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Predissociation spectra in the 2.8.3um region were observed for protonated chlorine nitrate and protonated
nitric acid as well as some of their isotopomers (HXNOX = H, D, 3Cl, 3’Cl). Two protonated isomers

of both CIONGQ and HNQ were identified from the vibrational spectra. The lowest energy isomer was the
ion—molecule complex Ng(HOX) formed by protonation of the XO group. The second isomer was the
metastable species (HO)(XO)NGormed by protonation of a terminal oxygen; this isomer was generated
only under hotter ionizing conditions. The vibrational band centers of these isomers agreed welb with
initio predictions. Vibrational excitation of the HXN®O species studied here led solely to NOF HOX
products. Predissociation of the covalently bound metastable isomers (HO)(X@)Ni@se products required

an IR-induced rearrangement involving simultaneous 1,3 hydrogen shift and charge transfer. The results

presented here were consistent with predictiorstoihitio calculations and previous mass spectrometric and

kinetic studies.

1. Introduction

The protonation of nitrate-containing molecules XONfan
proceed by attack of either the XO group or one of the terminal
O atoms:

(1a)

(1b)

HO

Protonation of the XO site to form the iermolecule adduct
NO,"(XOH) is generally the most exothermic channel because
the nitronium ion, which is isoelectronic with GQs very stable.
The covalently bound isomers produced by protonation of a

terminal oxygen atom are also expected to be bound though&Xcitations (CCSD(

Protonation of nitric acid has also been studied in the gas
phase. Both theoretical and experimental studies have presented
evidence for at least two structural isomers of protonated nitric
acid consistent with the mechanisms in egs 1a and 1b. Using
a flowing afterglow apparatus, Fehsenfetdhl 2 had first shown
in 1975 that nitric acid protonated by;&" behaved identically
to NO,"(H20). In 1984, Nguyen and Hegartysing the self-
consistent field (SCF) method with 4-31G and 6-31G** basis
sets, identified a variety of bound ;NOs* isomers, but
confirmed that the iormolecule complex N@ (H;0) is the
most stable form. Cacacet al,* performing metastable ion
kinetic energy (MIKE) and collisionally induced dissociation
(CID) spectrometry, confirmed the existence of twaN@s*
structural isomers. Their results indicated that the more stable
isomer contained a distinct® moiety and that the less stable
isomer released a significant amount of kinetic energy to give
loss of HO. Finally, in 1992 Lee and Riéerevisited the
computational characterization of protonated nitric acid, using
levels of theory up to the coupled cluster method with triple
T)) and atomic natural orbital basis sets.

possibly metastable. In this paper, we present spectroscopic! ey confirmed the previous experimental and theoretical
evidence for isomers of two protonated nitrates, protonated nitric Studies, finding the covalently bound structural isomers gf H

acid, HNO3*, and protonated chlorine nitrate, HCIONO

NOs* (Figures 1b and 1c) to be at least 20 kcal/mol less stable

Nitrates are weak bases in aqueous solution and typically than the NQ*(H20) complex (Figure 1a).

ionize to form NQ~; however, the basicity of the NOnoiety
can be higher than that of @ in nonaqueous media. For

The existence of more than one structural isomer has given
rise to some ambiguity in the energetics. From a Fourier

example, in strong acids such as neat nitric acid or concentratedransform ion cyclotron resonance (FT-ICR) measurement,

sulfuric acid, protonation of nitric acid is a well-known source
of nitronium ions NQ" and occurs by

HNO, + HNO, — NO," + H,0 + NO,~ )

Upon dilution of the acid, the nitronium ion reacts with water
to form HNG; again.
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Cacaceet al# bracketed the gas phase proton affinity of HNO
to 168+ 3 kcal/mol. This value was substantially lower than
the proton affinity of 180 kcal/mol computed by Nguyen and
Hegarty? Subsequently, Lee and Riceeported a proton
affinity of 182.5+ 4.0 kcal/mol, leading to a binding energy
for the NG;t(H20) complex ofDg = 17.3+ 2.0 kcal/mol. In
1993, Sunderlin and Squiréperforming a CID experiment with
a flowing afterglow triple quadrupole spectrometer, reported a
dissociation energy of 14& 2.3 kcal/mol and proton affinity
of 177.74 2.3 kcal/mol. Subsequently, Cacasteal” directly
probed the relative proton affinities of nitric acid and methyl
nitrate and found the proton affinity of HNQo be 182.0+
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a)

o

NN

(k =2.9 x 10°° cm® st at 233 K). These authors directly
observed HCION@" (31% yield), although the primary product
° ° was HNOst; NO,™ was a minor channel. These results were
interpreted assuming protonated chlorine nitrate and protonated
nitric acid to be adducts of HOCI and,@&l to NO,*. Chlorine
nitrate was not found to react with small hydrated hydronium
o o 5 ions Ot (H20)n, N = 1-3.

