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Infrared Spectra of the Solvated Hydronium Ion:
Vibrational Predissociation Spectroscopy of Mass-Selected

H;0"-(H,0), - (H2)m

M. Okumura, @ L. T. Yeh, J. D. Myers,’ and Y. T. Lee

Materials and Chemical Sciences Division, Lawrence Berkeley Laboratory
and Department of Chemistry, University of California,
‘ Berkeley, CA 94720 USA

ABSTRACT
Infrared spectra of the mass-selected clusters H3O*-(H,0), - (Hz) and H30%-(H;),

(n = 1,2 and 3) were observed by vibrational predissociation spectroscopy. The clus-
ters were mass-selected, and then trapped in a radio frequency ion trap. Cluster
dissociation by loss of H; followed excitation of OH or H, stretches. Spectra were
recorded by detecting fragment ions as a function of laser frequency. From spectra of

" H;O0+.(H,0), - (H,), we were able to determine the spectrum of the hydrated hydro-
nium ion H30%-(H;0),, because the H, formed weak complexes with the hydrates.
Spectra in the OH stretching region (3000 to 4000 cm™') were observed at a resolu-
tion of 1.3 cm™! for clusters n = 1, 2, and 3. The structure of the clusters, and the
perturbing effect of the H, were inferred from a comparison with recent unpublished
ab initio vibrational frequencies calculated by Remington and Schaefer. Observation
of the hydrogen-bonded OH stretch in H3O*-(H,0)3 at 2670 cm™! confirmed the as-
signment of the low resolution spectrum obtained by Schwarz. Infrared spectra of
the hydronium ion solvated by H; were also reported. In the clusters H3;0%-(H,),, (n
=1, 2, and 3), all OH and H; stretching vibrations were observed. In several bands
of H307%-(H;), rotational structure was partially resolved, with the resolution limited
by the laser-linewidth of 0.8 cm™1.

4Current address: Chemistry Department, California Institute of Technology, Pasadena CA
91125.

bNSF pre-doctoral fellow.
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I. INTRODUCTION

The theory of ionic solutions was one of the triumphs of physical chemistry in
the early 1900’s.. The Debye-Huckel theory, and relatled developménts of Bjerrum,
Born, Onsager and others, relied on the assumption of the solvent as a continuous
dielectric medium. Idea;lly, a theory should be based on a microscopic model of ion-
solvent interactions, but as Wolynesl has recentlyl described, “moleéularltheories, in
contrast to the ma,turitonf contiﬁuﬁm models, are still in their infancy.” Perhaps the
most uBiquitous ion in a>que0us solution is the proton, which exists as the>hydrated
h&dronium (or oxonium) ion HzO*-(H30),. Thev generally accepted model® is an
H30+ ion with an inner soliration shell of three HzO’s‘ hydrogen-bonded to the ion,

forming the HyOf ion. The solvated proton is of fundamental importance to solution

phase chemistry,® and a detailed understanding of solvent effects on processes such

as proton transfer is actively being pursued.*®

One approach.fbr investiga,;cing' iqn-solvent interacti“ons has been to study sol-
vated ions in the gas phase.® There, thekprop.erties of the ions éan be studied as
solvent molecules are added one by oné to the ion. Gas phase investigations have
also been motivatea by the importance of these clusters in the upper atmosphere.”®
Experiments have primarily explored their thermochemistry, association kinetics, and
dissociation dynamics.>? There has been recent success in thé IR vibrational predis-’
sociation spectroscopy of clﬁster ions.!1%13 Here we describe our study of the iﬁfrared
spectra of the solvated hydronium ion H3;0+-(X)n, where X = H,0, H,.

Vibr@tional spectroscopy has Been an important fechnique for elucidating ti1e
nature of hydrogen bqnded species in both the gas and condensed phases.!* There
have been many studies of the infrared and Raman spectroscopy of the .hydronium
ion hydrates vb.oth in splution and in. solids.'®'® The spectra however tend to be

broadened and the analysis is often ambiguous. The i)ositions and intensities of the



bands assigned to H30t-(H,0), are often sensitive to the nature of the medium, e.g.
a salt crystal or ionic solution. |
‘In 1977, Schwarz!’ obt;iined the first infrared absorption spectra of these clus-
ters in the gas phase, recording low resolution (40 cm™!) IR absorption spectra of
H30*-(H;0)n, » = 3, 4, and 5. These s;iectra are shown in Fig- 1. Schwarz created
the ions in a static cell contammg water vapor and Ar by pulsed radiolysis, whlch
ylelded a dlstrlbution of cluster sizes. The conventlonal direct absorption spectra were
taken with a glowbar source and a monochromator, with a resolution of 40 cm™~!. To
get the spectra of a given clustei; he took five spectra at different partial pressures
of- HgO He then assumed that the cluster dlstnbutlon had reached equilibrium, and
from the known gas phase values of AG® he estimated the contributions from every'
cluster at ee‘ch pressure. The’spectrum of each cluster was then determined by taking
differences of the observed spectra. | |
Soon after Schwarz’s work, Newton published theoretical estimates of the vibra-
tional frequencies of the hydrogen-bonded OH stretches in the HyOFf and larger
ciusters,ls'based on ab initio calculations of the harmonic frequencies. This work,
an extension of earlier ab initio calculations on the sma,llei: hydrates,'® largely a,gi'eed |
with >Schwarz’s results. There have beén many ethei (ib initio studies of these clus-
_ters with varying degrees of sophistication as well.?® The development of analytic
derivative methods }ias facilitated ab initio calculations of.vibra,tional frequencies. In
unpublished work, Remingtori and S’chaefer”. have recentl;i calculated vibrational fre-
quencies and intensities in the double harmonic approximation for all uorma.l modes
of the clusters H;OF, H O3 , and HyOF. .The structures they obtain are given in
Fig. 2. Experimental tests of their results are important in the development of accu-

rate potential surfaces for these clusters.

Since Schwarz’s work, Saykally and co-workers obtained the first gas phase spec-
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trum of the hydronium ion H3O% using velocity modulation svpectroscopy."’.z'23 Al-
though three out of four vibrational bands of H30% have now been observed at high
resolution,?4?52¢ no further si)ectra of the larger clusters have been reported.

The IR spectroscopy of weakly bound ions in the gas phase is experimentally
challenging. The approach developed in our laboratory has been to obtain IR spectra
of such ions by detecting their photodissociation after exciting a vibrational transi-
tion, to take advantage of the inherently high sensitivity of ion counting techniques.
Mass selection of both the parent t.ion prior to excitation, and the product ions after
dissociation allows unambiguous identification of the dissociation pfocess.

We have previously observed vibrational spectra of the hydrogen cluster ions H,

" where n = 5, 7, 9, 11, 13, and 15.1V1 In these clusters, an Hj ion is solvated by
one or more H, molecules. In those experiments, ions from a ﬁass—selected beam of
clusters were trapped in a radio-frequency ion trap. There, they were excited with an
infrared laser tuned to an H, vibration. After single photon excitation, the clusters
had enough energy to predissociate, and by detecting the predissociation product ions
as a function of laser frequency, we could indirectly observe the absorpjtion spectrum
of the parent cluster H}.

In this paper, we present new results on ‘the infrared spectra of the H3O% ion
solvated by H, and H;O molecules. Using the vibrational predissociation method,
we have observed spectra of the clusters H3O*-(H,),,, with m = 1 to 3. Excitation
of an H; or OH stretch leads to loss of one or more Hy. We expect these clusters
to be similar in many respects to the hydrogen cluster ions. They also provide a
prototsrpe for solvation effects in the more complex hydrated clusters. Furthermore,
the infrared spectroscopy of the hydronium ion itself has been studied extensively at
high resolution, providing a useful basis for understanding its solvation by H; ligands.

This technique cannot be applied directly to the hydrated hydronium ions, which
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are bound far more strongly than fhe HY clusters. A single infra-red photon exciting
an OH stretching vibration cannot dissociate these clusters. The dissociation energies
of H30*-(H;0), for loss of one H;0 are 31.6, 19.5, and 17.9 kcal/mol for n = 1, 2,
and 3 respectively.?"282% We overcome this problem by attaching an additional atom
or molecule to the ciuster. By choosing a “messenger” that is very weakly attached to
the hydrate cluster, the vibrations of the hydrate itself will only be slightly perturbed.
When we excite an OH stretch of the hydrate, the messenger atom will detach by
vibrational predissociation. The messenger thus acts as a mass label, allowing us to
use vibrational predissociatioxf to probe the low resolution infrared .spect,ra of a large
variety of previously unobserved ions. Like a spy, its role is to gather information as
unobtrusively as possible. |

In this work, we have attached an H, 'molecule to the hydronium ion hydrates
H30%.(H;0),, (n = 0, 1, 2, and 3) to search for spectra over the frequency range

2300 cm™! to 4200 cm™!, by detecting the process
H30+*-(H;0), - (H,) — H;0+-(H,0), + H,. (1)

We have sought to confirm Schwarz’ gas phase spectrum of H;OJ, as well as to obtain
new spectra of the smaller clusters H;O and H,03. The H;O*-(H,),, spectroscopy
provides additional insights into how the H, perturbs the larger hydrates.

