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We have monitored the reaction of HN@iith the NaCl(100) faces of single crystals in the presence of
minute water concentrations. The reaction produces Nadigstallites or ribbons atop the NaCl(100) face,
indicating that a surface reorganization occurs upon exposure to water vapor concentrations as low as 0.02
mbar. The crystalline nature of the Nal@ established by the well-defined longitudinal-transverse (LO-

TO) splitting of the NQ~ stretching vibrations. After an average coverage of 10 to 30 layers of crystalline
NaNG;, the reaction becomes diffusion limited, but shows no signs of stopping.

Introduction occurred, fresh NaCl surface is present, and may further react

i itri 18,9,10,14,17
Sea salt aerosol is among the most abundant particulateWIth exposure to nitric acié: . . .
We report here a study of the reaction 1, nitric acid vapor

masses in the troposphere, existing as aqueous droplets or as ., . . .
solid particles under more arid conditiohsA possible link with air cleaved NaCl(100) single-crystal faces, as monitored

between the chloride ions of sea salt aerosol and troposphericby Fourier transform infrared (FTIR) spectroscopy, with the goal

chlorine radicals has generated a considerable number of studiegf elucidating the reaction mechanism.
of the heterogeneous reactions of sodium chloride, the major
component of sea salt, with trace atmospheric gasdere
specifically, it has been shown that oxides of nitrogen undergo  The spectroscopic experiments performed in this work may
the following reactions with NaCi-18 be divided into four categories: spectroscopy of reactants and
products, kinetic measurements, polarization measurements, and
HNO4(g) + NaCl(s)— NaNOy(s) + HCI(g) (2) optical cross section determination.
A vacuum manifold that consisted of Pyrex, stainless steel,
2NO,(g) + NaCl(s)— NaNGO;(s) + CINO(g) (2) Teflon (stopcocks), and Viton O-ring seals, was employed to
produce and introduce HNnto the reaction cell. The pressure

N,O(g) + NaCl(s)— NaNQy(s) + CINO,(g)  (3) of the system was measured with a Baratron capacitance
manometer (MKS Industries) for pressures greater thar? 10

_ mbar. Lower pressures were monitored with an ionization gauge

CIONO(g) + NaCl(s)— NaNOy(s) + Cly(q) “) (Vacuum Products, Inc.). The vacuum manifold was baked near
100 °C at a pressure of I8 mbar for no less than 20 h in

order to reduce the amount of impurities absorbed on the walls.
The 10 cm reaction cell, described in detail elsewRére,

Experimental Section

Reactions 24 yield gas-phase products with the potential to
undergo photolysis and produce chlorine radicals. In turn,
tropospheric ozone levels may be altered by the reactions of ) S .
these radicals with €or organice Interest in reaction 1 stems ~ CONSISts of two Pyrex cylindrical halves, which were connected
from its potential to compete with reactions-2. by. a Vlton. O-ring. The gell was 'soaked &1 MNaOH path .
Several kinetic and mechanistic studies of the reaction of nitric Pror t0 being washed with de|o_n|zed water and then dried with
acid with sodium chloride have been perforniedl” 1013.14The a heat gun. The purpose of this treatment was to remove any

rate and extent of the salt conversion have been shown tore,Sidual molecules apsorbed on the Pyrex. walls. Silicon
increase in the presence of surface defects on the NaCl substrat/indows (Infrared Optical Products, Inc.), which capped the
and water vapoti13.17 The reaction of HNG(g) with a cell, were used for two reasons. They are transparent over _the
relatively defect free NaCI(100) surface produces a thin film wavenumber range of interest, and they are inert to nitric acid.

of NaNG;, 1—2 monolayers thick, under the extreme conditions In the kinetic eXF’.e”mer?ts’ two NaCl crystals (.16 mm16
of ultrahigh vacuum (UHV}.%10 The reaction is self-limiting mm x 5 mm) with their (100) faces perpendicular to the

under these conditions, since the Gbns become protected propagati_on direction of the infrared radiation, were placed in

from HNO vapor by the NaN@layer. The thin film of NaN@ the reaction ceII.. These samples were prepared by clea_lvmg
reorganizes into three-dimensional crystallites, sometimes by Single crystals (Bicron and Atomergic Chemetals Corporation)

way of ribbons or string&* on the NaCl surface upon exposure &0nd their (100) planes in a nitrogen purge tent.

to pressures of water below the deliquescence point of either The nitric acid source for the experiments was the vapor

salt59.101417Thys, in the presence of water, the two salts 2POVe atermary mixture composed of 80 wt %K, 15 wt %

separate. It has been shown that once this phase separation hd&20: @nd 5wt % HN@and maintained at 273 K.The mixture
was prepared from a 95.8 wt % sulfuric acid solution (Fisher

*To whom correspondence may be addressed. Fax: (813)&Sa0. Scientific), 69.5 wt % nitric acid solution (Fisher Scientific),
E-mail: ewingg@indiana.edu. and deionized water. Successive freepamp—thaw cycles
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were performed to degas the solution. Finally, the purity of the 0.030
sample was tested by FTIR spectroscopy. A typical spectrum VO, (1
is shown in the results section.

