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Evidence from surface tension, sum frequency, and molecular scattering measurements in other laboratories

has suggested that molecular HNi® present at the surface of concentrated binary NGO and ternary
HNO;—H,SO,—H,0 solutions. We report here direct infrared spectroscopic evidence for the presence of

HNO; at the air interface with both types of solutions at room temperature. Both attenuated total reflectance

(ATR) and single reflectance SR-FTIR were applied to HNE,0 solutions ranging from 0.9 to 40 mol %
(0.5—-15.7 M) and to ternary solutions containing a constant amount,8Ck (25 mol %) and increasing

concentrations of nitric acid from 0 to 25 mol % and associated decreasing amounts of water from 75 to 50
mol %. ATR spectra are analogous to transmission spectra, while SR spectra are more sensitive to species at

or near the air interface where reflection occurs. Comparison of the ATR and SR spectra of the most
concentrated solutions clearly show molecular HN®or near the surface. Furthermore, the spectra suggest
that for these more concentrated solutions, the major form of nitric acid in thesHNED solution is the
monohydrate, HN®@H.O, while in the HSO,—HNOz;—H,0 solution, it is the anhydrous form. The potential

atmospheric implications are discussed.

Introduction

There is a great deal of current interest in heterogeneous

reactions in the atmosphere and, in particular, their potential
role in the chemistry of oxides of nitrogen in the tropospHefe.
The surfaces with which tropospheric gases collide include not
only airborne particles but also building materials and biological
surfaces, all of which have water films. Thus, reactions at the
air—water interface and in thin water fillh®n surfaces may
be important in tropospheric chemistry. Experimental evidence
for unique chemistry occurring at solution interfaces has been
obtained, for example, in studies of the kinetics of uptake and
reaction of C} with solutions containing bromide iofs.
Similarly, Knipping et al’ showed that OH radicals must react
with chloride ions not only in the bulk solution of suspended
concentrated NaCl particles, but also at the—awlution
interface, generating glat much lower acidities than are
required for the bulk reaction.

Recent studies in this laboraté§showed that a reaction of
gaseous NO with HN@adsorbed on a “wet” silica plate of

high surface area takes place at room temperature. Molecular

nitric acid was identified on the surface by its infrared absorption
band at 1677 cmt. The subsequent introduction of gaseous NO
led to the loss of adsorbed HN@nd the formation of gaseous
NO; and smaller amounts of HONO. Similar chemistry was
observedl using a geometrically smooth borosilicate glass
surface at 50% relative humidity (RH) but not at relative
humidities of 0 or 20%. It is therefore of interest to understand
the chemical and physical state of nitric acid at the-aiater

* To whom correspondence should be addressed. E-mail: bjfinlay@uci.edu.
Telephone: (949) 824-7670. Fax: (949) 83168.

T Current address: Department of Chemistry, University of Idaho,
Moscow, ID 83844-2343.

interface and in thin water films, to understand at the molecular
level the mechanisms of such heterogeneous i@ctions.

Donaldson and Anders®mecently reported that the surface
tension of sulfuric acietwater and pure water was lowered on
addition of nitric acid. They attributed lowering of the surface
tension to the presence of molecular nitric acid at the water
interface. In addition, Schultz and co-work€rshowed, using
sum frequency generation (SFG), that the disruption of the
surface water hydrogen-bonded network increased with the
concentration of HN@in bulk solution. They attributed this to
nitric acid at the surface, although an infrared absorption band
due to the H-O stretch of HNQ expected in the spectral region
they measured was not observed. Nathanson and co-wbrkers
reported that the gaseous acids HCI and HBr impinging on a
supercooled BBO, acid surface undergo relatively little H-

D exchange, 11 and 22%, respectively. However, when FINO
was used instead of HCI| and HBr, an exchange of more than
95% was observed, along with a much longer residence time
in/on the sulfuric acid. This again suggested a unique interaction
for HNO; at the surface.