C‘\ °‘\ /O\H Recently, Schindleet all® examined the reactions of chlorine

z

o ,\ /"‘H with CIONO; and found this proton transfer reaction to be rapid

H\o- o
/7

o

o

. /°\ /"\ nitrate with a variety of hydrated ion clusters using a FT-ICR

1 o \ spectrometer. These elegant experiments have come the closest
4 I o to using clusters to mimic aerosol chemistry. These authors

fetrib 1 +

Figure 1. Structure of isomers of protonated nitric acid (a, b and c) found that d'Str_'bUtlonS_ of Cl_USters3B (H20)n pea_ked nean
and protonated chlorine nitrate (d, e, and f) obtained with correlated ~ 18 reacted with chlorine nitrate to form predominantiCH-
ab initio methods (refs 5 and 16). (I) The minimum energy isomers, (H20)n(HNO3). They attributed these products to direct reac-
the adducts Ng(H.0) and NQ*(HOCI). (1) The W-shaped covalently ~ tions between chlorine nitrate and neutralCHn the solvation
bound isomers, which are about 20 kcal/mol above the ground stateshells surrounding the ion. There was also a weak channel
isomers. (lll) The (HONO* isomer depicted (c) is the form that, leading to formation of N@(H,0), with y = 0—2, similar to

without any internal rotations, can directly rearrange by a 1,3-hydrogen .
shift to give NGQ* photoproducts. It is about 1 kcal/mol less stable products detected by Nelson and Okumtravhich was

than the W-shaped (HGNO* isomer. The (HO)(CIO)N® isomer assigned to rearrangement of smadtH(Hz0)m(HNO3) (m <
depicted (f) has an OH stretch frequency about 15t the red of 4) clusters.

the W-shaped isomer’s OH stretch. It is roughly 4 kcal/mol less stable  Spectroscopic studies can provide a direct measure of ion
than the W-shaped (HO)(CIO)NGsomer. structure, complementing the existing mass spectrometric and
N . L . kinetics experiments. Lee and co-workers pioneered the method
2.3 I_<caI/ mol. _Slgn|f|cantly, they attribute the ambiguity In th.e'r of vibrational predissociation spectroscopy to obtain infrared
earlier bracketing measurement to the presence of the kmencallySpectra of mass-selected, weakly bound cluster ®nEven

stable covalently bound ISomer. . . . low-resolution vibrational spectra in the>H stretching region
There has also been considerable recent interest in protonation.,» ' he a sensitive probe of ion structure, particularly in

reactions involving chlorine nitrate. The motivation has been conjunction with high levelab initio calculations. In some

to eIu_cidate pos_sible mechanisms for an ir_nportant heterogeneou%ase& such spectra were used to spectroscopically identify
reaction occurring on Polar Stratospheric Clouds (PSC3): isomers2l

In previous work, we reported the infrared spectra of
protonated nitric acid and higher hydrates in the-B6um
wavelength regioR222 The spectrum of ENOs* was found

This reaction, which leads to the decomposition of a chlorine to consist of two bands red-shifted by 31 and 52 &fmom the

reservoir and releases active chlorine into the gas phase, is '[ooSymmetric and antisymmetric modes of®imonomer, respec-

slow tokhaé\ie been rr&etis?rtid n th? gas_pE%\sMoIm% zz)nd id tively, in very good agreement witib initio predictions. These

gg{;\@;i s rb egz:l%ps?%e sjrfacisreoﬁ‘clilgrc]:?\l/gouIgrggeaeci di():/ 33; ; ci}esults provided direct spectroscopic confirmation for the
' . - truct f t t itri i th t .

the presence of $60s, HNOs, and HCI. This speculation has - ooa'e Of protona ed nitric acid as the adduct;N@l,0)

. In this paper, we used these methods to investigate the
led to a number of studies on both the gas and condensed phase
reactions of chlorine nitrate. nfrared spectroscopy of protonated CIONENO;, and DNQ.

Among the gas phase studies, Nelson and Okuthura The use of different ionization sources allowed us to protonate

. . ; ) . . these species under very different conditions. Comparison of
investigated the reaction of chlorine nitrate with small protonated the observed spectra witlh initio predictions of band positions
water clusters, gDT(H,0), (mO~ 14), in a relatively crude P P P

pick-up experiment and detected protonated nitric acid clusters,Calcu"”‘.tlad by ITee and .R'.éé6 ‘."‘IIOWGd us to |Qent_|fy the
NO,*(H,0), (n = 0—2), as reaction products. They proposed absorbing species and distinguish among possible isomers.

that protonation of chlorine nitrate led to formation of a weakly
bound ior-molecule complex of Ng& and HOCI

o- - - -

W

z

CIONO, + H,0(s)— HOCI(g) + HNO4(ad)  (3)