Vibrational spectra were collected with an FTIR spectropho-
tometer (Nicolet Magna-IR 550). The transmitted light was
detected with a liquid-nitrogen cooled mercury cadmium 0.020 |
telluride (MCT) detector. A resolution of 4 crhwas used, and HNO3 (v
the 4006-650 cnT! region was interrogated. A triangular
apodization function was used to transform both the background
and the sample interferograms for all experiments.

For the kinetic experiments, the NaCl crystals were sealed
in the reaction cell, the vacuum manifold line was exposed to
HNO; vapor in order to reduce loss of this reactant during the HNO, (vy)
experiment due to deposition and reaction on the walls of the 909 HNO3 ()
apparatus. The HNQlevel was then brought to the desired
pressure by manipulating the stopcock between the manifold 44 J
and acid solution. To begin the reaction with the NaCl crystals,
the stopcock connecting the reaction cell with the manifold was
opened to introduce HNfvapor. Reaction progress was -0.005 T T T T T T T T T T T T T T T T
monitored spectroscopically and fresh acid was introduced as 4000 3000 2000 1000
necessary to maintain its constant pressure. Evacuating the cell, Wavenumber / cm™
which permitted the collection of a final spectrum of only Fijgyre 1. Absorbance spectrum of a 0.2 mbar HN@) sample in
condensed phase species associated with the NaCl substratéhe 10 cm reaction cell. The vibrational assignments are discussed in
terminated the reaction. the text.

For the polarization measurements, the incident radiation was
polarized with a wire grid polarizer (Molectron), which was
inserted between the reaction cell and the detector. The polarizer Oy ()
was used in conjunction with a single NaCl crystal canted at
30° so that the angle of radiation incidence could yield two 1.0 -
distinct orientations of the electric field vect&i; andE, relative
to the (100) face of the salt.

Experiments to determine the optical cross section fogNO
utilized 1.2 and 0.59 M solutions prepared with reagent grade
sodium nitrate (J. T. Baker, Inc) and deionized water. Pressing
a drop between two zinc selenide windows (Spectral Systems)
produced thin films of the aqueous solutions, of which FTIR
spectra were taken.
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Spectroscopy of Reactants and Product® typical absor-
bance spectrum of 0.2 mbar HN®@apor in the 10 cm reaction
cell without the NaCl crystals is shown in Figure 1. Several
strong absorption bands are present that display the P, Q, and
R branches of the HNOfundamental vibrational modes as
assigned by othe®:2! Also observed are numerous weak
features (absorbance0.001) that can be attributed to overtone Figure 2. Absorbance spectrum of polycrystalline NajfGrmed from
and combination bands of HNG® Two regions of weak a drop of its saturat_ed solution eva_porated ona face of a NaCl crystal.

o ; The vibrational assignments are discussed in the text.
absorbances not due to nitric acid vapor are apparent. The 1617

0.2 T T T
4000 3000 2000 1000

Wavenumber / cm™

cm~! band, at the foot of the strong HN@-) absorption, is Figure 2 displays a spectrum of Nahl@roduced by placing
assigned to N@ vapor?? a known product of nitric acid a drop of its saturated solution on the face of a crystal of NaCl
decompositiorf? which also can yield @and HO. Multiple and allowing the water to evaporate. The final product consisted

features in the 3600 to 4000 ciregion, more clearly evident  of small rhombohedron crystals of Nai@ few mm on a side,

on absorbance scale expansion, arethe; rovibrational bands clearly visible on the NaCl substrate. Strong absorbances are
of H>O vapor. The corresponding vapor partial pressure, 0.02 assigned to fundamental bands, in accord with the study of
mbar, was estimated by comparing the rovibrational absorbanceslames et &* who examined transmission spectra of NaNO
with H,O spectra of known pressure. Inspection of H¢Pectra optically dense single crystals. Other weaker features are
of different pressures, revealed that spectra of higher acid suggested assignments of overtones and combinations of the
pressures do not always contain morgOHvapor. Thus, it is fundamental vibrations.

likely some of the water comes from another source, such as A typical infrared absorbance spectrum collected during the
the walls of the manifold or reaction cell. The®labsorbance  course of a reaction of 0.34 mbar nitric acid vapor and two
in Figure 1 was barely discernible from the noise; thus we take crystals of NaCl is shown in Figure 3a. It displays the progress
0.02 mbar as an approximate lower detection limit for water of the reaction after 5.5 min. Features due to gas-phasesHNO
vapor in our system. consistent with the results in Figure 1, are highlighted with
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Figure 3. Absorbance spectra collected during the 5.5 min of the Figure 4. A sequence of spectra collected during the reaction of 0.026
reaction of 0.34 mbar HNOwith the faces of two NaCl crystals.  mbar HNQ with the four faces of two crystals of NaCl. Contributions
Spectrum a displays HNapor absorbances marked by asterisks. The to the spectra due to HNhave been removed. Assignments of the
resulting NQ~ features, after the HNOgas-phase absorbance was NO;~ on the substrate are described in the text.

subtracted out, is given in b.

