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Investigations of the airliquid interface of aqueous salt solutions containing ammonium,{iNkeind sulfate
(SO27) ions were carried out using molecular dynamics simulations and vibrational sum frequency generation
spectroscopy. The molecular dynamics simulations show that the predominant effecfofi@®, which

are strongly repelled from the surface, is to increase the thickness of the interfacial region. The vibrational
spectra reported are in the-®1 stretching region of liquid water. Isotropic Raman and ATR-FTIR (attenuated
total reflection Fourier transform infrared) spectroscopies were used to study the effect of ammonium and
sulfate ions on the bulk structure of water, whereas surface sum frequency generation spectroscopy was used
to study the effect of these ions on the interfacial structure of water. Analysis of the interfacial and bulk
vibrational spectra reveal that aqueous solutions containing Sérturb the interfacial water structure
differently than the bulk and, consistent with the molecular dynamics simulations, reveal an increase in the
thickness of the interfacial region.

Introduction edge of the molecular structure of the interface of aerosols can
help to elucidate the reaction mechanism at the interface. The
work described in this paper addresses fundamental issues
regarding the interfacial molecular structure of aerosols contain-

ing ammonium and sulfate.

Surface tension measurements provide macroscopic informa-
tion about the concentration changes (with respect to the bulk)
in the surface region of aqueous salt solutions. Namely, the
increase of surface tension of simple inorganic salt solutions
compared to neat water is related via the Gibbs adsorption
equation to a net decrease of ionic concentration in the interface.
However, surface tension data provide only an integrated value
of the ionic deficit over the whole interfacial region, which can
be several molecular layers thick. To obtain more refined and
detailed information about the distribution of ions at the air/
water interface, in addition to conducting surface tension
measurements, we have combined the surface-selective tech-
nigue of vibrational sum frequency generation (SFG) spectros-

copy with molecular dynamics (MD) simulations of extended
shows that the uptake of¥s by (NH,)2SQ; and NHHSQ, aqueous slabs containing molar concentrations of ammonium

aerosols is S|gn|f!cant at relative humidity 850%, show[ng sulfate, sodium sulfate, and ammonium chloride.
that the process is governed by the presence of water in these
aerosols. Kan_e et al. further postulate that the reaction primarily g, Frequency Generation Background

takes place with the water at the surface of the aerosol. However, ) _ _

the mechanism for this reaction is still unknown. Several recent  The theory of SFG has been described extensively in the
studies have proposed that it is the interface that governs muchliterature!#~8 Only a brief overview will be presented here.

of the chemistry in aerosold-13 The above example hints that SFG is a second-order nonlinear process that occurs in non-
the hydrolysis of NOs can be catalyzed by the presence of centrosymmetric environments such as interfaces under the

interfacial water (as opposed to ammonium or sulfate). Knowl- electric-dipole approximation. The SFG intenslgg is shown
in eq la

It is well-known that aerosols can affect the earth’s climate
directly by scattering and absorbing radiation and indirectly by
serving as cloud condensation nuclei (CCN), thereby modifying
the optical properties and lifetimes of clouds. To develop
accurate models to predict climate change, it is important to
consider the optical properties, which are influenced by
composition and growth of aerosols. The concentration of
sulfuric acid in tropospheric aerosols is typically greater than
40 wt % and can be neutralized by gaseous ammonia to form
NH4HSO, and (NH;),SO,.* Several studies have shown that
ammonium sulfate aerosols are abundant in the atmospifere;
Talbot et al. have measured comparable amounts of Nidd
SO2™ in tropospheric aerosofs.

Sulfate aerosols are important in the context of aerosol
transformation and growth. For example, ammonium sulfate
aerosols play an important part in the heterogeneous hydrolysis
of N>Os to form nitric acid. A recent report by Kane et4l.
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multiplied by the incident IR, an¢tE®sre.y2:E®visEr|? is the
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Equation 7 relates the SFG intensity to the Raman tensor and

absolute square of the E field at the interface denoted by IR transition moment for the transition (the square of each
superscripts that define the frequency of the exigent (SFG) andintegral is the intensity) for a single vibrational mode.

incident (visible and IR) frequencie& includes the Fresnel

terms.y@ is the tensor that describes the macroscopic suscep-Experimental Section

tibility of the systemy® is expanded in eq 1b to

O = i+ Y 1 (1b)

The macroscopic second-order susceptibijity, consists of a
nonresonant termy(r@) and resonant term%‘f)). When the
frequency of an incident infrared beanig, is resonant with a
vibrational mode of an interfacial molecule, the resonant
susceptibility termy® dominatesy®, and an SFG intensity
enhancement is observed? is given below in eq 2

A,

w,—wg—Iil

(2)

% U )

v

whereA, is the amplitude of the SFG transition moment,is

the frequency of the transition, aly describes the line-width

of the transition. The amplitudd,, is nonzero when the Raman
and IR transitions are spectroscopically allowed. The macro-
scopic nonlinear susceptibility® is related to the molecular
susceptibility, Bimn,. The molecular susceptibility can be
described by eq 3

. B.malm|’V[|E’|lun|gD

or— o, +il,

ﬂlmn,v (3)

wherelg|oym|vCrepresents the Raman tensor for the transition,
[@|unlgCrepresents the IR transition moment for the molecule,
and Imn represents the molecule fixed axes. An Euler angle
transformation relates the laboratory coordinate syster, (

K) to the molecular coordinate systemr, n). The transforma-
tion is shown in eq 4

Bk = Z#lJK:lmrﬂlmny (4)

where u3kimn IS the Euler angle transformation between the
laboratory coordinated,(J, K) and the molecular coordinates
(I, m, n. The macroscopic susceptibility,(f})(’v, is therefore
calculated from the molecular susceptibilif§isx.,, as shown
ineq5

@)

XKy — NleK,VD

®)
whereyk, IS equal to the number densiti, multiplied by
the ensemble average ffi ..