2. Experiment

Spectra of ionic complexes were obtained by exciting mass-
H" 4+ CIONO, — HOCI-NO," — NO," + HOCI (4) selected ions with an infrared laser and detecting the ionic
photofragments from vibrational predissociation as a function
where the protonation occurs at the oxygen atom of the CIO of IR frequency. The experimental apparatus, a time-of-flight
group. mass spectrometer and infrared optical parametric oscillator, has
Ab initio calculations by Lee and Ri&e confirmed the been described elsewhéfe?* In this section, only a brief
existence of this intermediate. They found that the lowest description relevant to this experiment is presented.
energy form of protonated chlorine nitrate is a complex oENO Concentrated nitric acid (ca. 70% wt), deuterated nitric acid
and HOCI (Figure 1d) bound by 1292 kcal/mol at the CCSD-  (68% in D,O), and DO were purchased from J.T. Baker Inc.,
(T) level of correlation. They also found four other isomers Sigma Chemical Co., and Cambridge Isotope Lab. Inc.,
formed by protonation of a terminal O atom (two of which are respectively. Ultrahigh purity (UHP) (99.999%) He and H
shown in Figures 1e and 1f), all with energies of approximately were obtained from Matheson Gas Products Inc. Chlorine
20 kcal/mol or more above that of the iomolecule complex. nitrate was synthesized from the reaction of@with N,Os,
Similar results were obtained by Slanietal 1 at lower levels following the procedure of Schmeiss€r. The sample was
of theory. purified using trap-to-trap distillation at 175 K to remove, Cl
In a more controlled selected-ion flow tube (SIFT) experi- and at 195 K to remove g@D. Nitric acid impurities were
ment, van Doreret all8 studied the thermal reaction of,&" excluded by transferring the CIONGhrough a cannula out of
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the solid HNQ at 195 K. Purified chlorine nitrate was a pale NO,*
yellow solid at 77 K.

For the experiments with HNQ)UHP H, or He was seeded
with HNO3/H,O vapor by passing the gas over a bubbler
containing 70% HN@at 0°C (partial pressures @{(HNO3) =
0.79 Torr andp(H20) = 1.1 Torr)26 The mixture of HNQ,
H,0, and H (or He) at a total stagnation pressure of 1000 Torr
was pulsed into the vacuum (gas pulse width ca.Z)ahrough
the 0.5-mm nozzle of a piezo-driven pulsed valve at a repetition
rate of 10 Hz. The piezoelectric disc element was coated with
halocarbon grease to prevent reactions with nitric acid occurring
on the disc surface. Experiments on DN®ere performed K J l"
under similar conditions, with buffer gas passed over 70% PNO t * A
in D20 at 0°C. 10 20 30 40 50 60 70 80 90

Protonated HN® and DNG were produced in pulsed
supersonic expansions by both glow discharge and electron-
beam ionization sources. In the case of the electron beamEi%Uf?‘ 2. Egﬁ(ﬁgg??t /maSéSS)SfPECtN(JjFE Ofl thte prgtona_ted_ Dg_\lo
source, a continuous electron beam (electron energy 750 eV)ydrate ion m/e= 6o) formed by electron beéam lonization
crossed the gas leaving the pulsed valve nozzle near the throan DNOS/D-0 vapor from 70% DN@seeded in H

