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Abstract: The orientation and hydrogen bonding of water molecules in the vapor/water interfacial region
in the presence of SO, and CO; gas are examined using vibrational sum-frequency spectroscopy (VSFS)
to gain insight into the adsorption and reactions of these gases in atmospheric aerosols. The results show
that an SO, surface complex forms when the water surface is exposed to an atmosphere of SO, gas.
Reaction of SO, with interfacial water leads to other spectral changes that are examined by studying the
VSF spectra and surface tension isotherms of several salts added to the aqueous phase, specifically
NaHSO3;, NaHCO3, Na,S03, Na,CO3, Na,SO,4, and NaHSO,, The results are compared with similar studies
of CO, adsorption and reaction at the surface. A weakly bound surface complex is not observed with COs.

Introduction differences in geometry and size). The first-order rate constants

f of the reactions for Spand CQ with water are 3.4< 10° and

0.14 s, respectively?, and the Henry’s law solubilities are 1.2
and 0.034 mol/L atm, respectivelylhe Henry’s law solubilities

for these gases do not take into account any further reactions

(acid—base equilibria). The dominant reaction product {&Q),

HSO;~, or SG?7) depends on the pH of the solution.

Surface complexes have recently been invoked to explain the
initial step in a number of surface reaction mechanfsrhs
including the reaction of SPand wate€ The SQ surface
complex is not the dissolved $S@pecies with approximately
seven associated water molectildérit is SQ with fewer
associated water molecules because of the proximity to the gas
phase. There is an ongoing debate about the existence and
mposition of S@ surface complexes in the interfacial

gion28-11 Because the SQO-water reaction is facile, Jayne
et aI.8 assigned the interfacial species as HSOH™ to account
for the greater S@uptake than that predicted by bulk kinetics
at low pH® These results are at odds with later uptake
measurements that suggest the uptake coefficients can be
SO(aq)<> HSO, +H* determined from the bulk reaction rate constléﬁﬁ.videnge for
a surface complex was obtained with second harmonic genera-
HSQ7 - SQ + H+ (I) (2) Boniface, J.; Shi, Q.; Li, Y. Q.; Cheung, J. L.; Rattigan, O. V.; Davidovits,
B . ;’SOVZ\E);gggp D. R.; Jayne, J. T.; Kolb, C. E.Phys. Chem. 200Q 104,
COZ(aq)e HCO, +H 3) FinIayson—Fsitts, B. J.; Pitts, J. N., Zhemistry of the Upper and Lower
B 9 4 Atmosphere Theory, Experiments, and Applicatidesaidemic Press: San
HCO; < CO” +H @ Diego, 2000. _ _ _
(4) Knipping, E. M.; Lakin, M. J.; Foster, K. L.; Jungwirth, P.; Tobias, D. J.;
Gerber, R. B.; Dabdub, D.; Finlayson-Pitts, BStience200Q 288 301~
Dissolved in water, S@and CQ are in clathrate (gas hydrate) 304. ' o '
and loosely hydrated structures, respectiveBithough SQ ®) EUEJJ”P@';' 85;,323‘38?&5";7%&%%‘@” D. R.; Zahniser, M. S.; Kolb,
and CQ have similar reactions with water, the reaction products (6) Hanson, D. R.; Ravishankara, A. R Phys. Chenl994 98, 5728-5735.
have different geometries and the reaction rates and Henry's @) ,\G,,ﬁg[)%?’ S -éiggﬂ';i' ‘g",;f&g_zgg’ 'z’zzeltégg_"lgdsMag" L.; Ponche, J. L;

law solubilities are also very different (probably because of (8) Jayne, J. T.; Davidovits, B. Phys. Cheml199Q 94, 6041-6048.
9) Yang H.; erght N. J.; Gagnon, A. M.; Gerber, R. B.; Finlayson-Pitts, B.

Phys. Chem. Chem. Phy2002 4, 1832-1838.
* To whom correspondence should be addressed. Phone: 541-346-4635(10) Donaldson D. J.; Guest, J. A.; Goh, M.LPhys. Chenl995 99, 9313~
9315.

Fax: 541-346-5859.
(1) Cotton, A. F.; Wilkinson, GAdvanced Inorganic Chemisty A Compre- (11) Bishenden, E.; Donaldson, D.JJ.Phys. Chem. A998 102 4638-4642.
hensve Text 2nd ed.; Interscience: New York, 1966. (12) Shimono, A.; Koda, SJ. Phys. Chem1996 100, 10269-10276.

Understanding the composition, reactivity, and structure o
tropospheric aerosols is an essential link to understanding
environmental atmospheric chemistry and improving global
climate modeling. For example, fundamental studies of the
uptake and reactions of S@nd CQ in water droplets add
understanding to atmospheric processes including radiation
trapping, radiation scattering, and the formation of cloud
condensation nuclei and acid rain.

The uptake of S@and CQ in atmospheric aerosols depends
on factors including gas-phase diffusion, solubility, mass
accommaodation probability (the probability of entering the bulk
after striking the surface), and reaction rates, which are
dependent on additional factors such as pH, droplet size, and
temperature. Surface-adsorbed organic materials add yet anotheﬁ;0
level of complexity to these systems.

In the gas phase, SGnd CQ have different geometries.
The addition of S@ (CO,) to water leads to the stepwise
reactions:
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tion.!® Subsequent MD simulatioks suggest that a 1:1, A, g
SOZ:I_—|20, surface complex is no_t stable enough to be this X(Z)ZX'(\IZ% g? + z f_+: —dw, (1)
species. Recent studies employing ATR-FTIR do not show T o, —ogt+il
evidence for the hydrate and estimate less thamx 40“
hydrates/cra® The first term is the nonresonant second-order susceptibility.
Research has been limited to studies of atmospheric moleculesThe second term is a sum over all resonant vibrational modes
in the gas phase because of the lack of suitable surface-specifi@nd is often given the symbgf?),. It represents the convolu-
techniques that can be performed at ambient Conditionsltion of the homogeneous line widths of the individual molecular
However, many of the chemical processes in the lower transitions (HWHM, I')) with inhomogeneous broadening
atmosphere occur in water droplets and are affected by the(FWHM, 4/2In2I")). The transition strengti#,, is proportional
properties of the interface between the atmosphere and thet® the product of the number of molecules and their orienta-

droplet. For example, one of the first steps in the aqueous tionally averaged IR and Raman transition probabilities. The
oxidation of sulfur dioxide is the transport of $@cross the frequencies of the IR, the Lorentzian, and the resonant modes

air/water interfac@. Vibrational sum-frequency spectroscopy are(;um., Z;L' andaw,, respectively. The phase of each resonant
mode is@,.

(VSFS) and surface tension measurements are powerful tools Ch in the intensity in th ¢ ¢ ith
for investigating interfaces. VSFS probes only those molecules anges In the ntensity In the sum-irequency spectrum wi
concentration can be attributed to a change in the number of

in the interfacial region and can distinguish between, SO . . ;
. . . molecules, a change in molecular orientation, and/or a change
adsorbate products and surface-active organic contaminates N
. . . In bond energiesyy, is dependent on the number of mol-
found in aerosols. Surface tension measurements quantify the AR T - . ]
. . . . . ecules and their orientations in the following way:
interfacial species, enabling SF comparisons for equal surface

concentrations.