We report here the results of single reflectance SR-FTIR
studies of binary solutions of nitric acid in water (HMEH0),

as well as ternary solutions of nitric acid, sulfuric acid, and water
(H2SO,—HNO3;—H20) at room temperature. As discussed in
more detail below, SR probes not only the surface but also the
bulk below to depths of the order of micrometers, depending
on the particular solution and frequency of the radiation. Since
the signal decays exponentially with depth from the interface,
signals due to species at the-adolution interface are relatively
stronger. For comparison to the literature, attenuated total
reflectance (ATR) spectra were also taken. These ATR spectra
are similar to transmission spectra of bulk solutié®% Thus,
differences between the SR and ATR spectra reflect primarily
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Ellipsoidal lated by taking the ratio of a sample single-beam spectrum to

Detector rer the background single-beam spectrum of the empty ATR cell.
The binary HNQ—H,0O and ternary HN@-H,SO;—H,0
solutions were prepared by mixing 69.3 wt % HN@isher

Scientific, ACS Certified Plus) and 96.0 wt %80, (Fisher

PM1 PM2 Scientific, ACS Certified Plus) with 18 K2-cm water from a
= - Barnstead/Nanopure Ultrapure Water System. The NaHSO
A PM3 solution was prepared by dissolving the salt (Fisher Scientific,
N

FT-IR Spectrometer Certified ACS Grade) in Nanopure water.

2. ATR Data Analysis. ATR is an internal reflection
technique in which light is directed into an infrared-transmitting
crystal, which in this case is immersed in the acid solution. It
strikes the interface at an angle greater than the critical angle
and hence undergoes total internal reflectibi¥However, there
is an evanescent wave that penetrates into the surrounding
medium, with the depth of penetration depending on the angle
of incidence and the indices of refraction of the crystal and the
surrounding solution. As a result, if single-beam spectra with
and without the absorbing species are ratioed, an absorption
spectrum of the species can be obtained.

ATR spectra of bulk solutions are known to be very similar
gto transmission spectra, including following a Beeambert

type of relationship, but there are some differen@é3For one
particular angle of incidence and crystal-solution combination,
the major factor is that the depth of penetration of the evanescent
wave, and hence total absorption, varies directly with the
wavelength (i.e., inversely with wavenumber). As a result, in
bulk solutions the relative peak intensities using ATR decrease

1. Apparatus. Single reflectance spectra of HNOH,0 and with increasing wavenumber in the infrared compared to those
HNO;—H,SO,—H20 solutions were measured using the ap- measured using a direct transmission cell. The position of peaks
paratus shown in Figure 1. The external infrared beam from may also appear to have shifted slightly to shorter wavenumbers
the FTIR spectrometer (Mattson GL-5020) was focused on the (up to ~10 cnt?, depending on the angle of incidence), and
aqueous surface with an incident angle of 85the normal by for wide bands, broadening of the peak on the short wavenumber
an off-axis parabolic aluminum mirror (PM1). The beam side is often seef? The relative intensities for ATR spectra
reflected from the aqueous surface was captured by a secondeported here have been corrected for the dependence on
off-axis parabolic mirror (PM2), and then reflected to a third wavenumber by multiplying the measured absorbances by the
off-axis parabolic mirror (PM3). This directed the IR beam to wavenumber.

a liquid nitrogen cooled MCT detector via an ellipsoidal mirror. 3. SR-FTIR Data Analysis. The SR spectra were analyzed
The whole system was enclosed in a box which was purged n the following manner to obtain the absorption spectra. First,
with dry N to reduce the contributions from gas-phasgOH 3 reflectance spectrunR{) was obtained by taking the ratio
and CQ to the spectra. The aqueous surface was open 1o thepetween a single-beam reflectance spectrum of the samRjle (
N2 purge during the measurements. and that obtained by replacing the aqueous solution with a gold

The intensity and shape of absorptioln bands in an SR yirror (RE™), that is, R, = RYRE™. In regions of strong light

spectrum depend on the angle of incidence and on the gpsorption, the refractive indekl) changes rapidly because of

po_Iarization%4 We calculated th_e reflectance spectra of water ihe contribution of the imaginary park)( due to absorption of
using classical electromagnetic theory for both parallel and light at that frequency:

perpendicular polarization as described elsewketeand the

optical constants of kO reported by Bertie and L&f.Both N, =n, + ik, M

spectra have the same shape at angles of incidence from 0 to

45°, encompassing the 3&ised in these studies. As a result, a The reflectance spectrum contains information on the real part

polarizer was not used in order to optimize the signal-to-noise (n) of the refractive index of the liquid as a function of

ratio. wavenumber %), as well as the imaginary park)( when
Transmission spectra were obtained by sandwiching the absorption of the light occurs. Absorption peaks in the reflec-

solutions between AgBr, NaCl, or ZnSe windows; the latter two tance mode typically appear as differential shaped peaks in the

were protected from the liquid by a thin Teflon film. While  spectrum. The coefficierk; of the imaginary part of the index

this was successful for a saturated NaHS0Olution used to  of refraction is related to the absorption coefficient, at

test the comparison of different types of spectra, reproducibility wavenumbe® by eq I,

problems were encountered for the strongly acidic solutions.

