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Infrared cavity ringdown spectroscopy of acid–water clusters:
HCl–H2O, DCl–D2O, and DCl– „D2O…2
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Infrared cavity ringdown laser absorption spectroscopy was used to characterize the gas-phase HCl
and DCl stretch modes of three small acid–water clusters at 0.04 cm21 resolution. The H35Cl stretch
of HClH2O at 2723.1 cm21 and the D35Cl stretch for DClD2O and DCl(D2O)2 were found to be at
1976.0 and 1796.7 cm21, respectively. The spectral shifts with respect to the HCl and DCl
monomers are consistent with theoretical predictions and matrix isolation work. Rotational structure
was resolved for DClD2O and spectroscopic constants for both chlorine isotopomers were
determined. The spectral shifts and band shapes were similar to those observed for the bonded OH
stretch of pure water clusters. Cluster number densities (;131012 cm23) were slightly lower than
found for the pure water clusters under similar conditions. Predissociation and IVR broadening in
the acid–water clusters were determined to be qualitatively similar to the case of pure water and DF
clusters. ©2003 American Institute of Physics.@DOI: 10.1063/1.1529177#
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I. INTRODUCTION

Solvation of HCl is believed to be important in the rea
tion with ClONO2 to form Cl2 in the stratosphere. Molecula
chlorine, together with HOCl, is easily photolyzed to pr
duce atomic chlorine which subsequently destroys ozone
chain reaction. The chlorine reservoir species HCl a
ClONO2 are thought to produce these molecules by the
reactions1

ClONO21HCl→Cl21HNO3, ~1!

ClONO21H2O→HOCl1HNO3. ~2!

The homogeneous reaction in Eq.~1! proceeds very
slowly, but the rate is greatly enhanced in the presence
solid surfaces.2 Molina and co-workers have studied the d
pendence of the reaction on several surfaces, including
films and micron-size ice particles.3 The reaction rate and
HCl uptake measurements are complemented by experim
of Devlin and co-workers, who have used FTIR techniqu
on thin ice films exposed to or co-deposited with HCl vap
and static cold cell techniques to generate nanocrystal H
ice to study the solvation and dissociation of the acid in
presence of H2O under a variety of conditions.4,5

The atmospheric implications of the enhanced reac
rate on ice surfaces are significant because of the presen
micron-sized water/nitric acid-hydrate ice particles in the p
lar stratosphere, which form polar stratospheric clou
~PSCs!. The PSCs could uptake significant amounts of H
which can then diffuse rapidly within the ice particle und
1220021-9606/2003/118(3)/1221/9/$20.00
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relevant atmospheric conditions.2 Thus, PSCs could serve t
both concentrate HCl and to facilitate the reactions w
ClONO2 in the polar stratosphere.

The reactions in Eq.~1! are thought to proceed at the ic
surface, rather than in the bulk, due to the slow diffusion
chlorine nitrate into ice at PSC temperatures~;185 K!, and
thus the details of the reaction depend on the nature of
HCl in the surface region. Devlin and co-workers found th
HCl exposures capable of generating submonolayer level
pure ice resulted in the adsorbate remaining molecula
temperatures approaching those of stratospheric conditio5

The presence of surface molecular HCl with low acid exp
sures is supported by molecular dynamics treatment of
interaction of gaseous HCl with hexagonal ice in regions
both high and low number density of dangling OH group6

The acid appears to ionize readily in the presence of sev
neighboring OH groups on the ice surface, whereas wit
lower number density of dangling OH groups, the molecu
acid remains intact.

Assignment of spectral features in the acid-exposed
spectra has been based on comparisons with matrix isola
studies.7–9 Theoretical predictions10–12 as well as the matrix
isolation spectra indicate that the shifts of the HCl intram
lecular stretch mode in small HCl(H2O)n51 – 3 clusters is
highly dependent on the degree of solvation of the acid.
apparent discrepancy exists between the theory11,12 and Ar
matrix work regarding the shift in the HCl stretch as a fun
tion of cluster size for the two and three water clusters
spectral feature in the Ar matrix work attributed to the H
1 © 2003 American Institute of Physics
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stretch of HCl(H2O)3 corresponds to a blueshift of 110 cm21

from the HCl(H2O)2 cluster, which is inconsistent with
theory and the trends observed in the spectral shift of
donor bonded stretch in pure water clusters. This indicat
problem either with the ability of the theoretical model
treat acid solvation in small clusters or with the assignm
of the HCl(H2O)2 and HCl(H2O)3 acid stretch modes in th
matrix isolation work. To resolve this problem, unambiguo
assignment of the band origins should be determined by
phase direct absorption spectroscopy.

