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The involvement of the OCI" ion in the CIONQ hydrolysis on an ice surface is shown to be unlikely via
quantum chemical calculations and comparative analysis of infrared spectra of low temperature mixtures of
H>O with HNGO;, N,Os or CIONG,. For the CIONQ hydrolysis on ice, the reaction path involving®CI*

is estimated to be-10—14 kcal/mol higher in energy than the one involvingdH via proton transfer in the

ice lattice. An analysis of literature infrared spectra, complemented by quantum chemical calculations of the
vibrational frequencies of the relevant species, indicates that the spectral feature previously assigned to
H,OCI* should instead be assigned to molecular HNO

1. Introduction Bianco and Hyne® (BH) pointed out, however, that a water
molecule is not likely to be a nucleophile strong enough to carry
out a facile attack on CIONEF® an argument against the
feasibility of (1.2), even taking into account solvation effects.
In this connection, the existence of the speciegdM]™ (X =
Cl and Br) was ruled out in experimental aqueous solution
studies of the halogen hydrolysis reactionsXH,O — XOH
+ HT + X~.2° BH, via quantum chemical reaction path
calculations on the mechanism of reaction (1.1) on ice, found
instead that the attacking water becomes arm dikk moiety—

ice a nucleophile much stronger tham,®8—by transferring a
CIONG, + H,0 — HOCI + HNO; (1.1) proton to the ice lattice. A schematic representation of this view

is the single step mechanism

The study of chemical reactions at ice surfaces important in
ozone depletion is evolving from initial experimental studies
aimed at assessing their viability toward an understanding of
the fundamental reaction pathways involved. Stemming from
the demonstrated ability of an ice surface to promote reactions
otherwise unlikely in the gas phase, attention has recently
focused on the role of the ice lattice. In particular, the CIQNO
hydrolysis on ice

has been investigated both experimentalt§ and theoretic-
ally'®-26 to uncover the mechanism and assess the role of theH,0-H,0-CIONO,(ads)
ice lattice. This reaction is important as a possible first step in

the reaction of HCI with CION@ 26 and also of independent — [H,0-+-H’*+-HO"++-CI’*+--ONO," ] "(ads)
interest as a source of HO&1%13 Two molecular level " _

mechanisms, markedly different in character, have been pro- — H,OH"-HOCI-ONO, (ads) (1.4)
posed for reaction (1.1:2° Here, we present several consid-

It is known that the reaction involves a nucleophilic attack coupled. A further non-rate-limiting proton transfer in a water
of a water oxygen on the chlorine in CIONGbreaking the  chain (not shown) was found by BH to produce &0H-NOs™
CI—ONO; bond? Sodeau et &t (SHBK) have proposed, based ~contact ion pair, displayed later within. In addition, solvating
on the analysis of reflectiorabsorption infrared (RAIR) spectra, ~ Waters (not displayed) play an important role in stabilizing the

that (1.1) occurs via the two step mechanism transition staté? the calculated barrier of about 3 kcal/r#fol
for the ionic mechanism described is close to experimental
- I 0,31
H,0 + CIONO, — H,OCI'NO, (1.2)  estimates!

In the BH study, it was also found that, although the
calculations indicated significant interaction between the model
ice lattice and CION@ with a marked polarization of the
) . . reactant CION@molecule, the HOCI*NO;™ ion pair proposed
involving the nucleophilic attack of a neutral water molecule py SHBK was not identifiable along the calculated reaction path.
on Clin CIONG; which would generate the CI* reactive  Fyrther, the quantum chemical calculation of a hypothetical
intermediate!>27 reaction path where the proton transfer from the attacking water

" — was forbidder?! like in the first step of the SHBK mechanism,
Colo-rraod‘(')".g%ﬁ %ﬂ;fgggi%”zcesggﬂ"d be addressed. E-mail: hynes@spot.qq 1 5 yielded a pathway far higher in energy than that from a

t University of Colorado. comparable calculation where instead proton transfer was

* Current address: Department of Chemistry, University of Kansas, naturally allowed.