. . . o Prior to the reaction, the nitrate features are absent. For the
asterisks. The assignment of condensed phase nitrate vibrationsy = .8 spectrum, collected 0.5 min after the HN@as
f0||OWIng other WOI’k?*llal’e indicated in F|gure 3b. The doublet introduced into the reaction Ce”, the doublet band&and'ymm
features at 1415 and 1355 chare labeled aws; and vap, are just visible at 1417 and 1360 chnand thev, band is present
respectively. Weaker features match well with the overtone and ¢ 836 cnr. (At 1100 cnt?, the dip in the baseline that is the
combination bands in the polycrystalline Napl€pectrum of result of absorption by the Si windows not completely removed
Figure 2. . . upon taking the ratio of the sample spectra with the background.)
~ The other product formed by reaction 1 is gas-phase HCl 1o spectrum, collected after 2.5 min of the reaction, yields
identified by several of its well-known rovibrational featuies A = 2.6. The most obvious change is the increase in the nitrate

N ) .6.

near 3000 cm that are clearly discerned on absorbance scale et put, in addition, their absorbance ratio as well as their
expansion. The HCI was only observed in the first two minutes frequencies, now at 1416 and 1358 dmrespectively, have

of t.he 0.34 mbar HN@reaction. We be_lleve that the HCI IS changed slightly. Also, the, band has continued to grow. All
Fap'd'y ab_sorbed by the_ walls of the reaction cell, thus preventing three peaks have increased after 7.5 min of reaction as seen in
its detectlorl at othgr times. ) . ) the A = 6.7 spectrum. The nitrate doublet has shifted to 1414

To quantify the nitrate produced in the reaction the integrated 5,4 1357 cmtl,
absorbance of thes doublet was obtained. However, two nitric
acid bandsys andv,, overlap with these absorbances. Thus, it . .. = . S
' . " initiation of the reaction, and the extent of salt conversioA is

was necessary fo subtract out the HN@atures using a — _ 9.8. The doublet bands are located at 1414 and 1356.cm
spectrum of pure HN®(e.g., Figure 1) scaled to matching o ) ] i '__
absorbances. The result of such a subtraction is shown in Figure The extent of salt conversion as a function of time and nitric

3b. Quantification of the nitrate formed will be discussed in a acid pressures is presented in Figure 5. Five uptake curves at
following section. pressures ranging from 0.026 to 0.34 mbar HN@are given.

Kinetic Measurements. Presented in Figure 4 are infrared AS indicated in the figure, two of these were studied with
absorbance spectra for a reaction of 0.026 mbar nitric acid andPelarized light. All five pressures yield uptake curves of
the (100) faces of two NaCl crystals. For each of the individual @PProximately the same shape, which we describe as having
spectra shown here, the HN®@apor features were subtracted WO growth regions. Note from Figure 5 that the lowest coverage
out. The only remaining absorbances are due to nitrate vibrationsdetécted is\ = 0.8. A change in time scale beyond 40 min is
associated with the NaCl substrate. The reaction progress isProvided to better reveal the long-term behavior of thesNO

quantified in terms nitrate production, reported/&esdefined production. The rapid initial rate of salt conversion we shall
as the number of N© ions present for each initial N&I~ designate as region 1. Between 10 and 30 min, the growth slows.

ion pair in the NaCl(100) face. Thus, equal to one would be We degignate the time dependence of the slower salt conversion
equivalent to a film of NaN@ one molecular layer thick S region 2.

covering the NaCl surface (assuming equal lattice constants). The kinetic data are cast into an analytical form in a later
Although this definition ofA is useful for thinking about the  section, the results of which are summarized in Table 1. We
extent of the salt conversion, no interpretation pertaining to the note for now that, as can be seen in Figure 5, the limiting
arrangement of ions on the NaCl(100) surface is implied. We coverage is not simply dependent on HN@ressure. For
shall justify the quantification), in a later section. example, runs in which the HNQpressure is essentially the

