PCCP

Physical Chemistry Chemical Physics

www.rsc.org/pccp Volume 11 | Number 27 | 21 July 2009 | Pages 5521-5852

ISSN 1463-9076
COVER ARTICLE
Allen etal. HOT ARTICLE
Shedding light on water structure Knight and DeVries

at air-aqueous interfaces: ions, lipids, Ice growth in supercooled solutions o
and hydration biological “antifreeze’, AFGP 1-5 1463-9076(2009)11:27;1-U




PERSPECTIVE

www.rsc.org/pccp | Physical Chemistry Chemical Physics

Shedding light on water structure at air-aqueous interfaces: ions, lipids,

and hydration

Heather C. Allen,* Nadia N. Casillas-Ituarte, M. Roxana Sierra-Hernandez,

Xiangke Chen and Cheng Y. Tang

Received 20th January 2009, Accepted 24th March 2009

First published as an Advance Article on the web 15th May 2009

DOI: 10.1039/b901209¢

An account is given of the current state of understanding of aqueous salt, acid, and lipid/water
surfaces, interfacial depth, and molecular organization within the air—solution interfacial region.
Water structure, hydration, surface propensity of solutes, and surface organization are discussed.
In this perspective, vibrational sum frequency generation spectroscopic studies of aqueous
surfaces are interpreted. Comment on future directions within the field of aqueous surface

structure is provided.

Introduction

The amazing properties of water and the ability of water to
solvate molecules and ions, in addition to the intricate details of
how this solvation occurs and is maintained, drive scientific
discovery in this area. Water and many inorganic ions are
necessary for life, and this provides motivation beyond sheer
fascination for continued research. Thus, understanding water
and its inherently important hydrogen bonding character
continues to be of prime focus for many experimentalists and
theoreticians.' ' There has been a resurgence in this field due to
the ability to now probe the surface of aqueous solutions using
vibrational spectroscopy that is interface-selective.'®°

For water, moving from a three-dimensional environment
of the bulk to the asymmetric two-dimensional interface has
particularly interesting consequences. This environment, the
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aqueous surface, has implications for hydration of solutes
relative to the bulk. As we learn more about surface structure,
we also shed light on the bulk environment. Yet in revealing
the intricate nature of solvation, more questions arise. Even so
we now know more about both the bulk solvation and
interfacial solvation environments. In most cases, the inter-
face, not just the very surface, is different structurally relative
to the bulk solution.

We present relatively recent work and unpublished work on
aqueous surfaces to better understand the structure of these
air-aqueous interfaces. Advances in nonlinear optical
technology have propelled a new era of surface spectroscopy.
Furthermore, advances in theoretical chemistry and
computational technology, and thus predictions from
theoreticians,”'2° have driven some of the questions that are
now being answered with experimentation.>>?’ The
predictions are being tested with surface-selective experiments.
Here we focus on our research, but also comment on other
research in the field. Hence, a partial summary of our work at
air—condensed phase interfaces and in the condensed phase,
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and an updated view of our data interpretation are discussed.
The majority of our research has been conducted on aqueous
surfaces and therefore we focus on all of the aqueous
components, water inclusive of the solute. Change in inter-
facial depth is a recurring theme throughout these presented
results, and this is discussed further with respect to the solutes
considered.

The motivation behind our research arises from the lack of
understanding of atmospheric particulate matter (aerosol)
surfaces, both liquid, inclusive of water, and solid phase
particles, and the chemistry of such surfaces. We strive for a
fundamental understanding of liquid surfaces, and how this
then relates to aerosols and ocean surfaces, and in some cases
to biological surfaces and membrane biophysics. Water and
ions at environmental interfaces, but also at biological inter-
faces, are of interest, for example, at the lung lining surface,
the lung surfactant and its aqueous subphase environment.

