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CONSPECTUS

he nature of water's hydrogen-bonding network is a vital in

fluence on the chemistry that occurs at interfaces, but a
complete understanding of interfacial water has proven elusive.
Even-order nonlinear optical spectroscopies, such as vibrational sum
frequency generation (VSFG) spectroscopy and heterodyne detected
phase-sensitive sum frequency generation (PS-SFG) spectroscopy,
are inherently surface specific. With the advent of advances in these
spectroscopic techniques, researchers can now explore many long-
standing questions about the dynamics and structures present at the
vapor—water and water—solid interfaces. Of spedial interest to the
atmospheric chemistry community is the accommodation of ions and
solutes by water's hydrogen-bonding network. A better understanding
of how ions and solutes behave in hydrogen-bonded water has aff-
orded a fresh perspective of aqueous aerosols, because the interactions
involved therein drive phenomena such as the hydrolysis of atmo-
spheric chemical spedies. In this Account, we present work from our
laboratory focusing on applying VSFG and the recently developed PS-
SFG techniques to probe the perturbation of water's hydrogen-bonding
network at the vapor—water interface by a variety of ions and solutes.
We also present very recent results from our laboratory on the direct
observation of the adsorption of ions at the water—CaF, interface.

We begin by discussing the influence of ions and solutes on
interfacial water structure. Results for halide salts and the acid analogs on interfacial water structure are shown to be quite different, as
would be expected from differences in surface tension measurements that have been known for a long time. Also examined are systems
with the largely polarizable molecular anions nitrate (NO ~), sulfate (S0,%~), carbonate (CO5>~), and bicarbonate (HCO; ~).These systems
feature more complicated influences on interfacial water structure than halide-containing solutions; however, our conventional VSFG
results for both nitrate and sulfate solutions are in agreement with recent PS-SFG results and molecular dynamics simulations.

We also discuss recent PS-SFG work on carbonate and bicarbonate systems in which the accommodation of the bicarbonate ion at the
vapor—water interface is in stark contrast to the carbonate results. Perturbation of interfacial water by solutes is examined for solutions
of dimethyl sulfoxide and methylsulfonic acid. PS-SFG results for these systems are striking: they illustrate the dramatic changes that
interfacial water molecules undergo in the presence of solutes that are not observed with conventional VSFG. Finally, we discuss direct
sulfate ion adsorption for the aqueous sodium sulfate—CaF interface, with the goal of elucidating water behavior at this surface.

air/Na,COj; solution interface

f

Introduction properties both obvious and practical. Beyond practical
Water's ubiquity on Earth and the vital role it plays in all concerns, however, water is a fascinating subject that dis-
aspects of life make the necessity of scientific inquiry into its plays many unique and subtle properties, which are still not
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completely understood and are the subject of much diverse
and intense experimental and theoretical work.' ~'° Many
of water's important properties stem from its large hydro-
gen-bonding nature such as its uncommonly high boiling
point to the ability to solvate ions and solutes. The hydrogen-
bond network at the asymmetric two-dimensional vapor/
water interface is particularly interesting because much
chemistry is controlled by interactions at this interface."'?
The advancement of surface-specific even-order nonlinear
optical spectroscopic techniques, such as VSFG and surface
second harmonic generation (SHG), in the past two decades
along with theoretical work has enabled elucidation of
many questions on interfacial water.'®'3~2° Of particular
importance to fields such as atmospheric chemistry is the
accommodation of ions and solutes by water's hydrogen-
bond network. Work in the Allen laboratory has focused on
elucidating the behavior of water's hydrogen-bonding net-
work in the bulk and at the vapor/liquid and liquid/solid
interfaces for a variety of systems relevant to atmospheric
aerosol chemistry, geochemistry, and biology through the use
of vibrational linear (Raman and infrared) and nonlinear
(VSFG) optical spectroscopies.'”*' 29