Recasting eq 5

o 9]ty VTt G
XKy — NZ (A 31¢tmnBinny = NZ 0y 3¢ mn3 )
mn mn CU|R - Cl)v + IFV
(6)

For a single vibrational mode, we can ignore phase; thus,
from egs 1 and 6, we have

lsp NZ(Z |1‘|;|K:|mn|:l]@]|0~|m|1’[|E’|ﬂn|g|:ﬂ)2 (7)

SFG Spectra.The air-liquid interface in the G-H stretching
region of water (28063900 cnt?) was probed using a scanning
SFG system which has been described in detail elsewfere.
Essentially, the scanning SFG system uses a 532 nm frequency-
doubled output of an Nd:YAG laser (EKSPLA PL 2143 A/SS,
10 Hz repetition rate, 29 ps pulse duration) and an IR beam
from a KTP/KTA-based optical parametric generator/amplifier
(OPG/OPA, Laservision). The IR beam is tunable from 2500
to 4000 cn! and has a bandwidth of8 cnm®. The 532 nm
beam is focused on the liquid surface using a plano-convex lens
to yield a beam diameter of1 mm with a pulse energy of
~400uJ. The IR beam is focused near the sample surface using
a BaFR, lens to yield a diameter 0£0.5 mm. The peak IR energy
(at ~3400 cnmtt) was~400uJ. The IR profile was measured
simultaneously with the SFG spectrum by reflecting% of
the beam intensity onto an IR energy meter (Molectron-Coherent
JOLP) using a Bajwindow.

The input angles were-48° and ~57° for the 532 nm and
IR beams, respectively, from the surface normal. The detection
angle was set to~51° from the surface normal for sum
frequency. A 512x 512 pixel thermoelectrically cooled back-
illuminated charge-coupled device (CCD) (DV412, Andor
Technology) was used to detect the sum frequency signal. A
series of apertures were used to block the 532 nm (and IR) beam
and only allow the sum frequency beam to be detected. In
addition, a series of notch and short-pass optics were used to
filter out the scattered 532 nm light.

The SFG spectra presented here were acquired using a 15 s
exposure time per data point, leading to an acquisition time of
~30 min for the spectral range of 28638900 cnT!. An average
of four replicate spectra are presented in each case. Spectra of
neat water were acquired at least once before and after each
salt solution to confirm reproducibility. The polarization com-
bination used for the SFG spectra was S, S, and P for sum
frequency, visible, and IR, respectively, where S polarization
has its E field vector perpendicular to the incident plane and P
polarization has its E field vector parallel to the incident plane.
The SFG spectra were calibrated using the IR absorption
spectrum of a polystyrene film, and the error in determining
the absolute IR frequency wais3 cnrl.

It is desirable that the SFG spectra be normalized to take
into account temporal and spatial overlap anomalies over the
entire spectral region. Normalizing the SFG spectra to the sum
frequency response from a GaAs crystal can do this. However,
the IR profile can change slightly from one spectrum to another,
and because we currently do not monitor the SFG from the GaAs
crystal as well as the afliquid interface simultaneously, the
spectra shown in this paper were normalized to the IR profile.
Spectra were also normalized to the GaAs crystal and found to
be comparable to those normalized to the IR profile.

Raman Spectra.Raman spectra were obtained using unpo-
larized light and polarized light in separate studies conducted
at ~24 °C. Unpolarized Raman spectra were acquired using a
532 nm continuous wave (CW) YAG laser (Spectra Physics,
Millenia 11), a 5 mmfocusing Raman probe (InPhotonics, RP
532-05-15-FC), a 500 mm monochromator (Acton Research,
SpectraPro SP-500) using a 1200 groove/mm grating, and a
back-illuminated CCD (Roper Scientific, LN40OEB, 1340
400 pixel array and deep depletion). The collection fiber optic
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(which is part of the InPhotonics Raman probe) was coupled Surface Tension.Surface tensions were measured using a
to the entrance slit of the monochromator. The power of the surface tensiometer using the Wilhelmy method (DeltaPi, Kibron
532 nm beam was~250 mW. The monochromator was Inc., Finland). Values are averages of four measurements
calibrated using the 435.83 nm line from fluorescent light and conducted at 23C.
was verified by comparison to the Raman spectrum of naph-  Chemicals.All the salts studied are available commercially.
thalene. The salt solutions were made using Nanopure water (resistivity
Polarized Raman studies (isotropic and anisotropic) were 18—18.2 MQ cm) and filtered using a carbon filter (Whatman
completed by passing collimated~1 mm diameter beam)  Carbon-Cap) to remove organic impurities. (IR and Raman
vertically polarized light from the YAG laser{200 mW) onto spectra of the filtered solutions revealed no organic contamina-
the sample and detecting the scatter with the Raman probe. Ation. Moreover, SFG spectroscopy is much more sensitive to
90° configuration for the incoming laser beam and detection organic contamination, and the solutions used for all measure-
was used. A sheet polarizer was placed between the sample anthents described in this paper were free of organic contamination
the probe to select the polarization of the Raman scatter. Theas revealed by the SFG spectra.) The concentration of the salts
band-pass for all Raman experiments wa& cn L. was monitored via the sulfate and/or the ammonium bands using
ATR-FTIR Spectra. ATR-FTIR spectra were obtained using ATR-FTIR.
a Thermo Nicolet spectrometer (Avatar 370, Thermo Electron ~ Computational Method. The salt solution bulk region
Corporation). A 45 single-bounce ZnSe crystal trough mounted between two interfacial layers was modeled using MD simula-
on an accessory (Smart SpeculATR) was used to collect spectrdion in a slab arrangemeft.The slab geometry was realized
at a resolution of 4 cmt and averaged over 32 scans~&24 by employing three-dimensional periodic boundary conditions
°C. with an elementary box extended in one dimension. Simulations
Spectral Fits. The SFG spectrum, which is a plot of the SFG  Were performed for three different 1.2 M aqueous salt solutions.
intensity (seQ as a function of the incident infrared frequency N each case, the unit box measuring 3 x 10 nn# contained
(v), can be mathematically fit according to eq 2. When 864 water molecules and either 36 WHand 18 SG*, or 36
performing the fit, a constant complex number is used as the Na" and 18 _SQZT or 18 NH;" and 18 Cf. For the ammonium
nonresonant termy{Z) and the sign of the amplitude\( is sulfate solution, we also performed simulations with the system
used to denote the phase of the photons of the vibrational modeSize doubled, resulting in a thick slab with 17280H72 NH,*,
from the interfacial molecules, which incorporates orientation @nd 36 S@~ placed in a 3x 3 x 19.2 nnf unit box.
and relative vibrational phases. Equation 2 indicates the Lorent- I all MD simulations, a polarizable force field was employed.
zian line shape in the SFG spectrum fitting. In Raman and IR Namely, for water, we used the POL3 potentfathe sodium
spectroscopy, the intensity is the summation of the intensity of and _Ch|0“de parameters were the same as In our previous
each vibration, while in SFG the intensity is proportional to Studies®and for ammonium, a}.nonpolarlz3able poteritialas
the absolute square of the summation of Jdﬁ?é and Xﬁ% of employed adding a polarizability of 1.343/n the nitrogen

