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In searching for H;O,"-centered water clusters, we employed vibrational predissociation spectroscopy
and ab initio calculations. Structures of the clusters were characterized by the free- and hydrogen-bonded-
OH stretches of ion cores and solvent molecules. Systematic examination of H*(H,0)s.; in a supersonic ex-
pansion reveals the presence of both cyclic and noncyclic forms of Hs0O,*-centered water clusters. The pro-
ton transfer intermediate H.0,*(H,0), was identified, for the first time, by its characteristic hydrogen-
bonded-OH stretches of the ion core at 3178 cm’!. Also discovered at n = 7 is the H;Q,*-containing five-
membered ring isomer, whose existence is evidenced by the observation of a bonded-OH stretching doublet
at 3544 and 3555 cm™ of the solvent molecules. The observations are in accord with ab initio calculations
which forecast that HsO,*(H,0), and HsO,*(H,0)s are, respectively, the lowest-energy isomers of protonated

water hexamers and heptamers,

INTRODUCTION

How does an excess proton behave in water clusters?
The conventionally used model suggests that the proton is
firmly attached to one of the water molecules in the discrete
form of HyO". This model, however, fails to present the
quantum naturc of H*, which can be highly mobile in liquid
as well as in clusters." An alternative form for a hydrated
proton is Hs0.",” where the H' is equatly shared by two
witer molecules. This structure has often been overlooked,
largely becanse of the lack of conclusive experimental evi-
dence for its existence in aqueous acids.” The fundamental
question of whether HsQ," or H:Q" is the dominant structure
of the hydrated proton remains unanswered.* Recently, in-
creasing computational evidence™ indicates that the dy-
namics of proton transfer in liquid water is built upon the ex-
istence of such an HsO; -centered structure. The proton
transfer has been simulated as a consequence of the periodic
interconversion between HsO,' (IL,O)> and H:O'(H,0),.,
driven by thermal and quantum solvent fluctuations."*
Here we summarize the results of a search for this proton
transfer intermediate state, and provide both infrared spec-
troscopic and ab initio computational evidence for the exist-
ence of HsO,"-centered water clusters in the gas phase,

The structure of HsQ," was first predicted by ab initio
calculations for protonated water clusters by Newton and
Ehrenson in the early 1970s.” Since then, HsO," -centered
water clusters have been associated with the exceptionaliy
large mobility of a proton in liquid water’ and in biological
systems.® A detailed understanding of the fundamental pro-

ton transfer processes is now being actively pursued using
advanced theoretical calculations,” yet no experimental
searches have found an HsO,"-centered structure in an iso-
lated water cluster. Primarily, this is because the HsO;" cat-
ion can only exist in a sytnmetrical environment. Except for
a limited number of isomers, most of the clusters existing in
nature are H;0'-centered. The Hi(Q'-centered structures
have indeed been considered as the prevailing forms of pro-
tonated water clusters [H*(H20).} in the literature."’

On the search for HsQ:"(H:0)-2 using spectroscopic
methods, the progress was always hampered by the complex
structural isomerism involved in the clusters. The first in-
frared absorption spectra of protonated water clusters were
obtained by Schwarz'' who created the ions by radiolysis of
water vapor in a cold static cell. These cluster ions, how-
ever, have a size distribution over a certain range, disallow-
ing unambiguous structural identification of isomers. Vi-
brational predissocation spectra of size-selected H'(H,0),,
n=1-9, were later published by Lee and coworkers using
an ion trap tandem mass spectrometer.' The spectro-
scopic study of Yeh et al.'? confirmed that the predominant
form of H'(H,0), contains an H;O" ion core with an open,
noncyclic Eigen structure (41) as
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The H50, -centered isomer (411 is less strongly bound by
~3 kecal/mol and, hence, it was not found in a supersonic ex-
pansion.'> For larger water clusters, Crofton et al.” reported
the spectra of H(H.0)s.¢ in 1994 but they failed to come up
with a conclusive interpretation for the prevailing struc-
tures. Their work was soon followed by Wei and Salahub"™
who performed ab initio molecular dynamics simulations
and attempted to identify possible isomers by comparing
their calculations with the published spectra, However, the
stick diagrams calculated for open, noncyclic Ha(O'-cen-
tered isomers' were at considerable variance with the ex-
perimentally observed spectra. Whether Hs0;'-centered
water clusters can exist as single identities in the gas phase
has remained an open question.