Here we present primarily our most recent work, published
and unpublished, on the roles that ions and solutes play in
perturbing the hydrogen-bond network at the vapor/liquid
and solid/liquid interfaces, as well as comment on contribu-
tions from other researchers working in this field. Motivation
for this work stems from a knowledge gap with regard to
atmospheric particulate matter (aerosols), both liquid, inclu-
sive of water, and solid phase matter, primarily mineral, and
how the surfaces of these aerosols influence chemistry that
occurs in the atmosphere.'? Surface effects of atmospheric
aerosols have been the focus of scientific inquiry since the
1990s, with emphasis on tropospheric aerosols.>°

Because probing the asymmetric two-dimensional hydro-
gen bond network of water found at interfaces necessitates
a surface-specific technique, VSFG is widely utilized within
our laboratory because it is an even-order nonlinear optical
spectroscopy that provides information on the vibrational
character of molecules at surfaces. Conventional VSFG in-
tensity is proportional to the square modulus of the second-
order nonlinear susceptibility, [x*®|?, multiplied by the inten-
sities of the input visible and infrared beams, eq 1.
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Here Isg, Ivis, and I are the intensities of the output sum
frequency beam, the visible excitation beam, and the
infrared excitation beam, respectively, and g and »\?
refer to the nonresonant and resonant components of
the second-order nonlinear susceptibility. Equations 2a
and 2b reveal the Lorentzian line-shape character of the
second-order nonlinear susceptibility when the VSFG
resonances are discrete where A, is the SFG transition
moment strength, w, is the frequency of the SFG active
vibration, wyr is the frequency of the incident infrared
laser beam, and T, is the line-width of the VSFG transition.
Equation 2b is the imaginary term from the expansion of
eq 2a. For continuum modes, such as the collective OH
vibrations of interfacial water, eq 3 more accurately
represents 52 where p(w,) is the density of VSFG modes
at w,.3!

While eqs 2a and 2b inherently contain information on
the sign of the VSFG transition moment and thus the
orientation of the induced dipole moment, we can see from
eq 1 that this information is lost when collecting the con-
ventional VSFG intensity spectrum. It becomes impossible
then to directly measure the orientation (phase) of the VSFG
transition moment utilizing conventional VSFG techniques.
This issue has been recognized for many years as a short-
coming of the conventional VSFG technique and, previous to
direct measurement of SFG phase, researchers have at-
tempted to address this both experimentally and through
theoretical simulations.3>32 The first direct measurement of
the phase of y*® was completed using SHG in 1986 by
Kemnitz et al."® It was not until 1990 that the phase of ¥
was measured with VSFG by Superfine et al. for a pentade-
canoic acid monolayer on water;>* however, this method
saw limited adoption due to the added experimental com-
plexity. In the following years, several groups reported the
Im 52 (eq 2b) spectra for water at a variety of interfaces;>>>°
however, a widely applicable expetimental approach to
directly measure Im ' was lacking until recently. This
technique, pioneered by Ji et al. and referred to from here
as heterodyne detected phase-sensitive sum frequency gen-
eration (PS-SFG), allows the measurement of the Im 32
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spectra for molecules at the interface of two centrosym-
metric media.>® This marks a huge step forward for VSFG
instrumentation, and the ideas of Ji et al. are being quickly
adopted by both experimentalists and theoreticians within
the surface spectroscopy community.® 102327 -29,37-40
PS-SFG is an excellent tool to investigate the effect that
ions and solutes exert upon the hydrogen-bond network of
water because PS-SFG can show whether the transition
dipole moment of water reorients due to the presence of
an ion or solute, even if the VSFG power spectrum remains
unchanged. As such, the majority of the work presented in
this Account utilizes the PS-SFG technique where an existing
conventional femtosecond broad-band VSFG spectrometer
in our laboratory was adapted for phase detection using the
design demonstrated first by Nihonyanagi et al.>” In this
design, collecting both conventional VSFG (power spectrum)
and PS-SFG is possible. The broad-bandwidth VSFG spectro-
meter used for this work has been described in greater detail
elsewhere along with a more recent description of the PS-
SFG setup utilized for this work.?>?” Briefly, a titanium:
sapphire oscillator (792 nm)/double regenerative amplifier
(1 kHz) (Spectra-Physics) generates both the picosecond
visible and femtosecond infrared light. The full spectral
bandwidth for the infrared beam was 800 and 500 cm™"
in the water hydrogen-bonding region for the conventional
VSFG and PS-SFG setups, respectively. Average energies for
the visible and infrared beams were ~300 and ~10 uJ,
respectively. For the liquid/solid work, a scanning VSFG
spectrometer (20 Hz, Ekspla) was used. Details of the 20 Hz
scanning VSFG system can be found elsewhere.?' Briefly, a
Nd:YAG laser is used to produce the visible beam (532.1 nm,
~500 wJ) and to pump an OPA/OPG/DFG system, which
produces the tunable infrared beam (2.5—12 um, >50 wJ).