of the supersonic expansion. Typical emission and electron these peaks had a typical full-width-at-half-maximum (FWHM)
beam currents were2 mA and 56-200uA, respectively. For  of 100 ns, and the peak-to-peak separation between two
the glow discharge source, the gas mixture was pulsed into aneighboring peaks (i.e., either/e= 64 and 65, or 65 and 66)
channel 1 mm in diameter and 1.5 cm in length. A high-voltage was 270 ns. This separation was sufficient to allow the mass
pulse (-1.5 to—3 kV, pulse width 10Qks) was applied between  gate to effect mass selection.
two electrodes near the channel entrance to initiate a glow However, at the higher detector voltages required to observe
discharge. The ions formed in the discharge source werethe photofragmentation of HDNg, background peaks were
thermalized as the gas flowed through the channel and furtherobserved. This small background signal arose from fragmenta-
cooled in the supersonic expansion. tion of a small fraction of metastable,NOs* and DNOz*
Protonated chlorine nitrate was generated in much the sameparent ions present in the detector region. With the reflectron
way. However, due to its low boiling point and facile voltage lowered to rf¥/my)Vrer, the arrival times of the
decomposition, extra care was taken in sample preparation. Theunwanted metastable decay products were shifted closer to the
chlorine nitrate was stored in an evacuated flask kept in liquid arrival time of the photofragments. If the resolution were too
nitrogen (77 K) when not in use. To prepare the ion source, low, metastables and photofragments would partially overlap.
the gas inlet line was first evacuated and then passivated withTo check this possibility, the time profiles of photoproducts
chlorine nitrate by opening the sample flask and warming the together with those of neighboring metastable fragment ions
sample in a dry ice bath (200 K) until the line pressure reached were carefully monitored at a much higher detector voltage,
ca. 10 Torr, as measured by an MKS capacitance manometerVper = —1700 V. In the case of HDN§ photodissociation,
After the flask was closed, the gas line was passivated with the FWHM of both the ENOs™ and D;NO3s* metastable peaks
CIONO:; for several hours. This was repeated several times. were about 60 ns. Whe¥Wirer. was changed from-2650 to
During the experiment, the CIONGample was keptin adry  +1875 V, the difference in flight times of photofragments and
ice/acetone bath (195 K}(CIONO,) ~ 1 Torr)?” neighboring metastables was about 100 ns. Since our integration
In all experiments, the expanding plasma was skimmed andrange for the photofragment peak was about 80 ns wide,
entered a time-of-flight chamber where the ions were extracted contamination of photofragment signals by unwanted neighbor-
by a pulsed electric field (16s pulse width) which accelerated ing metastable ions was negligible.
the ions to 2.6 keV dow a 2 mflight tube. A mass gate .
selected ions of a specifim/e and rejected all ions of other 3. Experimental Results
m/e A pulsed tunable infrared laser, a LiNpQoptical Typical time-of-flight mass spectra of the protonated DNO
parametric oscillator with 1.5 cm resolution and 24 mJ of and CIONQ species are shown in Figures 2 and 3. Mass
idler energy, was timed to excite the selected ions. Any ionic spectra of protonated HN@nd higher hydrate clusters, NG
products formed from dissociation of parent ions excited by (H,0), (n = 0-5), formed in a pulsed discharge source have
infrared radiation were separated from the parent ions using apeen reported previous#:23 Figure 2 shows protonated DNO
reflectron energy analyzer and then detected by a microchannelydrate clusters formed by electron beam ionization. ;NO
plate detector. Action spectra were obtained by measuring the(H,0), NO,"(HOD), and NQ*(D,0) (m/e= 64, 65, and 66,
photofragment ion intensity as a function of the laser wave- respectively) are well resolved. Mass spectra obtained by
length. Photofragment spectra were corrected by subtractingjonizing gas mixtures containing chlorine nitrate are shown in
the background ion signal, primarily caused by dissociation of Figure 3. Protonated chlorine nitrate could be observed upon
metastable parents in the ion optics chamber, and then normalelectron beam ionization (Figure 3a), but not when ionized in
izing to the laser fluence. the glow discharge source (Figure 3b). The natural relative
In experiments on protonated DN@nd chlorine nitrate, the  abundances ¢PCl and3’Cl are reflected in the mass spectrum
resolution of the time-of-flight mass spectra was carefully of HCIONG,*, with the peaks am/e= 98 and 100 having a
examined to confirm that the hydrogen and chlorine isotopomers 3:1 intensity ratio.

NO,*(HOD)

Intensity

Mass (amu)

were completely separated. In generating the HNion (m/e We recorded infrared spectra of protonated HNDNOs;,
= 65), HbNOs™ and DNOz™ ions (m/e = 64 and 66, and CIONQ in the 3306-3750 cnt! region. Figures 46
respectively) were also present. With a reflectron voltége: present the infrared spectra for the protonated ion species over

= +2650 V and detector voltagéper = —1200 V, each of this frequency range, and Table 1 lists the observed maxima.
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Figure 5. Vibrational predissociation spectra of HDNOformed (a)
in a glow discharge and (b) by electron beam ionization of the free jet
expansion.

Figure 3. Time-of-flight mass spectra of chlorine nitrate seeded in
Ho, ionized (a) by an electron beam and (b) in a glow discharge.
Protonated chlorine nitrate, HCIONQ is seen only in spectrum a.
The two chlorine isotopomers can be seemé& = 98 and 100.

a)

Photofragment Yield

3300 3400 3500 3600 3700

Photofragment Yield

3300 3400 3500 3600 3700 b)

Wavenumber (cm™)

Figure 4. Vibrational predissociation spectrum of protonated nitric
acid formed by electron beam ionization of the free jet expansion.

A. Photodissociation Behavior. NO,™ was the only
photofragment ion detected upon infrared excitation of all of
the protonated species studied here, indicating that the only
dissociation channel was 3300 3400 3500 3600 3700

Wavenumber (cm™)

Figure 6. Vibrational predissociation spectra of the two isotopomers
of protonated chlorine nitrate, HCIONQ formed by electron beam
ionization of the free jet expansion. Spectra were recorded for parent