Gas phase atmospheric molecules nucleate to form
atmospheric nuclei. These nuclei grow in size due to collision
and adsorption of other gas phase molecules. The process is
far from simple. The surface of a particle, its molecular make-
up and its surface structure, has implications for atmospheric
chemistry. Atmospheric particles exist everywhere in the lower
and upper atmosphere, and have been of interest for many
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decades. Since the 1990’s, the scientific community has focused
on the surface effects of particulate matter.”® > Emphasis is
placed on lower atmospheric aerosol in this research including
clean and polluted (urban) tropospheric aerosol. The aerosol
size fraction below 2.5 micrometres in diameter in the lower
atmosphere has implications for health, including respiratory
and cardiovascular diseases, and the associated mortality
rates.>® Focus in our work is on the most basic aspects of
the relevant surfaces from the perspective of the aerosol
surface to the perspective of inhalation by way of the lung.
The primary spectroscopic tool used in our laboratory is
vibrational sum frequency generation (VSFG) spectroscopy.
Since the 1960’s when Bloembergen and Pershan first
postulated nonlinear optical phenomena,** and when Franken
and Ward first demonstrated its power experimentally,®® the
field has significantly expanded. In 1987, Hunt et al. first
published VSFG spectra from a monolayer of coumarin dye
on water,**¥ although the first published account of VSFG
from Zhu e al. was in 1986.%® Later, in 1993, Du et al.
published the first paper showing the vibrational spectrum from
the surface of water at room temperature that revealed the
existence of a dangling bond, the free OH of surface water
molecules.'® Infrared studies on ice, in particular nanoparticle
ice, had shown the existence of a small peak that was indeed the
free OH of water molecules in their frozen state.®® But the
surface spectrum of room temperature water, where the free
OH peak was glaringly large relative to the hydrogen bonding
region, was a discovery that was unmatched at the time in
surface science. Not only were the spectra obtained at room
temperature, but also under ambient atmospheric pressure
conditions. There were also many VSFG studies on
metal surfaces in the 1990’s and this area continues to
flourish.'**® Since the 1993 water surface spectrum, VSFG
research (and second harmonic)* in the area of surface water
structure of aqueous systems was confined to a few groups®®>>
and a few researchers focused on VSFG of the air-aqueous
interface more generally.™>* Others focusing on VSFG of
surface water structure followed shortly thereafter.>®* Since
that time, VSFG theory has been furthered,®3%*73 mostly
motivated by a need to improve the interpretation of the VSFG
spectral response with special attention paid to the allowed
polarization responses, or for modeling the VSFG spectra.
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Fig. 1 Energy diagrams of (a) infrared absorption and anti-Stokes
Raman scattering, and (b) vibrational sum frequency generation.

In this perspective, in addition to VSFG spectroscopy, other
spectroscopic tools are briefly mentioned in the context of
understanding bulk versus surface structure and interactions.
As shown in Fig. 1, Raman and infrared spectroscopies are
related to VSFG spectroscopy, and the SFG excitation and
emission processes are illustrated. VSFG is the coherent
process of exciting surface molecules using infrared photons,
and simultaneously exciting an anti-Stokes Raman scattering
process from this infrared excited surface. In understanding
the basics of VSFG and the polarization combinations that are
allowed, ssp and ppp, for example, one can simplistically view
the first two polarization states as coming from a coherent
anti-Stokes Raman process, the coherent and highly
directional scattered beam, and the incident visible beam,
respectively. The s and p polarizations are light polarized with
the electric field vector perpendicular and parallel,
respectively, to the plane of incidence. The last polarization
state arises from the incident IR, that is, the infrared excitation
beam. Thus, the vibrational modes of the molecular moieties
being probed must be both Raman and infrared active to be
SFG active. Eqn (1) shows that the hyperpolarizability, S,
the molecular response, is proportional to the Raman
polarizability, «, and infrared transition dipole moment, pu.
The indices /, m, n refer to the molecular axes; g and v are the
ground and excited states.