The “messenger” technique relies on the small influence of the H;. How does the
H, bind to a large cluster ion? Recent ab initio calculations have shown that H,
molecules in XH+-H2 complexes form ionic hydrogen bonds .with a number of small
I;rotonated molecules.3%3! The dissociation energies of severz;xl cluste;s XH*. H, are
listed in Table I. The binding stiengths are quite strong, on the order of moderately
strong hydrogen bonds in neutral species such as (HF),. We expect a similar binding
energy for H, bonding to H3O* alone, although the binding energy may be weaker,

since the charge is dispersed among three protons. For the larger hydrates, we can



[

5

expect that the messenger will be bound by much less energy, because the -charge will

“be delocalized upon hydration: the larger the cluster, the smaller the perturbatidn by

the H,. In ionic clusters, H, vibrations are perturbed and their transitions become IR
allowed.*® The H, stretch intensity and frequency shift, relative to the Hy m(;nomer, '
appear to be characteristic of the binding strength of the I‘iz and thus can provide
important clues to the perturbing influence of the H, ligand. |
The messenger approach is not necessary, if an ion can absorb several photons to
reach the dissociation limit. Since completion of this work, spectra of the hydrated
hydronium clusters alone (without messengers) have been obtained in our 'laboratorly.
using one and two laser infra-red rﬁultiphoton dissociation schemes.?? The new exper-
iment is a two laser pump-probe arrangement in which a second laser, a CO, laser, is

used for multiphoton dissociation of the clusters excited by a F-center laser. The re-

sults from the new experiment on H,Of, H,07, and H,Of verify the assignments and

allow us to quantify the perturbations to the hydrate ion modes induced by the H,

messenger. These results are discussed elsewhere,®? and will be summarized below.

II. EXPERIMENTAL

The clusters H30%(Hz0), - (Hz)m were prod1-1.ced in a weak corona discharge of
200 to 300 torr of H, (Math_esbn ultra—hiéh purity, 99.999%) further purified by passing
through a liquid nitrogen cooled molecular sieve trap. The source was cooled to
appfoximately 0°C and the discharge current was 30 to 60 pA. The plasma was
then expanded through a 75 ,u, nozzle into v#cuum. The electric field in the region
between the nozzle and skimmef was minimized to prevent fhe acceleration of the-
ions with respect to the neutral gas. This was crucial in.prev’enting collisional heating
and dissociation of the clusters, as well as minimizing tile ion enérgy spread; The

expanded gas passed through a skimmer 7 mm from the nozzle. The ions were then
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accelerated to 350 eV, and hydrated ions H;O"-(H;0), - (H3) of a given size n with
an H, messenger attached were mass selected with a 60° sector magnet. The cluster
ions were decelerated to about 0.5 €V or less, and then trapped in a radio frequency
octopole ion trap. A tunable pulsed IR laser was fired into the trap after 1 ms.
The ions were then relea;sed into a quadrupole mass spectrometer sef to detect the
dissociation product H3O*-(H;0),. T}'1e cycle was then repeated with the laser off,
to measure the background dissoci ationv which was subtracted from the signal of the
laser on cycle.. Spectra were taken by stepping the laser over frequency ranges of
10 cm™?! to 200 cm™?! and normalizing for laser power. In these experiments, there
was veryvlittle (laser off) background at the fra,gme'nt masses, implying that the ions
were internally cold, and that collisional dissociation in the trap was minimal.

In the current experiment, the primary function of the trap was to collect as many
parent ions as possible prior to ﬁrin.g the laser. Trapping experiments indicated that
the predissociation occurred faster than 1 ms, obviating the need to trap the ions
after photolysis. The main disadvantages of trapping — the lower duty cycle and
larger Doppler widths (> 0.01 cm™') — did not apply to this experiment, which used
a pulsed, low resolution laser.

Using the source conditions described above, the hydrogen cluster ions H} were
initially created. However, in such cold, high presusure discharges, the primary ions
formed during initial ionization in the discharge could undergo many collisions and,
fhrough mechanisms such as chqr‘ge exchange, proton transfer and association, the
most thermodynamically stable ions would be produced.?®* The proton affinity of
water is 166.5 kcal/mol,3* far greater than the 101 kcal/mol proton affinity of Hj;
therefore, Hi will transfer a proton readily to water. Because the ion density was on
the order of 10'° less than the neutral density, the mass spectrum would be dominated

by protonated water clusters H3O0%-(H;0), unless trace water impurities present in



the H, were reduced below this level.

The hydrates were therefore ea,sily generated by slightly heating the inlet line to
desorb water from the walls, or bypassing t‘he liquid nitrogen cooled sieve £ra;p. These
ions thermalized inside the source, especially in tile narrow diameter transit region
imme_dié,tely prior to the nozzle. TheyAwere cooled further in the expansion. The
additional H, most likely attached to the water cluster ions during the supersonic
expansion as well. In the mass spectra, such as shown in Fig. 3, the hydrated hy-
dronium ions Wére the doﬁinant ioné. The small peaks were the hy'drated ions with
H, m.essengers bound to them, the fI;;O*-(HgO)n - (Hz). Only a small fraction of the
hydrate ions had the H; messengers attached. As many as three H; were bound to.
H30%, and the H3O+-(H2)n‘accouﬁted for(up to 90% of the hydroniﬁm ion counts,
while H, attached to 5% or less of the 1arger water clusters. |

The tunable infrared laser was a pulsed difference frequency 'laser, the Infrared
Wavelength EXtender (IR—WEX) from Spectra Physics. ’The IR photons were pro-
duced by mijcing the 1.06 p light from a Nd:YAG laser with the neé.r IR from a.‘
dye laser in a LiNbOj3 crystal. The laser was focused through the machine with two
1 m lenses to a spot size of 0.5 cm in diameter inside the trap. The linewidths were
0.75 cm™?! or 1.2 cm™!, depending on whether the YAG laser was operated with or
without an intra-cavity etalon. We écanned the difference frequency laser over the

range from 2200 cm~! to 4200 cm™’.

The laser power was typically 2 to 8 mW at
the higher frequency end of this range. Tile laser power was very low(<1 mW) be-
low 3200 cm™!, due to a combination of poor dye laser power and lower t'iiﬁ'erencé
frequency conversion efliciency. There was also a gap from 3540 cm™! to 3580 cm™?!

in which the laser power fell below 1 mW as well, arising from OH absorption in the

LiNbOj; crystal.



ITI. RESULTS

We observed spectra of the clusters H;0%-(H,),,, with m = 1, 2, and 3, over the

frequency range from 3100 cm™! to 4200 cm™! from their vibrational predissociation

Hy0*(Ha),, — HsO*(Ha),_,»y + m'Ha. )

(m-m')

Composites of low resolution scans are shown in Fig. 4. For all three clusters, we
observed fundamental bands of the OH and H, stretches, as well as séveral weak
combination or overtone ba;nds. Several bands exhibited partially resolved rotational
structure. In the spectrum of H;O%-(H,) for example, detailed scans have shown
that the structure in the 3500 cm~! and 4045 cm™! bands is real, while the spikes
seen in the bands below 3300 cm™! are due primarily to noise (scaled up by power
normalization). |

For the H3O"’-(H2) ion, we detected the H30% ion. For both the H;0*.(H,), and
the H30+-(H§)3 clusters, the major dissociation channel was loss of two H; molecules.
The spectra of these two clusters were therefore obtained by detecting H;0* and
H307%-(H;) respectively. H3Ot-(H,), excited at the 3275 cm™! band (9.4 kcal/mol)
héxd a product branching ratio of m'=2: m'=1 of 1 : 0.21. Thus, loss of one hydrogen
molecule was a-very minor channel in the spectral range discussed here. For the larger
cluster H;0%-(H,), excited at 3296 cm™!, the branching ratio m'=3 : m'=2 : m'=1
was 0.023 : 1.0 : 0.11. At 4065 cm~! (11.6 kcal/mol), however, the contribution from
the loss of all three H, was larger, although the loss of two H, was still the dominant
channel. The branching ratio was 0.47 : 1.0 : 0.11. Assuming that the thre;hold for
loss of the last H; occurs between these two bands, the average binding energy of an
H; in H;0%-(H,), is between 3.1 and 3.9 kcal/mol.

