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In this work, infrared laser spectroscopy in helium droplets is used to study the solvation of HCI with small
water clusters. Clusters of HCI(H,0), with n = 1—3 and (HCI),H,O have been identified in the free OH
stretching spectral range of 3680—3820 cm ™. The assignment of the infrared vibrational bands of the clusters

is aided by ab initio calculations.

1. Introduction

Because of its fundamental significance in chemistry, the
microscopic mechanism of ionization of acid molecules in
solvents such as water has attracted considerable attention. HCI1
molecules solvated in small water clusters have long been
considered as a model system. Solvation and ionization of HCI1
molecules in water clusters has been extensively studied via
theoretical calculations.'”” It was found that HCI(H,0), (n =
1—3) clusters have hydrogen-bonded cyclic structures.! Calcula-
tions' "®% have also shown that the length of the H—CI bond
increases with n and HCI eventually dissociates in clusters
having four and larger number of water molecules. Thus,
tetramers already show the formation of H;O" and CI~ ions,
characteristic of aqueous acid solutions. Anharmonic vibrational
calculations for (HCI),(NHj3), and (HCI),,(H,0),, mixed clusters
by Gerber and co-workers’ have shown that ionization takes
place at n = 2 and m = 4, respectively. A number of molecular
dynamics and Monte Carlo simulations of proton transfer in
aqueous HCI solutions and on the surface of ice crystals have
also been reported.>7-810:11

Experimental study of HCI(H,0), clusters has proven to be
challenging. Spectroscopy in low temperature solid matrices has
been extensively used to search for the zwitterionic form of
HCI(H,0), clusters'>~'* as well as in clusters of HCl and NH;
molecules.!>!® However, the large width of the spectral bands
due to the strong interaction with the matrix material as well as
poor control over cluster composition have contributed to the
ambiguity in assignment of the spectra of clusters larger than
dimers. Devlin and co-workers have reported FT-IR spectra of
HCI molecules adsorbed on nanocrystalline ice films.'®!771
Using the results of the Monte Carlo and ab initio calculations,
the observed spectra were assigned to the molecular and ionized
HCI1 molecules depending on the temperature and the HCl
coverage of the ice films.”!° The spectra of free HCI—H,0
complexes obtained with “ragout-jet” using FT-IR absorption
spectroscopy?®?! showed a broadband (Av &~ 200 cm™!) around
2570 cm™!, which is close to the calculated vibrational frequency
of the H3O0™+++Cl~ ion pairs. The broadband was later assigned
to molecular HCI on the basis of the results of the ragout-jet
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and ice nanocrystal experiments, which involve substitution by
D,0 and measurements at different temperatures, respectively.!”
The assignment of the gas-phase spectra is complicated due to
the large breadth of the bands along with unknown size
distribution and molecular composition of the clusters obtained
in the free jet expansion. HC1—H,O binary complexes as well
as their deuterated analogues were also studied in molecular
beams via high-resolution infrared cavity ringdown spectroscopy
by Saykally and co-workers.?* Finally, it is worthwhile to note
a related study of HBr dissociation in small water clusters by
Hurley et al., which had employed a femtosecond pump—probe
technique.??* The authors concluded that the complete dis-
sociation of HBr takes place in clusters having five water
molecules based on the absence of the signal due to H(H,0)s
ions. However, the technique does not provide information on
the structure of the clusters that could be derived from the
infrared spectra.

In this work, we report on the infrared spectroscopic study
of clusters of HCI with up to three water molecules, which have
been assembled in helium droplets and probed via infrared
depletion spectroscopy in the range of free OH stretching modes
of the clusters. This range is especially difficult in the gas phase
and in matrix isolation techniques due to small splitting of the
bands of different complexes and severe overlap with bands
from water clusters. The assignment of the infrared vibrational
bands of the clusters is supported by the ab initio calculations.