Although gas phase spectroscopy has been used to s
complexes involving water and molecular acids for a num
of acids, including HF~Ref. 13! and HCl,14,15 only the rota-
tional spectra have thus far been obtained. Predictions fo
intramolecular modes made from several levels
theory10–12 are available to assist their identification fro
mid-IR spectroscopy. In addition, van der Avoird and c
workers have predicted vibrational frequencies and tunne
splittings for the vibration–rotation–tunneling~VRT! spec-
trum of HCl(H2O)2 in the terahertz region.16

In the present work, we employ the high sensitivity
medium resolution~0.04 cm21! infrared cavity ringdown la-
ser absorption spectroscopy~IR–CRLAS! to investigate in-
tramolecular vibrational transitions of small jet cooled aci
water clusters. This technique has been used previously
the characterization of intramolecular modes of small p
water clusters by our group.17–20The pure water clusters ar
predicted to be very similar to the acid–water clusters
terms of structure and energetics up to HCl(H2O)4 , at which
point dissociation of the acid into the solvated ion pair
predicted to occur.11 Because the pure water clusters are w
understood and have been studied extensively by our gr
we can compare the spectra of the pure water systems
those of the acid–water systems, where necessary, to e
date the nature of the acid–water interaction.

II. EXPERIMENT

We obtained the HCl stretch mode infrared spectra of
HClH2O, DClD2O, and DCl(D2O)2 clusters using the Ber
keley Infrared Cavity Ringdown Spectrometer which h
been described previously.19 Briefly, a 50 Hz Nd:YAG~Spec-
tra Physics 290-50, 500 mJ/pulse at 532 nm! pumped dye
laser ~Lambda Physik FL3002E! was used to generate tun
able pulsed visible radiation which was then shifted by th
Stokes shifts in a multipass cell containing 14 atm of H2 gas
to produce up to 0.5 mJ/pulse of IR light, tunable out to
mm. The dye laser has the option of operating with an int
cavity etalon, which narrows the laser emission bandwi
from 0.2 to 0.04 cm21. The Stokes-shifted radiation is fil
tered to pass only the desired third Stokes light, which
subsequently injected into a cavity formed by two ringdo
supermirrors (R;0.999 97 at the band center!. The cavity
output is focused onto a liquid N2-cooled InSb or HgCdTe
detector~Infrared Associates,D* ;1010 cm Hz1/2W21) and
the signal was amplified, digitized, averaged and fit to a fi
order exponential decay. The optical transit time of our c
ity divided by the decay constant determined from a sin
exponential fit of the detector signal gives the per-pass t
Downloaded 28 Apr 2006 to 169.229.32.135. Redistribution subject to AI
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cavity loss at that wavelength. Typical values for the per-p
loss of an empty cavity at the maximum reflectivity of th
supermirrors is on the order of 90 ppm. Spectra were c
brated to monomer and cluster transitions of H2O and D2O
~60.2 cm21!.

The acid–water clusters were created using a pulsed
lecular beam slit source (40 mm3200mm). The gas mixture
was generated by passing a He carrier gas through a bub
containing room temperature concentrated hydrochloric a
~;12 M!. This was passed through a needle valve and mi
with a second He carrier gas line, which was maintained
pressure of about 8 psi lower than that of the bubbler l
~typically 35 psi!. This served to reduce the number dens
of large (n@4) clusters formed in the expansion by limitin
the partial pressure of H2O and HCl in the source, which
improved signal-to-noise ratios for the smaller clusters. T
molecular beam, operating at 50 Hz, was expanded int
vacuum chamber, where a background pressure of;200
mTorr was maintained using a 2500 cfm Roots pump. T
ringdown supermirrors were mounted on the vacuum cha
ber such that the cavity axis passed 1.5 cm in front of the
source, resulting in a per-pass path length through the
lecular beam of 40 mm.

III. BACKGROUND

HCl(H2O)n and (H2O)n11 are predicted11 to be very
similar in structure for cluster sizes up ton53 ~see Fig. 1!.
Theoretical calculations indicate that, for larger clusters,
minimum energy structure is one in which the acid is dis
ciated into the solvated ion pair. At what size the solvated
pair structure becomes energetically more favorable is
clear. Reet al.12 published the results of DFT calculation
indicating that for HCl interacting with four water molecule
the structure with a solvated ion pair was favored by only
kcal/mol, which, according to the authors, is not sufficient
unambiguously establish the 4-water cluster as the siz
which ionization occurs.

The energetics of the acid–water clusters are simila
those of pure water clusters. A comparison of the theoret
binding energies (De) serves as a useful tool to compare t
relative effects of abstracting an HCl molecule from an aci
water cluster or an H2O molecule from a pure water cluste
with the same number of monomer units. The associa
reactions are

~H2O!n11→H2O1~H2O!n , ~3!