La‘gvg;]r?gﬁthiig?eosﬁ. Department of Chemistry, Kyoto University, Kyoto .AS is further dlscgssed Wlt.hm’ the original SHEK proposal
606-8502, Japan. hinges upon a certain analysis of the spectra of a CIgND
I'Ecole Normale Supeure. 10:1 mixture and a pDs/H,O 1:10 mixture at 180 K in the
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H,OCI"NO,” + H,0 — H,0" + HOCI+ NO;~  (1.3)
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1600-1800 cn1! region, which would indicate, according to  TABLE 1: Thermodynamic Data for the CIONO
SHBK, the presence of the ACI ion in the CIONGQ/H,0O Hydrolysis?

mixture. By an examination of these same spectra, BH have species AHied IPP EAP PA
argued against this and offered some evidence for the presence -+ 328 12.967

of molecular HNQ in lieu of H,OCI. In addition, experimental H* 365.7

observations by Oppliger et &lon the mechanism of the HOCI -19 11.12 1534
CIONO; hydrolysis on ice, initially interpreted by invoking a H,OCI* 193.6

H,OCIT-NOs~ contact ion pair, have been successfully ex- H20+ —57.8 12.612 166.9
plained via the BH mechanist#2°In subsequent work, Sodeau Hig), f;% 4

and co-worker$14have suggested that the BH mechanism is HN303 32 11.95

possibly only applicable at low temperatures (less than 145 K), CIONOG, 55

Where the _eX|stence of ACI is n_o longer clalmed?vl‘bu_t a AHi20s enthalpy of formation at 298 K in kcal/mol. IP: ionization
still maintain the SHBK mechanism near stratospherically poentialin ev. EA: electron affinity in eV. PA: proton affinity in
relevant temperatures-(90 K). kcal/mol. Reference 32, unless otherwise indicate@eference 33.

For some time now, the invocation of the®CI" ion has d Obtained a?\H¢(H,OCI") = — PA(HOCI) + AH{(H™) + AH{(HOCI).
continued in the literature. Its existence on ice surfaces is often
taken for granted and used in the interpretation of recent work _
on CIONG, hydrolysis on ice and related systems by some CIONO,(g) + 3H,0(g)—HOCI(g) + NO; (9) +
authors?13.18.2527 while tentatively accepted by othefsin our H,O"(g) + H,0(g) (2.7)
view, the early inference of the involvement of®LCI* 11 lacks
both experimental and theoretical support. Thus, we have The enthalpy of this reaction is estimated, using the data in Table
considered it valuable to address the issue from both newj to heAH? = 158.7 kcal/mol, where the superscript g indi-
theoretical and spectroscopic viewpoints. In section 2, we dis- cates the gas-phase reaction. The reaction enthalpy for mech-

cuss thermodynamic cycles aimed at evaluating the feasibil- gnism 11 can be evaluated in the same way. The gas-phase
ity of a CIONG; hydrolysis mechanism involving the.BCI* reaction is

ion. In section 3, in an analysis of various experimental spec-
tra, we compare the infrared signature previously assigned t0CIONO,(g) + 3H,0(g) —~ HZOCI+(g) + NO, (9) +

H,OCI" with those of HNQ, HzO™, and NQ™ on ice surfaces. 2H,0(9) (2.8)
In section 4, we calculate the infrared absorption patterns of 229 ’

HNOs and the HO'™-NOs~ contact ion pair in water clusters . .
: . with a reaction enthalppH{ = 172.5 kcal/mol. The enthalpy
and compare them to the experimental spectra, Cormlumngdifference of 13.8 kcal/mol for the two gas-phase reactions

remarks, focused on suggested experiments, are offered in : :
section 5 99 P favors mechanism | and reflects the higher gas-phase proton

affinity of H,O compared to HOCI (see Table 1). The question
is now: can this intrinsic bias favoring mechanism | over
mechanism |l be overcome by complexation and solvation
effects for the reactions?

We can estimate the enthalpy of reaction for the two different ~ The enthalpy differences associated with the effects of
mechanisms for CION©hydrolysis discussed in the Introduc- ~ clustering and solvating the products for the two mechanisms
tion using a combination of thermochemical data available in can be evaluated via ab initio calculations and included in the
the literature and ab initio calculations. In mechanism I, corresponding reaction cycles. Thus, e.g., for mechanism |
proposed by BH, the reaction proceeds via the nucleophilic
attack o_f a water molec_ule cor!certed with the proton tr:imsfer CIONO,(aq)-+ 3H,0(aq)
from this water to the ice lattice, leading to a&®+NO3
contact ion pair

2. Thermodynamic Cycles for the CIONG Hydrolysis on
Ice

—AHgr

CIONO,(g) + 3H,0(9)

AH
CIONOL(g) + 3H,0(g)—~ HOCI(g) + NO, (g) +
CIONO,(aq)+ 3H,0(ag)— HOCI-NO, *H,0"-H,0(aq) H,0(g)" + H,0(g)
(25)  Hocl(g)+ NO, (g) + H.0™(g) +