We searched for‘ spectra of the hydrated cluster ions H,OF - (H;), H,0% - (Hz),

and HgOF - (Hz) over the range from 3100 to 4200 cm™!. For these clusters, the

i ]
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oniy dissociation channel monitored was loss of a’single Hy. In the region 3560 to
3800 cm™!, characteristic of free OH stretching vibrations, the bands arise from the
OH stretches of both the water ligands and the H;;O+ ion. These spectra are shown"
in Fig-. 5. In one case, H;OF, we also observed a spectrum of the hydrate with two Hz. _
molecules bound to it. This spectrum is shown in Fig. 6. The ion count at mass 41
was about a factor of five lower than at mas;s 39 (HzOf - (Hz)), so the signal-to-noise
rz}tio was substantially poorer. All of the observed peal'{s shown in Fig. 5 were also
sg%ﬁned at 0;75 cm‘“1 resolution, w_ith laser step sizes of 0.4 cm™?! or less. Altﬁough
maﬁy of the peaks had irregular ban(;l contours, we found additional partially resolved
peaks oﬁly in the 3720 and 3733 «:m“»“i bands of HyOf. ’f.[‘h.ese peaks, spa,ce& abput

1 cm™?

~apart, were most likely the resolution of rotational band contours, since the
'ﬂlaser liﬁewidth was much gfeater than the anticipe;,ted rotational séacing.
- We searched for spe_ctra. of the H; stretch, in the 1':egion near 4100 cm“1: We
found very wea.k‘ .absorption bands in H;OF - (Hzﬁ)n and H7O§“ - (H;) at 4165 cm™?
and 4115 cm™! respecfively, but v;fere ur;able to ﬁnd any absorptions in this region
‘by Hgoi - (Hz). ‘

The vibrational frequencies of the hydrogen-bonded OH stretches should be red-

shifted significantly from 3400-3500. cm;l, ‘w}llere H;0* absorbs. Schwarz observed

a very strong band at 2660 cm™!

in the spectrum of HyOf, as well as reporting
absorption at 2300 cm™! by H,OF . The ab initio théory also predictéd strong bands of
_thé hydrogen-bonded OH below 3100 cmfl. for tl.lcse tﬁd ciusterg, albeit at frequencies
several hun(jhed w@vénﬁmbers hilg'he;‘:. 'T(') invest;igate th.e discre.pva.ncy between theory.
and experiment, we extended our spectra of H;,O;" from 3100 cm-‘1 down‘to below
260_0 crﬁ“l. The.low laser powér prvelventéd us from observing all .btut the. stroﬁgest

absorptions. Despite the low power, we found a broad peak at 2670 cm™?, shown

in Fig. 7. We searched forlspéctra of H7O§ as well, but found no absorption above
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2600 'cm“_l. We continued the scan to.2350 cm~}, and found a broad absorptibn
beginning at 2500 cm™! and increasing in intensity down to the limit of our scan.
The laser power, less than 1 mW, was too low and we were unable to determine the

band contour.

IV. SPECTRA OF THE CLUSTERS H;0*.(H;),,

An investigation of the clﬁsters H3O+-(H2)m.éhould provide us with a bétter un-
derstanding of how H, binds to rﬁolecﬁlar ions. We t‘héref(;re begin by éxamining'.the
spectra of these ions, before consider'ing the ia.rger.hydrated_ ions.

The o bond in H, is not usually _considelz'ed. a Lewis base, but H; has a gas
phase proton affinity of 101 kcal/mdl, and upon protoﬁation forms the H;’ ion.%%
Theorists3! have shoWn from ab z'm'thio calculations that the Hz'te'nds to foi‘m ‘hydrogen
bonds- with srﬁall protonated molecules suc-h as HNN, with the H, pelfpendicular to
and bisected by the weak X-H*t...H; bond, forming a T-shaped complex‘. These
proto'n bound dimers are the transition 'cqmpléxes f~0r the proton tragsfet reactions

X+ Hf = XHt + ﬁz. The three H atoms form Tan elongéted isosceles triangle, and
tlhe rotation of the H; tends to be nearly unhindered. Other orientations of the H;
appear to be signiﬁéantly higher in energy. |

‘The structure has not been détermined dil:ectly by éxperiment for any of these
species. The best evidence to da;te c;)mcs from the infrared spectra of ti1e hydrogen
cluster ions. Yamaguchi et EY have found that the calculated vibrational frequen-
cie's change by hundreds of Wavenurﬁb_ers for different g;:oinetries of H¥. The the-,
oretical frequencies for the hydrogen cluster ions HF, H}, and HY agree §ve11 ;;vith
experiment,'36 and in Iconjunction with thermochemical measurements, provide indi-
rect evidence in favor of the theoretical structures.

No previous work, experimental or theoretical, has been pub.lished‘on the hydro-
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nium ion 'soivated by H; molecules, but the theoretical étudies on other XH*-H,
clusters pr(;vide an adequate guide. .The proton affinity of H,O is ~66 kcal/mol
greater than. that of H,.3* We expect that the H; will form a hydrogen bond with
the H3O%, with thf;proton in a single well bound closely to the O atom. The H,
bond should be roughly. perpendicular to the OH---H; bond, as illustrated Vin Flg 8.

Additional H, would bind to the remaining OH bonds to form the larger clusters
H3O+'(H2)2 and H3O+'(H2)3.

A. Low Resolution Spectra

The three vibrational spectra showﬁ in Fig. 4 can be interpreted in terms of the

hypothesized structure of H, forming hydrogen bonds with the hydronium ion.
~ The high frequency stretching vibrations near 4000 cm™! are readily assigned to
th; H, stretch in the ;lusters, which will be red-shifted from the H, monomer value3”
at 4161 cm™! due to the presence of the chz;,rge. The rovibrational absorption of the
H; monomer, at 4161 cm™!, is dipole-forbidden.3” In H;0%.(H,), this vibration is
probably coupled to and borrows intensity from the motion of the hydrogen-bonded
OH stretch. These bands are however substantially weaker than the others at lower
frequency, which are presumably fully allowed transitions.

~ The frequencies of the H; absorptions in H30*.(H;),, are 4046 cm™1, 4055 cfn‘?,
and 4065 cm~! for » = 1, 2, and -3 respectively. In the clusters HJ - (Hz),l the H,
stretches are 3910 cm™1, 3980 cm~!, and 4020 cm™! for the same n. The smaller
red-shifts in the H3O*.(H;), clusters indicate that the H, are bound more weakly to -
H30+ than to HY. The H, frequencies also change very little (20 cm™1), suggesting
that each H, bonds almost equally strongly to the H3;0% ion. In contrast, the vibra-
tional frequenciés in the hydrogen cluster ions vary over 100 crﬁ"l, and the Hf - (H;),

dissociation energies are 6.6 kcal/mol, 3.1 kcal/mol, and <3.1 kcal/mole for n = 1,
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-2, and 3.3 The proton affinity of H,O is 66 kcal/mol higher than H,, so each H, will
not greatly perturb the H;O%. '

Note that the frequency and dissociation energy for H{ are both cidse to that
observed for H;O0%-(H,),,. These result; s'ﬁggest fhat the H; vigratienal frequency
provides a measure of the strength of the intermolecular bond. , |

In'H30+-(H2), tﬁe next lower vibratioﬁal band is broad and structured, and ranges
from 3450 cm™* to 3700 cm™, while in H30F-(H;),, there.is a band at 3550 cm™*
This set of bands occur near the stretching frequeﬁcies of H;O%, which are 3522 cm~1
and (predicted at) 3400 cm~1.23 Therefore,i we have assigned them to‘the free OH
stretches of the H;O1 moiety in the cluster. Tﬁis band is notably absent in H30%-(Hz);,
in whlch there are no free OH since H; ligands blnd to all three OH. This result pro-
vides strong ev1dence for our hypothesized structure of these complexes

As in other hydrogen bonded species, the donor OH vibration of the H;07 will be
red-shifted, and will have an enhanced mten51ty. The lowest frequency bands lie 200
to 400 cm™! below the free OH stretch frequencies. In H30+~(H2), there is a single
baﬁd at 3120 cm™?!. In H30%.(H,),, there are two bands at 3180 cm~! and 3275 cm™1,
Whivch are the.s’ymmetric and antisymmetric hydrogen-bonded OH stretches. |

'In H30+0(H2)5, two bands lie at 3200 cm~? and 3290 cm~!. The latter band
is significantly broader, as might be expected for a perpendicular transition. I we
assume that the cluster has C3, symmetry, the symmetric stretch, with A; symmetry,
gives rise to a parallel band, while the antisymmetric stretch, an E -mode, will give

-rise to a perpendicular band. The width of the 3290 cm~! band suggests that it
is the £ mode, although other broadening fnecilanisms may be involved. Resolved
rotational spectra are needed for a definite assignment. Assuming the assignment
based on widths, we find that the relative order of the symmetric and antisymmetric

stretches of H3O1 in this cluster are the same as in H30t monomer, but are reversed



13
in HyOf.}%* Our tentative assignment here, with the E mode higher in frequency
than the A; mode, implies that the hydronium ion in the H3O%-(H;); cluster is not

perturbed enough to change the ordering of the frequencies of these two modes.

