unlikely to originate from any sort of nonpolar environment
(with an effective alkane-like static dielectric constant). Instead,
since the SHG spectrum of the silica-aqueous interface implies that
water’s molecular dipoles are highly structured due to strong associ-
ation with the silica substrate creating a large effective dielectric con-
stant, a more likely explanation for the long lifetime in C152 fluores-
cence is that restricted solvent reorientation dynamics are too slow
to enable formation of the C152’s nonradiative TICT state. Taken
together, the SHG data imply a very polar static environment but
the TIR (and bulk ice) fluorescence measurements suggest slower
dynamic solvation than found in bulk solution. These results should
not be surprising given interfacial water rotational correlation times
reported to be as much as 40 times slower at the surface than in bulk
solution.”"””

At the silica-aqueous interface, time-resolved fluorescence
spectra of C152 show a very long fluorescence lifetime, generally
resulting from C152 solvated in nonpolar solvents such as alka-
nes. Since the SHG results presented here confirm that the silica-
aqueous interface is indeed polar, we conclude that the fluorescence
results derive from restricted solvation at the interface and not from
any reduction in the interfacial static polarity. Furthermore, if this
description is accurate, we expect that disrupting the ability of water
to hydrogen bond to the silica surface will cause the static solvation
environment sampled in SHG experiments and the time-dependent
solvation interactions probed by TIR-time resolved fluorescence to
be more consistent with each other.

In order to disrupt the strong ordering effects of the silica sur-
face on the adjacent water structure and dynamics, we function-
alized silica slides with a dichlorodimethylsilane to create nonpo-
lar, methyl terminated silica surfaces””’ and performed SHG and
TIR-TCSPC measurements of C152 adsorbed to this hydropho-
bic silica-water boundary. Figure 4 shows the SHG spectrum of
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FIG. 4. SHG spectra of C152 at the hydrophilic (blue) and hydrophobic (red) silica
interface. SHG data are fit to Eqgs. (1)—(4), and the results of this fitting procedure
are included as the red and blue solid lines.

C152 adsorbed to the hydrophobic silica-aqueous interface. The
same SHG spectrum of C152 adsorbed to the hydrophilic silica-
aqueous interface first shown in Fig. 2 is reproduced for com-
parison. At the hydrophobic-aqueous interface, C152’s SHG spec-
trum shows strong resonance enhancement with an excitation
wavelength maximum of 389 nm, considerably blue-shifted from the
405 nm measured at the unmodified hydrophilic silica-aqueous sur-
face and from the 398 nm measured in bulk aqueous solution. This
hydrophobic silica-aqueous excitation wavelength is consistent with
a local solvation environment similar to that found in bulk polar
organic solvents such as ethyl acetate and acetone.”” Furthermore,
this result is also consistent with expectations that a hydrophobic
surface and a polar solvent would create an interfacial solvation
environment that reflected averaged contributions from the two
phases.””!

The SHG spectrum acquired from this hydrophobic-aqueous
interface is broader than that measured at the unmodified silica-
aqueous interface, with a linewidth of 26 nm compared to 19 nm at
the hydrophilic interface. This spectral broadening often indicates a
heterogeneous solvation environment.” The fact that the linewidth
for C152 at the unmodified silica interface is narrower than that at
the hydrophobic interface implies that the unmodified silica-water
interface exhibits some degree of order that prevents further inho-
mogeneous broadening relative to what is observed at the hydropho-
bic interface. While film defects or unmodified patches of the silica
slide would also result in a more heterogeneous solvation envi-
ronment, we would expect these effects to manifest themselves as
C152 solvation at a polar, strongly associating silica-aqueous inter-
face similar to the data shown in Fig. 3 (and reproduced in Fig. 4).
SHG data from the hydrophobic silica-aqueous interface do not sup-
port an interpretation based on an inhomogeneous hydrophobic
film.