Consistent with BH's proposed mechanism, we include three HZO(g)A—pr> HOCINO, *H,0"+H,0(aq) (2.9)
water molecules in the equations. Mechanism Il, proposed by

SHBK, involves the same nucleophilic attack but without any AH, B R

assisting proton transfer and leads to £08*-NOs;~ contact CIONO,(aq) + 3H,0(aq)— HOCI-NO; -H;0"+H;0(aq)

ion pair
P AH, = — AHS + AHP + AHP

CIONO,(aq) + 3H,0(ag)— H,OCI"*NO; *H,0-H,0(aq) where “sr” and “sp” stand for solvated reactant and solvated
(2.6) product, respectively.

The enthalpies of solvation of reactants and products can be
Note that the final products we are considering here are productobtained via ab initio polarizable continuum model (PGM)
complexes in condensed phase. calculations. To estimate the free energy difference between the

As a starting point, we first consider the analogous reactions HOCI-NO3;™-H30™+H,0 and HOCIT-NOs;™+(H20), complexes

occurring in the gas phase, which allows us to use the establishedn ice, we fully optimized at the HF/6-31G* level the structure
thermochemical data for the species involved. We first consider of each species using GAMESSThis step provides the gas-
mechanism |, which in the gas-phase proceeds as phase reference energies. All the species were then re-optimized
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TABLE 2: Energies for CIONO , Hydrolysis Model
Calculations?

X ElX g E[X @l

H20 —76.010 747 —76.020 938

HsO* —76.286 564

HOCI —534.841 967

H.OCl* —535.097 443

NO3z~ —278.912 975

CIONG, —738.259 940 —738.265 555

c[H:0"]° - —966.340 001

A B C[HOCH]e ; —066.314 862

Figure 1. HOCI-NOs~*H3z0**H;0 (A) and HOCI-NO;~-H,0-H,0 2 All calculations at the HF/6-31G* level. Energies in hartree. See
(B) clusters used in the PCM HF/6-31G* energetic estimates. the Supporting Information for detail3Obtained from the PCM (ref

34). See text¢c[H;O"] = HOCINO;-HsO™+H,0, c[HOCIT] =

within the PCM with cavity radii H 1.44, O 1.8, N 1.92, C|  H2O0CI"*NO;™H:0-H.0.
2.172 A and water’s dielectric constar#= 8036 The two prod-
uct complexes were then assembled from the PCM-optimized
species HOCI, Ng@, Hz0*, H,OCI*, and HO (cf. Figure 1),
and the intermolecular distances were optimized by holding all
of the intramolecular coordinates fixed, including the intermo- differenceAH, — AH, = 16.8 kcal/mol, associated with the
lecular angles and torsions, to mimic ice lattice constraints. two mechanisms. The hypothetical ,reaction intermediate

We note that these calculations do not yield enthalpy dif- H,OCI*-NOs~ lies then atAHy — AH, — AHp, whereAH
ferences. The energy of species in aqueous solution are freeIS variously estimated, in kcal/mol, atH _ —0.60 and
energies, whereas the energies of gas phase species are interngll.eza with respect to ,reactants. TI';is gives a range of 7.4
energies (or free energies at 0 K). Here we are ignoring these18_4 kcal/mol for the location of the CI*-NOs~ ion pair
differences; in comparing the two mechanisms, these may, inWith respect to reactants. Thus the barrier heifikér for
fact, substantially cancel. Throughout, we also assume that thereaching the transition state, TSmust exceed these values
entropy contributions to the solvation free energies, used in i.e. Excry = 17.4 keallmol (t;y Eaking the lowekH; — AH, '

- sp - . = . . o
calculatingAHy);, substantially cancel, because they both refer ggiimate). This is to be contrasted with estimates of the activation
to cycles with a single ion pair and the same number of moieties. energyEacr, for mechanism | as 6.%,3220 and 76 kcal/mol.