ﬂ/mn,u oC <g“xlm‘7/> <V‘#n‘g> (1)

In addition to the relationship of VSFG to Raman and
infrared transitions, it is critically important to note that the
SF response is an allowed process only when there is macro-
scopic and microscopic non-centrosymmetry. The microscopic
lack of inversion is taken into account from eqn (1). However,

a macroscopic interface lacks inversion and is SFG active.
Both criteria, macroscopic and microscopic lack of inversion,
need to be met. Most liquids, including water, possess
inversion centers in the bulk and are therefore SFG inactive.
At their surface, clearly, the inversion center is removed. This
explanation utilizes the dipole approximation. For surfaces
such as crystalline ice, it has recently been proposed that the
quadrupole moment in addition to the dipole moment may
add significantly to the SFG response.’”* When molecules exist
in the interfacial region of liquids, the two-dimensionality of
this environment perturbs the symmetry of the molecule and
therefore can change the character of its vibrational modes.
Centrosymmetric molecules with vibrational modes that are
symmetric tend to distort at surfaces, and thus these modes
can become SFG active in many cases.”

At a water surface, lack of inversion about the air-water
interface gives rise to SFG activity. It is generally agreed that
the VSFG spectrum from neat water is from the first and
second water layers. However, when solutes are added,
centrosymmetry does not necessarily sharply begin at the
third layer, that is, the air-aqueous interface becomes more
complicated. If there is a concentration gradient or gradients
as one approaches the bulk from the surface, this region is now
deemed SFG active, and the VSFG spectrum would contain
information from this region (e.g. many layers). However, if
there are centrosymmetric solvation shell structures, the
centrosymmetry creates SFG inactive regions, and then the VSFG
spectrum would not contain information from these localized
regions. The SFG active region can also extend to the probe
depth;”® yet more often it is far shallower since SFG activity is
strictly defined by the lack of inversion symmetry. Probe depth
is defined by the shortest wavelength and the coherence length
of the incident pulses. The probe depth and the coherence
length do not define the SFG active interface; these do,
however, limit the depth that can be investigated by SFG.
Without additional experimental evidence it is not clear if a
concentration gradient is continuous or if the ions induce
structure near the surface. What has traditionally been called
the surface now must be defined as an SFG active interfacial
region. (Bulk aqueous solutions have an inversion center
macroscopically.) In the work presented here and in our
previous publications, the concept of interfacial depth variation
is an overarching discovery.

Polarization VSFG studies provide invaluable information
on vibrational mode analysis and assignment, and relative
molecular orientation.®*® Polarization combinations used for
aqueous surface studies are typically ssp, sps, and ppp
combinations. Wang et al. have advanced the use and
interpretation of polarization including null angle in SFG
studies.®® Polarization-angle null analysis has been further
developed by Shultz er al.”> Additional details relating to
dynamics,%®7%77 effects of molecular motion, and how this
motion relates to polarization and bandwidth have been
discussed.®*’""® To determine the absolute molecular
orientation, a measurement of the phase needs to be
completed. Absolute phase measurements have been recently
pioneered by Shen et al;”*%" however, these types of
measurements have been slow to be adopted by other
laboratories due to the added experimental complexity.
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Fig. 2 Schematics of (a) the 10 Hz picosecond scanning VSFG system, and (b) the broad bandwidth femtosecond/picosecond VSFG system.

When reporting the average orientation, one makes an
assumption about the orientation distribution and its
parameters. Commonly, the ¢ function is used for the
orientation distribution. More recently, sophisticated methods
that include a distribution of orientation, such as a modified
Gaussian distribution, have been implemented for simulating
SFG response functions for different symmetry groups under
three polarization conditions.”!

Details of the VSFG instrumentation (scanning and broad
bandwidth) used for the spectra shown are presented in the
papers referenced herein.’**'™** Most of the spectra exploring
the hydrogen-bonded region of aqueous surfaces were obtained
from a 10 Hz VSFG scanning system (Laser Vision optical
parametric amplifier (OPA) system) shown schematically in
Fig. 2a. Because of the need to detect small changes in the
hydrogen bonding region, we find that a system designed for
infrared energy, but moreover, for an evenly distributed infra-
red energy output in the 2900 to 3700 cm™! region is critically
important. Therefore, for our water studies, spectra were
obtained with our Laser Vision OPA system, which utilizes
KTP nonlinear crystals for optical parametric generation of
signal and idler waves, and KTA nonlinear crystals for infrared
wave generation. In the 10 Hz scanning system, consistent with
other scanning systems in various research laboratories, the
incident visible beam is 532 nm (doubled from the 1064 nm
fundamental of an Nd:YAG) and has ~ 30 picosecond pulses.