Results and Discussion

Vapor/Neat Water Interface. In order to understand the
role that solvated ions and solutes play in perturbing water
structure at the vapor/liquid interface, it is vital to have an
understanding of neat water structure both in the bulk and at
the vapor/water surface.'” Bulk vibrational studies using
Raman and infrared spectroscopies are useful in helping to
assign the complicated hydrogen-bonding continuum region
located from 3000 to 3650 cm™'. This region is generally
attributed to the collective OH stretching modes of hydrogen-
bonded water molecules, from a more strongly to a more
weakly hydrogen-bonding network. The most apparent dif-
ference between VSFG spectra for the vapor/liquid interface
and Raman and infrared spectra for bulk water occurs at
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3700 cm~ !, where a sharp, narrow peak is observed for the
vapor/water interface VSFG spectrum. This peak is assigned to
the free OH stretch of water molecules that straddle the vapor/
liquid interface. These water molecules have one OH bond
pointing toward the vapor phase and the other OH bond
pointing toward the liquid where it is free to interact with other
water molecules via hydrogen-bonding.'*

A precise assignment for the origin of the hydrogen-
bonding continuum from 3000 to 3650 cm~' has proven
to be elusive and as such is a large source of controversy
within the community.? 101417323941 Explanations for this
region range from the presence of several hydrogen-bound
water species, to the prevailing effects of large dynamic
fluctuations in water, to intramolecular coupling between
the overtone of the OH bending mode and the OH stretch
fundamental.”3%#! The recent development of PS-SFG, as
well as thorough theoretical studies, has provided much
additional information toward resolving this issue;*'%3°
however the controversy persists.

lon Effects at Vapor/Water Interface. The relationship
and effect that solvated ions have upon the structure of water's
hydrogen-bonding network is of special interest to the atmo-
spheric chemistry community because aqueous aerosols are
involved in a wide range of atmospherically important pro-
cesses such as the heterogeneous hydrolysis of atmospheric
chemical species.’"'? The use of surface specific vibrational
spectroscopic techniques such as VSFG has been actively
pursued by a number of groups to help elucidate long-stand-
ing questions on the surface structure of water containing a
wide variety of ions.®1>~17192024,29.314042-44 prgyided here
is a brief synopsis of the major findings from work on vapor/
ion—water interfaces using VSFG completed by our laboratory
inthe past as well as the major unresolved questions from this
work that we seek to address using the PS-SFG technique. Very
recent results for the aqueous sodium carbonate and sodium
bicarbonate systems utilizing PS-SFG are also presented and
summarized.*®