N

The experiments conducted include VSFS of water surfaces X(RZ()U) - %HBUD )
in the presence of SHCO,, and sodium salts of the reaction
and oxidation products. These salts are Nagl3@HCQ, Na- The resonant susceptibility is proportionalNpthe number of
S0;, N&COs, NSOy, and NaHSQ Surface tension isotherms  mojecules contributing to the sum-frequency response[ig
of the salt solutions were also acquired. High salt concentrationsihe orientationally averaged molecular susceptibility.
affect the pH and ionic strength; therefore, spectra of NaOH  sSyrface Tension.The interfacial region comprises the area
and HCl at pH 1 and 12, respectively, and spectra ofST where the number of molecules of solute per unit volume differs
concentrations of constant ionic strength at the vapor/water from the bulk concentration. Surface tension measurements are
interface were acquired to examine these effects. The present useful tool for acquiring the number density of adsorbates at
work builds on our S@study*® and compares our results with  an interface and allow spectral comparisons between equal

ef[wawv/rv]z

other studies examining the question of an,$R0 interfacial surface concentrations. Surface pressure isotherms are fitted to
complex. the Gibb’s equatiof?
Background 1 a7
i = o 3)
NRM\3 In(a)/+

VSFS is a suitable technique for studying liquid interfaces

because it is surface specific (bulk contributions to the spectrum . . .
to obtain the maximum surface exceEsis the surface excess

are forbidden based on symmetry) and because it is selective. . . . -
: Lo . AR . concentration at maximum surface coverage (it can be positive
It is a vibrational technique giving insights into bond strengths,

entati dint lecular int . ¢ molecules. Th or negative) andr is the surface pressure.is the number of
orientations, and intermolecular interactions of molecules. There species in excess, amadis the activity. For low concentrations,

is currently s_|gn|f|cant literature available on the general aspects activity can be replaced with the bulk concentration.
of the techniqué#—21 _ _

The sum-frequency intensity is proportional to the square of EXPerimental Section
the second-order susceptibility{®, and the SF spectra must Laser System.The laser system has been described extensively in
be fit to deconvolve the resonant modes from the nonresonantPrevious publication$!? The sum-frequency light is generated by
susceptibility. The inhomogeneous broadening and the homo-°Ve'lapping 800 nm (2 ps, 1 kHz repetition rate) and tunable (2700

o e .

geneous line widths of the vibrational transitions are accounted 4000 cnr) infrared light in a copropagating geometry af &d 67

for b lovi fitti ine fi d by B&#: from the surface normal, respectively. Intensities are approximately
or by employing a fitting routine first proposed by Bai: 100 43 of 800 nm light and 410 xJ of IR light. After filtering any

reflected 800 nm light, the sum-frequency response is collected every

(13) ngégl;Ck, T. L; Richmond, G. LJ. Am. Chem. So2003 127, 16806~ 0.0025um over the tunable range with a thermoelectrically cooled CCD
(14) Richmond, G. LAnal. Chem. News Viewi997, 69, 536A—543A. camera (Princeton Instruments). In these experiments, two polarization
(15) Zhu, X. D.; Suhr, H.; Shen, Y. Rehys. Re. B 1987, 35, 3047-3050. combinations are utilizedsspand sps These polarization schemes

(16) Bloembergen, N.; Pershan, P.Fhys. Re. 1962 128 606—622.

(17) Guyot-Sionnest, P.: Hunt, J. H.. Shen. Y. Rys. Re. Lett. 1987, 59 denote the sum-frequency, visible, and infrared polarizations, respec-

1597-1600.
(18) Shen, Y. RThe Principles of Nonlinear Optic®Viley: New York, 1984. (23) Chattoraj, D. K.; Birdi, K. SAdsorption and the Gibbs Surface Excess
(19) Shen, Y. RMater. Res. Soc. Symp. Prd86 Plenum Press: New York, 1984.
(20) Bain, C. D.J. Chem. Soc., Faraday Trans995 91, 1281-1296. (24) Gragson, D. E.; McCarty, B. M.; Richmond, G. L.; Alavi, D. B.0pt.
(21) Eisenthal, K. BChem. Re. 1996 96, 1343-1360. Soc. Am. B1996 13, 2075-2083.
(22) Bain, C. D.; Davies, P. B.; Ong, T. H.; Ward, R. N.; Brown, M.LAangmuir (25) Allen, H. C.; Raymond, E. A.; Richmond, G. I. Phys. Chem. 2001,
1991, 7, 1563-1566. 105 1649-1655.
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tively, which represent polarizations in the plane of incideqmeagd products are employed to examine the effect of each product
normal to the plane of incidencs)( individually.
The samples studied are poured or injected via gastight syringes

into scrupulously clean glass dishes enclosed in a nitrogen-purged . . .
Teflon cell fitted with Cafz windows. The Teflon cell has three ports, structure, an overview of the water structure is presented first

two of which are used for gases and/or a pressure gauge, and theincluding spectral assignments). The effect of,3@sorption
remaining port is vented via Teflon tubing to a fume hood. on the VSFS of the vapor/water interface is examined briefly,
Sample Preparation and Analysis.Gases were purchased from followed by studies of related salt solutions containing Nag|SO
Airgas: SQ (lecture bottle, 99.99%), Ncylinder, 99.9%), and CO NaSCs, NaHSQ, and NaSOy. Then, the S@water interface
(cylinder, bone dry, 99.9%). Salt compounds were purchased from is discussed in detail in light of the results from the salt studies.
Aldrich: Na,COs(99.995%), NaS0, (99.99%), NaHS®monohydrate Similarly, the results for the Cfwater interface and the salts
(99%), NaHCQ (minimum 99.5%), NgS0; (98%), and NaHS© of the reaction between G@nd water (NaHCg Na,CQs) are
(minimum SQ content 58.5%) were used as received. In an open presented. This is followed by a summary of the interpretation
container, the NaHS{solutions will evolve S@gas because there is ot the SQ (COy)/water interface with contributions from the

N - - 10 _ hterace _
an equilibrium between S0aq), HSQ', and S@".° D0 (99.9%)  aaction products and implications for understanding atmo-
was purchased from Cambridge Isotopes. High-puri® iWas obtained .

spheric aerosols.

from a Millipore Nanopure system (18Qicm). All salt solutions were i ) )
injected into the M-purged cell via a gastight syringe. Interfacial Water Assignments, Structure, and Orienta-

All spectra of the various salt solutions were normalized for tion. Recent discoveries have led to a molecular picture of the
variations in SF intensity. The spatial variation between the visible and vapor/water interfac&, -3¢ including a small interfacial depth,
IR beams when scanning the IR frequency, the temporal lengthening ~6—9 A 2735and an average coordination of water molecules
of the IR pulses by water vapor, and the frequency dependence of thedecreasing from~3.6 bonds per molecule in the bulk te2
optics used for filtering the sum-frequency were removed by dividing phonds per molecule at the topmost surface |&yeThe
the spectra by the nonresonant response from an unprotected goldntermolecular oxygenoxygen distance expands as one moves
surface over the same frequency range. To correct for the IR absorbancerrom the bulk to the surfac®.This region of anisotropy includes
of the gas, spectra of the vapor (Sand CQ)/water interfaces were less water coordination, less hydrogen bonding in the topmost

normalized by the nonresonant response from an unprotected gold ¢ | d tetrahedrall dinated t | |
surface in the presence of the appropriate gas and water vapor. TheoUrace layer, and tetrahedraily coordinated water molecules

spectra presented are averages ef82spectra. Often, data were deeper in the interfacial layer.
averaged from several samples to improve the signal-to-noise ratio. A spectrum of the neat vapor/water interfacegp andsps

To understand the effects of these adsorbates on the water

The parameters used to fit the neat vapor/water interfacesgn polarization is shown in Figure 1 along with the fitted resonant
polarization were provided by previous isotopic dilution 9Xp_erim@ﬂf§- modes. The assignments of the interfacial OH stretching modes
In these studies, spectra of purgdH increasing concentrations 0O were determined from interfacial isotopic dilution experimntg

in H20 (HOD), and pure BO were iteratively fit as a set allowing all  \yhich take into account the degree of hydrogen bonding and
the spectra to be fit with the same peak positions, Lorentzian widths, the surrounding environment. The results are employed here
phases, and similar Gaussian widths. Lorentzian widths are fixed at 5and the current data are fit with similar parameters obtained'
and 12 for the OH modes and the free OH mode, respectively. The . .