The present investigation successfully identifies
H;O,"(H20)4.4 in a supersonic expansion by means of vibra-
tional predissociation spectroscopy and ab initio calcula-
tions,” which characterize the structures of protonated
waler clusters according to their free- and hydrogen-
bonded-OH stretching vibrations. Before this re-investiga-
tion of H'(H.0),, we have studied three benchmark systems
NH."(H:0),, H(CH;0H), and {CH;),0-H"-(H,0), to iso-
late the problems. New insight on (1) isomeric structures
and transitions,'™"” (2) intracluster proton transfer mediated
by ring opening and closing,'® and (3) solvation-induced
proton migration upon cluster formation~ was obtained.
These studies serve as an important and solid basis for the
present structural identification of HsQ,'-centered water
clusters. On the premise that the absolute frequencies and
relative absorption intensities of OH swetching vibrations
are sensitive probes for hydrogen bonding networks'®'” and
proton locations,'™" careful spectral examination allows us
to uncover the HsQ; (H,0)4.¢ cluster isomers.

METHODOLOGIES

Vibrational predissociation spectroscopy

The expeniment was conducted using a vibrational pre-
dissociation ion trap spectrometer in combination with a
pulsed infrared laser system. Details of the experimental
setup have been previously described.'® Briefly, we gener-
ated hydronium ions (H:0*) by corona-discharging a flow
of H-O vapor seeded in pure H,. Through supersonic expan-
sion, the ions formed clusters with neutral water molecules.
The jet-synthesized clusters [H*(H,O).], with a typical in-
ternal temperature of 170 K," were first mass-selected and
then spectroscopically analyzed by infrared laser inside an
octopole ion trap. Upon absorption of resonant laser pho-
tons, the size-selected cluster ions dissociated predomi-
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nantly via unimolecular loss of water molecules as
W(HzO)n +hv — H+(H20)n-1 + H:0.

A second mass filter monitored the occurrence of dissocia-
tion, from which infrared spectra were obtained by record-
ing the concentration increase of the photofragmends.

Ab initio calculations

The calculations were carried out using the commer-
cial Gaussian 94 program package. The effort made it pos-
sible to compare the predicted structures, binding energies,
harmonic vibrational frequencies and infrared absorption
intensities of various structural isomers with measurements.
In this work, the ab initio calculations were performed
based upon density function theory (DFT) using the
Becke3LYP functional with the 6-31+G* basis set."”” This
combination of method and basis set has been successfully
applied to neutral water® and hydrated ammonia”’ clusters
before. To ensure correct assessment of the H;0;"-centered
clusters, additional calculations were undertaken for the to-
tal interaction energies, according to the clustering of

H'(H,0) + (n-DH:0 - H(H:O)e,

using the Moller-Plesset second-order perturbation (MP2)
method.”® A single factor (0.973), chosen by referring to the
free-OH stretching of two- and three-coordinated H,0,*
was employed to scale the frequencies produced by
B3LYP/6-31+G*.

RESULTS AND DISCUSSION

Prior infrared measurements'” and ab initio calcula-
tions”"* indicated that a protonated water tetramer pref-
erentially exists in the form H;O'(H,0); instead of
Hs0,'(H20),. Interestingly, close examination of the calcu-
lations reveals that the difference in stability between the
H;0,*-centered and HsO'-centered structares rapidly dimin-
ishes as clusters increase in size. Our present calculations
found that the HsO,'(H,0),.. isomers can become more sta-
ble than H;O*(H20)s1 at n > 6. This surprising feature has,
apparently, been previously overlooked." For protonated
water hexamers and heptamers, both DFT and MP2 compu-
tations accordingly predicted that the HsO;"(H,0)a 5 clusters
are the lowest-energy isomers (Table 1), and they are more
stable than other members (mostly H;O"-centered) of the
same solvation group by ~1 kcal/mol."” In isomers 611 and
7VI depicted in Fig. 1, the excess protons are equally shared
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Table 1. Comparison of the Calculated Total Interaction Ener-
gies (kcalfmol) of H*(H20)y Isomers Using Two Differ-
ent Computational Methods®