Previous work has primarily focused on the effect that
halide ions (CI-, Br, and I7) with mono- and divalent
countercations (Na* and Mg>", Ca®*, and Sr**) have upon
the water structure near the vapor/liquid interface and how
these results compare with results for acidic solutions (HCI,
HBr, and HI)."%2%2224 From surface tension measurements,
Figure 1, it is known that acidic solutions exhibit very
different behavior than solutions of the salt analogue, and
addressing this behavior was a central goal in past work.
Introduction of the halide salts was seen to manifest as a
slight decrease in the strong hydrogen-bonding region at



3200 cm ' and a significant increase in the weak hydrogen-
bonding region at 3400 cm ', for example, Figure 2b. These
spectral changes increased with increasing polarizability of
the anion, I~ < Br~ < I, and were interpreted as an
indication of surface enrichment of solvated anions at the
vapor/liquid interface recognizing that an increase in the
3400 cm ™' region intensity is also a signature for the halide's
solvation shell water molecules.">?%2% For acidic solutions, it
was seen that both the 3200 and 3400 cm ™' regions were
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FIGURE 1. Surface tension values of sodium salts and monoprotic acids
as a function of concentration. Figure adapted from ref 24.
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enhanced, for example, Figure 2¢, with the increase in the
3400 cm ™' peak again being attributed to the enrichment of
polarizable anions within the interface and the 3200 cm ™'
enhancement assigned to the presence of H;0" or H,O5 ™ in
the interface, which both increases the interfacial depth and
orders the interface.'”'92%22 Recent PS-SFG results from
Tian et al. support this interpretation for the interfacial
structure of acidic solutions.?' The spectra for the acid ana-
logs of the monovalent halide salts exhibited very different
behavior for the free OH at 3700 cm~' where a decrease
in the intensity was observed indicating a decrease in free
OH oscillators at the surface. This finding was consistent
with additional polarization studies in our laboratory, the
results of Shultz and co-workers, and molecular dynamics
simulations.?%44>

Our laboratory has also investigated the effects of large,
polarizable molecular anions such as nitrate (NO3~) and
sulfate (SO4°7) on the hydrogen-bonding structure of
water.'#324 Although interpretation for the nitrate and
sulfate systems appeared to be more difficult, recent PS-
SFG work from Tian et al. and our laboratory have provided
further insight into these systems.?° For divalent cation
and sodium nitrate systems, there is a severe depletion of
intensity in the 3200 cm ™" region and an enhancement for
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FIGURE 2. The ssp polarized conventional VSFG spectra of aqueous solutions of (a) neat water (scanning and broad band system), (b) 2 M NaBr (broad
band system), (c) 1.2 M HBr (scanning system), (d) T M NaNOs (scanning system), (e) 0.5 and 3 M Mg(NOs), (scanning system), and (f) 1.1 M Na,SO4
(broad band system). Neat water VSFG spectrum is shown in black (broad band system) and dark gray (scanning system) for reference in each

spectrum. Differences in spectral shape of neat water spectra are due to slight differences in SFG systems and Fresnel factors (incident angle changes).
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FIGURE 3. (a) The ssp conventional VSFG spectra for neat water (scanning and broad band system). (b—f) The difference spectra (VSFG salt or acid
spectrum minus VSFG water spectrum) for the indicated salts. Because the spectra are convoluted with cross-terms containing nonresonant
contributions, they are not comparable to other solution difference spectra; the difference spectra are merely a qualitative guide for the eyes. Dashed

line represents the water zero for each respective spectra.