HCl~H2O!n→HCl1~H2O!n , ~4!

and the values ofDe for n51 – 3 are given in Table I.
De for HClH2O is about 14% greater than for (H2O)2 at

the MP2/6-31g(2dp) level.11 This indicates that the
O–H–Cl interaction is somewhat stronger than that
O–H–O for thedimer. However, at the same level of theor
the HCl(H2O)2 cluster has a binding energy about 14
lower than that of (H2O)3 and HCl(H2O)3 has a binding
energy 13% lower than that of (H2O)4 .

The smallerDe of the acid clusters withn.1 occurs
because of their cyclic structure and the resulting sec
hydrogen bond in which the acid is involved. As can be se
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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1223J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Acid–water clusters
in Fig. 1 for clusters larger than the dimer, the chlorine a
as a hydrogen bond acceptor. The Cl–H–O interaction
should be weaker than theO–H–Ointeraction, thus account
ing for a large portion of the difference in binding energy

The strength of the hydrogen bond formed by the a
proton with an oxygen in HClH2O perturbs the covalent HC
bond, giving rise to a change in HCl bond length. With i
creasing solvation, the Cl interacts as a proton acceptor
an additional water molecule which results in even lon
HCl bond lengths. The greater the degree of solvation
longer the HCl bond becomes. Similar increases in bo
length are predicted for the pure water clusters,21 though to a
lesser degree. Table I includes the length of the HCl bo
and for the pure H2O clusters, the analogous HO bon
length. At the MP2/6-31g(2dp) level, the increase in the

FIG. 1. ~a!–~c! are the structures of the pure-water dimer, trimer, and
ramer, respectively.~d!–~f! are the corresponding acid–water clusters~Ref.
11!. The structural similarities between the pure- and acid–water clus
allow for close comparison of properties of one with the other.

TABLE I. Theoretical binding energiesa for (H2O)n11 and HCl(H2O)n , n
51 – 3, hydrogen bondb and HCl bond lengths.

n
De

~kJ/mol!
r HO

~Å!
r HX

~Å!

0 H2O .961
0 HCl 1.271
1 (H2O)2 19.16 1.968 .968
1 HClH2O 21.97 1.910 1.287
2 (H2O)3 59.5 1.937 .973
2 HCl(H2O)2 51.27 1.787 1.303
3 (H2O)4 102.88 1.802 .980
3 HCl(H2O)3 89.07 1.657 1.323

aDe in kJ/mol for (H2O)n11→H2O1(H2O)n and HCl(H2O)n→HCl
1(H2O)n at the MP2/6-31g(2dp) level ~Ref. 11!.

br HO is the hydrogen bond involving the acid proton or in the case of
pure water clusters the average hydrogen bond length~X–H–O, X5Cl for
the acid clusters and X5O for the pure water clusters!.

cr HX is the covalent bond length~see above!.
Downloaded 28 Apr 2006 to 169.229.32.135. Redistribution subject to AI
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length of the covalent bond associated with the hydrog
bond~X–H–O, r HX) going from the monomer (n50) to the
tetramer (n53) is less for (H2O)n11 ~1.98%! than for
HCl(H2O)n ~4.09%!. The change in the hydrogen bon
length~X–H–O, r HO) is larger than that in the covalent bon
(r HX), and in going from the dimer (n51) to the tetramer
(n53), is less for (H2O)n11 ~28.43%! than for HCl(H2O)n

~213.2%!.
Table II list the vibrational frequencies for selecte

modes of the acid- and pure water clusters in
gas phase,22–27 Ar matrices7,9,28–30 and theoretical pre-
dictions.10–12,21,31Chabanet al. found that the acceptor sym
metric and antisymmetric stretch modes for (H2O)2 are red-
shifted from their corresponding modes in the monomer
1.2% and 1.9%, respectively, and the acceptor bend mod
blueshifted by 1.1%.31 The corresponding modes in HClH2O
were found to be shifted by21.2%, 20.9%, and 0.9%, re-
spectively, where the negative indicates a redshift.10 The
largest difference in frequencies between the acceptor mo
of the two clusters is for the antisymmetric stretch, viz.
cm21.

Experimentally, the small spectral shifts present a pr
lem due to two effects. First, the concentration of pure wa
clusters in the molecular beam is several times larger t
the concentration of acid–water clusters owing to the lar
mole fractions of H2O in the bubbler solution. Second, th
bands from the modes of the more abundant pure water c
ters form a very broad, strong absorption feature that
obscure weak absorptions from acid containing spec
However, the acid–water clusters do have a unique H
stretch that is not predicted to overlap any of the pure wa
bands.