AFy

Isomers® B3LYP/6-31+G* MP2/6-31+G*
61 -93.9 -88.3
611 95.0 -88.8
6T 939 -88.1
61V 925 -86.5
3% 935 87.7
Ay -104.9 -98.2
7VH -102.1 -95.5
TVHI -104.0 972
7IX -1032 -96.9
7X -103.7 97.2

* AEy, with both basis set superposition errors and zero-point vi-
brational energies corrected.

® Structures of the isomers are itlustrated in Fig. 5.

by two adjacent water molecules (Nos. 1 and 2), forming an
H;0;" ion core.

Fig. 2 displays the vibrational predissociation spectra

Fig. 1. Front and side views of two HsO2 -centered
water clusters identified by the present experi-
ments: (a) HsO2*(H20)4 and (b) HsOz (HaQ)s.
The H and O atoms are denoted by open and num-
bered circles, respectively. The associated geo-
metric parameters are listed in Table 2.
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of H*(H,0)s; obtained using the ion trap tandem mass spec-
trometer at the cluster temperatures of 170 £ 20 K."> As will
be elaborated below, noncyclic isomers are mainly responsi-
bie for the observed absorption features for clusters with
sizes of n < 6, Ring formation occurs at n =7, evidenced by
the emergence of the free-OH stretching absorption of
three-coordinated H20 at 3679 ¢cm'' and the bonded-OH
stretching absorptions of water molecules in aring at 3500 -
3600 cm™.'"** The emergence of these spectral features is
an important indication of structural transformation from
noncyclic to ring-shaped isomers."” This transformation
closely resembles the structural changeover from cyclic to
three-dimensional cage-like structures in neutral benzene-
water clusters.”

Fig. 3 prescnts the spectrum of the protonated water
pentamer H'(H:0)s. The observed free-OH stretching tran-
sition at 3709 cm” is that of the two-coordinated H.O,
which is distinguished from the symmetric (3647 cm™') and
asymmetric (3736 cm™) stretches of the peripheral H.O
molecules acting as single proton acceptors. The hydrogen-

2700 2900 3100 3300 3500 3700 3900
Frequency {cm1}

Fig. 2. Vibrational predissociation spectra (a-c) of
H*(Hz0)s7 in the OH stretching region. Arrows
in (b) and (¢) denote, respectively, the spectral
signatures of HsO2*(H20)s at n = 6 and
HsO,*(H20)s at n = 7. Compared to that of {a) n
= 5 and (b) n = 6, the H*(H20)7 spectrum in (c)
exhibits new features for free-OH stretches at
3679 ¢m’! and bonded-OH stretches at 3500 -
3600 cm™'. Asterisks denote the combination
bands of the free-OH stretches of single-acceptor
H>O with intermolecular vibrations {(Ref. 12).
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bonded-OH stretches are resonant at 2879 and 2967 cm™ for
the ion core and at 3208 cm’' for the solvent molecule situ-
ated in the first solvation shell (1°). From systematic tem-
perature dependence measurements over the range of 160 -
190 K, it is concluded that predominantly only one type of
isomer is present in the supersonic jet. Detailed analysis of
the spectrum revealed that all the prominent features in Fig.
3 can be attributed to the HsQ'-centered noncyclic isomer
51, which is predicted to be lowest in energy of H'(H0)s by
the present and prior calculations.”® This isomer has the
fifth water molecule situated on the second solvation shell
(2°) of HyQ", yielding a two-coordinated H,O acting both as
a single proton acceptor and a single donor (AD) on the first
shell. Structural identification of this isomer is confirmed
by matching the observed spectral pattern with the theoreti-
cal prediction for H*(H,0)s, as depicted in Fig. 3. None of
other low-energy isomers produced a spectrum in reason-
able agreement with the measurements.” The satisfactory
agreement between calculations and observations in Fig. 3
leads to the suggestion that a combination of vibrational
spectroscopy and ab initio calculations can be an effective
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Fig. 3. Vibrational predissociation spectrum of
H*{H20)s and its comparison with the ab initio-
calculated stick diagram of isomer 5I whose
structure is illustrated on the top. Note that the
intensities of free-OH stretches (1) have been am-
plified by a factor of 5 for clearer comparison
with that of bonded-OH stretches (@). The O and
H atoms are denoted by O and o, respectively,
and the ion core units are gray-shaded for clarity.
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approach for the identification of Hs02'-centered water
clusters in the gas phase.