2. Experimental Method and ab Initio Calculations

2.1. Experiments. Helium droplets provide the ultimate
matrix for formation and high resolution spectroscopy of
molecular clusters.?>~2® The superfluid state of the droplets
contributes to the observation of free molecular rotation and
extremely narrow ro-vibrational spectral lines in He droplets.?2%
The helium nanodroplet technique has been described in detail
elsewhere.” 2% In this work, helium nanodroplets having an
average size of about 4000 atoms are formed during supersonic
expansion of high purity helium (99.9999%) gas at Py, = 20
bar into vacuum through a 5 um nozzle at a temperature of 7
= 16 K. The droplets capture HCl first and then H,O molecules
in the two consecutive pick-up chambers arranged along the
droplet beam. Upon pickup, molecules recombine rapidly to
form clusters. Infrared spectra of the clusters were obtained using
a pulsed optical parametric oscillator/amplifier (LaserVision, 7
ns duration, 20 Hz repetition rate, 1 mJ pulse energy) having a
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Figure 1. The optimized structures of HCI(H,0), complexes, calculated
at the MP2 level with an aug-cc-pVDZ basis set using Gaussian 03.
The four most stable isomers of the complexes with four water
molecules are shown on the right in order of increasing binding energy.
The binding energy of the cyclic isomer (b) is set to zero. The values
in the brackets are energies in kJ/mol without/with a harmonic zero-
point energy correction.

line width of 0.1 or 1 cm™! with injection seeding of the pump

laser on or off, respectively. The laser cabinet and the optical
pathways were purged with dry nitrogen continuously to prevent
absorption from water in the air. The laser beam was aligned
antiparallel and coaxial to the helium nanodroplet beam. The
absorption of laser photons by encapsulated clusters is followed
by rapid energy transfer to the host He droplets and subsequent
evaporation of several hundreds of helium atoms. The total flux
of the droplet beam is detected by a quadrupole mass filter,
which is adjusted to transmit all masses larger than 6 u. The
absorption leads to a transient decrease of the mass spectrometer
signal, which is recorded by a lock-in amplifier.

2.2. Ab Initio Calculations. To review the trends in the
spectra upon increase of the cluster size at the same level of
theory, we carried out systematic calculations of the structure,
energetics, and infrared spectra of the HCI(H,0),, clusters using
the Mgller—Plesset perturbation theory at the second-order
(MP2) level. The geometries of all molecules have been fully
optimized with the Dunning’s correlation consistent polarized
valence double- basis set augmented with diffuse functions
(aug-cc-pVDZ) basis set using Gaussian 03.3' The optimized
structures have no negative vibrational frequencies showing the
local minima of the potential energy surface. The structures of
the HCI(H,O), complexes are shown in Figure 1, which are in
agreement with the results of the previous calculations.'™® In
the complexes having up to three water molecules, the global
minimum corresponds to the cyclic hydrogen-bonded clusters.
For the HCI(H,0), clusters, several noncyclic isomers were
identified.

The calculations confirm the importance of the zero-point
energy (ZPE) contribution to the total energy. Without taking
into account ZPE, the cyclic isomer of HCI(H,O)4 has the
highest energy among the complexes. However, with the ZPE
contribution, it becomes the second most stable isomer, in
agreement with previous calculations.>* Considering the close
energies (within 6 kJ/mol) of all four isomers of HCI(H,0), in
Figure 1, we expect that the vibration along the configurational
coordinates connecting different isomers will be highly anhar-
monic, which is not taken into account in the calculations.
Therefore, the relative stability of the different hydrogen bonding
and zwitterionic isomers is probably beyond the quality of the
present calculations and awaits experimental verification.
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Figure 2. Spectra of (HCI),(H,0), clusters measured at different
abundance of HCI molecules (/1) as shown in each panel and at constant

(N waler> =1

For each of the structures in Figure 1, harmonic vibrational
frequencies and corresponding infrared intensities have been
calculated. The calculated and measured spectra will be
compared later.