We comment again on this aspect at the conclusion of this 11,5 the proton-transfer mechanism | is favored over mecha-

favored over the one involving4@CI™ (mechanism I1), because
the resulting HOGNO3;-H30"-H,0 product complex is-17
kcal/mol more stable than #@CI*-NOs;+(H2O),. The basic
argument is illustrated in Figure 2, which locates the calculated

section. _ ) ) _nism Il involving the HOCI* ion by 10.4-14.4 kcal/mol, a
The result of these calculations for mechanism |, involving yecisive amount.
the HO* ion, is (cf. Table 2)AH® = AE” = —180.57 keal/ Finally, the calculations also show that the intrinsic gas phase

mol for the product complexation and solvation step. The terms pjas favoring mechanism | over Il is in fact slightly enhanced

comprisingAE are the ab initio total (electronic plus nuclear) py solvation and complexation effects. Although our discussion
energy in the gas phase (g) or in a dielectric continuum (aq). has been largely in terms of enthalpy changes, the entropy
For the reactant solvation, we obtain (cf. TableA?);" = AE" changes associated with solvation of the different ion pairs,

= —22.71 kcal/mol. This gives the reaction enthalpy for which is potentially the largest source of entropy change
mechanism | aa\H, = 0.84 kcal/mol. This result is consistent  difference in the two mechanisms, are included.

with current estimates from both experimeand theory?®

The reaction cycle for mechanism I, involving the®CI™ 3. Analysis of the Spectroscopic Data
on. 18 We now turn to the issue of the evidence for theOiEI™
—AH§ ion’s existence on ice from an experimental spectroscopic
CIONO,(ag) + 3H,0(aq) CIONOL(g) + 3H,0(g) perspective.
AHg + - TSn
CIONO,(g) + 3H,0(g) — H,OCI"(g) + NO; (9) + .
2H,0(9) v
AH i | H;OCI*NOy
+ - P
H,OCI"(g) + NO; (9) + 2H,0(9) —
. -, .
H,OCI"*NO; -H,0-H,0(aq) (2.10) Excra AHy- AH,
AHy + _ TSt
CIONO,(aq)+ 3H,0(aq)— H,OCI"-NO; -H,0-H,0(aq) .
AH, = —AH} + AH} + AH}P
Pl Eacr X
Note thatAH;' = AH", because the reactants are identical for 5. At
both mechanisms. Here the solvated products contribution R «._9_
AH;?is given by (cf. Table 2AHP =~ AE;? = —177.55 kcal/ H;0*NOy’
mol. The reaction enthalpy for mechanism Il is th&Hl; = HOCI

17.66 kcal/mol.

This thermodynamic analysis thus shows that the reaction Figure 2. Energetics of the CION©hydrolysis (schematic). R is the
pathway involving HO* (mechanism 1) should be substantially reactant complex.
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Figure 3. RAIR spectra of condensed reaction product films on a gold
foil substrate at 180 K: (A) CION@water (1.5x 10°%1.5 x 1077
mbar); (B) NOs/water (4 x 1077/3 x 10°% mbar). Reprinted with
permission from). Phys. Chentl995 99, 6258-6262. Copyright 1995
American Chemical Society. The frames in the 260600 cnt? region,
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Figure 4. Infrared spectra of clusters having a 2:1 water/HN&io:

(A) superimposed spectra of amorphous clusters formed at 165 K and
aged 2, 7, and 14 min; (B) superimposed spectra of crystalline NAD
clusters formed at 175 K and aged 2, 7, and 10 min. Spectra have
been offset by+0.02 for clarity. Reprinted with permission froth
Phys. Chem1993 97, 5848-5851. Copyright 1993 American Chemical
Society.

following: (i) present typical IR features of HNOH3;O™, and
NOs~ on ice, (ii) identify these features in Figure 3B, where
all agree that no chlorine is present, and finally, in light of these
identifications, (iii) assign the features in Figure 3A. Our
examination of relevant IR spectra shows that the features

spanning identical frequency ranges, are our addition to guide the eye.previously attributed to FOCI* can be convincingly assigned

We first very briefly review previous considerations concern-

to HNG:.
3.1. IR Features of HNG;, H30™, and NOs;™ on Ice. Here

ing the RAIR spectra and the arguments for and against we first examine the IR spectra of molecular nitric acid and its
H,OCI*. (We limit discussion of the Sodeau group spectra to ionization products on ice to establish the characteristic spectral

those of SHBK at 180 K, originall} used to argue for $OCI™,
and subsequently citéd!4in its support.) First, as noted in the

features of all of these species in an ice environment. To begin,
it is useful to refer to the HN@and HO*NO;~ spectroscopic

Introduction, the SHBK proposal hinges upon an inference basedfeatures for 2:1 HO/HNO; samples, shown in Figure 4. (Here

on a comparison of the spectra of a CIOM@O 10:1 mixture
and a NOs/H,0O 1:10 mixture at 180 K (Figure 3) in the 1660
1800 cnt region, which would indicate, according to SHBK,
the presence of #CI' in the CIONG/H,O mixture.