The final spectrum in Figure 4 was taken 109 min after the
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Figure 5. Growth of NaNQ on NaCl(100) at different HNpressures. Figure 6. The ratio of peak absorbances of the two bands that comprise
The NaNQ coverage parameted, is defined in the text. The HNO thev; doublet is displayed as a function of the coverage paraméter,

pressures are 0.026 mbar (triangles), 0.11 mbar (squares), 0.20 mbarpyg experiments that are not designated as either E, were observed

Ep (diamonds), 0.21 mbak; (inverted triangles) and 0.34 mbar (disks).  \yith unpolarized light. The line drawn through the data points serves
) . _ only as a guide for the eye. The HN@ressures are 0.026 mbar (disks),

TABLE 1: Values of Constants in A = A(1 — e™®) + ct2 + : X

d for Different HNO 3 Pressures in Its Reaction with 0.34 mbar (squares), 0.21 mbB(triangles), 0.20 mbak, (inverted

NaCl(100) triangles) and 0.11 mbar (diamonds).
HNO; pressure parameteA parameteb parametec parameted 2.0

(mbar) (A) (s (As™09 (A) 1

0.34 25 45x 1073 0.027 2.0 i 10 o1 vs)

0.21 27 45x 103  0.013 0.17 ] e

0.20 21 3.0x 103 0.026 0.063 1

0.11 17 1.7x 1073 0.019 2.6 15

0.026 9.5 2.5¢ 1073 0.0050 -0.13 1

same (0.20 and 0.21 mbar) yield valuesAoffter 30 min that
differ by 25%.

As expected, the absorbances of the fundamental vibration
bands grow in unison throughout all of the reactions. However,
the absorbance ratio of the two bands, which comprise’the i
doublet is not constant. Figure 6 shows how the ratio of peak .
absorbances of thes, and v3, bands vary with coverage of 0.5 -
nitrate on NaCl(100). Throughout the coverage range, the ratio .
of these absorbance peaks more than doubles. .

Polarization Measurements.In an attempt to gain informa-
tion on the arrangement of the NOions on the surface, two
different reactions were monitored usigigor E, polarized light
for pressures of 0.21 and 0.20 mbar HNf@spectively with
the (100) faces of one NaCl crystal canted 86th respect to
the propagation of the interrogation radiation. The ;NO  Figure 7. Absorbance spectrum of a thin film of 0.59 M NablO
absorptions grow in a manner similar to that found in the .
unpolarized spectra. Our results show that there are no discernPIScussion
ible differences among tH#;, E,, and unpolarized spectra. This Spectroscopy Signaturesln Figure 8, we have collected a
statement is quantified in Figure 6. number of NQ~ spectra in thevs region from a variety of

Optical Cross Section.To determine the integrated optical sources. Spectrum a is the absorption derived using optical
cross section for the; doublet of NQ, infrared absorbance  constants obtained from reflection measurements from a face
spectra were collected for two aqueous solutions of nitrate. of single-crystal NaN@?%%2° The middle spectrum, b, is
Figure 7 shows a spectrum of a thin film of 0.59 M NaiNO transferred from Figure 3, a typical spectrum of nitrate produced
with principle features assign@éi-28 Integrated absorbances of by HNO; reaction on NaCl(100). Absorption by a thin film of
the v3 NO5~ feature for 1.2 and 0.59 M solutions were found a dilute NaNQ solution from Figure 7 is spectrum c.
to be 17 and 8.0 cni respectively. The calculation of the We have purposely not transferred theabsorption in Figure
integrated cross section of of the NG~ ion from these data 2, for the crystallites of NaN@supported on the NaCl substrate,
is described in a following section. onto Figure 8. This feature is greatly distorted and its band shape

Absorbance
P
{

HyO(vy)

T T T T T T T T T T T

T
3000 2000 1000

Wavenumber / cm™
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Although in our work, the relative intensities of the doublet

of NOs;~ on NaCl do change with coverage, this explanation is
not favored based on the following observations. One, if the
c doublet component were due to different absorption environ-
ments then the, andv; + v, vibrations would likely be split

as well. However, Figures 3 or 4 reveal these two bands as
sharp singlets. Also, a coverage of more then a monolayer makes
splitting due to different substrate sites unlikely. Assuming we
have environmental spitting, once the NaCl face was covered
with a layer of nitrate, thes; doublet should stop growing since
all of the absorption sites would be occupied and be replaced
by anotherv; absorption with its characteristic signature. On
the contrary, Figure 4 shows that the doublet continues to
grow well after the formation of the first layer. Vogt and
Finlayson-Pitts do attribute the splitting observed in their spectra
of NO3~ on NaCl to different absorption sitésdowever, their

salt substrate, pulverized crystals, amg frequencies are
different from ours, so it is likely the arrangement of nitrate
ions in their study is also different.