The transitions observed in Fig. 4 for H'(H,0)s are the
free-OH stretches at 3651, 3713 and 3741 cm’', and the
bonded-OH stretches at 2988, 3178 and 3320 cm’. In inter-
preting the observed spectrum, it is necessary 10 assume the
presence of an HsO, -centered isomer in the detection re-
gion. This assumption is justified by the DFT and MP2
computations {Table 1), which agree on the prediction that
structure 611 is lowest in total interaction energy of
H*(H,0)s isomers presently considered. In addition to 611,
a second noncyclic structure 61 is also predicted to be stable,
and they both (61 and 6II) are significantly lower in Gibbs
free energy than the ting-shaped isomers (6111 - 6V) by 1-3
kcal/mol at the given cluster temperature of 170 K (Fig. 5).
The formation of either four- or five-membered rings is en-
ergetically unfavorable owing to entropy effects. Such com-
putational findings correspond well to the observed empti-
ness in the fingerprint region of the ring isomers in the spec-
trum (Fig. 4), namely at 3500 - 3600 em’ for bonded-OH
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2700 2900 3100 3300 3500 3700 3200

Frequency (cm™)

Fig. 4. Vibrational predissociation  spectrum  of
H*(H,0)s and its comparison with the ab initio-
calculated stick diagrams of isomers 61 - 6V.
Note that the intensities of free-OH stretches @)
have been amplified by a factor of 5 for clearer
comparison with that of bonded-OH stretches
@).
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Table 2. Calculated Geometric Parameters of HsO2*(H2Q)4 and HsO2' (H20)s by

B3LYFP/6-314G*

Isomers

Parameters

611 d(O1H") = 1.205, d(0:H*) = 1.210, ZO\H Oz = 176.7;
ZHa01HY = 113.7, ZHsO1H = 114.4, ZH301Hs = 109.3;
ZHA0:HY = 113.9, ZHsOH' = 114.4, £H402Hs = 109.3;
d(0103) = 2.696, d{0105) = 2.696, df0204) = 2.698, d(0206) = 2.698;
ZO01HO3 = 175.5, £Z01HOs = 176.8, Z02HO4 = 175.3, Z02HO6 = 176.7
VI d(01H") = 1.209, d(OzH*) = 1.209, ZO;H*O2 = 179 4;
ZHaOH = 113.0, £zHsOH = 111.5, £H301Hs = 109.1;
ZH40oHY = 113.0, ZHsOoH = 111.5, ZH40;Hg = 109.1;
d(0103) = 2.704, 40105} = 2.679, d{0204) = 2.704, d(020¢) = 2.679;
ZO1HO3=176.7, ZO1HOs = 175.7, £Z02HO4 = 176.7, Z02HO6 = 175.7;
d(0507) = 2.876, d{0607) = 2.876, Z0sHO7 = 168.7, £OcHO7=168.8

* The bond lengths are in unit of A and angles in degrees. The numbering of the four outer
H atoms on Hs0," follows that of H20 hydrogen-bonded to them (Fig. 1).