phase relationships are consistent with those reported in molecularfrom these previous stu_dles. The nanesonant c_omponent (not
dynamics simulations of the neat interf@éé® At the neat water shown) has been taken into account in the analysis. The topmost
interface, the free OH and high-frequency3600 cm?) stretching surface water molecules with the weakest neighboring bonding
modes are out of phase with the lower-frequens%00 cnt?) modes. interactions occur in the 356700 cnt! region of the
Except for the free OH, the Gaussian widths are broad,~13% spectrum. As the amount of cooperative OH stretching between
wavenumbers. The parameters used to fit the neat vapor/water interfaceadjacent water molecules increases, the vibrational frequency
in spspolarization are the same parameters used for the neat vapor/decreases. Water molecules exhibiting intensity 2400 cnt?!

water ssppolarization spectrum with one exception, an additional gnd lower energies correspond to water molecules a few
resonance at-3580 cn. angstroms into the liquid, which bond with additional coordina-
Results and Discussion tion and cooperative interactions.

In the topmost interfacial layer, the sharp feature found at
3700 cn1! corresponds to the free OH that points into the air

are examined to gain insight into gas adsorption and reactionsWith its adjacent companion OH mode (which we refer to as
g g g P the donor mode) pointing into the liquid phase. Calculations

in the interfacial region of atmospheric aerosols. The experi- o - . .
ments conducted include VSFS of water surfaces in the presenceby Buct#® and from our grouff indicate that intensity for the

of SOy, CO», or sodium salts of the reaction and oxidation mode near 3460 cm weakly interacts with neighboring water

products. These salts are NaH$8aHCQ;, N&,SOs, Nap,CO;,
. . (30) Buch, V.J. Phys. Chem. R005 109, 17771-17774.
NaSOs, and NaHSQ. Surface tension isotherms of the salts (31) Du, Q.; Superfine, R.; Freysz, E.; Shen, Y.Mys. Re. Lett. 1993 70,

i m i 2313-2316.
were also acquwed. The SpeCtra of thez )/Water interface Wilson, K. R.; Cavalleri, M.; Rude, B. S.; Schaller, R. D.; Nilsson, A.;

. 32)
are complex because of the presence of several dlssolved( Pettersson, L. G. M.; Goldman, N.; Catalano, T.; Bozek, J. D.; Saykally,
i ; H ; R. J.J. Phys.: Condens. Matt&002 14, L221-L.226.
reaction products. Therefore, salts of the reaction and OXIdatIOI’I(33) Morita, A Hynes. J. T, Phys. Chem. B002 106 673-685.
(34) Vassilev, P.; Hartnig, C.; Koper, M. T. M.; Frechard, F.; van Santen, R.

The orientation and hydrogen bonding of water molecules at
the vapor/water interface in the presence o @@d CQ gas

(26) Raymond, E. A.; Richmond, G. lJ. Phys. Chem. 004 108 5051— A. J. Chem. Phys2001, 115 9815-9820.
5059. (35) Dang, L. X.; Chang, T.-MJ. Chem. Physl997 106, 8149-8159.

(27) Raymond, E. A.; Tarbuck, T. L.; Brown, M. G.; Richmond, GJLPhys. (36) Goh, M. C.; Hicks, J. M.; Kemnitz, K.; Pinto, G. R.; Bhattacharyya, K.;
Chem. B2003 107, 546—556. Eisenthal, K. B.; Heinz, T. FJ. Phys. Chem1988 92, 5074-5075.

(28) Raymond, E. A.; Tarbuck, T. L.; Richmond, G.1.Phys. Chem. B002 (37) Wilson, K. R.; Schaller, D. T. C.; Saykally, R. J.; Rude, B. S.; Catalano,
106, 2817-2820. T.; Bozek, J. DJ. Chem. Phys2002 117, 7738-7744.

(29) Morita, A.; Hynes, J. TChem. Phys200Q 258 371-390. (38) Walker, D.; Richmond, G. L. Manuscript in preparation, 2006.
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Figure 2. Sum-frequency spectrum of $@as at the vapor/water interface
| in the OH stretch region issppolarization (black). A neat vapor/water
J spectrum (gray) is shown for comparison.
4 : 2
0+ — of tetrahedrally coordinated water molecules in various hydrogen-

30'00 32'00 34'00 3600 38I00 bonding environment¥.43-45 Although not present at the neat
Energy (cm) vapor/water interface, strong h_ydro_gen bonding and cooperative
y motion of hydrogen bonds give rise to a spectral feature at
Figure 1. Sum-frequen_cy s_pectra'of the neat vapor/water interface acquired 3150 cntl. This feature has been observed in spectra of the
underssp andspspolarizations. Fitted peaks are shown below the spectra. . . . .
The nonresonance response is not shown, although it is included in the fit, VPOr/ice interfac and the interface of strong acid solutidtis.
Preview of SQ Effects on Water Structure at the
molecules as a proton and single electron pair donor. The Interface. An ssppolarization spectrum of the neat vapor/water
frequency of this companion donor OH mode is similar to that interface (gray) and the vapor/water interface in the presence
found for the OH of uncoupled HOD in liquid watét#°Both of SO, gas (black) is shown in Figure 2. Clearly, the neat vapor/
the free OH and donor OH modes appear insbp-andsps water interface is affected by the presence of §&s. Within
polarization spectra and represent more than 20% of the surfaceseconds of exposure to $G broadening and red shift of the
water moleculed! The third dominant species in this weakly free OH resonance (t63675 cnT?) and an increase in the SF
bonded topmost surface region is apparent irsgigpolarization intensity in the tetrahedrally coordinated OH stretching region
spectrum near 3580 cth On the basis of MD simulations by  at 3200 and 3330 cm are detected. Deducing the source of
Buch® and in agreement with our calculatioffswe attribute  these changes in the spectrum is complicated because of the
this peak to water molecules residing nearly parallel to the reaction of SQwith water at the interface. When $@issolves
interface in the topmost layer that form one to three hydrogen in water, a portion is converted to H9Q and to SG* in
bonds with other species. Pertinent to the discussion below, milliseconds® decreasing the bulk pH. From the bulk pH of
water molecules solvating surface ions are also found in this ~1 measured in our experiments and from published values of
high-energy region. the equilibrium constantsthe SQ(aq), HSQ™, and SQ@*~
Intensity below this region corresponds to interfacial water concentrations are0.8, 0.1, and 8« 107> M, respectively. To
molecules a few angstroms from the top layer that have a largerbetter understand the changes due tg 80the vapor/water
number of bonds per molecule and can interact cooperatively interface, we investigated the change in the surface spectrum
with the extended water netwotk3°The OH stretching of these  in the presence of sodium salts of the reaction products gHSO
collective tetrahedrally coordinated water molecules and the and SQ?-) and the oxidation products (HGOand SQ?7). We
more highly coordinated donor mode occur at 3330 and 3200 revisit the SQ vapor/water interface after a discussion of the
cm~L. Note that after the removal of the nonresonant responseseparate influences of the salts, pH, and ionic strength on the
the signal from these stronger hydrogen-bonded water moleculesyapor/water interface.
is relatively small. However, the orientation and bonding of these  NaHSO;, Na,SO;, NaHSOy, and Na,SOy Influences on the
more strongly bonded interfacial water molecules are very Structure and Hydrogen Bonding of Water at the Vapor/
sensitive to surface dipole and electric field effects that extend Water Interface. A concentration series of salts of the reaction
the surface region to allow more tetrahedrally coordinated water and oxidation products of SONaHSQ, NaS0;, NaHSQ, and
molecules to contribute to the VSFS response. These field effects
have been studied extensivél/? and the assignments are 43) fcﬁ‘fra’égt-eﬁ- I'?Adéanég:'“l_:ggggd ?D”hd"Edae"l“p%’;aéqgc;g‘;’s\f(f%”kﬁ§i49
supported by IR and Raman data from bulk water that assign 216.
the strong intensity in the 3268450 cntl range to stretching (44) Walrafen, G. E.; Hokmabadi, M. S.; Yang, W.-Bl. Chem. Phys1986

85, 6964-6969.
(45) Walrafen, G. E.; Fisher, M. R.; Hokmabadi, M. S.; Yang, W.JHChem.