Aqueous Sample

Figure 1. Schematic diagram of the SR-FTIR apparatus. PM1, PM2,
and PM3 are aluminum off-axis parabolic mirrors. The sample cell
was enclosed in a dry, nitrogen-purged box during the measurements.

differences in species at or near the interface. The results
presented here provide direct spectroscopic evidence for the
existence of surface HNOproposed in the Donaldson and
Andersor? Schnitzer et al*? and Morris et al! studies. In
addition, they suggest that at the interface of the concentrate
HNO3;—H,0 solutions, nitric acid exists primarily as a mono-
hydrate, while in the concentratedb$0,—HNO3;—H,0 solu-
tions, it exists as anhydrous molecular HNO

Experimental Section

Hence, for the acid solutions, we report here wavelength- Co;

; L k, = — (n
corrected ATR spectra for comparison to the single-reflectance A
spectra.

ATR spectra were measured using a Tunnel cell (Axiom where C is the concentration of the absorbing species in
Analytical Incorporated, Irvine, CA) with an AMTIR crystal molecule cm?® and o; is the absorption coefficient in ¢in
which was placed between the third parabolic mirror and the molecule’l. The absorption coefficient; is proportional to
ellipsoidal mirror in Figure 1. Absorbance spectra were calcu- ky(v) = ky(1/1). For direct comparison to the ATR/transmission
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spectra which are also proportional ¢g, the k spectra have
been multiplied by wavenumber and the spectra scaled ap-
propriately. Thek spectra are therefore reported not in terms
of, ks, but in terms of relative intensities which are proportional
to Oy.

The Kramers-Kronig (KK) transfornt”-18was applied to the
reflectance spectrum to obtain the absorption coefficiét (
spectrum as a function of wavenumber. The KK relationship
relates the real and imaginary parts of the index of refraction
using the measured reflectance spectr&m,

1-R,
n,=
1+ R, — 2 cost,/R,
—25in6,4/R, Q)
" 1+R,—2cost, /R,
In equations (II1),05 is the phase shift angle given by
2, In(\/_ )dv
ﬁ) (V)

17—1/

wherevn, is the measured wavenumber. The integration is carried
out in practice over a finite range of wavenumbeérgrom 500

to 4000 cm®. KK transforms were performed using the IR/
Raman application package provided by GRAMS/32 (Galactic
Industries Corp., Salem, NH), which uses a double Fourier
transform method to calculate the integrals.

Simulation of the SR-FTIR spectra at the-awater interface
and calculation of the penetration depths as a function of
wavenumber in water, the 40 mol % nitric acid solution and
the LSO,—HNO3;—H,0 solution containing 25 mol % each of
HNO3z and HSO, were performed using Matlab (The Math-
Works, Inc., Nartic, MA). The program was originally written
in FORTRAN code by Professor Richard A. Dluhy at the
University of Georgia; we converted to Matlab functions for
convenience of calculation. The real part énd imaginary part
(K) of the refractive index for water were obtained from the
literature® The optical constants of the 40 mol % HMNO
solution and the ternary solution were obtained by taking the
KK transform of the SR-FTIR spectra measured using the
apparatus in Figure 1. For airwas taken as 1 arldas O at all
wavenumbers. The penetration depths calculated using eq V

V)

4-lm(y/h,2 — A sir? 6)

in the region from 4000 to 500 cm lie in the range from 0.7
to 90 um, being smallest in the regions of water absorption,
that is,~0.7 um at 3414 cm* and 3-6 um at 1638 cm™. In

eq V, iy andiy, are the complex refractive indexes of air and
aqueous solution, and is the angle of incidence.