Figure 7 shows the dependence of the photodissociation signafons of (a)m/e= 98 and (b)m/e= 100.
on OPO idler energy for protonated nitric acid and chlorine H,NOz+ formed in the glow discharge source possessed two
nitrate with the laser frequency set to the maximum of their absorption bands in the 3368750 cnt? region. The lower
respective photofragment spectra. ForN®,0) formed by frequency band, with partially resolvé® Q, andR sub-bands,
the glow discharge source, the 3626 ¢rband showed anearly  was centered at 3626 cth The second band, centered at 3704
quadratic dependence (Figure 7a). For the;NBIO®*CI) from cm2, was a doublet with maxima at 3700 and 3708 &ritvhen
electron beam lonization, the 3574 cthiband pOSSESSEd a nearly H2N03Jr was formed by the electron beam ionization source,
linear dependence (Figure 7b). In both cases, a sum of linearan additional broad, featureless band appeared at 3375 cm
and quadratic terms gave a better fit to the power dependence(Figure 4). Furthermore, the two bands in the 368850 cn?
curve than either term alone, although one term dominated in region were broader than those observed with the discharge
each case. Similar behavior has been observed in other clusteggyrce.
studies, e.g., the photodissociation of NE20), ions* The infrared spectrum of protonated Djl©n also differed

B. Vibrational Predissociation Spectra. The infrared depending on the source, as shown in Figure 5. The spectrum
spectrum of protonated nitric acid depended upon the methodof HDNOs* ions generated in the discharge source (Figure 5a)
of ion generation. As reported previougRz3the spectrum of possessed two bands, a strong band centered at 3666

HXNO,;" — NO," + HOX, X = H, D, *Cl,¥Cl (5)
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TABLE 1: Vibrational Frequencies of Protonated HNO3 and Protonated CIONG;,

frequency/cm?

protonated species discharge source electron beam source o ahattb? assignment
NO,*(H,0) 3626 3625 3607 H,O symmetric stretch

3700, 3708 3698 370% H,0 antisymmetric stretch
(HO)XNO* 3375 3393 OH stretch
NO,*(HOD) 3666 3666 36883 OH stretch

3724 3726 3747 NO,* v, + vz combination band
(HO)(DO)NO* 3380 OH stretch
NO,*(HOCI) 3574 3582 OH stretch

3706 373t NO,* v1+ v3 combination band

(HO)(E*CIO)NO* 3369, 3384 3397, 3413 OH stretch
NO,(HO3'CI) 3580 3582 OH stretch
(HO)E'CIO)NO* 3386 3394 OH stretch

aTaken from refs 5, 16, and 29The MP2/TZ2P value was scaled by the average of the experimental stretchg3.6fThe MP2/DZP value
for the stronger band of isomer Il was scaled by the experimental OH stretch of.MNi@e CCSD(T)/DZP value was scaled by the average of
the experimental stretches ob® and then corrected for the isotope shifthe CCSD(T)/DZP value was scaled by the experimental (matrix)
value for NQ*; the isotopic shift was<1 cnr™. f The MP2/TZ2P value was scaled by the experimental OH stretch of HO®le MP2/DZP
values of isomers Il and Il were scaled by the experimental OH stretch of HO®E MP2/TZ2P value was scaled by the experimental OH
stretch of HOCI; the isotopic shift was: 1 cnT. ' The MP2/TZ2P value for the W-shaped isomer (Il) was scaled by the experimental OH stretch

of HOCI; the isotopic shift was< 1 cnr2. i Taken from refs 22 and 23.

b)

Photofragment Yield

(] 1 2 3
OPO Idler Energy (mJ)

Figure 7. Dependence on laser pulse energy of the fragment signal
from photodissociation of the parent ions (a) N(H.0) at 3626 cm?
and (b) NQT(HO®*CI) at 3574 cmi. The data in both (a) and (b) are
fit by a sum of linear and quadratic terms. The fits indicate a nearly
guadratic power dependence for N(H,0) and a nearly linear power
dependence for NO(HOCI).

a weaker satellite at 3724 crh while the spectrum of ions
formed by electron beam ionization in the jet (Figure 5b)
exhibited an additional band at 3380 Thn

Protonated chlorine nitrate was produced only by electron
beam ionization. The infrared spectrum cPEIONO,, shown

4. Discussion

A. Vibrational Spectra of Protonated HNO3; and DNOs.

We have previously reportét?3infrared spectra of protonated
nitric acid which demonstrated thatNOs™ (produced in a glow
discharge source) is an ismolecule complex N (H,0)
(Figure 1a) undergoing vibrational predissociation to;N@nd

H,O. The observed infrared spectrum of NQH,O) is
analogous to that of a water molecule. The two bands at 3626
and 3704 cm! were assigned to the symmetric and antisym-
metric stretches of the 4 ligand, red-shifted by 31 and 52
cm~1, respectively, due to perturbation by the NQon core.
These band positions agreed well with vibrational frequencies
(scaled to the experimental frequencies o) computed by
Lee and Rice at the second-order Mgit&lesset (MP2) level
with a triples basis set. The nearly quadratic fluence
dependence of the photodissociation allows us to bracket the
adduct binding energy between 10.5 and 21 kcal/mol, consistent
with previous experimental and theoretical estimates of the
cluster dissociation energy’

The current results on protonated Dpformed in the glow
discharge source agree with the earlier experiments. The
spectrum of HDN@' formed in the discharge source (Figure
5a) can similarly be attributed to that of a W@HOD) complex.