and henceforth, the designation “HNGepresents undissoci-
ated, molecular HN®) These reference spectra are relevant
because the samples in the experiments carried out by SHBK
are likely to yield spectra similar to amorphous NAD, Figure

BH have argued against this and offered some evidence for4A, or amorphous NAT? because of their preparation via

the presence of molecular HN® lieu of H,OCI™. Specifically,

SHBK compared spectra A and B in Figure 3 and contended

chemical reaction at the surface.
In Figure 4, trace A refers to a sample containing mostly

that the only difference in the frequency patterns was the shift HNOgz, with the characteristic absorption pattérn

of a 1750 cm® broad peak in the MDs spectrum, agreed by all
to be a HO™ feature, to a 1650 cm sharp peak in the CIONO
spectrum, assignedy analogy(with H3O™) to HOCI*, thus

HNO,: 1673, 1450, 1309, 954, 779 (Figure 4A) (3.11)

implying that the ice surface contained ClI species. BH noted Trace B of Figure 4 shows the absorption pattern of a sample
instead thaboththe 1750 and the 1650 peaks are in fact present containing mostly HO*NO;™:

in both spectra. BH argued that, since the A and B absorption
patterns contain features at the same frequencies (with intensities

modulated by the degree of solvation of thgdy and CIONQ

hydrolysis products), the RAIR sample corresponding to

spectrum A cannot contain any Cl specié3hus, in contrast
to SHBK, BH interpreted both spectra as typical of HIN@QO™/
NO3;~/H,0O mixtures with different degrees of acid ionization,

H,O": 1743 (Figure 4B) (3.12)

NO, : 1458, 1290, 1036/1029, 809 (Figure 4B) (3.13)

With the knowledge of these typical absorption patterns, we
now examine the spectra in Figure 3, where the sole proposed

none containing chlorine species, because BH assumed thatepresentative spectral feature gf®CI*, a narrow band at 1650
HOCI had desorbed from the ice, and assigned the 1650 peakcm™, was first assignett We deal first with spectrum B (pDs/

to molecular HNQ@, although the specific HN®vibrational
mode was not identified by BH.

H,O 1:10) to discuss the HNOand NG~ bands and then
discuss spectrum A (CIONAH,0 10:1).

In this section, we address in some detail the spectroscopic 3.2. Examination of Figure 3, Trace B.In Figure 3B, the

identification of HOCI™ and HNQ. Our procedure is the

absorption patterns of HNCand HHOTNO;~ appear together.
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HNOs bands are seen at TABLE 3: B3LYP/6-311++G(d,p) Bond Lengths in the
H,0-CIONO, Subsystem in Water Clusters from Ref 26
HNO;: 1650, 1420, 1330, 960, 770 (Figure 3B)  (3.14) gas R B C D E

Rcio? 1.71 1.79 1.91 191 1.90 2.09
HNO;: 1673, 1450, 1309, 954, 779 (Figure 4A)  (3.15) Roc 17# 2.34 211 2.07 2.13 1.93

2 The parameters for cases—& correspond to Figures-3 and 8,
respectively, in ref 26. Bond lengths in ARcio = CI—ONO; bond;
Roci = H,0—Cl bond.¢ CIONG; from Table 3 in ref 269 H,OCI*
from Table 2 in ref 26.

whereas HO™ and NQ~ bands are seen at

H,O": 1750 (Figure 3B) (3.16)
section 3.2, on going from B to A, the intensities of 1450gNO
N . and 1290(N@") have decreased with respect to 1420(HNO
H;O™: 1743 (Figure 4B) (3.17)  and 1330(HNG) because of the lower water content. The 1330
band is characteristic (cf. eqs 3.14 and 3.15) of HNO*?
whereas N@ has a band at lower frequency, clearly visible in
NO, : 1450, 1290, 1040, 820 (Figure 3B) (3.18) B at 1290 as a shoulder on the 1330 band.
1100-700 cnt! Region.The important general features in
_ . this region are again those of the BF@HNO; behavior and
NO, : 1458, 1290, 1036/1029, 809 (Figure 4B)  (3.19) gre the same as in the 1600100 region just discussed. We
begin the discussion by focusing on the bands identified in

where for the reader’s convenience we have also reported theFigure 3B (cf. eqs 3.143.19): 1040(N@), 960(HNQ),
reference absorption patterns of Figure 4 underneath the820(NG"), and 770(HNG). The decrease in intensity, expected
corresponding ones from Figure 3. Note that all the bands arein the BH scenario, of 1040(N$) and 820(NQ@") relative to
slightly shifted from respectively Figure 4A (mostly HNGand 960(HNGy) and 770(HNG) going from Figure 3B to Figure
Figure 4B (mostly HO*NO;) because of differences in 3A can only be a}ppremated with d_lfflculty, because of both the
experimental conditions. distortion by the ice spectrum as discussed above and the related

) . spectral calibration issue as now addressed.