Comparison of Transmission/ATR and SR-FTIR Spectra.
Ideally, if the composition of the surface is the same as the
bulk, the absorption spectra obtained using transmission/ATR
and SR should be identical. However, in practice, this is not

the case, with potential deviations in both cases. For transmis-

sion/ATR spectra, there is a dispersion in the refractive index
in the vicinity of an absorption band; this change in the refractive
index causes changes in reflectivity losses which can be
manifested in deviations from the true absorption spectfum.
In the case of the SR spectrum, deviations fromkispectrum
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Figure 2. Comparison of SR and transmission spectra for a saturated
NaHSQ solution. (a) Reflectance spectruf®;) using a reflecting gold
mirror for the background; (b) SR spectrum obtained by taking the
KK transform of the reflectance spectrum, then multiplying the
k-spectrum by wavenumber and scaling appropriately; (c) transmission
spectrum with solution sandwiched between Qathdows; (d) ATR
spectrum.

arise mainly from approximations in applying the KK transform.
As discussed above, the KK transform involves the calculation
of an integral from 0 teo wavenumbers, but in practice, only

a finite range of spectrum was measured (46800 cnT? in

our studies). To test for the effects of using a limited wave-
number region, we calculated the k-spectrum of a saturated
NaHSQ solution using three wavenumber regions: 46600
cm1, 3000-500 cnT?, and 1506-500 cnt?, respectively. No
significant differences in band shapes and positions were
observed for the major bands of NaH$S@ the region from
1300 to 900 cm?! except for a linear baseline change which
can be easily corrected. Thus, the use of finite integration limits
does not affect the calculated SR spectra. The KK transform
also assumes normal incidence, while in our experiment, the
angle of incidence is 3% however, as discussed earlier,
calculations for water show that the shape and position of the
peaks is insensitive to angles up+a5°.

To probe for such deviations, transmission and SR spectra
were measured for a saturated solution of NaklStgure 2a
shows the reflectance spectrum as recorded, and Figure 2b
shows the SR spectrum obtained by taking the KK transform
of the reflectance spectrum, then multiplying the k-spectrum
by wavenumber, and scaling appropriately. Figure 2c shows the
transmission spectrum of the same solution held between CaF
windows, and Figure 2d, the ATR spectrum. As expected,
absorption peaks in the transmission and ATR spectra appear
in the reflectance spectrum (Figure 2a) as differential peaks.
Comparison of the transmission and ATR spectra to the SR
spectrum after the KK transform shows that they agree well,
except for a small change in the baseline from 3000 to 2350
cm~1, and a weak band at 1236 cfin the SR spectrum. (The
latter band occurs in all of our SR spectra, including ne#& H
and appears to be an artifact due to aging of the gold surface
used for the background spectra). The excellent agreement
between the ATR/transmission and SR spectra establish that
there are no anomalies that need to be taken into account in
comparing these spectra for the acid solutions.

Results and Discussion

1. Spectra of Binary Solutions of HNG and HO. Figures
3 and 4 show SR and ATR spectra of various solutions of nitric
acid in water. Spectra (a) through (f) are in decreasing order of



Evidence for Molecular Nitric Acid at the Surface J. Phys. Chem. A, Vol. 105, No. 10, 2001893

below 3000 cm?, to that reported for a solid amorphous thin
§ 1 Unit 1307 film deposit of a 1:1 mixture of HN@H,O at lower temper-
- atures and assigned to the monohydrate, RBHNGD.20:21.23-25

It is well-known that molecular nitric acid is largely undis-
\ sociated at high concentrations. The degree of dissocféindn
HNO; varies from 0.17 at 40 mol % to 0.99 at 0.9 mol % HNO
In addition, HNQ is known to form hydrates in these solutions,
particularly the monohydrate and the trihydrate, with the relative
amounts varying with the concentration of Hlid solution2?
At 40 mol %, for example, where the ratio ob@& to HNG; is
3:2, the monohydrate HNgH,0 is the major form of the acid.
HogefeldE” estimates that under these conditions, about 80%
of the undissociated acid is in the form of the monohydrate,
12% is unhydrated HN¢) and 8% is the trinydrate, HN®
3H20. Hence, it is not surprising that the spectrum of the most
concentrated solution is similar to that of the monohydrate at
low temperatures.