3. Experimental Results

From previous work,>~28 it is known that the average number
of the molecules captured by He droplets is proportional to the
pickup pressure. To obtain the proportionality coefficients, we
have measured the pickup pressure dependencies of the intensity
of the bands of single H,O or HCI molecule, which reach their
maxima upon average capture of single molecule per droplet.
The measured Poisson dependencies at similar experimental
conditions have been published previously in ref 32 and in the
Supporting Information of ref 33. In the following, the average
numbers of the captured molecules are shown in brackets; for
example, (1):(2) corresponds to formation of the clusters having
on average one HCI and two water molecules. The probability
of formation of clusters of a particular composition is given by
the Poisson distribution.**

3.1. Spectra of the HCI(H,0), Clusters. Figure 2 shows
the spectra of the HCI(H,0), clusters as measured at increasing
abundance of HCI and at constant H,O content of (Nyqery = 1.
Similar spectra obtained at (Nyqery = 0.5 are shown in Figure
S1 in the Supporting Information. Spectrum (a) obtained in the
absence of the HCI molecules shows ro-vibrational lines of the
asymmetric stretch of H,O monomers as well as free OH
stretching bands in dimers and trimers (Table 1). At (Nyaer)
= 1, the band of H,O trimer at 3718 cm™! is weak, in agreement
with small abundance of the trimers in the droplets. Upon
admission of the HCl molecules, several new peaks appear in
the spectra (b)—(d), which must be due to clusters of HCl with
one or two water molecules. The peaks in the range of
3730—3800 cm™! are assigned to binary HCl—H,O complexes,
based on the linear increase of their intensities with respect to
the water monomer lines. Because the relative intensities of the
peaks at 3708 and 3718 cm™' with respect to the HCI—H,0
lines in Figure 2b—d remain the same upon increase of (Nyc),
these bands were assigned to the clusters having single HCI
molecule. In the spectrum of Figure 2a, the peak at 3730 cm™!
stems from the unresolved free OH stretching band of H,O
donor molecules in the water dimer and the P(1) line in the
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TABLE 1: Identified Free O—H Stretching Bands in (HCI),,(H,0), Clusters

(HCl)m(HZO)n
m:n frequency assignment m:n frequency assignment m:n frequency assignment
0:1 3800.94 R(1) 1:1 3792.6 R(1) 2:1 3722.6 OH (F)
3778.23 R(0) 3762.9 R(0)
3731.95 P(1) 3732.2¢ P(1)
3737 b
0:2 3753 OH (AS) acceptor 1:2 3731 OH (F) 2:2 3731 OH (F)
3760.0 OH (AS) acceptor 3708 OH (F)
3730 OH (F) donor
3654 OH(SS) acceptor
0:3 3718.1 OH (F) 1:3 3718 OH (F) 2:3 3718 OH (F)
3708 OH (F) acceptor 3708 OH (F) acceptor

@ Not resolved due to the overlap of the high frequency shoulder of the water dimer band at around 3730 cm™'. ” Unassigned.
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Figure 3. Spectra of (HCI),(H0), clusters measured at different

abundance of H,O molecules ((n) = 0.5—3) as shown in each panel

and at constant (Nyc) = 1, traces (b)—(e). Traces (a) and (f) are

reference spectra obtained at (Ny.ery = 0.5 and 3, respectively, without

HCI added.

single water molecule.*® The intensity of the spectral features
due to water monomers and dimers decreases upon introduction
of the HCI, whereas the peak at 3730 cm™! remains strong in
Figure 2d upon average capture of two HCI molecules.
Therefore, we concluded that this peak has a large contribution
from the OH bands of the HCI(H,0), or (HCl),(H,O), clusters.
Finally, the intensity of the band at 3723 cm™! asterisked in
Figure 2d increases as a square of (Nycy). It must therefore be
assigned to clusters having predominantly two HCI molecules.

Figure 3 shows the spectra obtained at constant (Nyc)) = 1
and at different abundance of water molecules. Similar spectra
obtained at (Nycp) = 0.5 are shown in the Supporting Information
(see Figure S2). For comparison, Figure 3a and f shows the
spectra obtained in the absence of HCI at (Nyaer) = 0.5 and 3,
respectively. The strong bands at 3730 and 3718 cm™! in Figure
3f are due to the free OH stretches in neat water clusters having
n=2and n > 3 molecules, respectively.’> Additional peaks in
spectra (b)—(e) measured with HCl added are marked with
asterisks. Because the relative intensity of the additional peaks
remains constant upon increase of the (Ny.er), we concluded
that they stem from clusters of HCI with single H,O molecules.
Upon increase of (Nyaer, the features due to (HCI),(H,0),
clusters fade out. The spectrum (e) measured for HCI with the
highest abundance of water in clusters is very similar to that in
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Figure 4. Same as in Figure 2 but with (Nyyer) = 2.

neat water clusters (f), with the notable exception of a broad
weak band at around 3707 cm™! marked with a “+.