(39) wall, T. T.; Horning, D. FJ. Chem. Phys1965 43, 2079-2087. Phys.1986 85, 6970-6982.
(40) Scherer, J. R.; Go, M. K,; Kint, S. Phys. Cheml1974 78, 1304-1313. (46) Wei, X.; Miranda, P. B.; Shen, Y. RPhys. Re. Lett. 2001, 86, 1554
(41) Gragson, D. E.; Richmond, G. . Phys. Chem. B998 102 3847— 1557.

3861. (47) Schnitzer, C.; Baldelli, S.; Shultz, J.1.Phys. Chem. B00Q 104, 585~
(42) Richmond, G. LChem. Re. 2002 102 2693-2724. 590.

J. AM. CHEM. SOC. = VOL. 128, NO. 10, 2006 3259



ARTICLES Tarbuck and Richmond

® NaHSO, stantial, to~35 mN/m for 3 molal solution& When contami-
’é\ 784 W Na,SO, nants are present in our experiments, the same drop in surface
Z A NafrISO4 v tension occurs.
é ¥ Na,SO, NaHSO; and NaSO;. Spectra of NaHS®and NaSG; at
= 76+ Na,CO, ! the vapor/water interface iasppolarization are presented in
-% A Figure 4 which includes the neat vapor/water interface, 0.005,
5 | A 0.01, and 0.0X NaHSG; (4a); the neat vapor/water interface,
= 74 ! ° 0.001, 0.005, 0.01, 0.02, and 0.BNa,SO; (4b); and the fitted
5 I‘ . resonant modes for the highest salt concentrations (4c and 4d).
q‘:" The fits presented in Figure 4c,d are from a global fit to the
2 124 entire concentration series; although not as rigorous as the
T T T T T T 1 isotopic dilution global fit that the starting parameters are taken
0.005 0.015 0.025 from, it can be used to qualitatively determine trends. Both salts
Mole Fraction react to a small extent with water, resulting in a pH of
Figure 3. Surface tension for increasing mole fractions of NaHSTz.- approximately 3.5 and 11 for NaHg@nd NaSQ; at 0.02 and

S0s, NaHSQ, N&SQy, and NaCOs. 0.03X, respectively. (These changes in pH will be discussed in
more detail when the NaHSQlata are presented.) Because
NaSOy, have been examined using VSFS and surface tensionNaHSQ samples were under a continuous flow of #uring
isotherms. They were investigated as sodium salts becausehese experiments, the solution was not in equilibrium and
sodium ions are small, relatively unpolarizable, and have much evolved SQ gas based on the equilibrium among 50,
less of an effect on the bulk water structure than the arfidffs. HSO;™, and S@* ;1% however, the Sereleased during the time
Sodium ions are expected to have less of an effect on the neaibf the experiment was not detected in the spectra. Two spectral
vapor/water interface than protons because they are not asegions are discussed below: water molecules in highly
strongly hydrated and they associate more with the anions for coordinated tetrahedral or near tetrahedral bonding environments
a smaller separation of charfeThe dominant changes to the that contribute to symmetric OH stretching (3108400 crm?)
resonant modes at the vapor/water interface in the presence olind water molecules in the top surface layer either straddling
the above four anions in solution are presented below with the the interface or with fewer bonded sites typical of molecules in
spectra of NgSO;, N&SQs, and NaHSQ@, demonstrating the  asymmetric bonding environments (3568700 cn12). This is
changes to the polarizability of the interface, the ionic strength, followed by a discussion of changes in the nonresonant response.

and the pH, respectively. The increase in spectral intensity for these two salts is
These salts are simple electrolytes that increase the surfacgyimarily from ~3100-3400 cnt?, indicating that ions are
tension of water (the interfacial ion concentration is less than present in the interfacial region. An increase in both the 3200
the bulk concentration), and in the Hofmeister series, which and 3330 cm? peaks is observed with the appearance of an
ranks ions on the basis of their effect on the surrounding water additional peak at 3150 crhwhich is most prominent at higher
structure, they are classified as structure makers. This ion concentrations. There are several possible contributions to this
behavior is attributed to the presence of the large polarizable jncrease: strong iondipole interactions that can increase the
anions that are capable of strong ietipole interactions, which  transition strength of the vibrations of interfacial water mol-
influence the structuring and bonding of interfacial water ecyles, greater water dipole alignment along the surface normal,
molecules. Surface properties differ from bulk properties even and increased interfacial depth that the VSF probes due to an
when similar charges are present because of the differentincreased electric field. Strong iemlipole interactions are
geometry and charge distribution at the interface. In Figure 3, expected to contribute to the increase in spectral intensity
Na;SO; and NaSO, have the largest increase in surface tension, pecause the negative ions are all relatively large, polarizable,
with NaHSG and NaHSQ having similar small increases in  gng capable of hydrogen bonding to water molecules. As
surface tension with increasing concentration. (Surface concen-expected, the greater charge on the;3Q@nion has a greater
trations at 0.02X are all approximately the same order of effect on the water structure than the HSQunion.
rnagmtudg (% 10°2 molgcules/cr?') which is important because Interestingly, these intensity changes are significantly larger
I allgws direct comparison of all the salt spectra.) Our surface than those found in VSF studies of solutions containing similar
tension measurements of NaHQSé)g only reporteq up t0 0.02 ._concentrations of sodium halide sat$1-52The greater changes
X because the SF spectra of solutions above this concentratior, ., mostly likely due to the anion’s greater size and differing

:g’g{;ezhogr gr:_:cztre;m'gg ?Oﬂza g%zltagoﬁfgr::uﬁté?g of geometry. A small electric field due to the separation of cations
difficult to kegp clea.n the trgnd in surface tension results is in an_d anions is likely _presen'F at th_e m'Ferface, WhICh Wo.ljld lead
qualitative agreemen t with Hoppe eff8knd is consistent with to increased water dipole orientation, mcrgas_ed interfacial depth,
other inorganic electrolyte solutions. We note that Donaldson and subsequent VSF responsedsppolarization. The phases

9 i of the fitted spectral resonances do not change with addition of

;epc;giiriafjcrzgs?nilr? Zungat(:hltiszlggevgg:qcs?oit%?gl'Z?SS Sif:)erthese salts, indicating that the surface water molecules do not
P y ’ P significantly change their orientation with salts present. SF

(48) Water a Comprehens TreatiseFranks, F., Ed.; Plenum Press: New York,

1973; Vol. 3, pp +472. (51) Mucha, M.; Frigato, T.; Levering, L. M.; Allen, H. C.; Tobias, D. J.; Dang,
(49) Cacace, M. G.; Landau, E. M.; Ramsden, JRe. Biophys.1997, 30, L. X.; Jungwirth, P.J. Phys. Chem. B005 109, 7617-7623.