The strongest band at 3666 chis red-shifted by only 41 cn#
from the OH stretch of free HOB® Moreover, using their
CCSD(T)/DzP force field for N@"(H,0), Lee and Ric®
predict a (scaled) OH stretch of 3683 thn We therefore assign
the 3666 cm! band to the OH stretch of the perturbed HOD
bound to NQ™.

We would expect this OH stretch to be the only vibration of
NO,"(HOD) observed above 3000 chx The observation of
a second band of HDN$ at 3724 cm! is therefore surprising.
We can rule out contamination from the adjacent (in the time-
of-flight domain) undeuterated parent ion BQH,0), because
no fragmentation was observed upon excitation at 3626'cm
one of the two strong peaks of NOH,0). The 3724 cm!
band is also unlikely to be a combination band of the OH stretch
with a lower frequency mode of the cluster. The intermolecular

in Figure 6a, consisted of three bands. The strongest band was\N=O stretch of NG"(HOD) is predicte®#2° to be 224 cm?,

centered at 3574 cm, accompanied by a weak band at 3706
cm™L. In addition, there was an absorption of medium intensity
centered at 3377 cm which possibly contained sub-bands at
3369 and 3384 cri. Similar features appeared in the spectrum
(Figure 6b) of thé’Cl isotopomer, although the weak band was
not observed due to the poor signal-to-noise ratio.

which would place a combination band of the OH stretch and
N=-O stretch at 3890 cr.

One alternative is to assign the 3724-dmband to a
vibrational transition of the Ng@ ion. Forneyet al3° have
reported a similar band in the IR spectra of NQrapped in
rare gas matrices. They observed a transition at 3711 am
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a neon matrix which they assigned to the combination of the forming adducts during subsequent clustering. The ion beam
symmetric and antisymmetric stretch modes} vs, of NO,*. would then contain only the lowest energy iomolecule

This vibration is likely to be only weakly perturbed in the matrix complex. In the electron beam source, however, the plasma is
and hence will be close to the gas phase value. Lee and Rice generated somewhat downstream of the throat of the expansion.

have also found that the fundamental frequencies of NIl

also be shifted only slightly upon binding:8. Theirab initio
calculations on N@ and NQ*(H,O) at identical levels of
theory predict that the harmonic frequenciesvef+ vz will
change upon forming the complex by onh86 or +44 cnt?!

at the CCSD(T)/DZP and MP2/TZ2P levels, respectively. We
therefore assign the 3724 ciband to the; + v3 combination
band of the N@* ion core.

The 3724 cm? band is relatively intense for a combination

lons formed will undergo significantly fewer collisions; it is
therefore plausible that some metastable isomers formed by
initial protonation of a terminal O atom remain.

B. Vibrational Spectrum of Protonated 353CIONO,. The
spectrum of protonated chlorine nitrate generated by the electron
beam source (Figure 6a) is composed of three bands with a
pattern similar to the spectrum of HDNOformed by the same
method. The similarity of the spectrum for the parent ion at
m/e = 100 (Figure 6b), the’’Cl isotopomer, confirms the

band, and the intensity may be enhanced through a Fermiassignment of this spectrum to HCIONO The spectrum can
resonance with the nearby OH stretch. This combination band be assigned in an analogous manner.

should also be present for NgH,0) but would then be mixed
with the strong antisymmetric stretch band of thgoHigand,
which appears at 3704 cth We searched for this band in the
NO,"(D,O) system as well, but we did not observe any
photofragmentation bands in the 3700 dnregion. If the
assignment to the N combination band is correct, then the

We assign the two bands in the 3568750 cn1? region to
excitation of vibrations of the weakly bound iemolecule
complex NQ*(HOCI). The strongest band at 3574 chis
red-shifted by only 35 cm' from the OH stretch of HOCI
monomef! and is assigned to the OH stretch of the HOCI ligand.
The weak band at 3706 cry which possesses approximately

absence of signal could be interpreted as a lack of intensity one-fifth of the intensity of the OH stretch, is clearly analogous
enhancement through a Fermi resonance, since there are no otheo the 3724 cm! band of NQ*(HOD); we attribute this
bands nearby. This negative result does, however, leave opertransition to the same combination of symmetric and antisym-
the possibility that our assignment is incorrect; the most metric stretches of the N ion core. This band appears at
plausible alternative is to assign the 3724 <¢énband to a nearly the same frequency for the two complexes, despite the
combination band of a low-frequency intermolecular mode with large difference in OH stretch frequencies. This fact argues
the OH stretch. However, the observation of a similar band in strongly for the current assignment, rather than a combination
NO,"(HOCI) at a nearly identical frequency (see below) band involving the OH stretch and an intermolecular mode,

provides further evidence in support of our assignment to the which for NO,*(HOCI) would result in the higher frequency