each vibration as shown in eq 1b. This leads to different spectral 20™M- 2|5:or sulfate, we developed a polarizable potential re-
character for SFG spectra relative to Raman and IR spectra.CeNtly?® Because of the large polarizability of $O, simula-
Therefore, SFG spectral interpretation must occur after decon-{ions of its aqueous solutions suffer from the so-called polar-
volution into the component peaks, because direct comparison'zat'on catastroph®. To circumvent this problem, we therefore

of SFG spectra to Raman and IR spectra may be misleading, inféduced the polarizability of each sulfate oxygen to 1°4i.,
particular for the broad bands of the hydrogen-bonding region Y 20%) (as done in our previous stégyrather than increasing
(3000-3600 cnT). the size of the dianiof? Calculations were performed using

8
All spectral fits shown in this paper were performed using the MD codeAmber &

the software packagksOR (version 4.0.5.1). For the Raman
and ATR spectra, built-in algorithms were used to fit the spectra
to Gaussian and Voigt line shapes, respectively. In the case of Surface Tension MeasurementsThe surface tension of
the SFG spectra, a Lorentzian fitting function written to aqueous salt solutions @ M (NH4),SOs, 1 M N&SQOy, 1 M
incorporate phase was invoked B§OR to fit the spectra. NH4CI, 2 M NH4CI (to compare the results for the same number
As shown in the Results and Discussion section, error bars of ammonium ions in (N#,SO, and NH,Cl), and neat water
are plotted for the deconvoluted peak areas for the Raman andvere measured at 2& and are plotted in Figure 1. The values
ATR spectra, as well as SFG spectra. The error bars wereare given in Table 1 and are consistent with previously reported
obtained as follows. For the Raman and ATR data, the error values?® The results show the expected increase in surface
bars for the peak areas were computed by the fitting algorithm tension with an increasing number of ions or ionic multiplicity
used bylGORand appear in the output. In the case of the SFG (compare the surface tensions of (N33O, and NaSQO, with
data, the error bars were calculated by an entirely different that & 1 M NH4CI), as well as with increasing solute
method. Two sets of spectra were obtained of neat water andconcentration (as shownrfd M and 2 M NH,Cl). The surface
the salts over a period of several days. The error bars are thetension é 1 M NacCl is also plotted (open square) to illustrate
standard deviations obtained from the two independent fits.  that NH,Cl and NaCl (which contain the same number of ions
Line Shapes.All Raman spectra were fit to pure Gaussians, of the same multiplicity) show a similar increase in surface
ATR-FTIR spectra were fit to a Voigt line shape, and all SFG tension. The relatively large increase in surface tension of the
spectra were fit to pure Lorentzians. The spectral line shapessulfate solutions with respect to neat water and solutions of
depend on line-broadening mechanisms as well as instrumentamonovalent halides implies, via the Gibbs adsorption equétion,
factors. Homogeneous line-broadening leads to a Lorentzian linethat their aqueous interfaces are practically devoid of ions.
shape, while inhomogeneous line-broadening leads to a Gaussian Molecular Dynamics Simulations.The integrated depletion
line shape. In general, both line-broadening mechanisms occurof ions from the surface layer deduced from surface tension
in liquids. The differences in line shapes for the three different measurements is also borne out from MD simulations, which
spectra are most likely due to instrumental factrs. provide a detailed picture of the full interfacial region with

Results and Discussion
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Figure 1. Plot of the surface tension of the aqueous salt solutions at
23°C.

TABLE 1: Surface Tension of Aqueous Salt Solutions at 23
OCa

solution surface tension (mN/m)
H.0 72.4(0.1)
1 M NH.CI 74.2 (0.1)
1 M N&SO, 74.9 (0.1)
1 M (NH,):SO, 75.0(0.1)
2 M NH4CI 75.3(0.1)
1M NaCl 73.6 (0.4)

2The measured values are consistent with previously reported
values?®

molecular resolution. Figure 2 shows the density profile of water
oxygens and of the individual ionic species across the slab for
1.2 M solutions of NHCI, NaSQO,, and (NH,).SOs, along with
snapshots from the simulations of each system. All these profiles
were obtained by averaging the ion distributions over a
nanosecond MD trajectory. All plotted values are averages over
the two halves of the slab. The interface is defined by the
concentration gradient of the different species and by the lack
of an inversion center (and is hence SFG active), while the bulk

is defined as the region where the concentrations are homoge-| %

neously mixed and has a macroscopic center of inversion.