241-277. (52) Liu, D.; Gang, M.; Levering, L. M.; Allen, H. CJ. Phys. Chem2004
(50) Hoppe, H.; Enge, G.; Winkler, Z. Chem 1976 16, 165-165. 108 2252-2260.
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Figure 4. (a) Sum-frequency spectra of NaH$& 0.0, 0.005, 0.01, and 0.02 butkin the OH stretching region at the vapos®linterface acquired under
ssppolarizations. (b) Sum-frequency spectra of,81@ at 0.0, 0.005, 0.01, 0.02, and 0.03 bu{kand spectra of the neat,0 and 0.03X N&SOs/D,0
interfaces in the OH stretching region at the vapeBthterface acquired undesppolarization. (c) Resonant modes and overall fit to 0.02 bUNaHSG,.
(d) Resonant modes and overall fit to 0.03 bXIN&aSOCs.

studies of acids in solution, 230,>% and HNQ,>* attributed by the dissolution of NaHS{) even though there is no
the change in intensity in this region to the electric double layer. significant measurable change in the fitted free OH intensity.
In these studies, increasing the concentration initially increased  The presence of S® ions in solution has no significant
the intensity in the coordinated OH stretching region; however, offect on the free OH intensity at low concentrations >4t.02

the trend reversed near 0.08 and the intensity in the  x 4,50, the free and donor OH modes slightly decrease in
coordinated OH stretching region decreased. The trend reversa|ntensity, which we attribute to water molecules in the uppermost

was attributed to tightening of the electric double layer. layer that reorient to solvate the anions and/or are displaced by
Changes in the intensity in the weakly bonded region (3500 the large solvated anions. This is supported by fits to the data

B . X
3700 cm .) are meagurable but smal! N comparison to. the at high concentrations of N&O; that improve slightly with a
stronger highly coordinated OH stretching region. Qualitatively 1 e
- . very small resonance at 364550 cnt . This high-frequency
examining the spectrum of 0.02 NaHSQ, the dip at~3600 . . - . .
mode is attributed to weak interactions typical of water

cm~1 appears to be filling in. This spectral change can be fit S I .
. . . molecules solvating interfacial ions. These high-frequency
with a broadened peak at 3460 chin the region of the donor . .
features have been seen at several interfaces and in bulk

OH mode (see fitted modes in 4c), or fit with an additional luti i i 365659 A simil \vation feat
resonance possibly from the effect of protons in the interfacial solutions with 10nS present.= == A similar solvation feature
occurs at~3650 cntt in isotopic dilution studies with sodium

region®® This indicates that water molecules in the top surface . 0N X ] )
layer where fewer hydrogen bonds are present are influencedhal'de solutiong® Bulk IR and Raman studies of sodium halide

(53) Baldelli, S.; Schnitzer, C.; Shultz, M. J.; Campbell, DJ.JPhys. Chem. B (56) Scatena, L. F.; Richmond, G. Chem. Phys. Let2004 383 491-495.

1997 101, 10435-10441. (57) Strauss, I. M.; Symons, M. C. R. Chem. Soc., Faraday Trank978 1,
(54) Schnitzer, C.; Baldelli, S.; Campbell, D. J.; Schultz, MJ.JPhys. Chem. 2518-2529.
A 1999 103 6383-6386. (58) Walrafen, G. EJ. Chem. Phys1971 55, 768-792.
(55) Petersen, M. K.; lyengar, S. S.; Day, T. J. F.; Voth, GJAPhys. Chem. (59) Tarbuck, T. L.; Richmond, G. LJ. Phys. Chem. R005 109, 20868~
B 2004 108 14804-14806. 20877.

J. AM. CHEM. SOC. = VOL. 128, NO. 10, 2006 3261



ARTICLES Tarbuck and Richmond

c e NaOH pH 12
o-|
00K 3200 3400 3600 3500
HCI pH 1
>
z
~—
.é] s S
g 0.03 X
9 d f — .02 X
= Na,SO, Ionic == 0.01 X
4 M == 0.005X
% strength 5 m neat Hyf

T T
3000 3200 3400 3600 3800 3000 3200 3400 3600 3800 3000 3200 3400 3600 3800

Energy (cm!)

Figure 5. Sum-frequency spectra of (a) NaH$&nd (b) NaSO; at 0.0, 0.005, 0.01, 0.02, and 0.03 bilkn the OH stretching region at the vapos®i
interface acquired undessppolarization. (c) Resonant modes and overall fit to 0.03 BUIKMaHSQ. (d) Resonant modes and overall fit to 0.03 bk
NaSQy. (e) Spectra of HCI (pH~ 0.5) and NaOH (pH~ 12) (inset). (f) Spectra of N8O, (0.005, 0.01, 0.02, and 0.09 at a constant ionic strength (5
M).

solutions show solvation features #8590 and 3625 cn, intensity is due to an increased contribution from the strongly
respectively?? coordinated and tetrahedrally bonded water molecules at 3330
The presence of large polarizable anions also affects the and 3200 cm?® with contributions from the 3150 cm resonance
nonresonant response. VSF spectra of the salts,® WDere at higher concentrations. Increases in these OH stretching modes
acquired in the OH stretching region. Because there are noare attributed to strong ierdipole interactions (increasing the
vibrational resonances from OD stretching in the OH stretching transition strength) and an enhanced oriented water network at
region, any change in intensity is attributed to a change in the the interface aligned with the increased interfacial electric field.
nonresonant response. Compare the spectrum&Qian DO This increase in intensity at longer wavelengths has been
at 0.03X to the spectrum of the neat,D interface in the OH observed previously for sulfate-containing solutiéh&. and
stretching region in Figure 4b. There is a nonnegligible increase surface water bound as hydrates has been proposed for high
in the nonresonant intensity. The nonresonant response fromconcentrations of b80,.52
low salt concentrations (less than 0.XLcould not be distin- The largest difference between the sulfate and sulfite solutions
guished from the neat D intensity. Increases in the nonreso- in ssppolarization spectra appears near 3460tmBoth sulfate-
nant response for solutiors).01X interfere constructively with containing solutions show an enhancement in this spectral
the tetrahedrally coordinated OH stretching regg@aggerating intensity with the largest effect observed for NaHS@s
these modes. Even with this increase in nonresonant intensity,determined from spectral fitting. At 0.02 and 0.8NaHSQ,
the spectral fits confirm that most of the intensity changes in the intensity in the donor OH region increases (14 and 18%,
the spectra are in the resonant modes of the strongly bondedrespectively) and decreases slightly in the free OH mode
peaks (3200 and 3330 cr) for both NaHSQ and NaSQO;. (~14%) indicating that the water molecules in the top interfacial
NaHSO, and NaSO,. Concentration series from 0.001 to layer, straddling the interface, are perturbed by the presence of
0.03X of NaHSQ and NaSCOy in ssppolarization are presented  these ions in solution. (From the fits to the data, all changes to
in Figure 5a and 5b, respectively. A neat water spectrum (blue) the free OH mode are within the fitting error until the
is shown for comparison, and spectral fits for the highest salt : : : :
concentrations are provided in Figure 5¢,d. Like Natj$0d (60) zsgggzia"-lé-é_sfggftze" C.; Simonelii, D.; Baldelli,|8t. Rev. Phys. Chem.
NaSG0;s, the most prominent change with increasing concentra- (61) Gopalakrishnan, S.; Jungwirth, P.; Tobias, D. J.; Allen, HL.®hys. Chem.
tion of both compounds occurs in the strongly coordinated OH B 2005 109, 88618872,

R . ) (62) Shultz, M. J.; Baldelli, S.; Schnitzer, C.; Simonelli, D.Phys. Chem. B
stretch region below 3400 crh The increase in spectral 2002 106, 5313-5324.
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Figure 6. Sum-frequency spectra of p8O;, NaCOs, NaSOs, and NaHS@ at 0.03X in the OH stretching region at the vapos® interface acquired
underspspolarization with a neat vapor/water spectrum in blue.