~3 M divalent cations (Sr** > Ca®*" > Mg?") and no en-
hancement for NaNO; of the 3400 cm ' region, Figure 2d,e,
while for the sodium and other monovalent sulfate systems
(divalent cation systems have not yet been completed), a
large enhancement is found for both the 3200 and 3400
cam~' regions, Figure 2f. These results are interpreted as
follows: For nitrate systems, the significant depletion of the
3200 cm™! region and enhancement of the 3400 cm™'
region is attributed to the existence, but not an enrichment,
of the nitrate ion at the interface, with comparable surface
activity to that of the chloride ion, which is supported by
recent PS-SFG measurements by Tian et al.>'244%4® For the
divalent cation series, the spectral changes are exaggerated
as the size of the cation increases, Mg®" < Ca?* < Sr 2T,
where the larger and more polarizable cation affects the
interfacial water the most significantly, although cations are
typically considered as hard ions. We have postulated that
the larger divalent cations create additionally complex con-
centration gradients when paired with nitrate (and chloride)
and so the interfacial region experiences a widening (i.e.,
thickening).>*® We ruled out the possibility of a wider electric
double layer created by a simpler picture of nitrate surface
concentration enhancement because of the observed 3200
cam ! intensity decrease, although additional PS-SFG studies
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need to be completed on Mg(NOs),, Ca(NOs),, and Sr(NOs),
salt solutions to support this interpretation. For sodium sulfate
systems, Figure 2f, the intensity enhancement extends to the
lower frequency region, in agreement with work from Tarbuck
et al** and consistent with the simpler picture, although
reversed in ordering where sulfate is buried deeper in the
interface and the cations reside on average above sulfate
thus creating a local electric field resulting in water align-
ment as evidenced by the 3200 cm~' enhancement. This
interpretation is supported by recent PS-SFG studies on Na,SO4
solutions and is consistent with molecular dynamics simula-
tions. 23294045 pg g qualitative guide to highlight changes to
the hydrogen bonding network, Figure 3 shows the difference
spectra obtained from subtracting the water VSFG spectrum in
Figure 2 with the associated salt or acid VSFG spectrum.

For aqueous solutions of sodium carbonate (CO527) and
bicarbonate (HCO5 ™), we have recently completed conven-
tional VSFG and PS-SFG studies.?® Early VSFG work on
sodium bicarbonate and sodium carbonate containing solu-
tions were carried out by Tarbuck et al.*®* who reported that
bicarbonate did not significantly perturb the water hydrogen
bonding network whereas carbonate presence caused a
large intensity enhancement of the 3200 cm™' spectral
region. These results were interpreted as arising from a



Organization of Water and Atmospheric lons and Solutes Jubb et al.

a) , )
gA_ 0.3 % | 03
2 3 3000 3200 3400 3600 380 3000 3200 3400 3600’ 3800
-
> Q.
% 02 @@M%%% - 02 . .
c A D,
88 | 5 o RS %%@%@@%%A
S S ooy %
© 0] oo® B o1 &&gﬂ
oy g g
R R
0.02 0.02
b) d)
éA
AT o
0.005 s B e maeoo o] 0.00 £ %m0 - A Rpe e e
= 'S o P 2P o
E] ooy S 5.8
© & Q? °" 8% MAAQA &° 4
a o 0 R0 000, W00 Ro 2,
g, && °% o%)(g NG 00
£ e o | -0.02 B0
E 002 @ o Ry & | 0. el
%2%&0&00 o o Lot
o L 50
Na,CO, (=4 NaHCO,
-0.04 0.04

3000 3100 3200 3300 3400 3500

3000 3100 3200 3300 3400 3500

Incident infrared (cm'1)
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Figure adapted from ref 28.

convolution of an increase in the cooperative OH stretching
of tetrahedrally coordinated water molecules, the ordering
effects of the ion induced field, and strong ion—dipole
interactions.*®> Tarbuck et al.'s results were found to be
consistent with subsequent work from Du et al. and our
conventional VSFG data on sodium carbonate and sodium
bicarbonate solutions.?®4*