stretches and at ~3680 cm' for free-OH stretches. Note that
in this spectrum, the 3713 cm’ band can only derive from
isomer 61, since 61I contains no two-coordinated H,O (Fig.
4). The observation that this band is relatively weaker than
that of H'(H,0)s provides the first spectroscopic evidence
for the existence of HsO,'(H:0)4 in the supersonic expan-
sion. The second evidence for the 0. (H0), formation
lies in the new absorption at 3178 cm’, which is situated in
the middle of the 2988 and 3320 cm™' bands. Since the spec-
trum of the noncyclic isomer 61 can only display two dis-
tinct types of bonded-OH stretches in the frequency range of

2700 - 3600 cin™', similar to that of H*(H,0)s [Fig. 3(a)], ob-
serving this new band suggests the presence of 4 second iso-
mer, namely 611, According to Fig. 4, the calculated spectra
of 61 and 6II sufficiently agree with the measurements to
confirm the proposed structures of these two isomers.

The HsQ," (H20). cluster (611}, previously identified in
some crystals of inorganic hydratas,ZS is discovered here as
an isolated entity in the gas phase. Table 2 lists the salient
structural features of this cluster. It consists of a filled first
solvation shell with four solvent water molecules, each
Iinked linearly to the central ion by a single hydrogen bond.

Isomers 6l 61

61l 6Iv 8V

4__{5 R g
Sturctures Qp -\ g P S
o D P !

Y1 11 o

= bﬁv@c - g b,

AH -97.6 -97.4 -96.1 97.2
AG™ -57.6 546 -53.0 534
AG, -T48 -730 715 722
Isomers VI 7V 71X X
Sturctures ;Dw_é OQ E Q\me@{, @.. ‘b\do
o @
AH™ -108.4 -106.1 -108.2 -107.2 -167.7
AG® -58.7 -54.5 -56.3 -55.7 570
AGn”U -80.0 -76.7 -78.6 -8 -78.8

Fig. 5. Calculated enthalpies and Gibbs free energies (keal/mol) of H*(H20) + (n-1)H20 — H*(H,0) using the Becke3LYP
functional with the 6-314+G* basis sct. The experimentally measured values (in unit of kealfmol) of (AH"5**%, AG™*")
are (-97, -56) for H*(H20)s and {-109, -62) for H*(H;0) (Ref. 30). The O and H atoms are denoted by ) and o, respec-

tively, and the ion core units are gray-shaded for clarity.
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The two O-H' bonds sharing the excess proton are essen-
tially identical, with lengths of rog+ = 1.205 and 1.210 A and
an angle of ZO-H*-O = 176.7°."> Furthermore, the two
molecules in direct contact with the proton are aligned in
two intersecting planes (Fig. 1), yielding a C; symmetry,
similar to that of the isolated protonated water dimer
Hs0,"."* Owing to this symmetry, the species has a simpli-
fied OH-stretching spectrum for both the ion core and the
solvent molecules. No absorptions arise from the free-OH
stretching of two-coordinated H;O at ~3710 cm™’ and the
four vibrationally coupled bonded-OH stretches of the ion
core are all resonant at the frequency region of ~3200 cm
(see the calculated spectrum of 611 in Fig. 4).