The second VSFG system, a broad bandwidth femtosecond/
picosecond system, is shown schematically in Fig. 2b. This
system, used in some of the studies presented here, is a
Ti:sapphire-based ultrafast system (Spectra Physics)®!** that
utilizes two amplifiers to produce 2 picosecond and 100 femto-
second 800 nm pulses. The femtosecond pulses are used to drive
the infrared generation of the OPA. Again, the infrared energy
and profile are taken into consideration for each experiment.
The femtosecond pulses produce spectrally broad (~200 cm ™"
FWHM) pulses that then produce stable broad bandwidth
infrared pulses in the OPA. We have used this system (modified
again in 2008) for a variety of wavelength regions ranging from
1000 cm™" to 3800 cm ™' %% Lower wavenumber VSFG spectra
are more difficult to achieve mainly because of the lower
energies produced; however, this spectral region is being
accessed more commonly than in past years using picosecond
scanning and femtosecond broad bandwidth SFG systems.?*™"
In the data presented here, we mostly focus on the higher
wavenumber region of the water stretching bands.

Results and discussion

Neat water

Before discussing solvation of solutes and ions at the air—
aqueous interface, it is important to understand neat water, its

This journal is © the Owner Societies 2009
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Fig. 3 (a) ssp VSFG spectrum of neat water normalized to IR and
Fresnel factors, (b) polarized parallel (continuous line) and polarized
perpendicular (discontinuous line) Raman spectra of neat water, and
(c) imaginary refractive index of neat water obtained and calculated
using infrared reflection absorption spectroscopy (IRRAS) and
Kramers—Kronig equations.

surface and bulk structure. In Fig. 3, ssp-polarized VSFG
spectra (Fig. 3a) of surface water, the polarized Raman spectra
(Fig. 3b), parallel and perpendicular, of bulk water, and the
imaginary refractive index component of the infrared
reflection spectrum (Fig. 3c) of the surface and bulk water
are shown. These selected spectra illustrate the similarities and
differences in the spectra from these very different, but related,
techniques. Realize that the VSFG data also reveal inter-
ference effects since SFG is a coherent spectroscopic
technique. The parallel polarized Raman result in Fig. 3b
(in addition to IR results) is used for the comparison to the
ssp-polarized VSFG spectrum of Fig. 3a.5%%

The broad continuum ranging from 3000 cm™! to 3650 cm™!

of the VSFG, Raman, and IR spectra is attributed to the OH
stretching modes of hydrogen-bonded water molecules, from a
more strongly to a more weakly hydrogen bonding network.
The precise assignment of the continuum remains somewhat
controversial. Some research groups have supported the
presence of several hydrogen-bonded water species, whereas other
researchers assert the predominance of a broad continuum
arising from dynamic fluctuations of water.”!':!82092.93 yery
recently, the resulting VSFG spectrum of neat water has been
assigned to the intramolecular coupling between the stretching
and the bending overtone (the Fermi resonance),®® although
this is hotly debated.”*"°

In the VSFG spectra of Fig. 3, at 3700 cm ™' in the VSFG
spectrum, not part of the continuum, a narrow peak is
observed and assigned to the dangling OH (free OH) stretch
of water molecules that span across the air—water interface
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Fig. 4 ssp-polarized VSFG spectra of aqueous solutions of (a) 1 M
and 5 M NaCl, (b) I M and 2 M MgCl,, and (c) 2 M NaBr. Neat water

VSFG spectra are shown in gray for reference. Error bars are
+1 standard deviation.
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with one uncoupled OH bond directed into the gas phase and
the other interacting through hydrogen bonding with the
liquid phase. Clearly, all of the spectra shown in Fig. 3 are
similar with respect to the general appearance of the hydrogen
bonding stretch region. Yet, the free OH VSFG peak at
3700 cm~! is not observed in the bulk spectra. The small
intensity on the high energy side of the free OH is resonant
SFG; however, the appearance of a peak is misleading since its
shape appears from incomplete subtraction of the gas phase
water above the solution (more evident in Fig. 4). Assignment
of this intensity remains controversial.'”