In short, the infrared bands in the most concentrated solution
are due to undissociated nitric acid hydrates, primarily the
monohydrate. Ab initio calculatior’§,supported by microwave
spectroscopic measuremefitshow that when gas-phase HHO
forms a 1:1 complex with water, most of the infrared bands are
L L 1 1 1 1 shifted by relatively small amounts;30 cnTl. However, the

4000 3500 3000 2500 2000 1500 1000 H—O stretch of nitric acid is predicted to red-shift by340

Wavenumber (cm™) cm?, and the H-O—N bend is predicted to blue-shift by150

Figure 3. SR spectra of HN@-H,O solutions. The concentrations of  cm1. While these calculations are for gaseous species, quali-
HNO; for spectra (ay(f) are 40, 16, 7.4, 3.7, 1.8, and 0.9 mol %, tatively similar shifts might be expected in solution for the
respectively. Spectrum (g) is for pure water. undissociated, unhydrated form compared to that for the
monohydrate. The red-shifted+D stretch would be difficult
to observe because of overlapping water bands (indeed, even
the unshifted 3410 cm band in liquid nitric acid is generally
not observed for the same reaséh]he H-O—N bend in gas-
phase nitric aci®f is at 1331 cm?, and in liquid HNQ, it
appears at 1395 cti’® In HNOs;—H,O solutions, this HO—N
bend is observed at1430 cn1?, blue-shifted by~100 cnr?
compared to that for the gas pha&&uch a shift is qualitatively
consistent with the effects of hydrogen-bonding with w&ter
and with the ab initio calculatior?s.

As the concentration is reduced below 40 mol % [spectra
(b—f)], the peaks in the 13081500 cnt? region change in a
manner consistent with conversion of molecular nitric acid to
the nitrate ion, that is, to the dissociated acid. The splitting of
~130 cnT! between the two bands at 143%)and 1307 {4)
cm1, characteristic of the monohydrate HME,0,20:21.23-25
decreases and is replaced by a broad band 1855 cnrl.
Comparisons to a SR spectrum of NajNénd to literature
spectrd? show that this band is characteristic of the nitrate ion,
NOs~, in agueous solutions at room temperature. Simulta-
neously, the peak at1670 cnt! due to molecular nitric acid
(Figures 3a and 4a) in the 40 mol % solution shifts toward lower
wavenumbers and disappears into the peak at 1648 due
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4000 3500 3000 2500 2000 1500 1000 to liquid water. The same behavior has been reported in
transmission studies of HNOH,O solutions at room temper-
ature as welf?
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Figure 4. ATR spectra of the HN@solutions shown in Figure 3. . . N
g P ® g In Figures 3 and 4, the absorption bands due to liquid water

concentration from 40 to 0.9 mol % HNQwhile (g) is that at ~3400 and 1648 cmi are clearly visible in the spectra of
for pure water. In both figures, absorption bands are observedthe more dilute solutions. However, as the nitric acid concentra-
in the most concentrated solutions at 951, 1307, 1435/1421,tion is increased to 40 mol %, the strongest water peak is shifted
1673/1662, 2670, and 2936 ch a broad peak is also seen at  from 3400 cn1! toward higher wavenumbers characteristic of
3600 cntl. All but the latter peak are attributable to known non-hydrogen-bonded gas-phase water which hassthsym-
absorption bands of molecular nitric acid: 29361, 2670 metric stretch at 3756 and thg symmetric stretch at 3652

(2 v4), 1673 @), 1435 {3), 1307 @4), and 951 ¢5).1922 It is cm~1.33 This is reminiscent of recent studies of water adsorbed
interesting to note that the spectrum in Figure 3a correspondingon NaC#* at submonolayer coverages which minimized lateral
to 40 mol % HNQ is very similar, especially in the region interactions associated with hydrogen bonding and led to a blue-
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Figu[)e 5. Comparison of the (a) ATR and (b) SR spectra of the 40 r,0 6 Comparison of the (a) ATR spectra for the 3.7 mol %
mol tA) HNbQ _sotlﬁtlon. Spectrlg_m (3)3'3 the same as Figure 4a, and HNOz;—H:O solution as recorded; (b) corrected for the wavelength
spectrum (b) is the same as Figure 3a. dependence; (c) the SR spectrum. The agreement of the relative band

o intensities between (b) and (c) supports the validity of the wavenumber
shift in the 3400 cm! water band. In the present case of 40 correction to the ATR spectrum.

mol % HNGs, most of the water is tied up in the form of the
hydrates as well as4@*, whosev, absorption band at 1742 16 | 1307
cm™! can be seen as a broad shoulder on the high wavenumber I 1 Unit 1677|119
side of the 1673 cmt nitric acid band. Thus, the amount of M
free, hydrogen-bonded liquid water is relatively small, resulting 14
in a decrease in the 3400 chband and a shift of the remaining
infrared absorption due to water to higher wavenumbers.