Aqueous ammonium chloride (see Figure 2a) behaves quali-| 4, T

tatively similarly to sodium chloride, which was investigated

earlier3! Namely, the cations are repelled from the surface, and [ g
chloride anions reside closer to the surface than ammonium ions [

Quantitatively, NH™ moves aboul A closer to the surface
than N&, and consequently, the difference between the cationic
and anionic density profiles in the interfacial region is smaller
in aqueous NECI than in aqueous NaCl.

Figure 2b, which depicts the ionic density profiles for aqueous
sodium sulfate, demonstrates the dramatically different surface
behavior of multiply charged ions. The electrostatic penalty of
bringing the sulfate dianion close to the surface is large;
therefore, SG#~ solvates deeper in the interfacial region, leaving
a roughy 7 A thick anion-free surface layer. The sodium cations
are inherently less “surface-phobic”; however, at 1.2 M, the
ion—ion interactions are strong enough to move them also
deeper into the interface. Nevertheless, the signal from sodium

20
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Figure 2. Left panels: snapshot from MD simulations of 1.2 M
aqueous solutions of (a) ammonium chloride, (b) sodium sulfate, (c)
ammonium sulfate. Right panels: corresponding density profiles of salt
ions and water oxygens from the center of the slkas Q) to the air/
water interface. Coloring scheme: H, gray; water O, blue; chloride,
yellow; sodium, green; ammonium N, purple; sulfate S, pink; sulfate
O, orange.
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Figure 3. Left panel: snapshot from an MD simulation of a 1.2 M
aqueous solution of sodium sulfate for a slab with doubled thickness
and, consequently, doubled number of atoms as compared to Figure
2c. Right panel: corresponding density profiles. The coloring scheme
is the same as in Figure 1.

and c of Figure 2). Nevertheless, we observe certain cationic

cations disappears slightly closer to the surface than that of thespecificity; namely, ammonium ions penetrate slightly closer

sulfate dianions.

The ionic density profiles of aqueous (WHSO; are similar
to those of NaSQy, with strong repulsion of all the ions from
the surface region. This indicates that it is primarily the sulfate
dianion which dictates the ionic distribution (compare parts b

to the surface than sodium ions, a behavior that we already
observed when chloride was the counteranion. Also, note that
in both sulfate solutions the strong ion repulsion from the air/
water interface results in an increased concentration of ions in
the center of the slab, well above the nominal 1.2 M value. At
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2 6000 system, the bulk concentration is not high enough to cause
> 4000 4 precipitation or creation of a different phase, although some
§ degree of ion clustering is clearly observed. The same situation
€ 2000 4 is also anticipated for aqueous sodium sulfate, where the sulfate
RN density profile is almost the same as for ammonium sulfate.
0 T e izl NSRRI Also, note that even in the larger aqueous ammonium sulfate
system the ionic densities do not quite level off in the center of
' ' ' ' y y the slab. This demonstrates that the interfacial region with
2800 3000 3200 3400 3600 3800 4000 R R . .
Raman Shift cm") varying ionic densmes is S|gn|_f|cantly thicker in aqueous
solutions of multiply charged ions compared to those of
0.35 monovalent ions.
c) H,O0-ATR Spectroscopy— Spectral Assignments.SFG spectra were
030 1 taken 6 1 M (NH4)>SOs, 1 M N&SQs, and 2 M NHCI to
0.25 directly study the airliquid interface and to test the MD
c 0.20 simulations. The SFG (SSP polarizations in the OH stretch
-%_ region (~2900-3900 cn1?) of the air-neat-water interface),
g 015 isotropic Raman, and ATR-FTIR spectra of neat water are
< 0.10 shown in Figure 4ac, respectively, along with their calculated
0.05 fits including the component peaks. There are several published
' SFG spectra of the neat aiwater interfacé?-3¢ The spectral
0.00 5 features observed in our neat water surface SFG spectra are
-0.05 similar to previously published neat water SFG spe€tré

3200 3400 3600 3800

Frequency (cm-1})

Figure 4. (a) SFG SSP-polarized spectrum of neat water in théHO
stretching region (the deconvoluted peaks shaded in gray have
phase, while those which are not shaded havepghase). (b) Isotropic
Raman spectrum of neat water. (c) ATR-IR spectrum of neat water.
The calculated spectra from the spectral fits are shown in green.

2800 3000 4000

The broad peaks in the 30863600 cnT? region contain two
prominent bands in the SFG, Raman, and IR spectra of neat
water and are positioned at3250 and~3450 cnt. Generally
following spectral assignments for iééand considering the
increase in disorder of a noncrystalline system, the 3250'cm
peak in the Raman (3253 cr) and IR (3215 cml) spectra is
attributed to the vibrational modes from four oscillating dipoles
of four-coordinate hydrogen-bonded water molecules. These

these relatively high concentrations and because of the presenceollective vibrations can be viewed as possessing symmetric

of multiply charged ions, a certain degree of ion clustering is
observed.

While for solutions of monovalent ions, our slab is thick
enough for the ionic density profiles to reach roughly constant

character. In the SFG spectrum (peak-@&200 cnT?) of neat
water, this peak is attributed predominantly to the three-
coordinate water molecules at the surface that are single-proton-
donor-double-proton-acceptor (DAAF 41 with minimal, if

values in the central region of the slab (see Figure 2a), this is any, contribution from four-coordinate interfacial oscillating
not completely true for the aqueous sulfate. We have, therefore,dipole modes. We assign the 3450 ¢npeak in the Raman,

performed an additional simulation of 1.2 M ammonium sulfate IR, and SFG spectra to the more asymmetrically oscillating
in a slab with a doubled thickness, to test the convergence ofdipoles from four-coordinate hydrogen-bonded water molecules.
the ionic surface behavior with system size. The results of this This spectral region can also be described as arising from four-
large simulation, depicted in Figure 3, show that indeed the coordinate water molecules where one hydrogen is a poor
interfacial ionic profiles were already semiquantitatively con- hydrogen bond donor. The 3450 cinpeak intensity is
verged in the smaller slabs. In particular, the width of the ion- significant in the SFG spectrum as revealed through deconvo-
free surface layer is about the same in the smaller and largerlution of the spectrum into the component peaks, as shown in
systems, despite the fact that the effective ion concentrationsFigure 4a, which is consistent with recent water cluster IR
in the bulk regions are different. Apparently, even for the smaller studies®®4°The peak at~3550 cnt?in the SFG (3550 cnt?),