It should be remarked that the intensities of the Hl@nds We conclude with some remarks relevant for the three spectral
at 960 and the N© bands at 1040 and 820 in Figure 3B, (egions. Care is required in comparing the intensities in the two
although primarily due to the concentration of the corresponding spectra A and B in Figure 3, because the absorption maximum
species, are also significantly influenced by the water back- iy each spectrum is attuned to the predominant water peak at
ground (see e.g., Figure 1 in ref 40). The water background 3300, which renders the NQYHNO; absorptions in Figure 3B
presents two peaks relevant to our discussion: (i) at 900, cm  artificially less intense than those in Figure 3A: the 10404NO

spanning the 7081000 cnt! range and (i) at 1645 cr, band in Figure 3B should in fact be more intense than the same
spanning the broader 106@000 cnT* range, and about half  band in Figure 3A because of the larger water content of the
as intense as the 900 cipeak. The 960(HNg), 820(NG"), former mixture. This observation is a key point in recognizing

and 770(HNQ) bands in Figure 3B are enhanced and distorted the decrease in intensity of 175QBI") coincident with the
by the 900 water peak, whereas the 1650 peak is ehanced bydecrease of the 1040(NQ and 820(N@") bands. At first sight,
the 1645 water background broad band more than the 1750 peak1040(NQ~) seems more intense in Figure 3A than in Figure
(The issue of the water background will appear again in the 3B: this is because the two spectra are not calibrated with
discussion below.) respect to the nitrate group bands. In fact, 1040{NGhould
appear more intense in Figure 3B, because of a higher
concentration of N@.

In view of the discussion above, it is clear in our view that

N ) ) H3O* is indeed present in Figure 3A and is the counterion for
1800-1600 cnT! Region Evidence for the presence oG NOs~ and that the HO*, NOs~, and HNQ absorption patterns

is the 1750 band (cf. egs 3.16 and 3.17), which appears as & going from Figure 3B to Figure 3A are all internally
shoulder of the 1650 band. (Why the hydronium ion 1750 band ¢onsistent with this. It follows that in Figure 3A 1650 is

is not more pronounced is related to the water background effectmolecular HNQ and not HOCI+.43

mentioned in section 3.2, and will be further commented upon

below.) The 1650 feature is interpreted as HN®O the BH 4. Further Theoretical Considerations and Assignment of
scenario (cf. eqs 3.14 and 3.15) and not a®€@I" (as inthe  the Vibrational Bands of HNO3, NOs;—, and HsO* on Ice
SHBK view). Consistency requirements for the identifications
just made in Figure 3A are (a) that the counterionsN&hould

be reflected in the spectrum to a degree consistent wiH
and (b) that any ionized nitric acid must come at the expense

g/t/gngé)iil::z: rHe’;l%’nb;tshcfs;gisare addressed in the following ations. Beyond the fact that RAIR spectra for the same systems
) vary somewhat (tens of cmi) with experimental condi-
1600-1100 cnT! Region.The general features of importance  tions..2744even high level ab initio calculations of IR frequen-

in this region are that, as one goes from Figure 3B to Figure cies for small polyatomics are only accurate to within tens of
3A, the NG~ band intensities decrease, whereas the ibidd cm1.45 Accordingly, the calculations for complex solute-cluster
intensities increase, consistent with theCH behavior in the systems focus on approximate frequencies but with special
1700-1600 region just discussed. The details of this are as attention given to the overall patterns of the spectra and the
follows. Relying on our assignment for NOand HNQ in band assignments of the individual modes.

3.3. Examination of Figure 3, Trace A.We now turn to
Figure 3A and analyze three adjacent regions of the spectrum
separately.

In this section, we present theoretical calculations to support
the identifications made in section 3 and to identify the key
vibrational modes involved, in particular the 1650 mode. Before
proceeding, it is important to make several relevant consider-
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TABLE 4: HNO 3 Vibrational Frequencies in Water Clusters?