B. Comparison with ab initio Results

Following our observation of the H3O%-(H;) spectrum, Remington and Schaefer
performed a DZ+P SCF calculation?! on the H;0*-(H;) ion, and obtained a structure
as we had ‘anticip_ated, with the H; forming a hydrogen bond with one OH groun.
Their structural patameters are given in Fig. 8.“ They have calculated a dissociation
energy D, of 3.2 kcal/mol, within our estimated bounds for Do obtained from the
branching ratios in H30%-(H;);. They have also calculated vibrational frequencies and
intensities which can be compared to our results. The dissociation energy corrected
for zero point energy is Dy of l.l kcal /mol. This is lower than our estimate based on
the observed product branching‘ ratios, but the uS_e of ab initio harrnonic frequencies
in the estimate of the zero point correction can lead to a large error. Furthermore,
SCF c_alculations do not yield accurate dissociation to energies for weakly bound
complexes.?® |

Remington and Schaefer have made preliminery calculetions for the vibrational
frequencies, and intensities, of H;0*-(H;) at the DZ+P SCF level. With one ex-
ception, their scaled frequenc1es are in excellent agreement with the results of our
experiment, given the relatively low level of theory (DZ+P SCF). The agreement for :
the donor OH stretchmg mode at 3120 cm”‘1 is poor. The theory predicts a scaled
frequency of 3304 cm~?, off by over '180 cm~!, The frequency of this mode is (iuite
sens1t1ve to the strength of the hydrogen bond, and the geometry of the complex.

They_ also predict a harmonic frequency of 322 cm™?! for the 1ntermolecular stretch.
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C. Rotationally Resolved Structure in H3O+.-(H2)

The three strongest bands of the H;O+ ‘cluster ‘are shown expanded in Fig. 9.
The most striking aspect of the H, and free OH.stretc.h bands (bottom and middle
spe(;tra) is thé partial resolution of rotational ‘stfucturg.

In-the H, stretch band at 4046 cm~! the P, @, and R branches are resolved,and
rotational lines in the P and R branches vare'partially fésolved at a laser linewidth
of 1.2 cm™!. Prior to this spectrum, no r;)tationql structure had been observed in
the spectra of weakly bound cluster ions. Bogéy et al. have nc;w reported beautiful
microwave spectra of the cluster Ar-HF.%° We have demdhstratéd that, as for neutral
van der Waal’s cluvstevrs,'40 rovibrational spe.ctra'v of ionic cluster§ can be obtained from
vibrational predissociation experiments.

. The observation of an a type b%md is eXpectéd from a consideration of the geometry

and approximate symmetry of the H30+-(H2) ion. From the ge.ometry-shown in
Fig. 8, "one.can see that the comf;lex will be a near prolate top with the smallest
fnomi_ant of .inertia axis 'cipproximately along the OH---H, bond. Remington and
Schaefer’s calcula,tim.l21 predict rotationai constants of 4=9.5 cm™!, B=1.08 cm™,
and C=1.03 cm~!. Asin H;, the H, stretch borrows 'intensify by couplil.‘lgvto motion
'of the ceﬁtral pro.ton; the transition mohfent thus lies alo;lg the a axis.

Closer inspection of the R branch at a resoiutic')n of 0.75 crln_1 reveals a progression
of doublet's: Fig. 10 shows detail of this band. The splittinAngf a given doublet is

1. The interval betWeen doublets is 2.0 cm™~1, yielding

approximately 0.6 to 0.8 cm~
'(B +C)/2= i.O, in good agreement with the ab iﬁ;tio results.

The source of the doubling is not clear. The molecule is so close to a symmetric
top that deviatiohs from a pure symmétric rotor spectrum are unlikely to account for

a doubling of this magnitude. One possibilitsr is a splitting due to ortho and para

H,. The normally small splitting due to coupling of vibration and internal rotation
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is somewhat larger for the light H, rotor. In the neutral H, dimer,*' the vibrational
origins of the v=1 fundamental for ortho and para hydrogen are split by approximately

5 cm™!

, similar to the difference in the monomer H;. Kenney, Roth and Levy*? have
observea an ortho/para splitting of about 1.5 cm~! in the laser induced fluorescence
dispérsed emission spectra of the I;-H, van der Waal’s cqmplex.

Another possible source of the splitting is a small inversion doubling?® a'rising from
the umbrella motion of the H3O+. The size of the splitting in such floppy, molecules
is generally mode-specific.** One would expect é, small splitting for this: vibration,
because it is weakly coupled to ;ché umbrella mode. Although these spectra bear
more examination, at this resolution the lines observed are almost certainly blends
of many o%rerlapping lines. An understanding of this spectrum, and speciﬁéally the
source of the apparent doubling, requires a spectrum taken at much higher-resolution.

| We have also observed a strong cluster of lines over the region from 3450 to
© 3650 cm™?, arising from abéorption by the two free OH bonds of the H30+,Jseen in the
. middle panel of Fig. 9. We expect an a type band and a b type band, i.e., excitation
- of the symmetric and antisymmetric OH stretching modes. The b type band gives rise
to the strong Q branches that are evident in the low resolution spectrum. The two
strongest lines lie at 3550 cm™' and 3560 cm™!. The spacing between these strong
lines is not very uniform, averaging approximately 10 cm™. The expected spacing
based on a simple prolate top perpendicular ‘band is much larger, with 2(4A — C) ~
17 cm~! from the ab initio predictions. Given the assumed geometry, it is unlikely
that 2(A — C) would be significantly different. Aga.inl, inversioﬁ doubling may play
a role. The absorption band of the degenerate v3 mode of the H;Ot o.bserved at
~3520 cm™! is split into's — s and a — a bands with origins at 3519 and 3533 cm™~*.%3
This gives an upper bound on the expected déubling in H3O0%-(H;). The inversion

doubling will depend strongly on mode; the OH stretch should have a much larger
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doubling than the H; mode due to stronger coupling.

The band origin of the symmetric stretch could lie anywhere within the congésted
set of lines between 3450 and 36d0 cm~!. We estimate that a maximum oceurs
near 3490 cm™!. From its pos_iﬁon relative to the series of @ branches, one could
assign a band occuring here to the A, symmetric stretch mode of the free OH bonds.
However, g‘iv'énv the breadth of the overall absorption b}md and the inability to assign
fhe partially resolved étructure, we cannot make a definitive a.ssign_menﬂ hére. We
note that the ab initio theory supports our v’a's'sigr‘l'me'nt of the possible 3490 cm™!
band as the symmetric stretch of the free OH groups. N

NO, r'otati’on‘ail. structure was resolved in the 3100 cm™! band. Altlhough the laser
power wés IQW, coxﬁparison vﬁth the other bands indicates that rotational lines should
have been ‘obServed._ This 'resul_t suggestsvthat-sor'ne ‘broadening is occurrixfg. The
donor OH bond may be more strongly coupled to other modes, resulting in addi-
‘tional convgestion, or it may be more stroﬁgly coupled to the dissociation continuum,
resulting in homogeneous broadening. |

We'a,lso. searched for weaker bands, in the gaps between the major bands. This
searéh was difficult below 3400 cm~1, because fche, laser pov;rer dropped off to 1 mW
We did however ﬁnd‘ a band at 3800 cm™1, with som;: rotational structure evident.
The poor signal-tb-noise made it difficult to find moré than the strongest featﬁres.
If this band is a combination band of the low frequency intermolgcular stretch and
the free OH stretch, the intermolecular stretch would have a frequency of 240 cm™!.
This is fairly close to the ab initio harmonic ffequenqy :of 322 cm~!. Another possible
assignment is a combination ba.nd‘of the H, stretcﬁ with a Ak = —2 transition of the
~ free rotation of the H,.

In the H3O%.(H,;), and HsO% (H,); bands no individual rotational lines are re-

solvable. The H, ‘stretch of H3O+-(H'2)é does exhibit fine features at 4050 cm™?,
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4055 cm™!, and 4062 cm™*, which may be P, Q, and R branches. Furthermore, both
H, ligands will absorb, so ioverlapping bands, one a type and the other b type, are
possible. From estimated rotational constants derived from the structural parameters
for H30%-(H,), assuming that the second H_Z binds similarly to the hydronium ion,
we find that the rotational spacing is roughly comparable to the laser linewidth and

we do not expect to resolve rotational structure for the larger clusters.