The search for HsO, (H.0)s found isomer 7VI. Atn=
7, three isomers (7VI, 7VIII, and 7X) were identified and
they all belong to a five-fold ring family (Fig. 5). The struc-
tural identification is based npon the distinct vibrational fea-
tures at 3500 - 3600 cm” (Fig. 4), along with the energetics
calculations given in Fig. 5. Fig. 6 displays the enlarged
portion of the spectrum containing absorption bands of the
characteristic free-OH stretch of three-coordinated H,O at
3679 cm’ and the bonded-OH stretches of outer-shell water
molecules at 3502, 3544, 3555 and 3581 ¢m™". The observa-
tion of these bands manifests the ring formation, which is fa-
vored by Gibbs free energy al n = 7 as a result of delicate
balancing between enthalpy and entropy effects at 170 K.
Fig. 6 compares the observed spectrum with the stick dia-
grams of 7VI - 7X provided by B3LYP/6-314+G*. In this
comparison, we deliberately rule out the presence of 7VII
and 7IX in the detection region, according to the predictions
that they are significantly higher in energy than other five-
membered ring isomers by >1 kcal/mol. The comparison
clearly favors identification of isomers 7VI, 7VIII and 7X,
although a systematic deviation of ~40 cm™ between obser-
vations and calculations was observed for these four absorp-
tion bands. We have previously found a similar underesti-
mation in the study of NH,*(H20)4.,'® where the B3LYP/6-
31+G* calculations wnderestimated the stretching frequen-
cies of the bonded-OH groups involved in aring by ~35 cm’™
This underestimation originates, in part, from the omission
of vibrational anharmonicities in the computations and, con-
ceivably, also from the choice of a single factor (0.973) to
scale the DFT-calculated frequencies. Taking this -35 cm™
shift into account, the predicted frequencies agree simulta-
neously with that observed for these five bonded-OH
stretches to within 10 cm™ (Fig. 6). The conformity, un-
likely to be fortuitous, supports the assignment of these
spectral features to the three ring-shaped low-energy iso-
mers.
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Of the five pentagonal structures depicted in Fig. §,
only isomer 7VI contains an HsO;" ion core. Two of the
four #<H-O-H" angles involved in this isomer are reduced by
~3° (Fig, 1), with respect to the corresponding angles in iso-
mer 611, owing to the strain accompanied with the ring for-
mation.”” Also in this cluster, a water molecule acting as a
double proton acceptor (AA) is situated on the second solva-
tion shell. The situation produces a distinct absorption dou-
blet, ascribed to the symmetric and asymmetric stretches of
the two vibrationa]l).i coupled, bonded-OH oscillators of the
1" H0{AD) molecules perturbed by the 2°H,O(AA). This
characteristic doublet is distinguished from other lower-fre-
quency bonded-OH stretches, and it can be readily found at
3544 and 3555 cm’' in the spectram (Figs. 2¢ and 6). Nota-
bly, these stretches are analogous in frequency, but comple-
mentary in the oscillator’s structure, to that of the bonded-
OH stretches of double-donor H;O in neutral water clus-
ters.”**

X I | 1 i |

M ' i T ! ' ]
3400 3500 3600 3700

Frequency (cm1)

Fig. 6. Enlarged view of the OH stretching spectrum of
H*{H20)7 and its comparison with the ab initio-
calculated stick diagrams for isomers 7VI - 7X.
Note that the intensities of free-OH stretches (@)
have been amplified by a factor of 5 for clearer
comparison with that of bonded-CH stretches

@).
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The HsO;'-centered five-membered ring (7VI) is
structurally different than its neutral counterpart in (H20)s.”
It consists of a symmetrical, but not equilateral, planar pen-
tagon with a contracted interoxygen separation of 2.418 A
for the side containing the excess proton (Fig. 1). Moreover,
the clusier contains a 2"HO{AA) and two 1"H,0{AD)
molecules, whereas all the water molecules in the cyclic
neuiral pentamer are in the form of H;O(AD), producing a
chiral, slightly puckered ring. The unique flipping tunnel-
ing motions”?® observed in (H;O).s are completely absent
in this protonated water cluster.

CONCLUSION

This work provides compelling evidence for the exist-
ence of HsO,"-centered water clusters in the gas phase, The
achievement is made possible by performing ab initie calcu-
lations and vibrational spectroscopic measurements on size-
selected water clusters. Starting with protonated water di-
mers,’ we have systematically investigated the spectra of
H*(H;0), as a function of cluster sizes and concluded that
the HsO," cation can indeed survive in a symmetrical solva-
tion matrix. This series of investigations is expected to help
resolve the coniroversies concerning the dominance of
HsO;" or H50" in aqueous acids.® The present investiga-
tions demonstrate that an excess proton in protonated water
clusters can be either localized on one molecule or delocal-
ized between (wo water units, depending sensitively on the
solvation structures of this hydrogen-bonding matrix.

A natural extension of this experiment is to investigate
protonated water clusters containing biologically related
species.” How the interconversion between HsQ,' and
Hi0* cations plays a role in the proton transfer processes in
biological macromolecules wiil be a focus of our future
work.
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