J. Phys. Chem. A, Vol. 105, No. 13, 2003137

HNO3:(H;0)x Figure 3B Figure 4A
mode HNQP n=3 n==6 eq3.14 eq 3.15 I
OH str 21 3550 (0.8819) 3028 2776 42.37
NO; a-str 2 1710 (0.8640) 1702 1699 1650 1673 10.11
NO; s-str V3 1326 (0.8246) 1352 1367 1330 1309 12.65
HON ben Va 1304 (0.8662) 1390 1390 1420 1450 7.69
NO; benin ved 647 (0.7724) 911 918 960 954 1.23
O—NO, str Ve 879 (0.8262) 654 656 0.13
O—NO; ben V7 580 (0.8469) 623 629 2.02
NO, ben out vgd 763 (0.8396) 775 778 770 779 1.02
OH tor Vg 458 (0.8327) 809 923 5.75

a All frequencies in cmt. HF/6-31G* frequencies unless otherwise speciffigdNO; experimental frequencies and assignments from McGraw,
G. E; Bernitt, P. L.; Hisatsune, I. Q. Chem. Physl965 42, 237. HF/6-31G* frequencies scaling factors in parentheses. The unscaled HF/6-31G*
frequencies can be obtained by dividing the reported frequencies by their associated scaling factors. The latter are quite similar to the 0.8953
scaling factor recommended for HF/6-31G* vibrational frequentiesHF/6-31G* intensities in Bamu A-2, 4*in™: in plane; “out”: out of
plane. See the Supporting Information for details.

Our starting point is a very recent theoretical study on the TABLE 5: NO 5~ and H3O™ Vibrational Frequencies in the
CIONO, hydrolysis by McNamara and Hilliéf (MH). We first H30*-NO;™+(H0); Clusters®

stress that the reaction path aspects of the MH study confirm Figure Figure

the BH proton-transfer picture of the mechanism via nucleophilic mode 3B 4B ®
attack by an OH-like species rather than,B, as can be verified eq3.18 eq3.13 NQ°

by a comparison of Figure 10 of ref 26 and Figures 2 and 3 of NO, a-str vd 1450 1458 1457 15.43
ref 20 for the reaction transition state. However, MH also present NO: s-str V3 1040 1029 1030 0.44
assorted non-reaction-path studies of various water clusters gc_)?\l kg“ Itr: " oo 1990 %;7 ilzggs
containing CIONQ. Some of these, Figures-8 of ref 26, are O—NO§ Een zj 693 067
stated to “support” the existence of the®CI* ion. However, NO,benout g 820 809 821 0.68
from the examination of Table 3, based on these figures, it is eq3.16 eq3.17 kD*°

clear that in cases AD the water oxygen is alwaykrther H3O" s-str V1 2461 56.49
away from Cl than is the nitrate oxygen, and thus inconsistent H:O"s-ben v, 1318 12.16
with an HOCI" ion. Case E is explicitly identified by MH as 8:2 ::2}(: :2 gggg gg'%g
involving the HOCI ion. However, the structure of the  \onaben v, 1750 1743 1700 0.33