D. Summary

The spectra of the HyOt-(H;),, clusters can be interpreted in terms of H; ligands
bonding to the OH to form “hydrogen bonds,” as seen in Fig. 8.. All of the H; and
OH sﬁretches are then observed. The free OH absorptions lie near the hydronium ion
monomer absorptions, while the vibrational frequencies of the donor OH bonds are
shifted by 200 to 400 cm~. The H, absorptions are near 4050 cm™!, redshifted by »
110 cm~!. From the observed fragmentation patterns, we deduced that the H; bind

to HzO* with average energies of between 3.1 and 3.8 kcal/mol.

V. SPECTRA OF THE LARGER HYDRATES H;0+-(H,0), - (H;)

In thié section, we discuss the vibrational spectra of the hydrates H3Ot-(H;0),
by interpreting the spectra of the messenger-bound species H30%-(H20), - (H,). The |
H, clearly has a pronounced effect on the spectrum of H30t and we must therefore

consider the effects of the _Hz carefully. .The H, should bind to these larger clusters

| more weakly than in the clusters H3O+-(H2)n. There is predicted to be a large partial

charge on the protons in HsO* 2138 which is substantially reduced by hydration. We

can therefore anticipate that the H, will bind by energies less than 3 kcal /mol, and
will shift specific OH bond frequencies by less than 200 cm ™.

In terms of solvation, the H, acts as a weaker cousin of H,O, which binds with
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energies of 18 kcal/mol or more. The H, is most likely to bind to a given cluster
H;0t.(H;0), at the same location as the next additional H,O would bind. The
expected st'ructures are shown in Fig. 11. In H,OF and H,0f, it should form a
~ hydrogen bond with a free H atom on the H3;0% ion. In H,0F, all three OH bonds
are hydrogen-bonded to water molecules.. As in H,,0f, the H; should be in an outer
shell, coordinating to one of the three H;0. In the following sections, we will interpret

the observed spectra given this picture of the clusters.

A. H,0!

The main features of the spectrum of H30+-(.H20)3 - (H,), or HyOf - (H,), are
readily interpreted aésuming H, weakly pérturbs the vhydra_t'e-. In t.he cluster HIQO;*‘,
the H;O* iog has a complete inner coordination shell, i.e. one water molecule on each
OH b(;nd. With all OH bonds participating in hydrogen b'oﬁds, the hydronium ion
OH stretches will all be significantly red-shifted, while the H,0 stretching fre;quencies
should be only weakly red-shifted. We have observed two doublets in the free OH
stretch region (3600 to 3750 cm™'), and a broad band at 2670 pm‘l. Two weak bands
at 3803 and 3824 cm™! lie about 90 cm™~! above the free OH stretch absorptions. The
doublets are assigned 1;0 OH stretches of the water ligands, 'whilé the 2670 cm~! band
is assigned to the stretching modes of the hydrogen bonded H,0+ stretche;s..No H,
- stretching band was observed, although it was seen in ali other élusters, indicating
that the H, is very weakly perturbed.

The H,O stretch bands. The spectrum of HoOf - (H,) show.n in Fig. 5 consists of
two doublets, as well as two weaker bands at 3803 cm~! and 3824 cm~!. The two
strongest peaks at 3648 cm™! and 3733 cm™! lie 9 and 23 cm™?! to the red of their
nearest water moﬁomer bands. These two doublets can be assigned as the symmetric

and antisymmetric stretches of the solvent H,O groups. A higher resolution scan
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at 0.75 cm™! reveals a partially resolved triplet structure in the strongest band at
3733 cm~!. The splitting of the triplet is approximately 1 cm™1, and may be partially
resolved P, Q, and R branches of a parallel band, or partially resolved Q branches of
a perpendicular transition.

Schwarz’s spectrum?’ <')f HQAOI has a partially resolved pair of bands at 3620 cm™!
and 3710 cm™!, as seen in the dotted curve in Fig. 5. The resolution of the monochro-

mator used in that‘experiment is 40 cm™?

, so the agreement is the best that can be
expected. Furthermore, as seen in Fig. 1, all of the large hydrated ions absorb in this
region. Given the resolution used and the need to separate contributions fr(;m every
cluster, it would be too difficult to obtain clear spectra of the H,O stretch absorption
bands for each cluster in Schwarz’s experiment. By contrast, the bands observed here
are sharp and clearly resolved, and can be unambiguously assigned to HyOF - (H,).
The reported bands are in good agreement with the ab initio predictions of Rem-
ington et al.?! The frequencies scaled to the H,O frequencies are below the lower

1

frequency components by 5 and 10 cm™!. Curiously, the frequencies scaled to the

H;0% frequencies agree to within five cm™!

of the high frequency peaks in each
doublet. However, the (H;0) scaling should be used, because these vibrations are
essentially vibrations of the solvating H>O groups.

We believe that the H, messenger is responsible for the lower frequency component
of the doublets. If the H, binds to one of the outer H,O moieties, the vibrational
_ frequencies will be red-shifted. The H; will form either a single hydrogen bond to one
OH, or perhaps a bifurcated hydrogen bond bridging both OH bonds of the water.
Only one of the H;O would be perturbed, while two would remain unperturbed,
accounting for the observed 2:1 intensity ratio.‘ The ab initio theory predicts that the

A; and E combinations of H;O stretches would have approximately a 2:1 intensity

ratio. However, the predicted splitting is effectively zero, indicating that there is no
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harmonic coupling of the H,O stretches. The two modes involve different relative
phases of vibration of the three HZO -molecules, and it is unlikely that the modes will
be split significantly.

The magnitudes of the shifts are also reasonable. ‘Perturbations induced by H,
should be similar to those seen in a neutral H,O-H, complex. This complek has
not been observed; however, the hydrogen bonded complex HF-H, has recently been
studied theoretically and ex.pei‘ixr‘len‘cally.49 |

‘As'in co_rﬁplexes with protonated species, all evidence indicates that the H; forms a
hydrogen‘ bond with the HF in a loosely-bound T-shaped complex. The HF vibration
shifts by ~8 cm™! (compared to an ab initio value of 15 cm™?!), close to the red-
shifts of 10 and 12 cm™? of the OH stfetches observed in Hy,0f. The H, stretching
frequency in the HF-.Hz‘compléx is predicted to shift by 20 cm”!. ‘We were unable
to observe any band between 3850 cm™! and 4200 cm~!. If we assume that the H,
birids more weakly to HyOF than to H.,O;,"‘, we can set an upper bound to the shift
of 45 cm~!. Furthermore, the weaker H,O-H; interaction will substantially decrease
the H, stretching intensity. The cluster dissociation energy D, is calculated to be
0.86 kcal/mol, somewhat lower than the binding energies of H, to H;O+. In summary,
the results on HF-H, support our hypothesis that the H; forms a hydrogen bond with
a solvent HyO, and thus giveé rise to the observed spliftir}g of the water baﬁds.

While these arguments strongly support our assignment of the doublet, they are
circumstantial. Definitive evidence requires the H;,Oi speétra. without the messenger,>?
as observed in the.two color IRMPD spectrum discussed later. These results confirm |
the subtle effects that a messenger or spy can have on the spectrum of a cluster.

The 2670 cm™! band. The strong, broad band at 2670 cm~! seen in Fig. 7 appears
at the same frequency as the band seen by Schwarz (Fig. 1), confirming his assignment

of this band to H;O+.(H;0)s. These results indicate that his deconvolution of the
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spectra is probably correct for the strongest, most distinguishable peaks. Asexpected,
hydrogen bonding of solvent water molecules significantly broadens and red-shifts the
OH stretching bands of the H30™.

The experimental results do not agree with the scaled ab initio frequencies of Rem-
ington and Schaefer of 3020 and 2997 cm"lk. As in H;O%1-(H;), ab initio calculations
give poor predictions of strongly anharmonic, hydrogen bonded OH frequencies.

- An interesting feature of the 2670 cm™' band is its large width. The width is
100 cm™?!, less than the approximately 200 cm™' FWHM of the peak in Schwarz’s
spectrum, but greater than the 8 cm~! width of the H,O stretching modes at 3733 cm™*
and 3648 cm™!. Since the H, messenger is bound to an H,O ligand, it is unlikely that
exciting the hydrogen-bonded OH of the H3O" ion would result in faster energy
transfer to the dissociative coordinate. Such large widths are found in many ionic
and neutral hydrogen-bonded complexes, even in the gas phase, where inhomogeneous
broadening due to the environment cannot occur. The broadening in neutral species
such as HF-X appear to arise from combination bands and hot bands with low fre-
quency intermolecular stretch and bend modes, with some possible contribution from
Fermi resonances.

Schwarz also observed a shoulder at approximately 3000 cm~!. He assigned this
band to the symmetric A; stretching mode, and the.2660 cm™~! band to the anti-
symmetric stretching mode of the hydrogen bonded OH’s. The ab initio calculations
predict a very small splitting of 33 cm™! between the symmetric and antisymmetric
stretches, indicating little harmonic coupling of the vibrations. We did not observe
this shoulder; however, the laser power was particularly low, and we cannot defini-
tively exclude the existence of a band at 3000 cm™?.