In short, the major features of both the SR and ATR spectra
are consistent with nitric acid being primarily dissociated in
the more dilute solutions, and changing to undissociated HiNO
mainly in the form of the monohydrate, HN®1,0, in the most
concentrated solution.

Figure 5 shows, however, that there are quantitative differ-
ences between the SR and ATR spectra of the most concentrated
solution. In the SR-FTIR spectrum of pure water, the peak
position of the water band in the 3768200 cnt! region
appears at 3410 cr¥; this peak is blue-shifted to-3600 cnT?
both in the SR and ATR spectra shown in Figure 5. However, 4
the 3600 cm! peak is more pronounced for the SR spectrum,
suggesting less hydrogen-bonded liquid water in the surface film.

In addition, the bands due to nitric acid at 1673, 1435, 1307, 2
and 951 cm? are significantly more intense in the SR compared
to the ATR spectrum. This comparison shows that molecular
nitric acid must be enhanced at the surface of the most
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25 mol% HNO,
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—
>
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0

concentrated solution, since the contribution to absorption in 4000 3500 3000 2500 2000 1500 1000
SR spectra decreases exponentially with distance from the Wavenumber (cm™')
reflecting interface. Figure 7. SR spectra of ternary solutions 05$0,—HNO3;—H,0. The

Because the ATR spectra have been corrected for the knownmol % HSO; is 25% in all 5 solutions. The mol % HNgGs (a) 25,
wavelength dependenég!3the actual ATR spectra as recorded  (P)15, (¢) 10, (d) 5, and (e) 0.
had stronger bands in the lower wavenumber region. To ensureworkers® used SFG to show that, at 40 mol % HpGhere is
that an artifact is not introduced by correcting the absorbance no detectable signal from the danglirgOH of water at the
for the wavelength dependence, the ATR and SR spectra forsurface and the signal from hydrogen-bonded water is very
the 3.7 mol % (2 M) HNQ solution, where the nitric acid is  small. They attributed this to the formation of either contact
95% dissociated, were compared. As seen in Figure 6, the ATR-ion pairs or molecular nitric acid at the surface, although a direct
corrected relative band intensities in the 9A00 cnT? region, signal due to the HO stretch in nitric acid expected in the
which are due to water at1640 cnt* and NG~ at 1355 cm?, spectral region they studied was not detected. The studies
are in excellent agreement with those in the SR spectrum. Hencereported here appear to be the first direct detection of enhanced
the less intense peaks in the ATR spectrum of the 40 mol % HNO; at the interface of these concentrated solutions.
HNOs solution in Figure 5 cannot be an artifact from the 2. Spectra of Ternary Solutions of HNG;, H,SOy, and
wavelength correction. H20. Figure 7 shows a series of SR spectra gbB,—HNO;—

This direct detection of the enhancement of HN& the H-0 solutions in which the mol % }$0, is constant at 25%
interface is consistent with the surface tension measurementsand varying concentrations of HN@om 25 mol % in part a
of Donaldson and Anders®nvho proposed that the decrease to 0 mol % in part e are present. Bands due to molecular nitric
in surface tension with increasing nitric acid concentrations was acid at~1677, 1307, and 951 cm are again clearly observed
indicative of a surface film of HN@ Similarly, Shultz and co- in the more concentrated solutions. The bands-A196 and
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%) as in Figure 7a. The concentration of undissociated kNQhe
same in these two mixtures; (c) is the difference spectrum between
H2SO, (25 mol %)-HNOs (25 mol %)-H,0 (50 mol %) and HSO,
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HNO3;—H0 solution suggests that the spectrum in Figure 8c
is due to anhydrous, undissociated molecular nitric acid. This
is consistent with the similarity of this spectrum to one of nearly
anhydrous nitric acid particles at low temperatures (ref 21 and
J. P. Devlin, personal communication).

Figure 8d shows the difference spectrum in Figure 8c but
with the 3400 cm! water band corrected by an amount
estimated to be equivalent to the 25 mol % difference }@H
It can be seen that there is then little in the way of absorption
bands remaining in this region, in contrast to Figure 8a where
a blue-shifted band assigned to water is evident. This is also
consistent with the nitric acid at the surface being the anhydrous
rather than the monohydrate form.