complex in case E is biased toward a high degree of solvation HOHs-ben v/ 1697 1.03
of all of the oXygens of C.ION@ engaging the nitrate group a All frequencies at the HF/6-31G* level unless otherwise specified.
electron density _and_ making it less a_vallable fo?'Cland has_ b HF/6-31G* intensities in Bi@amu A%). < HNOs-scaled. See scaling
an ad hoc coordination of the attacking water to the solvating factors for each mode reported in Table!lomenclature of the nitrate
waters, which maximizes its nucleophilicity. In any event, this group bands as in Table &The scaling factors for the 4@*
complex cannot be accessed via the transition state displayedrequencies (0.8732 bend, 0.8975 stretch) have been obtained by
in Figure 10 of ref 26 because the proton of the attacking water comparing HO HF/6-31G* frequencies (1826.55, 4070.46, and 4188.71)
is transferrediuring the nucleophilic attack along a lower energy t© the experimental water frequencies (1595, 3657, and 3756).
athway.
P MH a¥so report an (incomplete) set of calculated vibrational S€ction 3, including the key band in the 1650 ¢meighbor-
frequencies for the ¥OCI* moiety identified in the CION® 00d?*
(H20)s cluster of case E in Table 3 (cf. Table 8 in ref 26). The
reported 484/1408/2322/2914 cimabsorption pattern fails to
match that of Figure 3A and especially the band at 1650¢m
which in the SHBK view reflects FOCI*, but in the BH view complex at the HF/6-31G* level to compare with the IR patterns
does not. egs 3.13 and 3.18. The calculated absorption pattern reported
Since, as detailed in Section 3, our thesis is that the 1650 in Table 5 indicates that there is indeed noN@ctivity in the
band is HNQ (the HNQ; absorption pattern was not reported 1650 region and consistently reproduces the experimental one,
in ref 26), we have calculated using GAMES$he vibrational ~ confirming our assignment of the 1650 band in Figure®3A.
frequencies of HN@ both isolated and in HN&(H;O)s 6 Furthermore, Table 5 supports all of the l@nd HO™ assign-
clusters for comparison with the spectra in Figures 3B and 4B, ments discussed in section 3. Figures7sdepict the nuclear
and in particular with the 1650 feature, to further examine our motions corresponding to the calculated frequencies of fNO
assignments made in section 3. In Table 4, we report the NOs~, and BO™. Figure 8 collects the HNQNO;™, and HO*
frequencies for the HN®moiety in the three cases. We have calculated IR absorption patterns from Tables 4 and 5.
scaled independently each calculated frequency for gas-phase These calculations provide a further important new piece of
HNO; to match exactly the corresponding experimental fre- information: the 1650 band in Figure 3A corresponds with the
guency. We then have identified by inspection, using MacMol- NO, asymmetric stretchv, of molecular HNQ (cf. Table 4,
plot*6 and Molden?” the HNG; moiety’s modes in the water  column 4, 1699 peak). Although thesB ion also has a
clusters and scaled the corresponding frequencies by the factorgalculated absorption at 1700 ci(cf. Table 5, column 4), its
obtained for gas-phase HN@cf. Table 4, col 2). calculated intensity of 0.33%amu ! A—2is too low compared
Table 4 shows that the calculated absorption patterns repro-to the experimental one in ref 39, which is instead best matched
duce quite well the experimental patterns of Figures 3B and by the NQ v, vibration’s corresponding intensity of 10.12 D
4A, supporting the HN@band identifications that we made in  amul A2 in Table 4.

To show that N@ does not have features in the vicinity of
1650 that would compromise the key HilRand identification,
we have calculated the IR spectrum of thgOH-NOz;~+(H.0);



3138 J. Phys. Chem. A, Vol. 105, No. 13, 2001

o ot
O

vy 2776 vy 1699 vz 1367

rat
L3,
rat)

v7 629 vg 778 vg 923

Figure 5. HNO; normal modes in the HN§(H,O)s complex (from

Table 4).
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Figure 6. NOz~ normal modes in the $#0*-NO;z™+(H.O); complex

(from Table 5).
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Figure 7. HsO" normal modes in the $0"-NOs; +(H;0); complex

(from Table 5).

5. Concluding Remarks
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Figure 8. HNO3, NOs;~, and BO™ calculated IR absorption patterns.
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ion is not involved in the CION®hydrolysis on ice surfaces.
We have also presented IR spectra calculations providing an
explicit identification of the 1650 cn¥ spectral feature. Overall,
the present results lend independent support to the proton-
transfer mechanism for CIONydrolysis originally found in
ref 2052

We can suggest two experimental avenues to shed further
light on the present issues. First, insight on the presence or
absence of HOCI could be gained by probing, at® 180 K,
the region below 700 cmi, where any GFO stretch should be
visible. Although there can also be, for example, HNtivity
in this region (cf. Tables 4 and 5 and Figure 8), at least a further
spectral window could be explored to check the overall
consistency of IR assignments. RAIR spectra in this region were
not reported for CION@H,O samples in ref 11, but the
capability appears to exist at least down to 500 &Ad

Second, we have identified the key 1650 ©¢nfeature
assigned to molecular HNCby BH as an NQ@ asymmetric
stretch of molecular HN§) whereas it as assigned as g€+
bend in the SHBK scenario. The asymmetric stretch of MO
the neutral HNQ@ (solvated) molecule should not change much
if every H in the system is replaced by D (there will be a small
effect because $¥0 and DO do not solvate to the same degree);
no significant H/D isotope effect would be seen. On the other
hand, for the bending or wag vibrations in®CI™,33 there are
significant motions of the two H’s, and accordingly, an expected
H/D isotope effect lowering the vibrational frequency by a factor
close to 11(/5, Thus, a RAIR experiment on,D ice would
shed further light on the identity of the 1650 chband.
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