Halides with mono and divalent counter cations

Adding chloride in the 1 M range does not induce large
changes to the water ssp VSFG spectra shown in Fig. 4,
particularly for sodium chloride.'”> However, for more
concentrated aqueous NaCl, the 3400 em™! and 3200 cm™!
regions show a change in their intensity relative to that of
water, and the free OH at 3700 cm ™' decreases in intensity
(Fig. 4a). For aqueous magnesium chloride (Fig. 4b), a slight
SFG decrease for 2 M Cl (1 M MgCl,) in the stretching region
is observed. Similar to the 5 M NaCl, the 4 M CI of MgCl,
(2 M MgCl,) shows an enhancement slightly lower in
frequency than 3400 cm™!. In addition, a clear decrease in
SFG intensity in the 3200 cm™' region is observed, similar to
the high concentration Cl spectrum in the NaCl case. In
Fig. 4c, the aqueous 2 M NaBr also shows enhancement in
the 3400 cm ™' region, and a slight decrease in the 3200 cm ™'
region. These findings suggest that the strength of the
hydrogen bonding is somewhat reduced.

At a high salt concentration, for both 5 and 4 M Cl solution
surfaces of NaCl and MgCl,, respectively, the free OH peak
intensity is slightly reduced due to a change in the number
density, although there is the possibility of a small orientation
change for the 5 M aqueous NaCl surface implied from recent
polarization studies.”® The lower spectral region intensity
around 3200 cm™! consistently shows a small decrease in all
three salt spectra; this is more evident in the divalent Mg>*
spectrum.

The VSFG spectra in Fig. 4 are shown to demonstrate the
changes in interfacial water structure with the introduction of
halide salts, both monovalent and divalent cation counterions.
Overall, the lower spectral region shows larger decreases in
intensity with the divalent cation system. We have shown
previously that as the halide increases in size and polarizability
(I" > Br~ > CI7), the 3400 cm~' region, the solvation shell
(hydrating water molecules) of the ion, increases in intensity. This
interfacial observation is consistent with the bulk Raman studies,
although more enhancement is observed in the interfacial spectra.
The VSFG results are indicative of interfacial concentration
gradients that also follow I~ > Br~ > CI~.*° In contrast,
Raymond and Richmond®’ concluded that there is a decrease
of anion concentration as the surface is approached. In the earlier
studies by Shultz and co-workers,”® % a double layer model was
used to explain the intensity enhancement in the hydrogen-
bonded region. In this model, anions are closer to the surface,
in agreement with our findings. Wang and co-workers'®! found
that the interfacial thickness increases following Br~ > CI™, also

in agreement with our work. Phase data” infer that the direction
of the water molecules in aqueous NaCl (up to 1.7 M) does not
change relative to the neat water system, although aqueous
Nal phase measurements reveal that on average a portion of
the water molecules reorient to have their hydrogens pointing
toward the interface. What has not been discussed before in our
publications is the slight broadening to lower frequency of the
3400 cm ™! band by more than 50 cm ™! from the aqueous 2 M
MgCl, surface spectrum, which is still not well understood. For
aqueous NH,CI, as previously reported,'™®? a change in the
shape of the spectrum around 3300 cm ™' was observed, but to a
lesser extent. (The NH stretching modes did not contribute
significantly to this observation.) Additional studies of aqueous
1 M (NH4),SO4 (and 1 M Na,SO,) revealed a 3400 cm ™~ spectral
enhancement similar in frequency to the lower concentration
(1 and 2 M)* sodium halide solutions. However, for aqueous
1 M sulfate salts, a 3200 cm ™' SFG enhancement was observed,
which is contrary to any of the halide salts studied to date. MD
simulations explained these findings as an interfacial depth
increase due to the divalent sulfate anion being buried about
10 A below the surface. The doubly charged sulfate anion orients
the water molecules, which is then observed as a 3200 cm™!
VSFG enhancement.'®® The 3200 cm™' band intensity is
sensitive to the hydrogen bonding strength; water molecules of
increased alignment create a strong hydrogen-bonded network.
Moreover, the aligned water molecules then contribute
additional SFG response relative to the less aligned (less ordered)
water molecules, which explains the observed 3200 cm™'
enhancement.