The HCl stretch mode is unique to the acid clusters a
is very strong compared to the vibrations of pure water cl
ters. Chabanet al. and co-workers10,31 used a correlation-
corrected vibrational self-consistent-field~CC–VSCF!
method to predict band origins and intensities for HClH2O
and (H2O)2 ~see Table II! and found that the IR intensity o
the HCl stretch mode of the monomer and HClH2O were 28
km/mol and 625 km/mol, respectively. The IR intensity
the analogous mode in H2O, the symmetric stretch of the
monomer and the donor-bonded stretch of the dimer, w
calculated to be 5 km/mol and 274 km/mol, respectively.

IV. RESULTS

Figure 2~a! shows a typical low resolution~0.2 cm21!
absorption spectrum of the HCl stretch of HClH2O at
2723.13 cm21. No additional structure is observed with th
highest resolution available from our spectrometer~0.04
cm21!. The HCl stretch is an analogous mode to the don
bonded stretch in (H2O)2 , which is known to lack resolvable
rotational structure due to lifetime broadening by predis
ciation or IVR from the short-lived upper state.23 Given the
similarity in hydrogen bond strengths and transition frequ
cies of the two clusters, the lack of structure in the aci
water cluster is not surprising.

Since the transition moment of the HCl band lies alo
the internuclear axis, and the HClH2O cluster has an asym
metry parameter~k! of ,20.999, we simulated the spectru
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TABLE II. Experimental and theoretical vibrational frequencies~cm21! for select modesa in (H2O)n11 and
HCl(H2O)n , n50 – 3 and IR intensities~km/mol!.

Method
HCl
vHCl

H2O
vHO

HCl–
H2O
vHCl

(H2O)2

vHo

HCl–
(H2O)2

vHCl

(H2O)3

vHO

HCl–
(H2O)3

vHCl

(H2O)4

vHO

Gas Phaseb 2885 3657 2723 3530 3400
Ar matrixc 2659 2390 2500
Ar matrixd 3639 2664 3575 3516

3528
3612

B3LYPe 2939 2626 2245 1740
MP2–6-

31g(2dp) f
3068 3993 2841 2615 2341

CCVSCFg 2949 3691 2709 3565 3429
3457

IR 28 5 625 274 462
Intensitiesh 475 1349

~average!

avHCl5HCl stretch for acids and acid water clusters;vHO5symmetric stretch of the H2O monomer and the
donor bonded stretch of pure water clusters.

bThis work, Refs. 22–27 and 30.
cReference 7.
dReferences 9, 29, and 30.
eReference 12.
fReference 11.
gReferences 10 and 31.
hReferences 10, 21, and 31.
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@shown in Fig. 2~b!# as anA-type transition in a near-prolat
rotor. Two bands for clusters of35Cl and 37Cl isotopes ac-
counting for the 3:1 natural abundance ratio were include
the simulation with a difference in band origins of 2.1 cm21,
which corresponds to the isotope shift of the HCl monom
A shift in band origin in HClH2O equal to that of the HC
monomer is reasonable, given that this vibration is larg
confined to motion of the H and Cl atoms. Schuder a
Nesbitt32 observed shifts only slightly smaller than those
free HCl in HCl–DCl clusters. The validity of this assum
tion is also supported by our work on the rotationally r
solved D–Cl stretch mode of the DClD2O cluster, which will
be discussed later.

FIG. 2. Trace~a! is the experimental absorption spectrum for the H
stretch of HCl–H2O. Trace~b! is the simulated spectrum for H35Cl–H2O
and H37Cl–H2O at 12 K derived from a convolution of the predicted sti
spectrum with a Gaussian of 0.2 cm21 ~laser bandwidth! and a Lorentzian of
0.18 cm21 corresponding to the predissociation-broadened linewidth.
r 2006 to 169.229.32.135. Redistribution subject to AI
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A standard symmetric top energy level expression w
used for the simulated spectrum,

n5n01B8J~J11!1~A82B8!K22D8J2~J11!2

2B9J~J11!2~A92B9!K21D9J2~J11!2. ~5!

We adoptedB9 andC9 rotational constants determined fro
microwave spectroscopy14 and A9 from the theoretical
structure.11 Estimates for the change inB and C rotational
constants upon excitation~;1.6%! were based on differ-
ences between ground and excited state constants obs
for the acid-stretch mode of the rotationally resolv
DClD2O band, which is discussed in detail later.A8 was fit
to the observed spectrum. We assumed a rotational temp
ture of about 12 K, which is fairly standard for our syste
The line spectrum was then convolved with a Gaussian
shape, corresponding to the laser bandwidth of 0.2 cm21

FWHM and a Lorentzian of 0.18 cm21 FWHM that was
found to give a best fit to the experimental band shape.