Figure 4 shows the (Nyc) dependence of the spectra obtained
at larger constant (Nyue) = 2. Besides the spectral features
already discussed earlier, the most noticeable change in the
spectra upon addition of HCI occurred in the range of
3700—3740 cm™'. The band at around 3730 cm™! in the
spectrum (a) originates from the free OH stretch vibration in
the donor molecule of water dimers. Upon increase of the (Nycy),
the band gets narrower and its frequency is blue-shifted by about
1 cm™!, while its relative intensity as compared to that in the
neat water spectrum (a) remains almost unchanged. According
to Poisson distribution, the abundance of neat (H>O), in the
droplets upon additional capture of average two HCI molecules
as in spectrum (d) should be about 14%. Therefore, the band at
3731 cm ™! in Figure 4d must have dominant contributions from
HCI(H,0),, (HCI1),(H,0),, and (HCI)3(H,O), clusters, and thus
the frequency of their free OH stretches should be the same as
in water dimers within #2 cm™!. The band at 3718 cm™! in
Figure 4a comes predominantly from H,O trimers with about
30% contribution from water tetramers. Upon increase of (Nycy),
the relative intensity of the band at 3718 cm™! decreases, and
new bands at 3708 and 3696 cm ™! appear. At highest (Nycp) =
2, in Figure 4d the intensities of the bands at 3708 and 3718
cm™! are comparable. We assigned these bands to the clusters
of water trimers and tetramers with up to three HCI molecules.
As references, the survey spectra of neat water clusters obtained
at different number of H,O molecules in the range of (Nyuer) =
0.5—3 are shown in Figure S3 in the Supporting Information.
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Figure 5. Spectrum of HyO clusters at (Nywep = 1 (a) and
(HC1),(H,0), clusters obtained upon addition of HCI to (Nyc) = 0.5
(b). The band marked with an asterisk is discussed in the text. The
calculated spectra of the HC1—H,0 and (HCI),H,O clusters are shown
in panels (c) and (d), respectively. The lines show the assignments of
the bands. The calculated frequencies are scaled by a factor of 0.957.

4. Discussion

4.1. HCI—H,O Clusters. HCI—H,O clusters and their iso-
topologues have been extensively studied in the gas phase via
microwave spectroscopy,’®3” and infrared spectroscopy in the
range of H—CI vibrations?*?? as well as via matrix isolation
spectroscopy. 243 According to ref 39, the equilibrium con-
figuration of the complex is bent with the angle between the
G, axis of the water molecules and the O--+H hydrogen bond
of ¢ = 46°. The complex has two equivalent minima at +¢
separated by a potential barrier of 80 cm™'. The zero-point
vibrational level of the complex lies about 10 cm™! below the
barrier, whereas the first excited vibrational level is about 60
cm™! higher than the ground state. Therefore, the ground state
of the complex is delocalized over the two minima, and the
complex has an effective C,, symmetry. The expectation value
of the angle has been calculated to be {¢) = 35°, from which
the principal rotational constant of the complex can be estimated
to be A =12 cm™!. The complex is a nearly prolate symmetric
top with B~ C ~ 0.013 cm™~'.3° On the other hand, a rotational
constant for the HClI-H,O complex of A = 14—15 cm™! has
been recently estimated from the FT-IR spectra in free jet.2
Such a high value of the A constant corresponds to the C,,
structure of the complex with the C, axis of water molecule
nearly coaxial with the HCl axis. Previous studies*>%’ indicated
that the rotational constants of light rotors (Bgs > 1 em™) in
helium are only a few percent smaller than those in the gas
phase, justifying their direct comparison.