T e e e S A e e B e A second possible cause for the splitting of thée') feature
1600 1400 1200 is a reduction in the symmetry of the NOion. Peters and
Ewing observed a doublet for NO on NaCl similar to ours,
differing only in that both doublet features increased at the same
rate They suggested that monomers, dimers, or other ordered

Arbitrary Units

Wavenumber / cm™

Figure 8. Spectroscopic signatures of the NQOn different environ-
ments. In a, the absorbance of bulk NaiN@erived from optical

constants of a single crys#lin b, the absorbance of NaN@rmed arrays of nitrate ions associated with the NaCl surface result in
by HNO; reaction with the NaCl(100) from this work. In ¢, the lowering theDs, symmetry toCy, or Cy. This would lift the
absorbance of 0.59 M aqueous NaNi@m this work. degeneracy of the; band into two IR active modes. However,

the sharpness of the observed doublet features gf M®NaCl-

is misleading. The reason is that the crystal sizes span a wide(100), each bandwidth comparable to single-crystal NaNO
distribution. The larger ones are optically opaque in the absorption (see Figure 8a), speaks against a collection of arrays
region, whereas the smaller ones absorb little. The net absor-of nitrate ions. Furthermore, Devlin et al. report that the
bance is a complicated convolution of this absorbing distribution stretching vibration of N@~ monomers, dimers, and thin films
of crystals. The spectrum is of value solely because it provides is IR active3! There is no evidence of&a band, which should
frequencies for the fundamental and overtone features. occur near 1050 cr},?2 in any of our spectra. Similarly,

It is perhaps surprising that the NOinfrared signatures, as  association of water molecules, possibly in the form of a hydrate,
revealed by the three spectra of Figure 8, can be so different.can reduce the symmetry of the AQon. For example, infrared
To understand these differences and how they concern the themstudies of dilute solutions of NaNQby Irish and Walrafe#?
of our study, we need to explore the symmetry of thesNO  show a splitting ofi3(€') into two overlapping features at 1405
ion and in its various condensed phases. The isolated ion isand 1346 cm®. They assign these featuregb;) and vi(ay),
planar and belongs to th#s, point group?? It has five infrared respectively, with spectroscopic labels in accord with @g
active modes: the nondegenerag€a,’’) out-of-plane bending point group they propose for the NOion solvated by water
vibration at 831 cm?!; the degenerates (€) antisymmetric in the solution. Our spectrum in Figure 7, which also appears
stretching vibrations at 1390 crfi and the degenerate, (€) as spectrum c of Figure 8, is consistent with their results. We
in-plane bending vibrations at 720 cf An infrared inactive note that the positions of these solution doublet features are
mode,v; (&1), the symmetric stretching vibration, is at 1050 similar to those of N@ on NaCl(100) as emphasized in
cm™L. In keeping with previous discussion of nitrate spectra comparing panels b and c¢ of Figure 8. Thglby)—vi(a)

produced by nitrogen oxides reacting with N&¢the spec- difference of approximately 60 cm for a variety of salts, on

troscopic labels in Figures-24 were made as if the N ion extrapolation to infinite dilution, is consistent with the view that

were isolated. solvated N@™ is in an environment that is essentially indepen-
We now turn our focus to the splitting of the (€) transition dent of the cations. However, at higher concentrationsyihe

into vz, and v, that we observe for NaNgon NaCl(100), in  (b1)—vi(as) difference depends on the nature of the cation. As
the hope of gaining insight on the environment in which the we have noted, water is present in our reaction cell. However
anion is located. Several possible explanations will be consid- if water is lowering the symmetry of each NOion, this would
ered. require absorption in they, v region of liquid water. No such
Absorption by molecules at different substrate sites can lead ab.sorpt?on is observed despite the large optical cross section in
to splitting of even nondegenerate vibration bands. The reasonthis regionz®:2’
this might occur is that heterogeneous environments, such as A third type of splitting in solids, referred to as correlation
steps, edges, vacancies, and terraces, can perturb moleculdield or factor group splitting, is the result of intermolecular
vibrations in different fashions, resulting in frequency shifts. coupling of internal vibrations between molecules within the
The bands attributed to different absorption sites would certainly same unit celf>33In this splitting, molecular vibrations couple
have different binding energies, causing their relative intensities with different phase relations of the other molecules in the unit
to change with coverage. Initially, absorbates would bind with cell. A vibration may be split into as many asands, where
the thermodynamically favored site until a large portion of these nis the number of molecules comprising the unit cell. The unit
became occupied, allowing for absorption at the other sites. cell, see Figure 9, is rhombohedral and contains two NaNO
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Figure 9. Crystallites of NaN@ as a needle, plate, and rhomboid.
These crystallites are constructed by stacking unit cells of NalRO
unit cell with o = 47°16 anda, = 631 pn#* is emphasized by the
heavy lines to the left of the needle.