Although the computed spectrum fits the band sha
nicely, the lack of rotational resolution prevents unambig
ous determination of the band carrier based only on ag
ment with the simulated spectrum. To confirm that the ba
was associated with a single spectral carrier, as oppose
overlapping bands of several species, the concentratio
acid in the molecular beam was varied in similar fashion
the analysis of the pure water cluster spectra previously
ported by our group.17 This involved mixing two carrier gas
lines, one going directly to the molecular beam source a
another, at a slightly higher pressure, passing through
acid bubbler and mixed into the lower pressure line throu
a needle valve. Fine control of the acid flow through t
needle valve insured that the relative densities of the dif
ent cluster sizes could be varied.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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1225J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Acid–water clusters
Clusters will grow at different rates when the carrier g
backing pressure is changed due to the change in cooling
of the expansion. In pure water molecular beams of sim
monomer concentrations and backing pressures, (H2O)3

number densities are known to increase with pressure
rate 4.2 times greater than that of (H2O)2 with larger clusters
growing even faster.17 By measuring the fractional change
absorption with respect to backing pressure, features as
ated with the same size cluster can be determined by co
lating the rate of change of different spectral features.

Spectra recorded at different bubbler-line backing pr
sures are given in Fig. 3. The markers indicate the po
whose intensities are compared with source pressure
verify that only one cluster size contributes to the absorpt
band. If all points change with roughly the same rate~the
ratio of fastest to slowest rate is,4!, then the band is prob
ably carried by a single size cluster. The slowest grow
feature ~0.131 psi21) with source pressure is the wea
shoulder at 2725 cm21 ~point 5! and the fastest growing fea
ture (0.180 psi21) is the largest peak at 2722 cm21 ~point
2!. The difference between these two rates is a factor of
which is small enough to conclude that the band is due
single cluster size.

Ab initio estimates for IR intensities are routinely used
calculate the number densities for clusters in molecu
beams. Chaban calculated the intensity of the HCl stretc
be 625 km/mol for HClH2O, relative to 28 km/mol in HCl
monomer.10 Using this value for the intensity and the int
grated area of the spectrum given in Fig. 2, the number d
sity of HClH2O clusters in the expansion, including bo
chlorine isotopomers, is found to be 1.131012 cm23, and is
consistent with the number density of 531012 cm23 deter-
mined for (H2O)2 under similar conditions,17 given the mole
fraction of HCl in solution. Interestingly, (H2O)3 typically
has larger number densities under similar conditions,17 7
31012 cm23. A larger abundance of trimer species, as w
as the trend of increasing IR intensity with cluster siz

FIG. 3. Three spectra of the HCl stretch of HCl–H2O recorded at different
source-backing pressures are compared to verify that all features in this
are carried by the same size cluster. The feature whose intensity change
least~point 1! and the most~point 2! differ in their rates of increase with
respect to pressure by a factor of 2.5 which is significantly lower than
factor of 4.2 observed for the pure-water dimer and trimer under sim
conditions~Ref. 17!.
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should improve the chances of detecting HCl(H2O)2 , al-
though we have not observed this cluster as of yet.

In addition, we have observed the DCl stretch
DClD2O near 1975.98 cm21 for the35Cl isotope and 1973.13
cm21 for the 37Cl isotope which yields a rotationally resolv
able spectrum, unlike the HClH2O cluster which only exhib-
its an unresolved band structure. The spectra given in Fi
for the DCl stretch are the high resolution~0.04 cm21! spec-
trum and a simulated spectrum which will be discussed
low.

Three distinct progressions in this spectrum corresp
to the P and R branch of D35ClD2O and theP branch of
D37ClD2O. TheQ branches at 1975.9 and 1973.0 cm21 for
the 35Cl and 37Cl isotopomers, respectively, were also o
served. The differences in intensity between the two iso
pomers match the expected natural abundance ratios
monomer DCl spectra, the isotopic shift is 3.0 cm21, only
slightly larger than the 2.9 cm21 shift observed for the
DClD2O clusters.

The lines of the35Cl and 37Cl clusters were fit to the
standard symmetric top energy level expression given in
~5!. Table III gives the spectral constants derived from t
fit. Rotational constants from this work are smaller than
those deduced from microwave spectroscopy, by about 1
for the 35Cl cluster, possibly owing to the lack of resolutio
of different K states in the predissociation-broadened sp
trum. TheA9 rotational constant was obtained from the pr
dicted structure,11 and A8 was varied to give the best fit to
the experimental results.