Figure 5 shows the comparison of the measured spectrum of
water molecules and clusters at (Nyuery = 1 (a) and that upon
addition of HCI to (Nycy) = 0.5 (b). The peaks at 3762.9 and
3792.6 cm™! were assigned to the R(0) and R(1) lines of free
OH asymmetric stretching mode (v3) of water molecules in the
HCI1—H,O0 binary complexes. The K = 1 state of the complex
remains populated at 7 = 0.38 K in the droplets because it
originates from ortho-H,O molecules having nuclear spin of
I =1, which remains unrelaxed in the droplets, similar to that
in single water molecules.®® The end-over-end rotational struc-
ture remains unresolved due to the small value of the rotational
constants B and C in free complexes. The band of the HC1—H,O
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complexes corresponds to excitation of the asymmetric stretch
of water, and this is a perpendicular band. Therefore, the
frequency gap between the R(K = 0) at 3762.9 cm™! and
R(K = 1) at 3792.6 cm ™' sub-bands of about 29.7 cm ™! allows
one to obtain the A rotational constant in the complex as 14.85
cm™!, which is larger than that estimated from the results of ref
39. This may indicate that the liquid helium environment
constrains the large amplitude (£0.4 A) motion of the H atoms
in the double well potential. If this interpretation is correct, this
would place the P(1) line of HCI—H,O at 3733.2 cm™!, which
cannot be resolved due to the overlap with the high frequency
shoulder of the water dimer band at around 3730 cm™.
According to this assignment, the origin of the v; band of
HCI—H,0 should be at 3748.0 cm™!, which is close to the v;
band origin in single H,O molecules in He droplets at 3755.1
cm™!.*° This is also close to the calculated frequency of the
asymmetric OH stretches, which are shown in Figure 5c. In
this work, the ab initio frequencies were scaled by a factor of
0.957.

There is an important point of disconcert to this picture.
According to the pickup pressure dependences, the band at
3737.2 cm™! marked with an asterisk in Figure 5b has also been
assigned to HC1—H,O binary complexes; however, its origin is
difficult to explain. This is certainly not the P(1) line of the v;
band; this would require that its intensity be weaker than that
of the R(1) line, which is not the case. We have considered
assigning the band at 3737.2 cm™! to some other isomer of the
HCI—H,0 complexes, in which, for example, water can play
the role of the donor molecule. However, such complexes must
have an HCI stretching frequency close to that in free HCI
molecules, which has not been observed.*® Moreover, ab initio
calculations in this work did not give a stable minimum for the
complex in which water molecule serves as a donor. Therefore,
the assignment of the band at 3737.2 cm™! remains uncertain
at the moment.

4.2. (HCI);H,O Clusters. Based on the pickup pressure
dependences as discussed earlier, the band at 3722.6 cm™! is
attributed to the free OH stretching mode in (HCI1),H,O clusters.
Its frequency matches the calculated one when the result of
MP2/aug-cc-pVDZ calculations is scaled by a factor of 0.957,
as shown in Figure 5d. Trimers and larger clusters have
calculated rotational constants of less than 0.1 cm™'. Therefore,
the rotational structure in the bands of trimers and larger clusters
cannot be resolved. The maxima of the spectral peaks should
therefore give the position of the band origins of the corre-
sponding vibrational bands.

4.3. HCI(H,0), Clusters. We now move on to the assign-
ments of the bands of clusters having more than one water
molecule. Figure 6 shows the comparison of the spectra
measured at (Nyaery = 0.5 (a) and (Nyc):{Nwaery = 1:0.5 (b).
The two asterisked bands at 3708 and 3731 cm™! likely
originated from the HCI(H,O), clusters. The band marked with
a “#” is assigned to the (HCI),H,O cluster. Panel (c) shows the
calculated spectrum of the pseudocyclic HCI(H,0), clusters. It
is seen that the scaled calculated frequencies are in good
agreement with the measured spectrum. According to the
calculations, the higher frequency band corresponds to the free
OH stretch of the terminal H,O molecule in the trimer. The
lower frequency band comes from the excitation of the free OH
stretch of the central HO molecule, which serves as an acceptor
from HCI and a donor to the second H,O molecule. It is seen
that calculations are not reproducing the relative intensity of
the two bands.
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Figure 6. Comparison of the spectra measured at (Nyuery = 0.5 ()
and (Nuc):{Nwaery = 1:0.5 (b). The bands asterisked originate from
clusters having one HCI and several water molecules. The below panels
show the calculated spectra of the pseudocyclic HCI(H,O), (c) and
(HC1),(H,0), (d and e) clusters to aid the assignment of the HCI(H,0),
complex. The calculated frequencies are scaled by a factor of 0.957.

