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ABSTRACT

"Experimental results are presented on the vibrational predissociation
spectfa in the frequency range 3000-4000 cm~! for the species (HF)
and (HZO)n, n'= 2-6, using molecular beam techniques and a tunable
infrared laser. The observed spectra show a dramatic change between the
Adimer and 1ar§er c]usters which is thought to be a result of the cyc11c
structure of the trimer and larger clusters. The spectra are compared to
calculated harmonic force constants of available intermolecular potentials
to understand how these small, gas phase clusters relate to the liquid and
solid phases of HF and HZO' Additjona11y, the angular distributions of
the predissociation products show that 1itt1e'energy appears as
translational motion of the fragment molecu}es. .This conclusion is
consistent with recent theoretical models of the predissociation process.
An upper 1jm1t of ~2 usec is observed for the lifetime of the

vibrationally excited clusters.
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INTRODUCTION : " . S - v

Van der Waals (VDN) molecules have long been suggested as a well
defined,‘accessible mode fgr studyihg'thevspectrostpic and dynamical-
properties of‘condensed phases. Hydrpggn bonded 1iquids, in particular, : e
have received much attention becausé df‘thé noticeable spectroscopic
changes which:occur in the liquid a’nd“soHdphases.1 Despite the
extensive study, little is known about the detailed electronic .
restructuring (potential energy'surface) which is responsible for the
‘Targe red,shiftsvand intensity chénges associated with hydrogen:f
bonding.1 Until the physical mgchanisms for these changes are known, it
will be difficu]t‘to parameterize_ana]ytica] mode]}potentia]s'{n an
accurate and economical way. Indeed, most,potentiql models proposed to
date ;onsistﬁof‘simple atom-atom_interactions which rarely predict mofe
than one prpperty correctly over a substantial range of conditions.gf
v The expekjmenta] resu]ts presented be]ow werevmeasurgd_in‘an attempt Fo
understand the rate at Whjch the bulk phase spectroscopic behavior is.

approached for these two mo]ecu1és.

EXPERIMENTAL:

The (HZO)n and (HF)n clusters are formed in'an adiabatic
expansion using neat or rare gas mixtures of HF and H20. The infrared
radiation is obtained from a Nd:YAG pumped LiNbO3 opticé] parametric b
oscillator (OPO) based on ‘the L-shaped cavity design offoer;3 -Fbrlthe

frequency range 3000—4000'cm"1, the pulse energy ié 1-4. mJ with a pump
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energy fluence of 1 J/sz, and the Tinewidth (FWHM) varies from 3 to 4
cm'l. v |

The predissociation of the clusters is detected in two different
coﬁ?iguratiohs using a mass spectrometer.

(A) Perpendicular Laser-Molecular Beam Arrangement

F1gure 1 shows an 1n-p]ane view of this experimental configuration.
The v1brat1ona1 predissociation is observed by monitoring the appearance
of the predissociation,fragments. "The electron bombardment ionizer-mass
spectrometer assembly rotates on a 20 cm radius cxrcle about the
intersection point of the 1aser and molecular beams. The defining
apertures in the mass spectrometer limit the detector's Tine of sight to a
3 mm x 3 mm region at the intersection point. Ciusters that predissociate
before travelling beyond this viewing region'(nomina] residence time is 2
ﬁseCs) and whose fragments kecoi1 into the detector, are detected as an
increase in the ion signal at the masses characteristic of tﬁe c]Qster
predissociation fragments., The predissociation signals_are co]]éctéd by a
multi channel scaler triggered by thé laser pulse and accumulated for

2,000-10,000 laser pulses. The laser power is monitored by a power meter

placed after the intersection region. The power dependence of the signal

is measured to insure that the predissociation yield is linear with photon
number. The angular distribution of the predissociation fragments is used

to determine the translational energy distribution of the product
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(B) Coaxial Laser-Molecular Beam Ar?angement'

» A cross sectional view of this apparatus is shown in Fig. 2. Here,
the laser and molecular beams are supefimposed whi]e_the mass spectrometer
monitors the mo]ecu]ér beam. Vibrational predissociation fs obsefvéd»as
dép]etion in the signal of the parent cluster mass. Compared to the
perpendicular arrangement; this method has thirty times the interaction
,vo]Ume between the laser and molecular beams, and detects all
-predissociation events in contrast to the small fractibn.sampled by the
~ perpendicular arrangement. The increase in the detectable signal (~106)
permitSnthe-use of 1.0 to 0.1% seeded beam ratios (HF or H20 in a He or
Ar carrier) and faster data acquisition. However, it cannot supply

angular distribution information.