The observed spectral linewidths were around 3 tim
larger than the laser bandwidth, indicating that the resolut
of the spectrum was not instrument limited. Several facto
apart from laser bandwidth, should contribute to this li
broadening including: Doppler broadening, overlapping
bands from states with differentK quantum numbers, the
presence of acceptor switching tunneling splittings~provided
the ground state is ofCs symmetry instead of a planarC2v
symmetry!, and predissociation broadening. Doppler broa
ening in the molecular beam is only;10% of the laser band

nd
the

e
r

FIG. 4. The DCl–D2O acid-stretch spectrum at 0.04 cm21 resolution@trace
~a!# and a simulation of the35Cl band based on a convolution of the pre
dicted spectrum with a Gaussian of 0.04 cm21 and a Lorentzian of 0.14
cm21 @trace~b!#.
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width. Overlap of bands from differentK states are not re
solved, but are not expected to be the dominant fac
influencing the linewidth because the width of theP(1) tran-
sition, which should have only one line corresponding to
K50 state, is nearly the same as the widths of higheJ
transitions. As for the tunneling splittings, acceptor switch
is the lowest barrier tunneling motion available to t
DClD2O cluster, and the only one which maintains covale
bond connectivity.

Figure 5~b! illustrates the axis for the equivalent rotatio
to inversion splitting that gives rise to acceptor switchi
splitting in the DClD2O cluster with the predictedCs sym-
metry. The barrier to this motion in (D2O)2 was calculated to
produce a splitting of 1.8 cm21 in the K50 state by a local
internal axis model~IAM ! analysis from theK dependence
of the inversion splitting of the rotationally resolved accep
antisymmetric stretch.19 A rotation around the internalC2

axis of the water subunit switches the structure between
minima. The low potential barrier for the analogous moti
in HClH2O has been estimated to be 14 cm21 from micro-
wave rotational spectroscopy14 and should result in a split
ting of similar magnitude to that in the pure water cluster
parallel band transition, such as the DCl stretch in
DClD2O cluster, would involve transitions between ener
levels with inversion symmetry indicated in Fig. 5~a!. Any
resolved splitting of the spectral lines would then indicate
magnitude of the difference between thev9 andv8 splittings.
However, no splitting is observed and the contribution of
splitting to the linewidth is assumed to be small since
vibration is unlikely to couple strongly to the accept
switching tunneling coordinate. Similarly, no assignable
ceptor switching splitting was observed in prior work on t
(D2O)2 system for the donor bonded stretch, which is t
analogous mode to the DCl stretch.18

The most significant contributor to the linewidth is e
pected to come from vibrational predissociation lifetim
broadening. Similar work on the donor bonded stretch
(D2O)2 indicate that the upper state lifetime is about
times longer than for (H2O)2 , which has an estimated 0.
cm21 linewidth corresponding to an 80 ps upper sta
lifetime.18 Linewidths for DClD2O were determined by com
parison of the simulated spectrum with the experimen
spectrum with different Lorentzian linewidths.

The DClD2O spectrum was simulated by fitting the o
served transitions to Eq.~5! to determine the spectral con

TABLE III. Molecular constants~cm21! obtained from fitting DClD2O data
~Fig. 4! to Eq. ~5!.

Constant\Band D35ClD2O D37ClD2O

Band origin (v0) 1975.86 1972.98
A8 10.31a

(B1C)/28 0.1183 0.1110
D18 0b 0b

A9 10.32a

(B1C)/29 0.1164 0.1099
D19 0b 0b

aA9 was fixed at the value determined from the predicted structure~Ref. 11!
andA8 was adjusted to give the best fit with experiment.

bFixed.
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stants. These were used to generate a simulated spec
@shown in Fig. 4~b!# as described for the HClH2O cluster
except that a Gaussian linewidth of 0.04 cm21 was used in
accordance with the high resolution scan and a Lorentzia
0.14 cm21 ~4.2 GHz! was found to give the best agreeme
with the experimental spectrum.

Upper state lifetimes are related to the linewidth throu
the uncertainty principle

Dt'
1

2p3Dn
, ~6!

whereDn is the spectral linewidth in Hz. The resulting upp
state lifetimes are;29 ps for HClH2O and ;38 ps for
DClD2O. These upper state lifetimes are significantly shor
than those reported for (H2O)2 and (D2O)2 of 80 ps and 5
ns, respectively, for the donor bonded stretch mode18 which
is the analogous mode for the pure water clusters.

The derived number density of the DClD2O cluster is
comparable to that of the HClH2O cluster. Using the same
integrated absorption coefficient~625 km/mol! that was used
for HClH2O and the experimental integrated band intens
for the low resolution scan in Fig. 4, a number density
8.731011 cm23 was calculated for DClD2O.