The band of the HCI(H,0), clusters at 3731 cm™! has a close
overlap with the asymmetric stretch of the acceptor molecule
in water dimers at 3730 cm™!. Therefore, these bands cannot
be resolved. However, in Figure 6, it is seen that the FWHM
of the combined band becomes smaller when the HCI(H,0),,
clusters are formed, which is also seen in Figures 2, 4, and S1.
On the other hand, the intensity of the band with respect to the
H,O and the HCI—H,O lines increases with (Nycj). These
transformations indicate that at (1):(0.5) in Figure 6b, the band
at 3731 cm™! predominantly comes from the HCI(H,0), clusters.
Good correspondence of the calculated and measured frequen-
cies suggests the pseudocyclic planar structure of the HCI(H,0),
clusters in agreement with previous studies.*® Poisson distribu-
tion shows that about one-third of the band’s intensity may come
from the two conformers of (HCI),(H,0), clusters whose bar
spectra are shown in panels (d) and (e). The energies of these
two different conformers are very similar to each other as shown
in Figure S4 in the Supporting Information. However, their
frequency assignments are beyond the scope of the present study.

4.4. HCI(H,0); Clusters. Figure 7 shows the comparison
of the spectrum (a) of neat water clusters at (Nyaer) = 2 with
spectrum (b) measured at (Nyc) = 1 and (Nyuery = 2. Panels
(c) and (d) show the calculated spectra for the cyclic and
T-shaped HCI(H,0); clusters, respectively.

Ab initio calculations show that the global minimum structure
for HCI (H,0); is cyclic, which resembles that of the cyclic
water tetramer. The structural similarities between the (H,O),
and HCI(H,O); clusters (both cyclic) suggest that they may have
similar spectra. However, the perturbation due to the replace-
ment of a water molecule by HCI induces the splitting of the
free OH stretches as shown in the bar spectrum in Figure 7c.
The splitting pattern appears to be similar to that observed in
the measured spectrum shown in Figure 7b.

On the other hand, the higher energy (15.4 kJ/mol) T-shaped
isomer has two closely spaced lines in Figure 7d, whose pattern
is not observed in the measured spectrum. Therefore, we
concluded that the HCI(H,O); clusters are cyclic, corresponding
to the global minimum. Observation of the cyclic structure of
the HCI(H,O); clusters implies that the third H,O molecule is
able to insert into the preformed pseudocyclic HCI(H,0),

Skvortsov et al.

depletion signal/ a.u.

—

=

=
1

100 4

ab initio
intensity/ (km/mol)
=

04

3680 3700 3720 3740 3760 3780 3800 3820
-1
wavenumber/ em

Figure 7. Spectrum of clusters obtained at (Nye) = 2 (a) and at (Nuc)):

(Nyaery = 1:2 (b). Panels (c) and (d) show the calculated spectra of the

HCI(H,0); clusters having cyclic and T-shaped configurations, respec-
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Calculated frequencies are scaled by a factor of 0.957.

clusters. Insertion of water molecules into ring clusters up to
pentamers has been observed previously in neat (H,0),*' and
(HCI), clusters.*

5. Conclusions

In this study of the (HCI),,(H,0), clusters, we have identified
the clusters of one HCI with up to three water molecules and
two HCI with one water molecule in the free OH stretching
spectral range of 3680—3820 cm ™. The congestion of the bands
of the larger clusters in the region of 3700—3740 cm ™' makes
the assignments of the clusters having more than three water
molecules difficult. In the spectrum of the HC1—H,0O dimer, a
nearly prolate symmetric top, the rotational constant A of 14.85
cm™! was deduced very similar to that obtained in the gas phase.
The analysis of the spectra suggests that HCI(H,O), and
HCI(H,0); clusters formed in He droplets are cyclic, in
agreement with the results of ab initio calculations. Spectra of
the HCI(H»0),, clusters in the bonded O—H and H—CI stretch
regions will be presented in the near future.
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