molecules’* The NG~ ions lie in parallel planes. The unit cell
spectroscopic analyses of Eckhardt et%abf the two nitrate
groups show that the antisymmetric stretching vibrations that
characterize the isolated ions, of typg€'), couple to give two
doubly degenerate vibrational modes. Onglg)), is infrared
active with transition dipoles directed orthogonal to the trigonal
axis of the rhombohedral unit cell. The otheg(ey), is only
Raman active. In spectrum a of Figure 8, thée,) mode is the
prominent feature. Analogously, the(a'') NOs;~ bending
modes couple in-phase to give the infrared actiy@,) mode
along the trigonal crystal axis. The out-of-phase mode is the
infrared inactivevy(ag) mode. The resulting spectrum is the
consequence of the coupling of transition dipoles of the unit
cells that make up the (in principl@finite crystal lattice. Since
this coupling is limited to the unit cell by selection ruféghe
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found at 1450 and 1350 crh correspond to a splitting more
than double that we observe. Chang et al. observed LO-TO
splitting for a thin plate of CO that epitaxially was grown on
the NaCl(100) facé’ In this case, the 3-fold degeneracy of a
vibrational mode associated with the cubic unit cell of crystalline
CO has been reduced by the symmetry of the thin plate. The
transition dipole perpendicular to the NaCl(100) face (the LO
mode) was detected bl light only. The transition dipoles
parallel to the NaCI(100) face (the TO modes) are detected by
both Es and E;, polarizations. Because the LO and TO modes
occur at different frequencies, thg, and Es spectroscopic
profiles are different for the thin plate. In our system, the
andE, spectra are identical so the directions of the transition
dipole for the NaN@crystals of our study must be qualitatively
different than for thin plates of CO.

We have two levels of questions to explore with regard to
NaNQ; produced on the NaCl substrate. The first concerns the
origin of the LO-TO splitting of the N@ groups. The second
asks about the orientation of the BGions with respect to the
NaCl(100) face.

Since the N@ spectroscopic features are sharp and remain
sharp for all coverages on the NaCl substrate, we shall assume
that the NaN@ produced is crystalline as in Figure 8a. This is
in contrast to the amorphous nitrate of the solution spectra,
which gives rise to the diffuse bands of Figure 8c. Carrying
this reasoning one step further, we shall take the crystalline
NaNG; to be integral multiples of the rhombohedral unit cell.

Consider first the origin of the LO-TO splitting. Equal
multiples of the unit cell stacked alongandy andz directions
would produce macroscopic rhombohedral crystallites, which
would be isotropic and yielcho LO-TO splitting. This is
illustrated in the upper portion of Figure 9 where 64 unit cells
(5 on an edge) have been stacked. Likewise a stacking to
produce a needle, as in the lower portion of Figure 9, would
produce no LO-TO splitting. By contrast, thin plates, e.g., the
middle panel of Figure 9, or any anisotropic stacking of the
unit cell of NaNG would lift the degeneracy of thes(ey)
vibrations of the N@ groups to produce a LO-TO splitting.

size, shape or environment of the crystal does not come into We believe these sorts of irregularly shaped crystallites are

play, so correlation field effects are not predicted to yield
splittings. The isolated N© ion mode,v3(€'), would become,

in a macroscopic crystal, a singlet featurge,), andv,(a'")
would becomevy(apy), also a singlet infrared absorption. We

responsible for the splittings we observe.

Next, we consider the alignment of the planar N@ns, or
equivalently, the orientation of the unit cells on the NaCl(100)
face. Consider a thin plate of an Nabkl©rystal prepared by

must look elsewhere for an explanation of the doublet features stacking rhombohedral unit cells flat against the NaCl(100) face,

in the v3(€) region.
Finally, we consider longitudinal-transverse (LO-TO) split-
ting. It was first reported by Fox and Hexter that under certain

whereas in Figure 8, we take they axes to lie in the NaCl-
(100) plane. A little reflection shows, that in this configuration,
each NQ~ plane makes an angle of 1%vith respect to the

conditions, the crystal shape can lower the overall environmental normal to the NaCl(100) surface. The corresponding,)

symmetry and lift degeneracies of infrared moéfesihe

transition dipole along this F5xis, and its partner of the LO-

conditions are satisfied by a crystal whose dimensions are muchTO doublet in the NaCl(100) plane, would respond differently

larger than the length of a unit cell, but much shorter than the
wavelength of interrogating radiation. Also, the crystal shape

to Es andE; interrogations. Thus, a thin rhombohedral crystal
of NaNG; flat against the NaCl(100) plane is incompatible with

must have at least one dimension much greater than the othersour polarization measurements. By contrast, an arrangement of