8866 J. Phys. Chem. B, Vol. 109, No. 18, 2005 Gopalakrishnan et al.

10000
a) H,0
2M NH,CI »
8000 1 — 1M Na,50, / \
—— 1M {NH,},50, G

6000

4000

Intensity (A. U}

2000

2800 3000 3200 3400 3600 3800 4000

Raman Shift (cm™)

U

© 2M NH,CI

2800 3000 3200 3400 3600 3600 4000 2800 3000 3200 3400 3600 3800 4000

10000 10000

8000

G000 o

4000 -

2000 4

2800 3000 3200 3400 3600 3800 4000 2800 3000 3200 2400 3600 3800 4000

Figure 6. (a) Isotropic Raman spectra of various salt solutions compared to that of neat wate);sfectral fits of Raman spectra. The fitted
spectral profile is shown in green.

Raman (3630 crmt), and IR (3571 cm?) spectr&*3is assigned  the hydrogen-bonding strength decreases and the asymmetric
to the modes associated with three-coordinate asymmetricallycharacter of the modes increases.

hydrogen-bonded water molecules in which oneHDbond is SFG spectra were acquired from the-aigueous-ammonium-
involved in strong hydrogen bonding and the other is only sulfate interface as shown in Figure 5. Comparison of the SFG
weakly hydrogen-bondetd.For the SFG, these three-coordinate spectra of neat water and aq (WkSO; clearly show different
species are double-proton-doraingle-proton-acceptor (DDA)  spectral intensities. There is a significant increase in intensity
molecules’®=41 The narrow peak at 3700 crhin the SFG within the hydrogen-bonding region (2868600 cn1?) of the
spectrum of Figure 4a is assigned to the dangling OH (surfaceaq (NH;).SOy relative to that of neat water. To interpret the
free OH) stretch of water molecules that straddle the interface SFG spectrum of aq (NP)LSO;, a study of aqueous solutions
with one non-hydrogen-bonded OH directed into the air of NH,Cl and NaSO, was conducted to determine how
phasé?3435and the other OH interacting through hydrogen individual ions affect the hydrogen-bonding network of water.
bonding with the liquid phase as described already within the Raman, IR, and SFG spectra of all salt solutions were obtained
~3250 cnt! SFG peak assignmeff;4! The assignment of the  to elucidate spectral assignments and interpretation.
component peak at3750 cnt! in the SFG spectrum of neat The isotropic Raman spectra of the salt solutions in the water
water is still under debate; however, recent discuséfqrmint O—H stretch region are shown in Figure 6a. Spectral assign-
to frustrated rotations of surface water molecules that are ments were made after deconvoluting the spectra into component
hydrogen-bonded via the oxygen (single- and double-acceptorpeaks as shown in Figure 6. In the case of ag N&Q,

only water molecules). In summary, for the SFG, Raman, and (Figure 6d), the spectral region between 2800 and 3800'cm
IR spectral assignments of neat water, as the frequency increasess essentially from water, because there are no bands frar SO
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TABLE 2: Previously Observed NH;™ and SO~ Raman and IR Bands in (NH,),S0O,11H,02

Raman IR
peak position peak position

(cm™) assignment (cm™) assignment

980 sulfate symmetric stretch 1103 sulfate asymmetric stretch

2875 second overtone of NH 1450 NH;" umbrella bending
umbrella bending

3060 combination band of NFi 2890 second overtone of NH
umbrella bending and rocking umbrella bending

3115 NH;™ symmetric stretch 3060 combination band of NH

umbrella bending and rocking
3215 NH; " asymmetric stretch 32338480

aAdapted from ref 45.

TABLE 3: Raman Fit Parameters (Gaussian)

peak position

(cm™) amplitude  fwhm area
H,O 3248.9 6620 243.2 1390540
3468.4 8724 222.7 1526300
3628.8 1509 105.9 122730
2 M NH4CI 2878.7 110 89.1 10256
3026.9 440 143.7 67291
3248.9 4757 243.3 1232330
3468.4 7440 2225 1762110
3628.8 714 106.2 80842
1 M NaSOy 3248.9 4708 233.0 1167870
3468.4 6813 234.2 1698320
3628.8 683 84.0 61067
1 M (NH,).SO, 2878.7 107 92.6 10574
3032.1 472 159.2 79990
3248.9 4837 243.3 1252760
3468.4 6451 2225 1527830
3628.8 781 106.2 88312

or HSQy™ in this region. The spectra are assigned as discusse

very broad, very
intense absorption

(see Table 2). In the casé @ 1 M solution of (NH;)2SQy, the
3100-3200 cn1? region is overwhelmed by the water-®
stretch, and thus, these peaks could not be fit.