concentrations are 0.02X.) The pH of the 0.0X solutions is in the interfacial region has been presented in recent SHG

~1 and 8 for NaHS®@and NaSOy, respectively. In additionto  experiment® and MD simulation$®

the sodium ions in the interfacial region, the concentration of At pH 12 (Figure 5e inset), the spectrum shows that the hy-

protons is substantial (0.1 M) for NaHgG/ery small contribu- — groxide jon concentration does not affect the water structure.

tions from solvating water molecules are included at higher nq gpectral changes were observed for the NaOH/water interface

concgntra’upns to improve the fits. ) . until the pH was greater than 12. At this point, the addition of
To investigate what role the pH has in the differences between NaOH leads to a more random orientation of water molecules

the NaHSQ and NaSO, spectra in Figure 5, spectra were - he | - ity th h h .
. : o H h
acquired in pure water from pH 1 to pH 12 by additions of :é?j:wd by the lower intensity throughout the OH stretching

HCI or NaOH. Changes in the vapor/water spectra were ) ) . o
observed near pH 1 and above pH 12. In Figure 5e, a spectrum Because the salt solutions were acquired with varying ionic
of the HCl/water interface at pH1 in ssppolarization is shown. ~ Stréngth, a constant ionic strength series of3(@ at the vapor/

At low pH, the HCI spectra show changes similar to that water interface was also acquired (Figure 5f). The ionic strength
observed for NaHSD(F|gure 5a) The increase in Spectra| was held constant at5 M with sodium chloride. NaCl was
intensity covers a broad frequency range, and we attribute thechosen because the strength, orientation, and coordination of
enhancement of the lower-frequency features (3150, 3200, andhydrogen bonds at the NaCl/water interface have been shown
3330 cntl) to an enhanced electric field effect and strong to be very similar to the hydrogen bonding at the neat vapor/
electrostatic interactions between water molecules and protonswater interface for 0.03X solutions?® We were not able to

in solution. Broad HO' v; and v; vibrations have been  determine the exact effect of increasing the ionic strength
attributed to features in the 2963400 cn1?! region83-65 This because the anion present in greatest concentration determined
enhancement in signal at lower frequencies has been observeghe interfacial water structure. For example, the$@/NaCl/

in previous SF studies of acidic solutions and attributed primarily water interface closely resembles the NaCl/water interface at
to an enhanced electric field effect causing an increase in signaljow Na,SO, concentrations and closely resembles theS@/

at the lower frequencie$.For the highly acidic solution (Figure  water interface at high N8O, concentrations. At this high ionic

5¢), we attribute additional increases in the 348600 cn1* strength, charge separation should be on the order of a few

region to water molecules weakly solvating protons and water 5ngstroms, indicating that the increase in intensity in this region
molecules at the surface with fewer hydrogen-bond interactions. y,e to the sulfate ion is not solely an electric field effect.
Isotopic dilution studies of acid solutions that further characterize Interestingly

these protonated species in this spectral region will appear in a

IELUrzgnggagogélgﬁ]sg?'liz'tﬁrlg C::”Sjs 'gstgstfgosr:r\r’]villglr assume for all the salts studied that the differences in the spectra
P 9 99 are due to the different anions (with the exception of the

protonated species are affecting the topmost surface layer of.

the NaHSQ-containing solution. Evidence for hydrated protons influence of pH on the Nal—!S_L};qutlons). Varla.t|ons n tonic
strength do not have a significant effect on the interfacial water

(63) Bethell, D. E.; Sheppard, N. Chem. Phys1953 21, 1421-1421. molecules.

(64) Stoyanov, E. S.; Hoffmann, S. P.; Kim, K.-C.; Tham, F. S.; Reed, Q. A.
Am. Chem. SoQ005 127.

(65) Falk, M.; Giguere, P. ACan. J. Chem1957, 35, 1195-1204. (66) Petersen, P. B.; Saykally, R.1.Phys. Chem. B005 109, 7676-7980.

the results show that the type of anion present
has a greater effect than the amount of surface charge. We
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Figure 7. Adapted fromJ. Am. Chem. So@005 127, 161806. Left: a cartoon of the Sfir/water interface. Possible $®8,0 complexes are depicted:
A, the oxygen of S@bonding to the hydrogen atom of water, addthe sulfur atom of S®bonding to the oxygen atom of water. Right: sum-frequency
spectra of S@gas at the vapor/water interface in the OH stretch regi@sppolarization. (a) S@gas is flowing (black). Neat vapor/water spectrum (gray).
(b) Immediately after S@gas is turned off (black). Neat vapor/water spectrum (gray). (¢) &G with organic contaminates present (black). Neat vapor/
water spectrum (gray).

Thespspolarization spectra for 0.03 bulk mole fractionMNa  throughout most of the OH stretching region (333500 cnt?)
SG;, N&COs, NaHSQ, and NaSQO, are offset in Figure 6 with is observed including the modes at 3200, 3330, and 3460.cm
a neat vapor/water spectrum in blue for comparison. Jjyse As seen above, these increases in intensity can be attributed to
polarization spectra for the salts are fit with the same OH the presence of Hand HSQ™, which lead to spectral increases
stretching modes as those discussed in ghppolarization in the 3200, 3330, and 3460 cimodes. Protons ellicit strong
spectra with the exception of an additional resonance at 3580electrostatic interactions, and H®Ohas strong iordipole
cm~1. The spspolarization spectra support the conclusions interactions with water and/or enhances the water network.
drawn from thessppolarization data for all spectra, and the SO2~ also increases the tetrahedrally coordinated OH stretching
similarities suggest that orientation is not the dominating effect. region, but the contribution is likely insignificant at the O
Large increases in intensity are found for all salts in the water interface because of its low concentratisrl@~> M) at
tetrahedrally coordinated hydrogen-bonded region (3R®0 the measured pH of 1.
cm™1), consistent with a charged interfacial region (that enhances When SQ gas is present, the broadening of the free OH mode
both types of highly coordinated contributing modes) and with can be fit to an additional mode present at 3675 tthat was
ion—dipole contributions such as those observed fosS@a. not observed in any of the salt solutions, even at high salt
In the weaker bonding region of 3568700 cnt! correspond- concentrations. This new feature indicates an uncharged weak
ing to the more labile (less weakly bound) water molecules, hydrogen-bonding interaction between S@as and water
the largest effect in thepspolarization data is observed for molecules in the top surface layer. This mode is assigned to an
NaHSQ and NaSO,, where the additional broadening of the SO,:H,O surface complex (see the cartoon in Figure 7). There
3460 cnt! mode significantly interferes with the signal from are similarities between the free OH mode and the surface
the largely in-plane water molecules near 3580~ &nmwe complex OH mode. In the interfacial region, more than 20% of
attribute these spectral variations in this region for the sulfate- the HO molecules have free OH oscillators which collectively
containing solutions to small changes in orientation of these give rise to a distinct, sharp feature that is on average oriented
topmost weakly bound water molecules as they solvate ionic out of the surface plane. The shape and phase of the mode from
species in the surface region including protons for the NaHSO the complex are the same as those of the free OH; it is a
and possibly the NaHS(olution. The minimal change in the  relatively sharp feature that is on average pointed out of the
sps-andsspypolarization spectra in this weakly bonded region plane of the interface. The lower peak frequency of the surface
for NaSQ; indicates a smaller effect from these ions on the complex suggests a bonding interaction, and broadening suggests
topmost layer. The N&O; solution data will be discussed later.  an increase in the number of bonding environments. Support