Thus, for the ternary solution, the surface is again enhanced
in undissociated nitric acid. However, the position of the
H—O—N bending vibration suggests that the form is anhydrous
HNOg;, in contrast to the HN@-H,O solution where the
monohydrate appears to be the primary species. This may be
due to the fact that }$0, is known to form acid hydrates which
tie up the watef243 For example, it has been found in SFG
studies that, as the concentration ofS€y is increased, the
signal from water at the interface decreases until there is

essentially no signal due to water at sulfuric acid mole fractions
>0.484-47

The presence of a film of anhydrous HN@hen added to
H,SO,—H,0 is consistent with the decreased surface tension
of ternary solutions reported by Donaldson and Andetsonl
with the results of molecular scattering experiméhtshich
show that the residence time of HYOn a D,SO, surface is
much longer than for HCI and HBr, allowing extensive-HD
exchange to occur. It is interesting, however, that Fairbrother

added back to adjust for the different amounts of water in the subtracted gnd Somorjd# also reported evidence for enhanced nitrogen

spectrum.

1053 cnt! seen both with and without HNCare attributable
to molecular HSO, and the bisulfate iof? The spectra of both
H,SO,—H»0 as well as HISO,—HNO3;—H0 are in agreement
with spectra of such mixtures reported in the literature at room-
and low temperature@:35-40

Figure 8 compares the SR spectra of a 28.5 mol % (12.3 M)
HNOs;—H,0O solution (Figure 8a) to that of a ternary solution
consisting of 25 mol % k50O, 25 mol % HNQ, and 50 mol
% H,0; the HNGQ—H-0 solution is calculated to have the same
concentration of undissociated nitric acid as in the&S&,—
HNO3;—H,0 solution?é While molecular nitric acid bands are

at the surface of sulfuric acid, but only at temperatures below
200 K; in their studies, nearly anhydrous$0, was used, in
contrast to the other studies (including this one) where a
substantial amount of water was present. In addition, the
interface in their experiments was generated by exposing the
initially pure sulfuric acid to gaseous nitric acid, whereas in
the present studies and those of Donaldson and Andeeon
premixed ternary solution of nitric and sulfuric acids and water
was used. Why either of these factors would result in different
surface nitrogen enhancements at room temperature is not clear.

Atmospheric Implications. The studies reported here show
that in concentrated binary HNO©H,0 and ternary HSOy—

clear in both cases, there are several significant differences inHNOs—H20 solutions, molecular HN@is readily available at

the spectra of the two solutions.

the air-solution interface. In the case of the binary solutions,

These differences can be seen more clearly in Figure 8c whichthe form of the nitric acid is primarily the monohydrate.

is the difference between the SR spectrum of th&S®—
HNO3;—H,0 solution (25:25:50%) and that of the${,—H,0

However, when HSOy is present, water preferentially com-
plexes with HSOy, leaving anhydrous HNgat the surface. The

solution (25:75%). The bands due to sulfuric acid are subtractedthermodynamics for heterogeneous reactions of nitric acid

out, but because there is more water in th88&,—H,0 solution,
the strong water band around 3400 @¢nis over-subtracted,

(which are potential “renoxification” route8f and possibly the
kinetics and mechanisms as well, may depend on the form of

leading to a negative band in this region. However, comparison HNOs present at the surface. Studies are currently underway to
of the remaining absorption bands to those assigned to undis-explore any such differences. It is also possible that the health
sociated HN@ in Figure 8a show there is a red-shift in the effects associated with inhaled particles, particularly highly

1437 cnt! band, to 1383 cmt (the weak peaks at1140 and
1056 cnt! may be due to incomplete subtraction of the
contributions from sulfate and bisulfate ions). This band is the
H—O—N bend of nitric acid. The gas-phase fundamental for
this bend appears at 1331 cth#° but consistent with the
expected effects of hydrogen bonding on such a bending
motion3! the infrared absorption is shifted to 1395 thin the
pure liquid®4 and to 1429 cm! in water solutiong??2 The
observation that the band is at1383 cm! in the HLSO,—

acidic sulfate particles, are determined in part by the availability
of the highly oxidizing nitric acid on the particle surface.
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