The ATR-IR spectra of the salt solutions in the water D
stretch region are shown in Figure 7a. As in the case of the
Raman spectra, the IR spectrum of ag8@, (Figure 7d) in
this region can be assigned to the vibrational modes from the
hydrogen-bonding network from water. Again, these assign-
ments were made after deconvoluting the spectrum into
component peaks as shown in Figure 7d. In the case of the aq
ammonium salts, three additional peaks (other than the water
peaks) were fit to the spectra as shown in Figure 7c,e for aq
NH4Cl and (NH;),SOy, respectively. These peaks a2880,
~3060, and~3200 cnt! were assigned (using previously
observed IR band frequencies shown in Table 2 as a guide) to
the second overtone of the IyHumbrella bend, the combination
band of the NH+ umbrella bending and rocking vibrations, and
the asymmetric Nt stretch, respectively. The peak positions,
amplitudes, fwhm, and peak areas for the ATR-IR spectra are

dcollected in Table 4.

already in the neat water assignments. In the case of aq The SFG (SSP polarized) spectra of the salt solutions are

(NH4)2>SO, (Figure 6e) and NECI (Figure 6¢) however, the

shown in Figure 8a. The average of four SFG spectra for each

isotropic Raman spectra show that this spectral region can bespecies is plotted. All the peaks in the spectral region 2800

complicated by NH" bands®® Spectra 62 M NH4Cl were

3900 cn! for the agqueous salt solutions are assigned to the

obtained in order to compare the effect of the same number of air—water interfacial G-H stretching modes as discussed

NH4* ions on the structure of water in aq (NSO, and NH;-

already for the SFG spectrum of neat water. However, the 3250

Cl. The peak positions and assignments of vibrational bandscm™* peak intensity increases for the sodium and ammonium
previously observed in Raman and IR spectra of aqueoussSulfate solutions are attributed to vibrational modes of the four

ammonium sulfate of composition (NHSOy-11H,O* are

oscillating dipoles of interfacial four-coordinate water oxygens.

given in Table 2. These were used as a guide to fit the spectraln the case of N80, (Figure 8d), the assignments are quite
of the salt solutions. In the case of the ammonium salts, two Unambiguous; however, in the case of the ammonium salts, the

additional peaks (other than the water peaks) assigned to theNH4s™ bands observed in the Raman (@2880 and~3040

second overtone of the N umbrella bend (at~2880 cnt?)
and a combination band of the MHumbrella bending and
rocking vibrations (at-3035 cnT?) are observed in our Raman
spectra and are in agreement with the Raman study of Sgifiner.
The peak positions, amplitudes, full width at half-maximum

cm1) and ATR-IR spectra (at2880,~3060, and~3200 cnT?)
introduce a complication, because they overlap with theHO
stretching region of water. The 2880 and 3060 épeaks are
weak in both the Raman and ATR-IR spectra and thus are
expected to be weak in the SFG spectra as well (because the

(fwhm), and peak areas for the Raman spectra are collected inSFG intensity is proportional to the product of the Raman and

Table 3.
Deconvolution of the N&™ bands in the 30083500 cnt?

IR transition moments, as per eq 7). The NHtretch vibrations
could not be assigned in the Raman spectra as mentioned before;

region is nontrivial. In addition to the two bending modes, there thus, their assignment in the SFG spectra would be highly

are two fundamental vibrational modes involving the NH

ambiguous and was not incorporated in the spectral fits (although

stretch observed by Spinner: a symmetric stretch in aqueousgdiven the broadness and lower signal-to-noise ratio of the SFG

ammonium sulfate of composition (NHSO-11H,0 at 3115
cm! and an asymmetric stretch assigned at 3215hin

spectra compared to Raman and IR spectra, additional peaks
can be force-fitted). The spectral fits of the SFG spectra after

the Raman studies conducted on a solution of even this high adeconvolution into component peaks are shown in Figureesh
concentration, the spectral depolarization ratios of both peaksWith the corresponding spectral parameters given in Table 5.

could not be measured because of the overlap with the water

O—H stretch as well as the 3060 ctNH,+ combination band

Spectroscopy and Molecular Dynamics Simulations—
Discussion.The intensity of the~3250 cnt! peak from the
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Figure 7. (a) FTIR-ATR spectra of various salt solutions compared to that of neat watee) (§pectral fits of ATR spectra. The fitted spectral
profile is shown in green.

salt solutions relative to that of neat water from the SFG spectrathe respective transition moments). In addition to an increase
is shown in Figure 9a. The corresponding isotropic Raman in intensity in the 3250 cm' peak, there is also an increase in
IR intensities are plotted for comparison with the SSP polarized intensity in the 3450 cm' peak in aq NgSO, and (NHy)2SOy,

SFG intensities (recall that the SFG intensity is proportional to which is shown in Figure 9b. Similar to the analysis of the 3250
the square of the product of the Raman and IR transition cm™! band, an increase in the RamariR transition moments
moments as well as the square of the number denbitygs of the 3450 cm* band in the salt solutions as compared to neat
per eq 7). The Ramar IR intensities show that the intensity =~ water is ruled out as the full cause, because the SFG intensity
of the 3250 cm! peak decreases to a small extent for all the enhancement in N8O, and (NH:),SO4 spectra is much larger
salt solutions as compared to water, generally driven by the than the Ramarx IR enhancement.

cation and anion replacing water molecules in the sampling Another explanation for the enhancement of the 3250 and
volume consistent with the Raman results in Figure 6a. 3450 cnt? bands in the SFG spectra of Figure 8d,e could be
However, in the SFG spectra, the intensity of th@250 cnt? an increased ordering of the interfacial water molecules under
peak increases in the order:,®1~ 2 M NH4Cl < 1 M Na- the influence of a local weak electric field induced by the sulfate
SOy < 1 M (NH4)2SOs. An increase in the Raman and IR dianions in aq Ng50O, and (NH,),SO, and/or an increase in
transition moment in the salts as compared to water can be ruledthe interfacial depth. (Recall that the SFG intensity is propor-
out, because the product of the Raman and IR intensities actuallytional to the square of the number densid),(as per eq 7, and
decreases in the 3250 cfpeak (the product of the Raman that the intensities from the SSP polarized SFG spectra increase
and IR intensity is proportional to the product of the square of if the water molecules are better aligned with their transition
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H,0
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Figure 8. (a) SFG SSP-polarized spectra of various salt solutions compared to that of neat wagrsilectral fits of SFG spectra. The green
solid line shows the fitted spectral profile. The component peaks shaded in gray-Haphdse, while those which are not shaded haté hase.