Vibrations of the coupled unit cells may be split into multiplets,
as dipole-dipole interactions sum differently in the short and
long directions. A single feature that results from the bulk crystal
as in spectrum a of Figure 8, can be split when the crystal

plates of NaN@, canted such that the NO planes, make an
angle of 48 with respect to the NaCl(100) plane, would satisfy
the results of our polarization observations, which show no
differences betweeis and E, interrogations for the canted

appears as a thin plate. This has been observed by Devlin etcrystals. Moreover, measurements of the crystals orthogonal to

al..’® who prepared a thin crystalline plate of Napon the

the propagation direction of the radiation would give the same

surface of a substrate. Since their crystal was no longer aresults. Finally, the:x(ap) absorbance would appear as invariant

macroscopic extension of the rhombohedron, @eaxis of
symmetry of the unit cell has been reducedto(or C,) in the
thin plate. The degeneracy of(e,) that was made possible by
the C3 symmetry axis is thus lifted. The resulting frequencies

with respect to thes(e,) doublet features in all the measure-
ments. The proposed arrangement that yields;NPlanes
canted at 45 with respect to the NaCl(100) face may seem
unreasonably arbitrary. However, this arrangement is equivalent
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to NO;~ planes parallel to NaCl(111) planes. In NaCl(111), the
trigonal arrangement of ions is compatible to the trigonal
symmetry of the NaN@unit cell axis. Thus, the growth of
NaNQ;, as it replaces the substrate, may proceed along NaCl-
(111) planes. A zigzag pattern of ribbons or strings of NgNO
such as has been observed in AFM experiments of NaCl(100)
exposed to HN@vapor* would not be inconsistent with the
equivalence of th&s andE, signatures we find. Alternatively,
a random arrangement of rhombohedral microcrystals with one
crystal axis shorter than the other two (to allow LO-TO splitting)
could explain our spectroscopy.

Optical Cross Section.Now we consider the quantification
of NaNG; production. Two different methods were employed
to determine the integrated optical cross section ofvthigand
of NO3;~, one for NaNQ@ single crystals and the other for
aqueous solutions of NaNOThe single crystal integrated cross
sectiong, was calculated from the imaginary index of refraction,
k(?), as summarized by Palik and Khadha the expression

o= ‘% [ @iy 5)
wherep is the crystal molecular N§ ion density3* and 7 is

the wavenumber with integration limits over the band 1250 to
1500 cnt. The result isc = 3.0 x 10716 cm ion L. For the
second method, the IR spectra of two aqueous solutions of
NaNG; were used. Using the spectrum of Figure 7, for example,
the integrated absorbance of the water bending mage,
together with its optical constamtégnabled the solution film
thickness, 1.7m, to be determined. With the NOdensity in

Sporleder and Ewing
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Figure 10. Coverage parameter of NOas a function of time. The
closed circles are the data that give the extent of the NaCl conversion
for the reaction of 0.34 mbar HN®@apor. The solid line is the function

A = A(a—e™) + ct2 + d, used to quantify the coverage. The constants
a, b, c andd are given in Table 1.

observed because of traces of water present in our study. Scaling
for our higher HNQ pressure, the ¥-free measurements of
Ghosal and Hemming¥r would predict monolayer N&

its agueous solution, sample thickness, and integrated absorbanceoverage in 10? s.) We begin to discuss the reaction in growth

known, the calculation of by the Beer-Lambert expression
is trivial. For NaNQ solutions of 0.59 and 1.2 M, we report
cross sections of 3.2 0.2 x 10716 cm iom* and 3.4+ 0.2 x
10716 cm ion 2, respectively. We find then that for both solid
and aqueous states, the valuesooéire, within experimental
error, in agreement.

Peters and Ewing measured the N@ptical cross section
using the absorbance of a pressed pellet of 0.5% NalNO
NaCl Their value differed by a factor of 7 from our
determinations. We cannot account for the large discrepancy.

region 1. Figure 10 shows that this period of rapid growth occurs
for about 10 min, to yield a\ of about 25. It is important to
note that more than just the surface @ns are available for
reaction, as indicated by the large valuegwfinally, in region

2 there is a much slower rate of salt conversion, whare
increases by only 10% over a 320 min period. Empirically, we
have chosen the analytical expression

A=Al—-e™ +ct?+d 7)

Nonetheless, we prefer our value and contend that data of thisto summarize the experimental data in regions 1 and 2 of Figure

kind obtained from single crystals or solutions are likely to be
more reliable than that obtained from a pressed pellet.
Determination of A. One advantage of cleaved NaCl single
crystals is that the initial surface area available for reaction is
the geometric area of the crystals, @&)dhe surface density of
6.4 x 10 Na'Cl~ ion pairs cm?, is known?8 The nitrate may
be quantified from the’s (or v3(e,)) integrated absorbance and
the optical cross section for NaN@ingle crystals. The Beer
Lambert expressidh

nSSA

A= In 10

(6)

relates the surface coverage of NOA, and its integrated
absorbanceA. The integrated absorbance, given in wavenum-
bers, is measured from 1250 to 1500 ¢pto encompass the
vz NO3z~ absorption band. The number of NaCl (100) faces
interrogated is expressed asValues of A so obtained appear
throughout this paper.