PS-SFG spectra for sodium carbonate and bicarbonate are
shown in Figure 4. For the left column corresponding to the
carbonate sample, the increase in the low-frequency region
centered at 3200 cm~' for the conventional VSFG power
spectrum, Figure 4a, indicates an increase in strong hydro-
gen-bonding. Figure 4b displaying the Im y? spectra for the
carbonate solution and neat water, however, indicates that
in addition to an increase in the hydrogen-bonding strength,
there are several additional effects at play. Relative to the
neat water surface, the sign flip from 3000 to 3200 cm ™"
from positive to negative and the increased negative inten-
sity of the 3200—-3500 cm ™' region for the carbonate
solution reveals that carbonate ions have a strong orienting
effect on the ensemble average water OH transition mo-
ment causing water molecules to align with their OH transi-
tion moments pointing toward the bulk solution. In order for
these results to make physical sense, carbonate ions must
reside at the bottom edge of the interfacial region and the
sodium ions relatively near to the surface. This could gen-
erate the field necessary to orient the water molecules.

While it has been suggested that sodium ions are repelled
from the interface, our data indicates that the sodium ions,
on average, should reside above the carbonate ions within
the interface in order to generate the necessary local field
to orient the interfacial water.?>*3 This is in contrast to the
sodium bicarbonate results where there are no significant
differences between the measured power spectrum, Figure 4c,
and the imaginary spectra, Figure 4d, for neat water and
the bicarbonate solution. These results strongly suggest
that sodium and bicarbonate ions are dispersed throughout
the interface and are accommodated by water's existing
hydrogen-bonding network. These results are particularly
interesting since the relative acidity of an atmospheric
aerosol will then dictate the interfacial water structure if
the acidity is controlled by the increases in atmospheric
CO,, which then affects the equilibrium balance of HCO3™
and CO52~ in the aerosol.

Solute Effects at Vapor/Water Interface. The effect that
nonionic solutes have on water hydrogen-bond structure is
also of large interest for atmospheric chemistry. This is
especially true for sulfur-containing molecules because the
sulfur cycle is the dominant factor in the gas-to-particle
conversion process in the marine boundary layer (MBL)
due to the wide availability of biogenic dimethyl sulfide
via algal metabolic byproduct.*” Sulfur-containing mole-
cules produced by the sulfur cycle such as dimethyl sulfoxide
(DMSO), methane sulfonic acid (MSA), and the final oxidation
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FIGURE 5. Conventional VSFG and Im 2 spectra in water stretch
region of (a) DMSO—water mixtures and (b) MSA—water mixtures. () Im
%2 spectra in water region of 2 M DMSO, 2 M MSA, and neat water.
Figure adapted from ref 25.

product H,SO, demonstrate a strong affinity for water,
which allows sulfur-containing aerosols to serve as cloud
condensation nuclei. This in turn modifies the formation
of global cloud cover effecting the Earth's albedo and
climate.*® PS-SFG measurements on water's hydrogen-bond
network at the vapor/liquid interface for DMSO- and MSA-
containing solutions are therefore presented.”> Shown
in Figure 5 are the conventional VSFG spectra for DMSO
solutions (Figure 5a) and MSA solutions (Figure 5b), as well
as the PS-SFG results (Figure 5¢) for these solutions at the
vapor/liquid interface. Conventional VSFG results for DMSO-
containing solutions (Figure 5a) show the hydrogen-bonding
network of water only slightly perturbed by the presence of
DMSO while the free OH peak at 3700 cm~' decreases,
where the latter is attributed to the replacement or hydro-
gen-bonding of topmost water molecules by DMSO. For the
MSA/water VSFG results, Figure 5b, a significant decrease in
the 3400 cm™ ' peak is seen and the overall hydrogen-
bonding region is slightly red-shifted; this has been assigned
to an enhancement in the hydrogen-bonding strength of
surface water in the past.*°

Yet, the PS-SFG results for 2 M DMSO solutions (Figure 5¢)
indicate the surface water's hydrogen-bonding network is
greatly perturbed, in contrast to the conventional VSFG
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FIGURE 6. BAM images of DPPC monolayer on (a) neat water and
(b) 0.1 x DMSO subphases at 10 mN/m. Figure adapted from ref 26.