The 3803 and 382} cm™' bands. There are several possible assignments for the

identity of these weak bands, seen in the lower plot of Fig. 5. They could be a
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combination band of one of the OH stretches with a low frequency mode such as
an intermolecular stretch, or an overtone of a lower frequency mode, e.g. a bending
mode. If these bands are combination bands arising from the antisymmetric stretch at
3733 cm™!, why is no similar band observed in combination with the lower H;0 mode?
Such a combination band with the symmetric 3648 cm~! mode might overlap with
the 3733 cm~! band and thus be obscured. If we assign these lines as combinations
with the stretching of the hydrogen bond, the intermolecular OH:--H;0 stretching
frequency would be eithér 70-90 cm™?, or 158-178 cm~!. Remington and Schaefer®!
predict harmonic, unscaled frequencies of 247 and 319 cm™%; this stretch is strongly
anharmonic, so the agreement is reasonable. A final possibility is the antisymmetric
H,O stretch in combination with the internal rotation of the H,O ligand about the
in’;ermolecular band. However, the expected rotational spacing is ~55 cm~!, much

too small to account for the observed frequency.

B. H,0}

In H30*-(H,0),, water molecules hy&ro'gén bond to two of the OH bonds of H;0t,
as shown .in Fig. 2. The third OH group oﬁ the hydron_iﬁm ion is thus “free,” and is
the most likely site at Which the H, messenger would bind, as seen in Fig. 11.

We have observed three bands in the spectral region of OH absorption, from
3000 cm~! to 4000 cm~!, shown in Fig. 5. Again, two bands, at 3642 and 3726 cm™?,
are red-shifted slightly(15 cm™! and 30 cm™?) from the two absorption bands of the
H,0 monomer. These are the symmetric and antisymmetric stretch modes of the
solvating HyO. The red shift is larger than in HyOJ, and the perturbation of the
H,0 groups can be clearly seen to increase as the hydration number decreases.

We assign a third, lower frequency band at 3587 cm™! to the OH stretch of the

H;30% jon. The H, messenger will bind to this OH group, decreasing the OH vi-
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brational frequency and enhancing its intensity. Thus, the observed frequency of
3587 cm™! is a lower limit to the true frequency of this mode. We have scanned all
of the observed bands at 0.8 cm™! resolution without observing any new features.

The ab initio tranéitions, shown as stick spectra in Fig. 5, do not completely agree
with the observed peaks. The two H,0 strgtching bands are in fairly good agreement,
but instead of a weak peak at 3640 cm™!, we observe a more intense 3587 cm™! band.
If the H, binds to the OH of the HyO" moiety, it will red shift and intensify that
band. Assuming that the relative ab initio frequencies are correct, the free OH stretch
of H;O™ will lie 20 cm™! above the solvent H,O symmetric stretch, and is red-shifted
approximately 65 cm™! by the H,.

The red-shift of the OH stretch is much less than the shift of ~200 cm™! seen
in HyO%-(H,),. This result is consistent with the differences in the red-shifts of the -
messenger Hj stretches. In H.,VO;' - (Hz), the H; band is shifted by 46 cm™!, whereas
in H3O%-(Hy),, the shift is 96 cm~!. We conclude that the H3O*- - .H; interaction is
significantly weaker in the hydrated species. | |

We have also scanned the region from 2200 cm™! up to 3000 cm™!, to search

"for absorption by the hydrogen-bonded (donor) OH bonds. Schwarz'” has observed
absorption near 2300 cm™1, which he attributed to H,OF from the time dependence.
We have found a broad absorption in the region below 2500 cm™?, but the low laser
'energy, generally less than 0.1 mJ, prevented us from getting good signal. From the
scaled ab initio frequencies, one expects a stroﬁg vibratioﬁal band near 2650 cm™!.

We have found no absorption in the region 2500—2800 cm™’.

C. H,0f

The structure of the H;OF ion is still controversial. Although it is nominally

the singly hydrated species H;0*.(H,0), many studies?®?1454647 jpdjcate that the
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central proton lies symmetrically between the two H;O groups, to form the symmet-
ric ion H,0.--H*...OH,. Although several condensed phase experiments, such as
X-ray diffraction studies,*® have addressed this question, there has always been an
uncertainty resulting from the perturbing inﬁue;nce of the surrounding environment.
Theoretical studies indicate that the symmetric structure is the most stable. A recent
ab initio result obtained at the CISD (configuration interaction with all single and
double excitations) level has determined that the symmetric structure is stable by
only 0.2 kcal/mol.247 The basis set size and effect of c.orrela,tion have been found
to be very important, and lower level theory does not yield the correct structures
and energies in this and other loosely bound molecules. These studies indicate that
the potential energy surface for the proton is very flat; therefore, the proton under-
goes very'large amplitude motion. Fur;chermore, the potential for the central proton
becomes a double well if the O---O distance is stretched a small amount.

We have observed four bands in the OH stretching region, shown in Fig. 5. Two,
at 3617 cm~! and 3693 cm™! roughly match the spacing seen in H,0, and are as-
signed as red-shifted H,O symmetric and antisymmetric stretches. The red shifts
are 40 cﬁ‘l and 63 cm™! reépectively, farther than in H,OF - (H;) or H,OF - (Hz)
The other two bands at 3528 and 3662 cm™! can be assigned as free OH stretches
of the H30%. In fact, all of the frequencies of the OH stretches are quite close, and
there is probably substantial mixing in the normal modes. A search of these bands
at 0.75 cm™?! resolution yielded little additional structure.

The spectrum of the H,Of (H;)2 cluster is shown in Fig. 6 plotted along with
the H,OF - (H;) spectrum. The major change upon adding a second H, is to increase
the frequency of the 3528 cm™! band by 37 cm™!, and to double its intensity. The
peak at 3662 cm™! also appears a bit broader and weaker, but the signal to noise is

too poor to say anything conclusive. Remington and Schaefer’s results show that this
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bva,nd is a normal mode containing some H307% stretching character, and so should
also be perturbed by the Hj, although perhaps to a lesser extent.
There are no previous gas phase spectra of H;OF alone. Schwarz!” observed a

1

transient absorption at 3170 cm™!, which he assigned to H;OF. We found no strong

absorptions from 3100 cm~?! to 3500 cm™1.

Remington et al. have calculated harmonic normal mode spectra for the two low-
est energy configurations, the symmetric Cs, structure H,O-.-H* .. -HZO, and the
asymmetric C, H3O*"-(H,0). The relative positions and intensities of thé bands in
observed spectrum agree well with the calculated spectrum for the asymmetric C,
structure. For the symmetric C, structure of H,Of, the calculations give only two
absorption bands, as one would expect if the two H,O groups were identical by sym-
metry. These bands are close to the two H,O bands observed in the C, structure.

All of the observed peaks are somewhat higher in frequency than predicted, but
one peak, the 3528 cm~! band, is shifted to the red, and has a higher than predicted
intensity. If the pattern of lines predictAeAd by theory is correct, these results indicate
that this band is perturbed by the H,.

A comparison with the theoretical predictions leads ué to conclude that the H,OF
ion possesses the asymmetric HyO%-(H,0) structure when bound to an H,. Even
assuming that the ab initio theofy is correct, we cannot deduce the structure of the
hydrate H;O7 from the messenger bound spectrum.

Although we are trying to distinguish between the geometries 1 and 2 shown in
Fig. 12, it appears that the H, will bind to an OH and stabilize fhe H,0% ion, form-
ing the asymmetric ion 3. As seen in Table I, the H; can bind to various protonated
species with energies of 0.5 to 10 kcal/mol. The energetics of the H30%-(H;), disso-
ciation indicates that the binding energy of H, to H3O0™" is approximately 3 to 4 kcal.

These binding strengths are far larger than the calculated energy differences between
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the asymmetric structure 1 and the symmetric 2 structure of 0.2 kcal/mol. Because
the potential energy surface is so flat, attaching the H, should skew the potential to
create the cluster 3. As a result, spectra obtained using H; as a messenger cannot

unambiguously yield the correct structure of the H,OF cluster.

VI. DISCUSSION

A. DMessengers

This experiment'ha,s provided preliminary ~1 cm™" resolution spectra of the hy-
drated hydronium cluster jons. The messenger technique in principle is very general,
and can be used to locate the infra—red absorption bands of many molecular ions, but
we must first understand the perturbing influence of attaching a messenger. In this
re’spect; the messenger technique can be thought of as matrix isolation spectroscopy,
because the two techniques suffer from a common limitafion, namely uncertainty
- concerning effects induced by the “environment.”