The aqueous nitrate systems'®? in Fig. 5 show similar
behavior to the halides. Yet, depletion of VSFG intensity in
the low frequency region is more evident, and is consistent
when comparing the Raman spectra of these different salts.
However, not consistent with the Raman spectra are the
significant enhancements in the solvation shell region of
3400 cm™'. The smaller polarizability changes in the cations
of the nitrate systems also do not explain the increasing
enhancement as one goes down the periodic table of the
divalent cations. Clearly, the counter cation does matter, but
the arrangement of the interfacial water molecules in one or
multiple concentration gradients is not easily predicted. The
solvation shells of the divalent cations are very different to
those of the halide and/or nitrate anions. The water dipoles
point in the opposite direction in the solvation shells of cations
versus those of anions.

The maximum intensity of the low frequency band (sharper
peak) in the neat water spectrum actually appears to be at
3180 c¢cm~'. Yet in the presence of divalent cations, an
apparent blue shift of this band to about 3200 cm™' and
3280 cm ' is observed as shown in Fig. 4 and 5, respectively.
Possible explanations of this phenomenon are still under
investigation, although one may attribute this blue shift to a
weakening of the hydrogen bonding.

The free OH peak intensity has significantly decreased for
the aqueous high concentration nitrate salts in Fig. 5. At 3 M,
there are just enough water molecules to form 1 solvation shell
per ion on average. Therefore, the drop in free OH intensity is
consistent with a drop in number density of water molecules at
the surface. Polarization studies, however, also indicate a
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change in orientation, where the free OH is lying closer to the
surface plane.!'%?

Acids

We have also investigated several aqueous acid systems>>** in
addition to halide!*® and nitrate salts,’"1°>!1%* and NaOH.?

The aqueous halogen acid interfaces are significantly different
than their monovalent salt analogs. Surface tension
measurement of halogen acids versus salts clearly points to
one fundamental difference. In Fig. 6a, the surface tension of
salts is shown to increase, whereas that of the corresponding
acid decreases the surface tension of water. Surface depletion
of the salt and surface activity of the acids have been inferred
in the past solely from these findings. However, many
researchers®>>* 1919 have clearly shown that many salt
anions, particularly the large polarizable halides, are quite
surface active. Thus, the discrepancy of clearly opposite
surface tension measurements has been perplexing until the
resurgence of recent experimental and theoretical advances.
The VSFG spectra of halogen acids, HCI, HBr, and HI,
have clearly different interfacial water spectra relative to the
corresponding salts.>>33 In Fig. 6b, the ssp VSFG spectrum of
1 M HBr is shown relative to neat water. Previously published
VSFG spectra,”>® and the HBr spectrum shown as an
example here, reveal enhancement across the full OH stretch
region, with the exception of the free OH, which decreases in
intensity with all acids tested. Previously, we have shown that
there is a detectable proton continuum at lower frequencies®>
which points to either the H;0" and/or HsO," surface
species. In this past VSFG work, it is also clear that several
factors play a role in the enhancement of the regions at or
below 3200 cm ™' that is not observed in the corresponding salt
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Fig. 6 (a) Surface tension values of sodium salts and monoprotic

acids as a function of concentration. (b) ssp-polarized VSFG spectra
of aqueous 1 M HBr and neat water.
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Fig. 7 Unpolarized Raman spectra of (a) | M and (b) 3 M aqueous
sodium salts and monoprotic acid solutions. Unpolarized Raman
spectra of neat water are shown in gray for reference.