results. This is also contrary to what one would predict from
Raman spectroscopic results from bulk studies of these
aqueous solutions.?® Easily interpreted from the PS-SFG
spectra and the fact that DMSO is a surface-active (surface
concentration enhancement) molecule,*® the presence of
DMSO causes a reorientation of the interfacial water struc-
ture where the OH transition moment of surface OH oscilla-
tors now on average point toward the surface. For MSA,
the PS-SFG intensity is observed to decrease across the
hydrogen-bonding region where the intensity is nearly zero
beyond 3200 cm ™' revealing lack of a net OH orientation.
This is attributed to the conflicting influences of the hydrated
methane sulfonate anions and the hydrated hydronium
ions in the interfacial region, which have both been shown
to have preferred interfacial residence.?>*° Hence the PS-
SFG spectrum for the MSA—water solution reveals a much
thinner surface electricdouble layer relative to DMSO, a very
different result compared with the speculative interpreta-
tions from previous conventional VSFG results.

An elegant example of consequences that solutes such as
DMSO have is seen in Figure 6. Here two Brewster angle
microscopy (BAM) images for a compressed (~10 mN/m)
phospholipid monolayer (1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC)) on a neat water subphase (Figure 6a) and a
0.1 x (mole fraction) DMSO solution subphase (Figure 6b) are
shown.?® For Figure 6a, the formation of multilobed DPPC
domains when the monolayer is compressed to ~10 mN/mis
very clear. However, when DMSO is introduced to the sub-
phase and the monolayer is again compressed to ~10 mN/m,
the phospholipid fails to form distinct domains, instead im-
mediately condensing into a film. Future work in our labora-
tory is focused on elucidating the hydrogen bonding structure
for such complex systems.

Neat Water/Mineral Interface. Beyond the vapor/liquid
interface, there is a wide interest in understanding water's
behavior near the liquid/solid interface.>'> From an atmo-
spheric perspective, the water/mineral interface is particu-
larly important to understand because interactions at this



boundary influence the aqueous phase chemistry of the
mineral aerosol.>® VSFG is an attractive tool to investigate
water/mineral systems because the inherent interfacial sen-
sitivity of the technique avoids contributions from bulk
species. Due to increased experimental complexity in acces-
sing a buried interface and the relative novelty of the
technique, PS-SFG has only seen limited application to
water/mineral systems.>>>2 The majority of VSFG studies
on water/mineral systems have focused on insoluble oxide
minerals such as quartz (a-SiO,), fused silica (SiO,), and
corundum (a-Al,03).3>°%>4-5¢ These minerals are very abun-
dant and important in the environment as well as being
experimentally attractive for VSFG because they are insoluble
and feature large transmission in both mid-infrared and
visible frequency ranges. The other common mineral phase
in water/mineral VSFG studies has been fluorite (CaF,), which
is a slightly soluble (Ksp ~ 3.9 x 10~"") ionic mineral with
environmental and industrial relevance.>”*® A common find-
ing for all water/mineral systems studied by VSFG is that as
the solution pH moves farther away from the mineral isoelectric
point (ISP), inducing mineral surface charge enhancement,
the intensity of the detected VSFG for the hydrogen-bonding
region of water increases. This signal intensity enhancement
reflects the increased hydrogen-bond order due to ordering
effects from the charged water/mineral interface.