NO,* intramolecular combination band.
A new band near 3375 crhis observed in the spectrum of

mode’s red-shifting almost 100 crhwith the OH stretch.
Finally, we assign the medium intensity band centered at 3377

protonated HN@when these ions are generated by the electron cm™ to the OH stretch of the metastable isomer(s) (HO)(CIO)-
beam source (Figure 4). A nearly identical band also appearsNO™, in analogy to our assignment of the 3375 ¢nbands

(at 3380 cm?) in the spectrum of protonated DNGormed

observed in the spectra of both protonatedNBs;" and

with the same source (Figure 5b). The appearance of theseHDNOs". Our assignment of this band to a different isomer
bands under one set of source conditions indicates that theyof HCIONO," is somewhat less firm, since we are unable to

should be assigned to new isomers of protonated gk

compare spectra taken with different sources. However, the

protonated DN@ We assign these bands to the metastable similarity with protonated nitric acid is highly suggestive. Our

isomers (HONO* and (HO)(DO) NO.
Lee and Rice predict two related metastable (H®O™

hypothesis of a second isomer implies that the electron-beam-
generated ion beam contains a mixture of isomers, as in the

isomers. Both are planar and possess similar stabilities, differingcase of protonated nitric acid.

primarily in the relative orientations of the two OH groups.

The observed bands in the infrared spectrum agree quite well

Isomer Il (Figure 1b) is predicted to possess a very strong bandwith ab initio vibrational frequencie¥. The calculations predict

(MP2/DZP scaled) at 3393 cthand one weak band at 3406

that the lowest energy form of protonated CION®rresponds

cm-L. Isomer Il (Figure 1c) is predicted to possess strong bands to a complex between HOCI and NO(Figure 1d), similar to

at 3392 and 3410 cm. In our spectra (Figures 4 and 5b), we
did not resolve any definitive structure within the 3375¢m

the case for nitric acid. The (scaledb initio OH stretch of
NO,*(HOCI), 3582 cnl, agrees very well with the band at

band. Therefore, we cannot determine from the IR spectra if 3574 cnT™.

one, or a mixture, of the metastable isomers was present in the Unlike the analogous features in the protonated nitric acid

beam. However, it is the case that the strongest absorptionspectra (Figures 4 and 5b), the band centered at 337% cm

predicted, the one at 3393 ci (622 km/mol), is within 18 (Figure 6a) appears to have some structure, with maxima

cm ! of the observed band center. Our spectra, then, do separated by around 15 cfa Interestingly, two of the

unambiguously show the presence of metastable isomers formednetastable isomers of (HO)(CIO)NGound by Lee and Ric&

by protonation of one of the terminal O atoms. labeled as Il and Ill in Figure 1, are predicted to have (scaled)
Observation of different spectra from the two types of ion OH stretch frequencies (3413 and 3397 émespectively) that

sources can be rationalized in terms of the extent of collisional also differ by around 15 crt. Isomer II, the so-called “W-

relaxation. Both ior-molecule adducts and metastable isomers shaped isomer”, is roughly 20 kcal/mol less stable than the ion

are likely to be formed upon direct protonation of nitric acid. molecule complex, and isomer lll, in turn, is roughly 4 kcal/

In the discharge source, a high-pressure plasma occurs in anol less stable than the W-shaped isomer.

narrow channel just after the valve orifice. The ions undergo  Of course, the signal-to-noise ratio of the 3377 érfeature

10 or more thermalizing collisions as the gas flows through is not high enough to say with certainty that the apparent

the channel and are further cooled in the ensuing supersonicstructure is real, but if it is, this would constitute spectroscopic

expansion. Higher energy isomers formed in the discharge will evidence for the presence of at least two different covalently

then undergo enough collisions to rearrange and dissociate,bound isomers. Qualitatively, a measurable difference in OH
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stretch frequency is not unreasonable, in that in isomer Il the H* + XNO,
protonated O atom isansto the Cl, whereas in isomer Il the —— X=H (PA=183)
protonated O atom isis to the CI. . .

In any case, however, the absorption centered at 3377 cm m— CI (PA=1TT)

is no more than 40 cmt from the (scaled) OH stretch
frequencies predicted by Lee and Rice for three of the four
covalently bound (HO)(CIO)NO isomers they identified®
This, coupled with the lack of many thermalizing collisions in .
the electron beam source that generated the protonated chlorine .
nitrate, strongly suggests that the ion beam contained at least

one HCIONQ* isomer besides the iermolecule complex

3
t

S

NO,*(HOCI). o N Bl L

The measurement of photofragment signal at 3574cas L U . N
a function of laser fluence (Figure 7b) shows that the dependence ’ . NO," + HOX
is nearly linear, indicating that only one photon is required to .. X=H
dissociate the protonated species. This observation suggests that . X=Cl =
the binding energy of protonated chlorine nitrate is smaller than ) : =
that of protonated nitric acid and closer to the photon energy 20 17
of ca. 10.2 kcal/mol. This limit is consistent with tlaé initio N . 13
value of 12.9+ 2.0 kcal/mol at the CCSD(T) level of theot§. ‘ : . l l