Interestingly, these results are in direct contrast to the resultsfor this mode as a surface complex is seen by considering the
from sodium halide salts where large anions showed significant spectrum in Figure 7b, which presents the,$QO spectrum
increases in weak solvation features but not large increases fromwithout SQ gas flowing through the cell during the measure-
strong ion-dipole interactions and cooperative tetrahedrally ment. The SF spectrum in Figure 7b was acquired immediately
coordinated stretching. Overall, the anions presented here areafter the gas was turned off. There is no longer a feature at
capable of hydrogen bonding and strong-i@lipole interactions 3675 cntl. This occurs as SQgas leaves the surface, either
that suggest these ions are strongly solvated in the interfacialthrough SQ outgassing or S@reacting with water to form
region. HSGO;~. Even though the bulk pH is the same, without the

SO, at the Vapor/Water Interface. Figure 7 compares the  atmosphere of S§€ the feature is not observed. Uptake
VSF spectrum of the neat water surface during and after measurements suggest that the binding energy of the complex
exposure to S@ In the presence of SQan enhancement to the surface is smalk-12 kcal/mol®
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There are two possibilities for bonding in a 1:1 S&0
surface complex, an oxygen in $®onding to the hydrogen
atom of water (Figure 7A) or the sulfur atom of $6onding
to the oxygen atom of water (Figure 7B). In the first case, water
acts as ar-electron acceptor (hydrogen-bonding interaction).
The out-of-plane orientation of the new OH resonance in the

uncoupled nature of a straddling water molecule (presumably,
it is still hydrogen bonded).

The SF experiments do not show any evidence for a surface
complex from NaHS®@ solutions that evolve SQunlike the
SHG experiment¥? The bound S@mode is present in the sum-
frequency spectra only when water is in an atmosphere gf SO

SF experiments suggests that this complex is bound throughgas and the gas is continually flowing. When the surface is

the oxygen of S@and the hydrogen of }0. Because the SO
interacts with a water molecule straddling the interface, this type
of interaction would be most probable, if the only consideration
is the number of ways this interaction could be spatially

saturated with S@gas and the flow of gas is ceased, the sample
outgasses and the free OH mode grows in and resembles that
of the neat vapor/water interface (Figure 7b). Dissolved,SO
HSO;~, and S@ are still present and detectable by pH

accommodated. Evidence for both of these interactions, watermeasurements and in the SF response. In contrast, solutions of

acting as a lone-pair donor andreelectron acceptor, has been
seen in low-temperature matrix and FTIR film studié&The
N, matrix isolation studies show a 14 cnshift from thewvs
(antisymmetric stretch) at 3725 ciof the water monomer to
the same stretch in the $®1,0 complex at 3711 cmi.?® The

agueous sodium bisulfite (with dissolved §@o not show this
same high-frequency broad OH stretching feature because the
amount of SQ evolving is not detectable with sum-frequency

in this wavelength region. We agree that the species causing
the SHG enhancement is probably the same that is producing

second case is a lower-energy configuration based on gas-phast:he surface tension decrease, but it is not likely to be a surface

ab initio calculation$ and microwave spectra resdftsvhere
water acts as a lone pair donor toward the sulfur of,SO
effectively making the hydrogen atom of the water molecule
more acidic which red shifts the unbound OH mode (Figure
7B). This configuration is termed the sandwich structu®@e (
symmetry) with ~44° between the planes of the two mol-
eculest! In the sum-frequency spectra, the orientation of the
surface water molecule that interacts with,$@s one hydrogen
atom out of the interfacial plane; therefore, the sandwich
structure would require the $S@o also straddle the interfacial
plane inducing interactions with other water molecules. In the
interfacial region, this interaction would be more probable
between S@ and an acceptor water molecule (with both
hydrogen atoms pointed toward the bulk) or if the water

SO,:H20 species.

Interestingly, we observe the $8,0 complex even in the
presence of organic contaminants (Figure 7c). This is a
significant result because recent models of aerosols include a
significant organic component. In the presence of organic
contaminants introduced by impurities in the gas samples, CH
stretch modes of the contaminants appear in the 2900t cm
region. Most of the OH stretching modes disappear because of
adsorption of contaminants on the top layer, but the complexed
OH maode is still present and broad. 8@ still able to form a
hydrate and adsorb at this interface. Similarly, the interfacial
region of an aerosol composed of S@&nd water would be
covered with organic molecules. Where water molecules straddle
the interface, this interaction between S&hd water can still

molecule has both hydrogen atoms near the plane of the interface?CCur.

as not to sterically hinder the-% interaction. If S@molecules
straddle the interface similar to the free OH, additional interac-
tions with water molecules are likely.

It is interesting to note that matrix studies have observed 1:1,
1:2, and 2:1 S@H,O complexes with a variety of proposed
bonding environment¥.It is not surprising, given the large first-
order rate constant and solubility, that various bonding interac-

In summary, the product anions of the S&hd water reaction
enhance the OH stretching modes, especially the highly
coordinated modes at 3330 and 3200 énfProtons also enhance
the OH stretching modes of the tetrahedrally coordinated
stretching throughout the symmetric OH modes typical of liquid
water (including the 3460 cm donor OH mode). S@at the
vapor/water interface shows evidence for a weak surface

tions are possible. The matrix studies suggest that a 1:1 complex. This complex is attributed mainly to a 1:1 surface

interaction with either geometry is possible and that other
stoichiometries of S@H,O complexes exist. Therefore, even
though the orientation of the water mode is out of the plane of
the interface, additional overlapping modes from larger com-
plexes may contribute to the intensity.
There is a small (5 crmi) blue shift in the donor OH mode

(within the uncertainty in fitting the data) that accompanies the
out-of-plane complex mode. MD simulations of the air/water

interface in our group suggest that the stretching modes from
water molecules that straddle the interface are not strongly
coupled because of their very different environments. Therefore,
the change in the donor OH is not large in part because of the

(67) Schriver, A.; Schriver, L.; Perchard, J. R.Mol. Spectrosc1988 127,
125-142.

(68) Schriver-Mazzuoli, L.; Chaabouni, H.; Schriver, A.Mol. Struct.2003
644, 151-164.

(69) Scherer, J. RAdvances in Infrared and Raman Spectroscoplgyden:
London, 1978; Vol. 5.

(70) Matsumura, K.; Lovas, F. J.; Suenram, R.D.Chem. Phys1989 91,
5887-5894.

complex.

NaHCO3, Na,CO3, and CO; at the Vapor/Water Interface.
SO, and CQ have reaction products of different sizes and
geometries, but the spectral interpretations of the Nagi&@
Na&COs/water interfaces are very similar to those for the
NaHSQ and NaSOy/water interfaces. Spectra of the reaction
product salts at the vapor/water interfacessppolarization are
presented in Figure 8. The top spectra include the neat vapor/
water interface, 0.01, and 0.02 NaHCG;, and the bottom
spectra include the neat vapor/water interface, 0.001, 0.005, 0.01,
0.02, and 0.0X NaCOs. The pH is approximately 5 and 12
for NaHCG; and NaCQO; at 0.02 and 0.0, respectively, and
as seen previously, this change in pH does not affect the neat
vapor/water spectrum.