spectra. Shown in Fig. 7 for reference are Raman spectra in the
OH stretch region of aqueous bulk solutions. Here it is clear
that the 3400 cm™' region increases with the number of salt
ions, and with increase in size and polarizability of the anion. It
is also clear that the acids only reveal an increase due to the
presence of the salt ions, not the hydrated protons. Thus,
the VSFG spectra®-'%* show unique spectral signatures from
the interfacial region compared to the bulk. The free OH
intensity decrease is also counter to what is observed for the
salt solutions (no detectable decrease in the 1-2 M range). New
ssp and ppp VSFG data, as shown in Fig. 8, reveal that the ratio
of the ssp to the ppp intensity in the free OH peak is relatively
constant for two different aqueous HBr concentrations.
According to previous reports,”>'?’ the orientation fluctuation
of the free OH oscillator may occur in a time scale that could
match its vibrational relaxation time or even shorter. Under the
fast reorientation motion scenario, reorientation is known to
affect the SFG intensity response of the free OH oscillator as
demonstrated by Wei and Shen.”® However, this effect is
considered to be relatively modest under the ssp and ppp
polarization conditions. Moreover, in addition to the fast
reorientation motion effect, the applied orientation angle
distribution can also affect the SFG intensity response. For
instance, to better represent an average orientational angle, a
Gaussian weighting function is often employed to represent the
orientation angle distribution. As demonstrated by Fourkas
et al., the larger the spread in the orientation angle distribution,
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5
S
= 02
w
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£
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L
2 b
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Fig. 8 VSFG spectra of 1 M and 3 M aqueous HBr under (a) ssp and
(b) ppp polarization combinations. Incident angles of the infrared and
visible radiations from the surface normal are 68° and 53°, respectively.
Error bars show the range (+1 standard deviation) of the intensities.
Spectra obtained with the broad bandwidth SFG system.

the greater the effect of the reorientation results in the SFG
signal.”' Yet, for a modest spread of the orientation angle
distribution (~10°), reorientation has little effect on the free
OH SFG spectra for the ssp and ppp polarization conditions.
Based on the recent study by Wang and co-workers, the average
orientation angle of the free OH oscillator on the neat water
surface is 33° with respect to the surface normal with a
constrained orientation distribution less than 15° assuming a
Gaussian distribution.®*!”” In order to fulfill the same degree of
intensity loss found in the spectra, the orientation angle
distribution has to encompass a much wider spread, which is
physically unreasonable. This is consistent with an intensity
decrease due to a number density decrease of free OH oscillators
at the surface and not a change of orientation angle and/or
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orientation angle distribution width. Recall from above that only
the nitrates with divalent counter cations revealed a change in
number density, and a significant increase in the average tilt angle
relative to the surface normal.

To summarize the acids, aqueous surfaces of halogen acids
are different relative to their corresponding sodium salts with
respect to their effect on surface water structure.'®?%? It is
also observed that the surface activity of the anion plays a role
in the surface activity of H;O0 " as revealed from the increasing
enhancement with polarizability and size of the anion, a
similar trend to that found for the sodium halides, but more
significant. Phase measurements indicate a flip in orientation
of the OH oscillators in most of the hydrogen bonding region,
particularly in the lower spectral region. Thus, H;O" and
water hydrogens point toward the bulk phase.”%" Recent
theoretical studies® predict that neat water is more acidic at
the air—water interface relative to the bulk, consistent with our
findings that suggest that H;O " is surface active in the acid
studies. Additionally, we conclude that the halide polarizability
plays a key role in the interfacial surface activity of the anions,
and helps to increase the surface activity of the hydrated
protons.

Discussion on interfacial depth

In our interpretation of the VSFG intensity, Raman and
infrared spectral response from bulk solution is an important
comparison.'®%8283 In most cases, the Raman and infrared
intensity changes relative to water were smaller than what was
observed for the VSFG surface spectra. In fact, there are
several chemical systems, specifically the halogen acids,
sulfate, and nitrate with divalent cations, where the Raman
and infrared bulk spectroscopies provided a very different
picture when used to predict VSFG spectra. It is these
differences and the selection rules for the SFG, Raman, and
infrared that point to information of concentration gradients
in the subsurface regions.