Kinetics. Figure 10 displays the temporal dependency of salt
conversion taken from Figure 5 for a pressure of 0.34 mbar
HNOs. Two distinct regions of growth can be identified. (The
initial reaction on thedry sodium chloride surface was not

10. In this equationt represents the reaction time aAdb, c,
andd are the constants adjusted to fit the experimental data.
All of the growth curves in this study (e.g., Figure 5) are well
described by this functional form. These constants for the
various HNQ pressures are given in Table 1. Note that the
region 1 increases exponentially with time and is described by
the first term in the equation. Region 2 was found to increase
with the square root of time as shown by the second term of
the equation.

No consistent relationship between nitric acid vapor pressure
and the growth rates was found. In fact, two runs at essentially
the same pressure of HNOO.21 and 0.20 mbar, give
significantly different values of the growth constants as indicated
in Table 1. The sporadic rates and extents of reaction with HINO
pressure suggest that some aspect of our experimental condition
is poorly defined. This uncontrolled variable, which effects the
constants of the analytical expression of growth, is likely water.
We have already shown in Figure 1, for example, that nitric
acid in the reaction cell contains traces of water vapor and
suggested that the likely source was the manifold walls. Thus,
it is not unreasonable to postulate that water is always present
in our reaction cell during each of the runs displayed in Figure
5. Works by Beichert and Finlayson-P#ttnd Davies and CéX
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have shown that the presence of water in reactions of NaCl decorated with sodium nitrate ribbons or crystallites, less and
powders and grains with nitric acid influences nitrate uptake. less of it is available for further reaction. Also, as the ribbon or
Also, Laux et alt® and Zangmeister and Pembertbiound that crystallite density increases, a warren of channels separates the
a NaCl(100) single-crystal face saturated with nitrate undergoesHNO; from the unreacted NaCl surface. Gas-phase diffusion
a surface reorganization upon the introduction of water vapor. then becomes the rate-limiting step. Although nitrate production
Under certain conditions, ribbons or strings of NajN\¥ecede slows greatly, the reaction shows no signs of stopping in region
the formation of crystallites* This surface reorganization 2. The changes in the relative absorbances ofithdoublet
exposes fresh NaCl surface (perhaps NaCl(111)?) which mayfeatures (see Figure 6) and their frequency shift with coverage
react with HNQ. Water present in trace concentrations could is consistent with the growth of the crystallites since changes
explain the varying rates and extent of reaction in our experi- in their height, width and length ratios would alter the extent
ments. of dipole—dipole couplings possible that in turn affect LO-TO

Reaction Mechanism.Previously, it has been determined Splittings®~3" Peters and Ewing suggested that gas-phase
that the reaction of HN@with a relatively defect free NaCl-  diffusion-limited the reaction of N@with NaCl(100)+* They
(100) substrate produces a Namn, 1—2 mono|ayers thick Interpret their results in terms of W|ﬁuslng into fractures
in the absence of ¥ 491018 This film passivates the NaCl in the NaCl substrate that were formed by the reaction itself.
surface preventing further reaction. However, in the presence Perhaps here too it is the accumulated NaN@ystallites or
of water vapor as low as 0.07 mbar, it was found that the NaNO ribbons that finally slows the reaction by blocking the reacting
film reorganizes into three-dimensional crystallites, revealing 9a@s from the NaCl substrate.
fresh NaCl available for reactig¥f10.1417.18 This process )
requires a substrate that adsorbs water. In a recent study of watef-onclusion

adsorption on well-defined NaCl(100), Foster and Ewing have  \We have monitored the reaction of HN@ith the NaCl-
measured the water adsorption isotherm under ambient condi-(100) faces of single crystals in the presence of minute water
tions3 With vapor pressures of 0.1 mbar, an extrapolation of concentrations. The reaction produces NaN@ystallites or
their water adsorption isotherm reveals an exceedingly small ribbons atop the NaCl(100) face, indicating that a surface
fractional coverage of 0.004. However, in the presence of EINO reorganization occurs upon exposure to water vapor concentra-
vapor, the density of NaCl surface defects is likely to increase tions as low as 0.02 mbar. The crystalline nature of the NaNO
as the Ct ions are replaced by the NOions. This change in s established by the well-defined LO-TO splitting of the ;O
surface structure would encourage water adsorption. Indeed,stretching vibrations. After an average coverage of 10 to 30
crystallites of NaCl, rich in defects, have been shown to enhancelayers of crystalline NaNg) the reaction becomes diffusion
the water trapping efficiency of the surface by an order of |imited, but shows no signs of stopping.

magnitude?©
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