Our results show that the interactionvbetween the H; molecule and a hydronium
ion cluster can be relati\(ely large and specific. The H; forms hydfogen bonds with
OH bonds of the H30* ion? shifts‘ the vibrational frequencies of those bonds by 10
to 90 cm™?, and intensifies the transitions. Other bands are generally not perturbed
(except in the case of HSO{j. The frequency shifts‘ observed in tl_le hig’hef hydrated
clusters are much smaller than the 200 cm™? toA300 cm‘l shift seen in the H30*-(H,),,
clusters. The 3-4 kcal/mol binding energy of H; and HzO in those cluste;rs is un-
doubtedly an upper limit to the binding energy of Hj to the larger hydrates.

The interpretation of the H,OF spectrum howeveris uncerfajn, due to the presence
of the Hz. In the other clusters, only vibrational bands directly involved in bonding

to H, are perturbed. For ions like H;OF with flat potentials near their equilibrium
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geometry or several low energy conformers, even a weak solvent interaction can dras-

-

tically alter the geometry and observed spectrum. Clearly, care must be taken in
applying the messenger technique to an ion which can be so easily perturbed. In
partiéular, it raises questions concerning the validity of structural measurements of
H,07 in the condensed phase, where the >in.tera,ctions and exernal perturbations are
surely stronger.

Formation of the ionic hydrogen bénd also perturbs the H, vibration, shifting .
the vibrational frequency and making the vibration IR active. In many respects, the
' strength of the interaction can be judged by how the H; messenger itself is changed,
‘because the bonding electrons are directly perturbed by the interaction. We ha,vé:
observed the H, stretching bands in a number of XH*-H; complexes. Their peak
locations are plotted in Fig. 13. The hydrogen cluster ions, which are bound by 2
to 6 kcal/mol have the largest red shifts relative to the H, monomer. HY, with a
dissociation energy of 3.1 kcal/mol, absorbs at 4020.cm™!, 140 cm™! below H;. The
H30*.(H,),, clusters have red-shifts of 120 to 100 cm~!. Remington and Schaefer
predict a value of 3.2 kcal/mol for D, of H3O%-(H,).

When the H binds to the hydrates H30%-(H;0),, the H; vibrations are red shifted
by only 45 and 55 cm™?, zand in HyO{, the H; absorption is too weak to be seen. The
significantly smaller red-shifts of the OH and H, stretches observed in the complexes
with hydrated ions, and the weaker H, vibrational transitions, support the idea that
as hydration delocalizes the charge, it reduces the strength of tile interaction betwgeﬁ
the ion and the H, molecule.

From the true vibrational origins of thé hydronium ion hydrates recently obtained
from the two color multiphoton dissociation sbpectra,, we can directly determine the
effect of an H; messenger on the vibrational frequencies of the hydrates. These results,

summarized in Table II, are discussed in detail elsewhere.3? For H;O*.(H,0),, n
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= 2 and 3, the results confirm our interpretation and quaﬁtify the effects of the
messenger. Those modes associated with H,O stretches are esentially unchanged;
bands perturbed by the messenger are shifted to the red. For n=2, the free OH
vibration of the HzO% ion is shifted 80 cm™'. For n=1, the spectrum suggests that
H,OF is symmetric, indicating that the H; sﬁ:ongly disturbs the structure and the

infrared spectrum of this ion, despite the relatively weak intermolecular bond.

B. Linewidths

We have observed a wide range of linewidths, from the 100 cm~! FWHM of the
‘hydrogen bonded OH absorption in H,0F - (Hz), to the laser limited widths of the
rotational fransiti_qns seen in H;0%-(Hz). Many other bands had contours suggesting
| unresolved rotational sub-bands.

The well resolved structure in the free O‘H and H; stretching modes of H;0t-(H,)
contrast sharply with the broad absorption by the hydrogen-bonded OH.--H; in the
same cluster. In every cluster studied, when H, has hydrogen-bonded to the H;;O+

- iom, the Band of the dpno'r OH has'been intensified, red-shifted, and broadened. The |
exact Broadenling mechanism is unclear. Because the doﬁor OH is coupled to the dis-
sociation channel, lifetime broadening or rapid intramolecular relaxation (IVR) may
be important. Some workers have also suggested that a progression of combination
bands causes similar broadening seen in neutral hydrogen-bonded clusters such as the
dimethyl ether/HCI complex.5® -

- In HyOF, the absorption band of the O-H. - -O vibration, i.e. the hydrogen bonded
OH of the H30% core, is approximately 100 cm~! wide, and is the widest band ob-
served in this experiment. The band is over an order of magnitude wider than the
free OH stretches of HyO near 3700 cm™!. The H,0 bands are all less than 10 cm™!

FWHM. This sets an upper limit on the lifetime broadening due to predissociation,



29
because the vibrations of the H,O bound to the H, are likély'to be coupled more
strongly to the dissociative channel than the hydrogen bonded OH mode of the H;O.

The broad peak is therefore intrinsic to the HyOJ cluster. The 2660 cm~! band
observed by Schwarz is about a factor of two broader, and the difference cannot
be attributed merely to instrumental resolution.‘ This temperature dependent width

suggests that hot bands contribute to the linewidth observed by Schwarz.

C. Comparison with the Pulsed Radiolysis Results

Schwarz'” reported spectra from 2000 cm~! to 4000 cm™! for the large hydronium
ion clusters HyOf, H,,0F, and H,;0{, at a resolution of 40 cm~!. A distribution of
cluster sizes were simultaneously present in his cell, aﬁd questions were raised®® due
to the necessity of de;:vonvoluting the observed spectra in order to obtain spectra of
the individual ions. Of these ions, only the HyOJ ion has been studied in this work.
Our spectrum of .HQOI agrees qualitatively with his results, particularly with regard

’to his assignment of the 2660 cm™! peak to HyO}. Schwarz was also able to observe
transient absorptions at short times after the electron pulse, which he assigned to the
smaller clusters, albeit with some ambiguity. We saw no evidence for an absorption
at 3170 cm~!, which Schwarz had assigned to H,OJ or smaller ions.

" Most of our spectra have been of bands in the region from 3500 to 3800 cm™t,
due to absorption by the free OH stretching modes of the H,O solvent molecules and
partially solvated H3O*. In this region, Schwarz was unable to obtain distinct bands

. for the different clusters, because all hydronium ion clusters, as well as background |
H,0 monomers, contributed to the absorption. We héve found relatively éharp, well
defined bands arising from absorption by the solvent H,O’s and free OH groups of

the H;O* ion. Table II summarizes the observed bands and their assignments. The

positions and intensities of the vibrational bands in this region for differing cluster
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sizes are quite distinct, and are thus useful in testing ab initio predictions.

D. Ab Initio Calculations

The scaled ab initio results of the highest frequency modes?! are in reasonable
agreement with experiment. Deviations for the free OH stretching vibrations of the
H,O ligands, as well as the H, stretch of the H3O%.(H;) cluster, were less than
30 cm~!. Curiously, applying the H3O* scaling factor gave almost perfect agreement
for the H,O frequencies in all three hydrates, although the “rules” require using
thé H,O sCaliﬁg factor. Given the ‘empiri'ca,l naturé of scaling, we probably cannot
interpret this result as more than céincideﬁce. Newton!® was able to pfedict the OH
stretching frequencies of a nu;nber of hydrated hydronium ions by using a function
v; = a(F; G;) + b, where the a and b paraméfers were derived from a fit to six known
OH stretching frequencies. The use of an empirical offset b as well as a scaling
parameter a gave good scaled frequencies, but there was no appaient justification for -
this ansatz.

That the relative positions and intensities of the free OH stretches of the solvent
H,0 match the data well is not unexpected, because these vibrations are only slightly
perturbed upon forming the complex. On the other hand, theory fares poorly in
predicting the frequencies of the hydrogen bonded donor OH stretches. For HQOi',
the scaled ab initio value of"c'he antisymmetric stretch is 3020 cm™?, about 350 cm™!
above the experimental value, while for H;0%-(H;), the scaledb theoretical frequency
is 3304 cm™?, 200 cm™? abo;re the experimental result.

We obtain better agreement by scaling the hydrogen-bonded stretch in HgoOF
with the correction factor from a known hydrogen-bonded stretch. If we use the
experimental hydrogen bonded OH stretch in H3O0*.(H;) at 3110 cm™! to obtain a -

scaling factor, we arrive at a scaled value of 2827 cm™! for the hydrogen bonded
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antisymmetric stretch in HyOJ, much closer to the observed value of 2670 cm™l.