It is clear that any soluble solute creates a structure below
the water surface, giving rise to an increase in interfacial depth
relative to that of neat water. The structures, either in the form
of two separate concentration gradients, or a complex set of
concentration gradients, can only be theoretically postulated
at this time. There are fewer assumptions for the quantification
of interfacial depth in the sodium halide systems*” (relative to
other electrolyte systems) and therefore interfacial depth can
be experimentally determined, as we have done. For these
systems we find that the interfacial depth is as a minimum
2 times deeper (for 1 M NaBr and Nal) relative to neat water.
For other systems studied, interfacial depth was difficult to
quantify due to enhancements in regions other than the
solvation shell 3400 c¢cm™! region, which undercounts water
molecules within the centrosymmetric environment of the
sphere-like hydration environment.

Lipids and surface water; confinement of the free OH

In addition to surface water structure of electrolyte aqueous
solutions, it is of interest to understand an organic film on an
aqueous surface. We have recently delved into the area of fatty

acid and lipid films on purely aqueous and on aqueous
electrolyte solutions.3”-1%1% There has been a small body of
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Fig. 9 ssp VSFG spectra of (a) DPPC d62 monolayer on D,O at

different surface pressures (free OD region), (b) DPPC monolayer on
D,O at different temperatures (free OD region), and (c) DPPE d62
monolayer and DPPC monolayer on water (free OH region). Neat D,O
and H,O spectra are included in the corresponding regions. (d) Model
depiction of water (blue spheres) at the interface being strongly disturbed
by DPPC monolayer in condensed phase (LC, all-trans conformation).
Spectra obtained with the broad bandwidth SFG system.
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work on understanding the underlying OH hydrogen bonding
region of lipid films; ®1OM however, the free OH of
surface water had not been of interest previously. This may
have been from the assumption that the free OH was not
present in the presence of a lipid monolayer or fatty acid
film. Surprisingly, the free OH continues to exist even when a
full monolayer of lipid or fatty acid is spread on the water
surface. We have shown that the dangling nature of the bond
persists under monolayer conditions.® A very recent study''?
has also observed a similar phenomenon. Fig. 9 reveals
this result. In Fig. 9a, as one compresses a surface film, the
free OD (proxy for free OH) shifts to lower frequency,
implying a possible interaction with surrounding surface
molecules. This is consistent with studies of CO, and SO,
adsorption on water surfaces,''> and methane on ice
surfaces.!'* In Fig. 9b, temperature studies reveal that the
OH is clearly not hydrogen bonded. In Fig. 9c¢, it is shown that
this also occurs for other lipids such as dipalmitoyl
phosphatidyl ethanolamine (DPPE) in addition to dipalmitoyl
phosphatidylcholine (DPPC) indicating that the dangling
OH is at the base of the lipid chain and is not affected by
differing head groups. Fatty acids have also been tested and
the free OD shows similar behavior. Additionally, the free OD
and the free OH also show the same behavior as revealed in
Fig. 9c. Work in this area continues in our group and has
expanded into the investigation of other electrolyte and non-
electrolyte aqueous solutions. This observation seems to be
general in nature, yet more work is needed to understand more
complex surface films. There are possible biological
implications for this phenomenon, particularly as it relates
to surface activity and understanding the mechanism of water
transport in lipid films.

Future direction

Water organization and structure at aqueous surfaces is a
fascinating area of science that has a multitude of implications
for biological systems, atmospheric aerosol science, and
materials. VSFG spectroscopy has tremendously increased
our knowledge in this area, with the help of other important
experimental®! 13105157129y nq  theoretical — tools. 30148
VSFG, although very useful, lacks in its ability to be highly
quantifiable; it averages molecular responses. VSFG deuteration
schemes'* 1! are helpful in providing additional information
about water structures by decoupling vibrational modes, but
also suffer from the same lack of quantification. VSFG has
advanced significantly over the past 10 or more years, yet
quantification continues to be an issue since all data, inclusive
of the phase measurements and new polarization techniques,
are averaged in one or more ways. However, phase sensitive
and polarized VSFG experiments will likely further contribute
to the clarification of water spectral assignments, which
continue to be debated. The role that dynamics®>’!-78152153
plays in the spectral shape is another area in need of additional
advances. New VSFG (and second harmonic'>*) approaches
and variations of existing approaches, in addition to
complementary experimental and theoretical tools, continue
to be needed to further our understanding of aqueous surface
structure.
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