The SHG data show clearly that C152 adsorbed to the
hydrophobic silica-aqueous interface samples a less polar envi-
ronment, indicating that disrupting the strong substrate-solvent
interactions diminishes the local polarity. The consequences of this
disrupted interfacial solvent structure on C152’s time dependent
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emission behavior can also be observed in the TIR-TCSPC mea-
surements shown in Fig. 5. These experiments were performed
using hemispherical silica prisms that had been functionalized with
dimethylsilane in the same manner as the silica slides used for
SHG experiments. Also shown in Fig. 5 for comparison is the
time-resolved fluorescence from C152 adsorbed to the hydrophilic
silica-aqueous interface.

As previously reported, a saturated solution of C152 in water at
the unmodified silica-aqueous interface shows evidence of two fluo-
rescence lifetimes—87% of the decay corresponds to C152 solvents
in contact with bulk water with a lifetime of 0.47 ns and 13% from
solutes in contact with the silica surface with a lifetime of 3.52 ns.”
The longer lifetime is similar to C152’s single, ~4 ns lifetime in
nonpolar media. At the hydrophobic silica-aqueous interface, flu-
orescence decays cannot be fit with fewer than 3 lifetimes. 72% of
the decay still derives from C152 solutes dissolved in bulk water
solution, with a lifetime of 0.45 ns. 4% of the decay fits to a longer
fluorescence lifetime of 4.25 ns, either from solutes held by hydrogen
bonds at defects in the hydrophobic surface layer or from molecules
completely excluded from water by the nonpolar molecules on the
silica surface. The third lifetime seen at this interface comprises 24%
of the total decay and corresponds to a new lifetime of 0.93 ns, typi-
cally attributed to C152 in a polar, hydrogen bonding solvent similar
to methanol. This additional lifetime is necessary to adequately fit
the fluorescence data from the hydrophobic silica-aqueous inter-
face as the x* value for the 2-exponent fit is 2.701, while adding
the 3rd exponent improves the x* result to 1.024. These results are
summarized in Table I. Considering the structure of the hydropho-
bic silica-aqueous interface, this additional lifetime is sensible. The

] —— hydrophilic silica
T —— hydrophobic silica
4 — IRF
1000

@ ]

[ =4

3

8 100 E

10

T T T T
8 10 12 14 16 18
Time (ns)

R

FIG. 5. TIR-TCSPC traces of C152 at the hydrophobic silica-agueous interface
(blue) and hydrophilic silica-aqueous interface (red). Results from fitting these
data to independent exponential decays are reported in Table |. The instru-
ment response function (IRF) from a scattering, nonemissive solution of Ludox
is included for reference (black trace).
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TABLE |. Fluorescence lifetimes and amplitudes of C152 adsorbed to aqueous-hydrophilic and aqueous-hydrophobic
interfaces as measured by TIR-TCSPC. Lifetime data assigned to bulk solvated solutes are reported as A; and 4.

71 (ns) T2 (ns) 3 (ns)
A1 (%) (bulk) Az (%) (nonpolar) A3 (%) (polar protic)
Hydrophobic silica 72 0.45 4.25 24 0.93
Hydrophilic silica 87 0.47 3.52 n/a n/a

silica surface is composed of a layer of terminal methyl groups, and
the interfacial water solvent is expected to diminish in density and
to be considerably less ordered.”

The additional lifetime also makes the SHG and TIR-TCSPC
results from the hydrophobic interface much more internally con-
sistent relative to the apparently conflicting findings from the
hydrophilic interface. The SHG results at the hydrophobic silica
interface indicate a dielectric environment similar to that of bulk
acetone (¢ = 20.7), while the time-resolved fluorescence data indicate
a polar, protic solvation environment similar to that of methanol.

IV. CONCLUSIONS

The results presented in this work create a more nuanced pic-
ture of water’s solvation properties at hydrophilic and hydropho-
bic silica-aqueous interfaces. Previous results indicated that solute
isomerization was impeded at hydrophilic silica-aqueous interfaces
and implied that the interface had distinctive nonpolar charac-
ter. Resonance enhanced SHG spectra of adsorbed C152 show that
the hydrophilic silica-aqueous interface is, in fact, characterized
by a strong local dielectric constant. The restricted solute isomer-
ization, then, likely reflects slower solvent reorientation dynam-
ics resulting from strong water-silica association. Disrupting these
solvent-substrate interactions leads to static and dynamic interfacial
solvation properties that more closely mirror each other.
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