There are several possible reasons for the failure of theory. The ab initio cal-
culation overestimate force constants, and ignore anharmonicities, errors which are
corrected by scaling. It is not clear that scaling will correctly estimate the error for
a vibration perturbed by hydrogen bonding. Furthermore, thev-donor OH frequency
" can be particularly sensitive to the iength of the weak hydrogen bond. Small changes
. in geometry may therefore lead to relatively large changes in frequency of this vi-
bration. It is clear that the potential energy surf;cxce is fairly shallow, and as has
been demonstrated in calculations for H,OF and Hf, DZ+P SCF may be inadequate
to obtain the correct geometry. The current calculation is simply a normal mode
model using the ab initio force constants and geometry, empirically scaled to account
for systematic deviations and anhalt‘monicity. It is unreasonable to assume that the
OH anharmonicity will be reduced proportionately with the harmonic frequency as
the hydrogen bond is formed. The anharmonic coupling of the modes involved in
~ the hydrogen bond is strong,'* suggesting that a more sophisticated treatment of th-e

vibrational problem is necessary.

VII. SUMMARY

We have observed infrared spectra of ﬁass-selected clusters of partially solvated
hydronium ion clusters H;0%-(H;),, and H30+-(H'20)H(H2). |

We observed all OH and H, stretching modes of H;O%-(H;),, for n = 1,2,3.
The H; form hydrogen bonds with the OH, and in H3Q+-(H2)3, the free OH bands
are absent. The.Hz vibrations are red-shifted by ~100 cm™1, close to tha£ seen for
Hy. The OH stretches shift by 200 to 400 cm™! upon forming bonds with H; ligands.
These complexes appeaf to be somewhat more weakly bound than analogous Hi-(H3),

complexes. From the fragmentation pattern, we found the bond energy to be between
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3 to 4 kcal/mol, similar to that of H. Rotationally resolved bands were observed for
the complex HzO*-(Hs).

A single IR photon cannot dissociate the hydrated H30% clugters. By attaching
an H, molecule to hydronium ion hydrate clusters H3Ot-(H;0)n, n = 1 — 3, we
have been able to use vibrational pre.dissociation‘ spectroscopy to observe the infrared
spectra of the mass-sel.ected hydrate clusters. In this scheme, we detect loss of the
H,. The Hz thus acts as a mass label or “messenger.” The spectra were primarily of
the free OH vibrations of the H,0O and 'H3Q+, although the messenger H, vibrations
were also observed for n = 1, 2. |

H, has a proton affinity of 101 kcal/mol. As a result; it tends to form complexes
with protonated species such as H;Ot having bond energies of up to 6 kcal/mol. The
H; forms weak bonds with the H30+-(H20),,, and appea,rsv to slightly perturb the
épectra—, although much 'less than it perturbs the‘ spectrum of the H3O* ion alone.

Detection of the hydrogen-bonded OH stretch at 2670 cm™! in ﬁ30+-(H20)3 - (Hs)
éonﬁrms the spectrum Schwarz observed of hydronium ions formed by pulsed radiol-
ysis. The experimental results disagree with recent ab initio c&lculations, and point
to verror's steinming from the empirical scaling of ab initio harmonic frequencies. The
bandwidth is 100 cm™!, an order of magnitude larger th_;m that of the ligand H,O
stretches; and é,ppears to be intrinsic ..to the clﬁstgr_, and not due to dissociation

lifetime broadening.
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TABLE 1. Dissociation energies of several XH*-nH; clusters iﬁ kcal/mol. Theoretical
values from Hirao and Yamabe, Ref. 31. Experimental values from Kebarle, Ref. 6,

except as noted.

XH+ 4 : P.A. of X XH+ o 'H2 XH+ . H2-° . 'H2
H}  expt 101 , 6.6 3.1
DZP CI 4.0 2.0
HN3 - exp. 118.2 7.2 1.5
DZP CI | 5.2 0.6
HOT exp. 100.9 12.5
DZP SCF 4.7
HCO+ exp. ' 141.9 3.9
DZP CI . : 3.1 0.75

%Lias et al., Ref. 34 and Moylan and Brauman, Ref. 52.
"Bguhler et al., Ref. 36.
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TABLE II. Vibrational frequencies in cm™! of the hydrated hydronium ion clusters.

Experiment . Theory®
Cluster =~ M*.Hy® 2 color® Schwarzd (Scaled) Assignment
ion : MPD : H,0t H,0
H,O0F 3528 - 3549 H,0*.H, stretch
' 3565 in H 05 -2H,
3617 ‘ 3609.8 3607 3594 H,O0 sym stretch
3662 ' 3633 H,O* stretch
3693 3684.4 ‘ 3692 3678 H,0 asym stretch
4105 ' ’ ‘ H, stretc@
H,0% ~2300 . 2200 . 2655 " H-bonded H,O* stretch
2722 o
3587 3667.0 o 3631 3627 H,O0t.H, OH stretch
3642 3637.4 3620 3622 3619 H,0 sym stretch
3726 3721.6 3710 3717. 3702 H,O0 asym stretch
4115 H; stretch
- Hy0F 2670 2660 2997 H-bonded H;0% stretch
| | | 3020 |
3636 H,0-H, sym stretch
3648 3644.9 3620 3643 3629 H,O sym stretch
3645 3630
3723 ' H,0-H, asym stretch
3733 . 37304 - 3710 3728 3713 H,0 asym stretch
) 3629 3614
3803 3798 ‘ . weak combinatidn bands
3824 3825 "~ | or overtones

*DZ4+P SCF calcul'ations‘ftom Ref. 21.
bThis work.

‘Ref. 32. ]

?Direct absorption, Ref. 17.
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FIGURE CAPTIONS

FIG. 1 I_;lfrared absorption spectra of the clusters H3Of~(H.20); with n = 3, 4, and
| 5ata resolution of 40 cm™? ﬁom ref. 17. The clustelré were formed by pulsed
radiolysis of a room témperature Ar/H,0 mixfure in a gas cell. The spectra

were direct absorption of broad band IR from a glow bar.discharge, dispersed

by a monochromator. Reproduced with permission.

FIG. 2 ab initio predicted geometries of the hydrated hydronium ion clusters from
DZ+P SCF and CI calculations by Remington and Schaefer. Unpublished, Ref.

21

»

FIG. 3 Mass spectrum of the hydrated hydronium ion clusters produced from the
" supersonic expansion of a weak plasma. The plasma was formed in a corona
discharge of 200 torr of pure H, at 0°C with a discharge current of 30 pA. The

water clusters were produced from trace impurities in the gas.

FIG. 4 Infrared spéctra. of the clusters HyO*-(H,),,, witﬂ m =1, 2, and 3. The
| fragment ions detected were H;O*, H307, and HgOf#(Hz), respectively. Laser
resolution was 1.2 cm™. The arrows at the top indicaté the origins of funda-
mental bands Iin the H;0*% and H, monomers. The v; mode of H3O* has not

yet been observed in the gas phase. The indicated value is from an ab initio -

calculation (Ref. 38).

FIG. 5 Infrared spectra of HyO7 - (H,), I‘{.,O:",F . (H.z), and HyOF - (H;). The laser
| linewidth was 1.2 cm™?. The arrows at the top indicate the band origins of tran-
sitions to the symmetric (3657 cm’l.) and antisymmetric (3756 cm™1) vibrations
vfor the H,O monomér. The dashed stick spectra are ab initio predictions of the

vibrational frequencies and intensities of the respecitve H;0%.(H;0), clusters,
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made by Remington and Schaefer at the DZ4+P SCF level. See Ref. 21. Calcula-
tions are in the double harmonic approximation, with the vibrational frequencies
subsequently scaled. The theoretical calculations for the H Of ion are at the
asymmetric C, geometry, the minimum energy conﬁgﬁration predicted at this

level.

. 6 Comparison of the infrared spectra of H;OF - (H,) and H,OF - (H;);. The
relative intenisties of the two molecules are correct only to within 20%. In both

cases, the H;OF daughter ion was detected.

7 Infrared spectrum of the HyOf - (H;) antisymmetric stretch of the hydrogen-

&

bonded O-H---O.

8 Geometry of H3O0%:.(H,) predicted by ab initio calculations of Remington and

Schaefer with the DZ+P SCF theory. See Ref. 21.

9 Details of the vibrational predissociation spectrum of the H,;07*-(H;) cluster,
detecting the H3O* product ion. Partially resolved rotational strucuture can

be seen in the 3560 cm~?! and the 4046 cm™! bands.

10 A segment of the 4046 cm™! ba,nd,l taken at a resolution of 0.75 cm™!, with

' laser frequency step size of 0.2 cm~. This spectrum shows details of the @ and

R branches.
11 Postulated location of H; binding to larger hydronium ion hydrates.

12 Energetics and geometries of H,Of + H,, and H;Of - (H;). The symmetric
C, structure 2 is predicted to be 0.2 kcal/mol more stable than the asymmetric
C, structure 1, from ab initio CISD calculations (Ref. 47). Complex 3 bond

energy is unkown, but less than 3 kcal/mol.
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FIG. 13 Observed peak frequencies of vibrational bands assigned to H, .stretches in

various XH* - H, clusters.
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