NaHCGQ; is only soluble to approximately 0.0 and has
the smallest effect on the water structure of all the salts examined
at the vapor/water interface. The OH stretching modes at 0.005
X NaHCG; are very similar to the OH stretching modes of the
neat vapor/water interface. The increases in intensity with
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the same enhancements in the coordinated OH stretching region
as those found in the Sfvater spectrum. In the present case,
the highly coordinated OH stretching increases because of the
presence of the reaction productst,HHCO;~, and CQ?".
Although HCQ?Z~ and CQ?™ are present, the reaction of GO
with water occurs on a much slower time scale.,@@s was
delivered for approximately 45 min for significant changes in
the coordinated OH stretching region to occur, which is
consistent with the longer equilibration time. (§@ contrast,
enhances the coordinated stretching region as soon as the gas
0 is delivered.) Recall that the overall effect on the water structure
T T T T T is smaller for NaHC®than for NaHS@ at the same concentra-
3000 3200 3400 3600 3800 tion; most likely because of their different geometries and pH.
. Spectra at the C&water interface are different from those at
Energy (Cm l) the SQ/water interface in the high-frequency region. There is
Figure 8. (a) Sum-frequency spectra of NaHg&x 0.0, 0.1, and 0.X at a large decrease in the sum-frequency intensity of the nonreso-
tsr;)‘zz?rg‘);u,\? @g‘é‘zrz‘z‘)zig;‘;“;eg_ gf‘gf’;ggoéé_’gi?%?g'z,(t;)n%“(r)r_‘ggeg;ﬁgcy nant gold spectrum in Figure 9 (inset)-a8610 and 3710 cnt
the OH stretching region at the vapop® interface acquired undessp compared to the nonresonant gold spectrum without the
polarization. atmosphere of CO IR studies of HO + CO, (1:1) ice assign
these spectral features to @@ These absorbances in the IR
are considerably broadened from the sharp, @€aks in ice
and cause the SF intensity to drop near zero. Although
normalizing for this additional absorbance increases the fitting
error in this region, a weak GH,0 complex was not observed.
Comparing similar concentrations, 320; has a greater We assume the.geometry a}nd strength of t.hvdIbond is such
P that the probability of forming a complex is low. Overall, the
effect than NaHC@on the vapor/water interface because of . spectrum closely resembles the spectrum at the neat vapor/water

the great(_ar anion charge. 'I_'here Is a cons_iderable increase Nnterface. Some dissolved G® present in the sample prior to
the coordinated OH stretching corresponding to the 3330 andthe addition of C@gas; however, boiling nanopure water prior

1 . I
3200 cm* modes with contributions from the 3150 cfmode to taking a sum-frequency spectrum of the neat interface in a

at higher bulk concentrations. At 0.02 and 0.03 bulk mole closed N purged cell did not significantly change the spectrum.

fra(itllorzjs of NaCQz,,l mtens_ﬁ/ in the ﬁoglo r OI:_frtngdeth(3460 K The small amount of predissolved g@oes not appear to have
cm'?) decreases along with a small blue shift in the pea an effect on the vapor/water interface.

frequency and concomitant increases in the solvation OH stretch
at 3645 cml. This behavior is the same as that seen fop-Na  Conclusions

SG; at the vapor/water interface, and the same interpretation is 114 effects of S@and CQ on the vapor/water interface were

given. These ions are large, polarizable, and capable of hydrogen,,estigated by comparing OH stretching intensities in the neat
bonding to water molecules, directly affecting the water jyierfacial water spectrum to OH stretching intensities whep SO
molecules in the interfacial region through fedipole interac-  co, or various salts of the reaction and oxidation products of
tions. Indirectly influenced by the ions, the interfacial water SO, and CQ were present. These salts include NaHS0r-
molecules align their dipoles with the field and/or a greater SO, NaHSQ, NaSO,, NaHCGQ, and NaCOs.

number of water molecules are affected in the presence of the 5,/ studies clearly show the formation of a weakly bonded

field, increasing the cooperative OH stretching. _ complex between Sgand the topmost surface water molecules
A spectrum of CQ at the vapor/water interface issp

polarization is shown in Figure 9. The G/@ater interface has  (71) Moore, M. H.; Khanna, R. KSpectrochim. Actd 991, 47A 255-262.
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_B‘ Figure 9. Sum-frequency spectra of G@as at the vapor/water interface
a b N32CO3 0.03.X in the OH stretch region iasppolarization. Inset: spectra of uncoated gold
= 0.02X | with and without CQ atmosphere present. There are two large, CO
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increasing concentration in the highly coordinated water modes
are the same as those seen for NaklS(d the interpretation

is the same. This is due to strong tedipole interactions and

an alignment of dipoles and/or an increase in the number of
molecules aligned in the field.
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when the water surface is exposed to,3fas. The S@H,0 formed in solution by the dissolution and reaction of the gases,
complex is indicated by an OH resonance at 3675rfihis primarily HCG;~, and small concentrations of GO also
mode represents weak interactions between the water moleculegffected the surface water structure, which included extending
straddling the interface and $S@olecules in the vapor phase, the interfacial region and imposing strong hydrogen bonding
which are present in an atmosphere of,S®e attribute this unlike the weaker effects of the halide ions.
feature to a 1:1 complex based on the phase and orientation of Concentration studies of NaH3MWaS0;, Na,SQy, NaHSQ,
the molecules giving rise to the resonance; however, contribu- NaHCG;, and NaCO; up to 0.03X of sodium salt solutions
tions from other hydrate complexes cannot be definitively ruled illuminate new details about sulfur(carbon)-containing ions in
out. These studies show that S@ particular has an immediate  the surface region. There are significant increases in intensity
effect on the surface composition, which has implications for with increases in salt in the strongest hydrogen-bonding region
understanding the aerosol composition and structure. Theof the spectrum, as has been seen previously. The greatest effects
complex between water and $@mains when organic mol-  are from anions with greater charge. This is attributed to an
ecules are present in the interfacial region, which is directly increase in the cooperative stretching motion of tetrahedrally
relevant to atmospheric aerosols whose surfaces likely containcoordinated water molecules, which is consistent with the
a significant organic component. structure-making properties of associated ions in the Hofmeister
After the SQ gas has been removed, there is a measurableseries, strong iondipole interactions, and water molecules
change in the surface water spectrum. We attribute these changesrienting in an electric field. The differences between the anions
to the reaction products, H3Q SO?~, and H". At high are most likely due to their different size and electronic
concentrations, all of the reaction products affect the topmost distribution (geometry) in the interfacial region. In addition,
water layer where more labile water molecules reside. However, some of the increase in intensity in the highly coordinated OH
these species most significantly alter the orientation of the water stretching region is from an increase in intensity in the
molecules that are more strongly hydrogen bonded and residenonresonant background and from protons when the pH is low
slightly deeper in the interfacial region that can form more (~1).
tightly bonded tetrahedrally coordinated complexes and couple There is also evidence for weak interactions between water
more extensively to other water molecules. This occurs for all molecules and ions at high ion concentration8,01 X, in the
of the sulfur-containing ion solutions. We attribute the increased topmost surface layer as observed through spectral changes and
OH stretching intensity that occurs for all ions below 3400tm  spectral fitting in the 35003700 cnt?! region for thessp-and
to strong ion-dipole interactions and ordering of water mol- spspolarization data. The orientation and bonding of water
ecules in an electric field resulting in an increase in transition molecules in this weakly bonded region of the spectrum are
strength and interfacial depth. The protons present have animpacted by the presence of sulfur-containing ions. High ionic
additional effect on the water molecules; they elicit strong strength studies show that this is not merely an electrostatic
electrostatic interactions and increase the intensity in the-3400 double-layer field effect. The electron distribution (geometry)
3500 cnt! region, which we attribute to proton hydrate of the anion affects the OH stretching differently. Spectral fitting
vibrations. indicates that water molecules solvating these anions are present
Over time, CQ also induces similar effects but no specific in these topmost layers. For the NaHS§blutions, there is
surface-bound species was observed. The adsorption ef CO evidence that solvated protons affect the topmost layer as
gas to the neat vapor/water interface results in a significant but recently theorize&
smaller change in intensity (than the adsorption of §8s) at
the neat interface. The effect of GQas on the top monolayer
(the free OH and donor OH modes of the molecules) was not
detectable. The effect of protons in the interfacial region was
not detectable in the pH range of these experiments. The ionsJA057375A
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