Salt Effects at the Water/Mineral Interface. Much like
the vapor/liquid interface, the role that ions play on the
water hydrogen-bond network at the water/mineral inter-
face has been the focus of intense studies.>*>>>8 Unlike the
vapor/liquid interface, however, the water/mineral interface
generally features a charged surface at environmentally
relevant pH values, which exerts an electric field some
distance away from the surface. For salt water/mineral
systems, this electric field, commonly approximated by the
Gouy—Chapman model, attracts ions, which in turn screen
the effective interface potential of the mineral.>® Screening
of the mineral interface potential by ions limits the ordering
influence of the mineral on water hydrogen-bonding net-
work. The application of VSFG to study how the hydrogen-
bonding network of water responds to the screening of
charged mineral surfaces and the behavior of the ions
themselves near charged mineral surfaces is being actively
pursued by several reseach groups, including ours. Here we
discuss literature results®® for the water hydrogen-bonding
region for the sulfate—water/CaF, interface in the context of
atmospheric chemistry and present very recent, unpub-
lished work directly probing sulfate interaction with the solid
CaF, surface at the water/CaF, interface from our laboratory.
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FIGURE 7. The ssp polarized conventional VSFG spectra in S—O region
for water/CaF, interface of two Na,SO, solutions in 1 m NaCl at pH 7.
Neat water VSFG spectrum is shown in black.

Recent work in our laboratory has directly measured
sulfate anion adsorption at the water/CaF, interface,
Figure 7, with VSFG. Here the S—O modes of the adsorbed
sulfate anion are directly probed for Na,SO,4 solutionsin 1 m
(moles solute per kg solvent) NaCl solutions at a pH of 7. NaCl
is chosen as a background electrolyte to ensure the total
ionic strength of the solution does not change with in-
creased sodium sulfate additions. From Figure 7, it can be
seen that direct sulfate adsorption, not solvated sulfate
anions residing within the interface, is detectable for Na,SO4
concentrations as low as 1 x 10~% m. That only adsorbed
sulfate anions are contributing to the VSFG spectra is appar-
ent from the multiple peaks present within the S—O bond
frequency range, indicating the symmetry lowering from
Ty to G/Gs, that occurs for the sulfate anion upon
adsorption.®® These results indicate that the surface charge
of CaF, is neutralized by inner-sphere complexation of the
sulfate anion at the water/CaF, interface, as well as sulfate
ions that reside in the interfacial electric double layer.

Hopkins et al. have examined the influence of ions on the
water structure at the water/CaF, interface at a near neutral
pH (5.8) with VSFG and have demonstrated that the addition
of sodium sulfate is more disruptive toward the hydrogen-
bonding network than the addition of NaCl, NaBr, and
NaF.>® The comparatively large intensity changes for
Hopkin et al.'s Na,SO,4 VSFG spectra suggests that the sulfate
anion is involved in interactions that are more disruptive to
water's hydrogen-bonding network at the solution/CaF; inter-
face than simply screening the surface potential, which our
results support. The direct adsorption of sulfate may describe,
beyond a divalent versus monovalent explanation, why the
sulfate anion exhibits a larger effect on the hydrogen-bonding
network of water at the water/CaF; interface than salts such as
NaCl as was observed by Hopkins et al.>®
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Conclusions

Work presented here has focused upon efforts to elucidate
the perturbation of water's hydrogen-bonding network by
ions and solutes at a variety of interfacial regimes. Surface-
sensitive vibrational spectroscopic methods such as VSFG
and PS-SFG are the primary tools that are utilized in
our laboratory to interrogate interfacial water. However,
understanding perturbation of water arising from interactions
with various ions and solutes is nonttivial. Results for the
vapor/water interface of ionic solutions indicate that, in gen-
eral, the hydrogen-bond network is less accommodating of
ions as size, polarizability, and charge increases. However,
results for bicarbonate that show little perturbation indicate
that predicting ion effects based on these parameters is not
sufficient and direct measurements are nessessary. Direct
phase measurement is even more vital for understanding
perturbation orginating from solutes because the complex
molecular character of these compounds makes predicting
their influence even more tenuous. For water near charged
interfaces, such as water/mineral systems, a large enhance-
ment of the hydrogen-bonding network as observed by
others due to an increased surface potential of the mineral
may be screened by the presence of ions in the solution. The
direct adsorption of ions to the mineral, as was shown for
Na,SO,4 solutions at the water/CaF, interface, may explain
why some ions show increased shielding abilities over others.
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