In contrast to the electron beam ionization method, no x' .
protonated chlorine nitrate was found to be produced in the glow o
discharge (Figure 3b). This fact can be ascribed to the likelihood \Q_ |
of switching reactions, given the large number of collisions W - I

occurring in the discharge source. Replacement of HOCI by
Hz0 is t.herm.Odyn?mlca'”y favored, becfwse the prOt.or.' affinity Figure 8. Energy level diagram for the protonation reaction of HNO
of chlorine nitrate is lower than that of nitric acid. Thisis clear znq clong. Energies used in this diagram are e initio values
from the study of van Doreet al,'® who have shown that under  computed by Lee and Rice (refs 5 and 16). The activation energy for

thermal conditions (233 K) collisions between;®t and isomerization is unknown.
CIONG; are twice as likely to form N@(H,O) as NQ*-
(HOCQl). order of 9.7 kcal/mol, the energy of one 3375 ¢nphoton.
C. Evidence for Isomerization Induced by IR Excitation. Because the ions may be hot, we cannot exclude the possibility

The observation of vibrational predissociation spectra of the that the activation energy is greater than this value and that
(HO),NO* and (HO)(CIO)NG isomers is unexpected, because ©nly @ fraction of ions possess sufficient internal energy to
these isomers are covalently bound. Unlike the ground state,dissociate upon absorbing a single photon. _

the metastable isomers are not-anolecule adducts, and the The current results are qualitatively consistent with the
two H atoms (or H and Cl atoms) are bound to different O Observations of Cacaoet al* on two isomers of protonated
atoms. Dissociation to N£& + HOX products can therefore  Nitric acid. In MIKE (metastable ion kinetic energy release)
only occur if these metastable isomers undergo an intramolecular€XPeriments, these authors found one isomer which dissociated
rearrangement, as shown in Figure 8. Specifically, upon With little energy release and assigned this to the;N80)
absorbing one or at most two infrared photons, intramolecular 2dduct structure. They identified a second isomer, formed by
hydrogen atom transfer must occur by a 1,3 hydrogen shift from MOre exothermic proton transfer, which released considerable
one hydroxyl to the other to form an,B (or HOCI) moiety. Kinetic energy upon _dlssoqanon. '_I'hey seta onver lirmit of 21
This transfer will be accompanied by a simultaneous weakening kcal/mol fqr the barrier he|ght_relat|ve to dissociated products.
of the XHO--N bond and transfer of charge from the protons The magnltLio!e of the translgtlonal energy release observed by
to the nitrogen atom. The extent of charge transfer may in fact Cacaceet al* is somewhat higher tha}n one expgcts, given the
be relatively small, because the N atom and both H atoms results_ of our experiment and thad initio calculatlon_s of Lee .
already possess significant positive charge (on the orde0ds and Rice> The theory mo_llc_ates that the covalen_t isomers lie
or greater). The result of the isomerization is formation of the 21 keal/mol above the minimum energy adduct isomer and 4

NOz'(HOX) adduct with internal energies well above the 2T, S0 "2 C AP R 0 SRR e
complex dissociation limit. Because the initialH® bond

length is significantly shorter in the covalent isomer, the 14 kcal/mol above the dissociation limit, 7 kcal/mol below

. ; ) .~ Cacace’s lower limit. This discrepancy can be accounted for
fragments are likely to dissociate promptly once over the barrier . A
with a large fraction of available energy partitioned into by one or more O.f the _followmg possibilities. () two photons
) are required to dissociate these complexes, leading to 24 kcal/
fragment translation.

] - ) mol of available energy, (b) the covalent ions dissociated in
An energy level diagram for protonated nitric acid and oy experiment possess 6 or more kcal/mol of internal energy,

protonated chlorine nitrate is given in Figure 8, where we have (¢) the binding energy of Ng(H.0) is closer to the lower value

grouped together the two sets of isomers into covalently bound of 14.8 kcal/mol observed by Sunderlin and Squfres, (d)

metastables and ground state adducts since these cannot b&gcaceet al. are observing dissociation of isomer Il (the
distinguished in this experiment. The energetics are roughly \-shaped isomer), which may have to surmount an additional
comparable, with the metastable species lying approximately parrier for OH rotation to form isomer Ill which then subse-
20 kcal/mol above the adduct energy for both systems. quently dissociates by H atom transfer (Figure 1). The last

For protonated nitric acid, our results suggest that the barrier process has been postulated by Lee and Rice, although no
for H atom transfer and simultaneous charge transfer is on thetransition state energies have been calculated.
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