FIG. 5. ~a! Energy level diagram of theR(0) transition for the HCl stretch
mode of HClH2O. ~b! The splitting of the rotational levels as illustrated i
~a! is from acceptor switching tunneling splitting. The degenerate mini
can be connected by rotation of the water subunit around its internalC2v
axis as illustrated.
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In addition, we have spectroscopically observed
DCl(D2O)2 cluster in the gas phase for the first time. Usi
microwave spectroscopy, Kisiel and co-workers have cha
terized the pure rotational spectrum of several isotopom
of HCl(H2O)2 , but have not reported detection of the com
pletely deuterated cluster.15 The observed spectrum for th
DCl stretch~band center at 1796.7 cm21! is given in Fig.
6~b!. DCl(D2O)2 is known to be a roughly planer hydroge
bonded cluster, similar to the water trimer@Fig. 1~b!#. The
bonded O–D stretch of the (D2O)3 cluster is the analogou
mode for the pure water cluster, and has a nearly ident
bandshape to that of the acid stretch of DCl(D2O)2 . Both the
DCl(D2O)2 @Fig. 6~b!# and (D2O)3 @Fig. 6~a!# spectra are 0.2
cm21 resolution spectra. No rotational resolution has be
observed, even at the highest resolution of our spectrom
~0.04 cm21!, for any intramolecular mode of either a pure
acid water cluster with more than two subunits. The lack
rotational resolution is believed to reflect the very fast
tramolecular vibrational redistribution~IVR! of energy upon
excitation of intramolecular vibrational modes that lie abo
De for the cluster which give rise to substantial lifetim
broadening.33 Figure 6~c! is a simulation of aC-type transi-
tion in DCl(D2O)2 with rotational temperature of 10 K. Ro
tational constants were calculated for a completely deu
ated cluster corresponding to the predicted structure
HCl(H2O)2 reported by Clary and co-workers.11 Estimates
for the increase from ground state to upper state rotatio
constants and35/37Cl isotope shift used in the simulatio
were equal to those observed in the DClD2O spectra. Two
bands corresponding to tunneling splittings associated w
flipping of the hydrogens from one side of the plane to
other predicted by Wormer and co-workers16 were also used
The predicted spectrum was then convolved with a Gaus
~0.2 cm21! and a Lorentzian of 2.7 cm21 ~81 GHz! FWHM
in the same fashion as for the DClD2O cluster. Using Eq.~6!,
the 2.7 cm21 linewidth corresponds to an upper state lifetim
of 2 ps. Error estimates for the upper state lifetime of

FIG. 6. Comparison of the donor-bonded stretch of (D2O)3 ~a! with the
experimental,~b! predicted, and~c! acid-stretch band of DCl(D2O)2 . The
(D2O)3 band is offset from 2592 cm21 to coincide with the DCl(D2O)2

acid-stretch band at 1796 cm21. The intensity of the DCl(D2O)2 spectrum
corresponds to a cluster number density of 8.431011 cm23. The simulation
linewidth, adjusted to give the best fit with experiment, corresponds to
upper state lifetime of;2 ps.
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DCl(D2O)2 cluster are larger than for the DClD2O cluster
due to approximations used in the spectral predictions but
probably within 1/21 ps. The increased Lorentzian line
width suggest that the IVR process in the DCl(D2O)2 cluster
from excitation of the acid stretch mode is about an order
magnitude faster than predissociation in DClD2O. Similar
results have been reported for (DF)2 and (DF)3 by Nesbitt
and co-workers,34,35 for which the ring opening of (DF)3 ,
occurring on a time scale of;40 ps, is between 10–10
times faster than dissociation in (DF)2 .

An upper limit of the number density of 8.4
31011 cm23 was calculated for the DCl(D2O)2 cluster using
an integrated absorption coefficient equal to that predic
for HClH2O ~625 km/mol!. IR intensities for bonded O-H
stretches are known to increase rapidly with increasing c
ter size,21 so the actual number density may be up to a fac
of 2 less. Number density ratios of 1 are typical of the rat
of dimer to trimer found in pure water expansions when
water concentration in the molecular beam is low. This in
cates that greater number densities of the larger clus
should be possible with optimized acid–water–carrier g
mixtures and pressures.

IR spectra of acid–water clusters generated in matri
can be compared to our gas phase spectra to confirm
cluster size assignment deduced in the matrix isolation wo
Tables IV and V provide a list of the theoretical, gas pha
and Ar matrix vibrational frequencies of acid–water and pu
water clusters, respectively. With the possible exception
the (H2O)2 donor bonded stretch, the matrix imposes a re
shift of 7–59 cm21 on the stretch modes of the monome
and small clusters listed. Considering only th
DClD2O/(D2O)2 and DCl(D2O)2 /(D2O)3 clusters, the red-
shift appears to be about 3.5 times as large for the ac
water clusters as for the pure water clusters.

All the theoretical predicted values used in Tables
and V correspond to MP2/6-31g(2dp) level of theory.11

While not the highest level of theory applied to some
these systems, it is the highest level that has been applie
most of them and, so that the differences between experim
and theory between different clusters can be compared
tematically, only the values determined at this level of theo
are reported.