moments normal to the surface, yet cancellation will occur if interfacial region probed by the SFG experiments is better
the vectors oppose each other.) The local weak electric field defined in terms of the region over which there is a net
effect excludes the solvation shell water molecules that partially orientational polarization of water molecules. To this end, in
contribute to the 3450 cm band of the salt solutions, although  Figure 10, we have plotteé@os60) as a function of location in
these molecules will minimally contribute with increasing slabs of neat water and two ammonium salts, 1.2 M;GIH
interfacial depth. The explanation presented here is consistent(i.e., salt with a monovalent anion), and 1.2 M (N$$0x (i.e.,

with the MD simulations on the aqueous solutions of J8H a representative of a salt with a divalent anion). Héres the
NaSQ,, and (NH;)>SO, shown in Figure 2ac and Figure 3, angle between a water dipole moment and a vector normal to
as discussed above. the slab surface (i.e., theaxis in the simulation cell), and the

To further explore the localized field effect, we turn to the angular brackets denote an average over time and molecules.
MD simulations. Because the SFG contribution from molecules This quantity vanishes for an isotropic distribution of water
in centrosymmetric environments vanishes, the inhomogeneousorientations and is nonzero where there is a net orientation of
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TABLE 4: FTIR-ATR Fit Parameters (Voigt) 20
peak position sl [0 oo { 3
(cm™) amplitude fwhm area Voigt shape o ® Ramanx IR
H,0 3214.6 030 2510 95  1.00 5 "]
3391.1 0.20 231.3 54 0.00 2 14
3571.3 0.05 152.0 9 0.00 >
2 M NH.CI 2897.1 0.03 2454 8 1.03 5 124
3052.6 0.05 1416 8 1.00 =
3201.6 0.04 114.0 5 1.10 S 101 {
3214.6 0.30 2525 76 1.00 i
3391.1 0.20 235.8 60 0.00 o 081 € s
3571.3 0.05 1424 8 0.00 B ¥
1 M Na,SQ, 3214.6 030 2540 95 1.00 g 08
3391.1 0.23 236.7 58 0.00 04
MoHasa e oo 279 o or
4)2 : . . .
3056.9 0.06 163.8 12 1.00 24
3195.7 0.03 1053 3 0.40 X o SFG b)
3214.6 0.30 2465 83 1.00 O 221 | o RamanxR
3391.1 0.20 238.1 56 0.00 -
3571.3 0.05 146.8 8 0.00 g 2.0 1
o
TABLE 5: SFG Fit Parameters (Lorentzian) Q 181
)
peak position S 164
(cm™) phase amplitude fwhm area 2
2]
H,0 32079  + 2101 1803 601.6 & ] ¢
3444.6 + 1374 1176 4330 = | i
3547.0 + 21.9 78.0 17.3 >
3703.1 - 624 191 6276 8 | { [}
3748.5 - 58.8 749 119.2 e
2 M NH,CI 3242.8 + 155.9 158.0 3925 0.8 T T T T
3414.9 + 159.0 1225 555.1 H,0 2MNH,CI 1M Na,SO, 1M (NH,),SO,
35475 t 21.3 8.7 16.2 Figure 9. (a) Plot of the relative (to water) intensities of the 3250
3701.8 60.1 19.2 6135 ) . . "
_ cm! peak. (b) Plot of the relative (to water) intensities of the 3450
3748.5 55.2 748 106.7 - g -
cm! peak. The relative intensities from the SFG spectra are compared
1 M N&SG, 3207.3 + 2469 1609 956.3  \ith the product of the relative intensities of the corresponding peaks
2‘5‘2‘713 I 123? 171;12 6&?53 from the isotropic Raman and IR spectra.
37032 - 624 175 6867 0.0020 ——
37485 - 581 749 1163 - heat water ! ]
1M (NH)SQ; 32184 + 2675 1635 11039 5 00015+ NH.Cl =
3441.4 + 188.7 107.4 907.6 T - 4 PR 1
3549.3 + 256 784 234 9 0.0010;-- (NH,),SO, /= Y -
3704.9 - 62.4 18.4 653.8 = -
3749.5 - 59.2 742 1217 § 0.0005 -
G i
water dipoles. The orientational polarization and other quantities ~ 0.0000 ———— =
reported in Figure 10 for (Np,SO4(aq) were obtained from l L

the simulation of the thicker system only because data obtained -30 -20 -10 0 10 20
for the smaller system appeared to contain finite size artifacts. position relative to Gibbs dividing surface (A)

The data plotted in Figure 10 show that the interface, defined rig e 10. Orientation polarizations (see text for details) from MD
by nonzero values oftos 6] increases in width in the order  simulations as functions of position in the slabs relative to the Gibbs
H>O < NH4Cl(aq) < (NH4)2S0Os(aq). The maximum degree of  dividing surface (defined as the position where the water density is
water orientational polarization is roughly the same in neat equal to one-half its bulk value). Representative statistical uncertainties,
water and (NH).SOy(aq), and roughly twice that of Ni€I- taken as the standard deviations of averages computed over 200 ps
(aq). In neat water, the orientational ordering is confined mostly Plocks. are indicated by the error bars.
to the surface layer, while in the NBI solution, there appears
to be an ordered subsurface layer about 10 A below the Gibbsthe sulfate solutions. It is not possible to distinguish between
dividing surface in addition to an ordered surface layer. The SFG signal enhancement because of ordering of water molecules
orientational polarization decays slowly into the (NSO under the presence of a weak electrostatic field and an increase
solution, such that the width of the region over which water in interfacial depth. However, the thickening of the interface is
molecules have an appreciable net orientation is approximatelysupported by orientation polarizations (Figure 10) and density
20 A. This is consistent with the increase in SFG intensity of profiles (Figure 2b,c; Figure 3), which reveal that the interfacial

the 30006-3600 cn1? region for the (NH),SO, (Figure 5 and

Figure 8a,e).

in the SFG intensity in the 3250 and 3450 Thmegions from

depth increases in aq P8O, and (NH;).SO; (the density
gradient extends over a larger region) as compared to ag NH
The thickening of the interface can contribute to the increase CI (Figure 2a). The interface is defined by the concentration
gradient of the different species and lacks an inversion center
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(and is hence SFG active), while the bulk is defined as the regionq™
where the species are homogeneously mixed and therefore has
a macroscopic center of inversion (and is hence SFG inactive). 8 I
Thus, we conclude that the aiaqueous interface of the 0.0150
ammonium sulfate solution (as well as the sodium sulfate
solution) has widened and that local field effects caused by the ‘@ 0.0100
sulfate dianions play a significant role in this interfacial behavior
of water. These effects thereby account for the larger 3250 and
the 3450 cm? peak intensities observed in the aq (M$O,

and the NaSO, SFG spectra (Figures 8 and 9).