Good agreement exists between the predicted values
the experimental results for sizes up to HCl(H2O)3 , at which
point the matrix isolation band assigned to the trimer is ab
360 cm21 higher than what would be expected from the c
culated value if one assumes that the predicted value f
theory is about 200 cm21 above the matrix isolation value, a
is the case for HClH2O and HCl(H2O)2 . A blueshift of this
magnitude would not be expected since the experimenta
sults for the bonded O–H stretches of the pure water clus
indicate increasing redshift with cluster size. This trend co
tinues up to the hexamer, at which point the geometry is
longer a planar ring structure but a three-dimensional hyd
gen bonded cage structure.36 Also, predictions for the acid–
water system indicate that a similar size-dependent reds
should be expected all the way up to the 4-water clus
wherein dissociation into the solvated ion pair is predict
Similarly, the DCl(D2O)3 cluster is reported to be blu

n
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TABLE IV. The HCl stretch vibrational frequency~cm21!, experiment and theory.

Methoda
HCl
vHCl

DCl
vDCl

HCl–
H2O
vHCl

DCl–
D2O
vDCl

HCl–
(H2O)2

vHCl

DCl–(D2O)2

vHCl

HCl–
(H2O)3

vHCl

DCl–(D2O)3

vHCl

Gas phaseb 2885 2091 2723 1976 1796
Ar matrixc 2075-8 2664 1930 2390 1741 2500 1842e

Gas phase–
Ar matrix

13-16 59 46 55

Theoryd 3068 2201 2841 2039 2615 2341
Theory–
gas phase

183 110 118 63

Theory–Ar
matrix

125 177 109 225 2159

avdb is the donor bonded stretch.
bThis work.
cReferences 7 and 9.
dReference 11.
eInferred from similarity to gas phase spectrum.
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de
shifted from the DCl(D2O)2 cluster by 101 cm21 in the Ar
matrix. We have covered the range from the DClD2O
~1975.9 cm21! to the DCl(D2O)2 ~1796 cm21! very thor-
oughly without observing any other spectral features t
could be associated with an acid cluster. The DCl stretch
the DCl(D2O)3 cluster is either not between the same mo
in DClD2O and DCl(D2O)2 contrary to the matrix isolation
assignment, or has significantly lower number densities t
DCl(D2O)2 . Given recent work by Suhm and co-workers37

the larger acid–water clusters are less abundant than
pected, which implies that it could have been below our
tection limit.

V. CONCLUSIONS

While not resolving the discrepancy between Ar-mat
assignments and theory for HCl(H2O)3 , we have observed
the gas phase spectra of the acid-stretch mode of se
hydrochloric acid–water clusters for the first time. Band o
gins for HClH2O, DClD2O, and DCl(D2O)2 were found to
be consistent with both theoretical predictions and ma
r 2006 to 169.229.32.135. Redistribution subject to AI
t
of
e

n

x-
-

ral
-

x

isolation work. The DClD2O cluster was observed with ro
tational resolution, and upper and lower state rotational c
stants for the35/37Cl isotopomers were calculated and we
consistent with the ground state values reported from mic
wave spectroscopy.35/37Cl isotopic shifts were found to be
nearly identical to those of the free-acid monomers in b
HClH2O and DClD2O clusters. Number densities generat
in the molecular beam expansion were similar to those
termined for comparable size clusters in pure water exp
sions (1011– 1012 cm23), although the ratio
@DClD2O#/@DCl(D2O)2# indicates that the larger mixe
clusters do not appear to form in as high number densitie
would be expected from the size dependence of cluster a
dance in the pure water expansions.

Upper state predissociative lifetime broadening w
found to be more significant in these systems than for
pure water clusters, with cluster upper state lifetimes of;29
ps for HClH2O and ;38 ps for DClD2O. The cyclic
DCl(D2O)2 cluster appeared to have an order of magnitu
shorter predissociative lifetime~;2 ps! than the DClD2O
cluster, resulting in a single unresolved band.
TABLE V. The H2O antisymmetric/donor-bonded stretch vibrational frequency~cm21!, experiment and theory.

Method
H2O
v1

D2O
v1

(H2O)2

vdb
a

(D2O)2

vdb

(H2O)3

vdb

(D2O)3

vdb

(H2O)4

vdb

Gas phaseb 3657 2671 3530 2632 3532 2592 3401
Ar matrixc 3639 2659 3575 2615 3516 2580 3390e

Gas phase–
Ar matrix

18 12 245 17 7 12 11

Theoryd 3856 2779 3758 3629 3489
Theory–
gas phase

199 108 228 97 88

Theory–Ar
matrix

217 120 183 113 99

avdb is the donor-bonded stretch.
bReferences 17, 18, and 23.
cReferences 9 and 25.
dReference 11.
eInferred from similarity to gas phase spectrum.
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