To gain further insight into the SFG spectra, in addition to
knowing the extent of structural inhomogeneity, it is also ‘j‘< 0.0070 . , ; .
relevant to quantify the populations of water OH bonds in 5’ 0.0060
various settings. To this end, the water molecules are divided ~
into three general groups: (1) those for which both OH bonds
are hydrogen bond donors (2D) to other water molecules, (2) 2 0.0040
those for which one OH bond is free and one is involved ina ¢ 0.0030
hydrogen bond with another water molecule (1D), and (3) those © .0020
for which both OH bonds are free (i.e., not involved in any
hydrogen bonds) (0OD). Water molecules involved in-iavater g
hydrogen bonds were excluded to simplify the analysis, and @ 0.0000
because they make a relatively insignificant contribution to the __

SFG spectra at the concentrations considered here. The surfacég 0.0008 . I . I .

0.0200 . . . ,
(@ A

o
o
S
aQ
(=)

0.0000

) surface density of

density (number per unit area) of 2D, 1D, and OD water & 0.0007 | — neat water (c)
molecules is shown as a function of position in the slabs in € 0.0006 ~ .... NH.CI —
Figure 1la-c, respectively. A geometric criterion was used to 2 0.0005 — (NI-T ),SO -
define hydrogen bonds: acceptor oxygen to donor hydrogen %‘0_0004 T 4274 .
distance less than 3.5, 3.8, and 3.5 A for wateater, watet- $ 0.0003 .
chloride, and watersulfate oxygen hydrogen bonds, respec- g 0.0002 % A~ ]
tively, and the acceptor ®O—H angle less than 30In Figure S 0.0001- N
1la—c, itis evident that the populations of the three OH species "5 0 '0000 C . | , ]
show qualitatively similar variations with position relative to @ ™ -30 -20 -10 0 10

the surface in all three solutions, in contrast to the orientational position relative to Gibbs dividing surface (A)

polarization er)fI|es (Figure 10). ) ) Figure 11. Number of water OH bonds per unit area in water molecules
The population of 2D water molecules increases rapidly on for which: (a) both OH bonds are involved in watavater hydrogen

passing from the surface to the interior of all three systems bonds (2D); (b) one OH bond is free and one is involved in a water

(Figure 11a), roughly tracking the water oxygen density profiles water hydrogen bond (1D); both OH bonds are free (OD). The hydrogen

(F|gures 2 and 3) The populatlon |S reduced |n the Salt Solutlons bond definition is described in the text. Representative statistical

compared to neat water, reflecting the replacement of water uncertainties, taken as the standard deviations of averages computed

P over 200 ps blocks, are indicated by the error bars.
water hydrogen bonds by ierwater hydrogen bonds.

The population of the 1D water molecules exhibits a peak in Indeed, the greater intensity in the hydrogen-bonded region of
the interfacial layer and decays rapidly to a nearly constant valuethe SFG spectra for (NBhSOs(aq) versus NECl(ag) and neat
in the interior of the solutions (Figure 11b). The overall number water reflects the longer range of orientational ordering (i.e.,
of 1D waters is slightly larger throughout in neat water than in thicker interfacial region) as shown in Figure 10.
the salt solutions, again because in the salt solutions some
water—water hydrogen bonds are replaced by -iovater Conclusions

hydrogen bonds. There are slightly more 1D waters in the  the 4irliquid interface of aqueous solutions containing
.surfac.e Iayer of (thzsq(aq) compared to NkCl(aqg), while ammonium and sulfate ions (NBI, N&SQy, and (NH),SOy)
in the interior of the solutions, there are slightly more 1D waters , -« investigated using molecular dynamics simulations and
in NH4Cl(aq). using vibrational sum frequency generation spectroscopy in the
The populations of OD water molecules (those with two free 0—H stretching region of liquid water. Our SFG results show,
OH bonds) are very similar in all three systems throughout the after comparison to isotropic Raman and ATR-FTIR spectra,
slabs. Note that the number of water molecules with one free enhanced intensity in the water-®1 vibrational modes at the
OH bond (1D) is about an order of magnitude greater than the ajr—liquid interface in aq (NH),SQ; and NaSO, compared to
number with two free OH bonds (0D). Overall, the total number ag NH,CI and neat water. In the case of aq MH the
of free OH bonds is similar in the three systems, and this is perturbation of the hydrogen-bonded network of water because
consistent with the nearly constant intensity in the free OH of the ions is similar at the interface and the bulk. Furthermore,
region (3700 cm' peak) of the SFG spectra. comparison of interfacial and bulk vibrational structure reveals
In summary, no significant differences between neat water differences at the aifliquid interface relative to the bulk by
and the salt solutions are observed for the 2D, 1D, or OD surfaceions in aq (NH).SO, and NaSQ,. The molecular dynamics
densities. This suggests that the interpretation of the SFG simulations combined with the SFG results reveal a thickening
spectral differences rests on differences in water orientational (widening) of the air-liquid interface for the ag sulfate solutions,
order. Recall that water molecules will only contribute to the which is inclusive of alignment of the interfacial water molecules
SFG signal if they are in a non-centrosymmetric environment. extending deeper into the bulk solution.
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