RESULTS -
Vibrational predissociation spectra of_(HZO)n'and (HF)n-are
displayed in Figs. 3-6. The angular dependence: of the (H2'0)n
predissociation fragments is shoWnﬂiﬁ Fig. 7. Similar results were
obtained for (HF)n;' The narrow angular range'of the pkoducté (e 5.10°)1
indicates that little of the excess -energy appears as product
translation. The steep monotonic decrease in-the angular data with
%ncreasing laboratory angle can only be fit by a product translational
energy distributon which peaks at or near zero degrees. The excess energy thus
remaining after the cluster dissociates must be in the internal degrees of

freedom of the fragments.

g



o

-5-

5

For energetic reasons® the dominate predissociation channel for

both (HF)n and (HZO)n is thought to be

(H0), + b > (H,0) j + Hy0 - m

(HF), *hv > (HF) o + HF | | ()

since this is consistent with the observed independence of the.shape of
the angular distribution with OPO frequency. The electron bombardment
jonization complicates assigning the signai_observed at a particular mass

peak to a specific c]uster.' The dominate ionization channel is most

probab]y

(H)0), +e” > (HZO)n_ln+ + OH + 2e” (3)
(W), +e” > (W) W +F+2” (4)

However, the channels

(), + € > (o) it 5

(W) v s (WE) KTt (6)

with m > 1 are also observed to occur. Figufe 3 (a), (e) shows two -
frequency scans at the H30+ mass under twp diffefent source
conditions. The changes Qbéeryed for the two different cluster
distributions are a result of the larger cluster predissociation fragments

from process (1) ionizing By the channel (5) with m > 1. - In cases where
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several clusters absorb at the same frequency, varying the source’
pressure, seeding ratios, and recording the spectra at many masses can

distinguish which bands belong to different polymers.

DISCUSSION
From the dafa diSplayed in FigS. 3—6; it is obvious that the dimer
species (HZO)Z and (HF)2 are substahtialiy different compared to

the larger clusters. Mblecu]arvbeam'electric resonance spectroscopy5has
_ e

esfab1i$hed'the ground vibrational state structures of (HéO)Z, and
(HF)2‘7 The three (HF)2 bands are assigned tq the HF stretch of the
hydrogen bonded proton (3720 cm"l), phe HF stretch of the "free" proton '
(3878 cm'l), and a combination band involving an intra- and

inter-molecular vibration (3970 cm‘l). The (HZO)Z bands are
similarly assigned to free (3715, 3625 cm'l) and hydrogen bonded (3596,

1-are also

3524 cm'l) protons. The bands at 3715 em~L and 3500 cm™
seen in the spectra of larger water clusters. Their presence at the dimer
parent mass could be from the Targer neutral cTuster 1onizing.via eqn. 5.
More detailed studies will be necessary to measure unambiguously the
complete (H,0), spectra in this }egion. |

The (HF), and (H,0),, n = 3-6 clusters exhibit a strohg, broad;
red shffted band structure Whicﬁ-is assigned to the hydrbgeh bonded
protons. The lack of ahy abgérpfion_peéks above §500 cm‘1 for‘the ’ W

(HF) , n = 3-6, clusters indicates the absence of a terminal ...H-F or

n.
...F-H molecule. Consequently, these 1arger'c1usters must be cyclic.



~ molecular HaF(HQ) stretching motion, v

-the (HF.)n series, the decrese of v
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Similarly, the absence of a band at 3596 cm'1 for the larger water

 clusters is consistent with a cyclic geometry for these clusters. The

sharp, narrow peak at 3715 cm"1 is assigned to the "free" hydrogens

“which point away from the ring. Typical minimum energy water polymer

structures predicted by available intermo]écu]ak potentials are shown in
Fig. 8 and agree with this assignemnt of the observed spectra. Molecular
beam deflection experiments for the larger (HF)n’7 énd (H20)n,6 |
clusters indicate small tg undetectable dipole moments for these species,

as would be expected for cyclic structures.

The band structure of the hydrogen bonded absorption seems to be best

described as a progression of combination bands. The equation

pobs Jintra o o ointer o - 0,1,2 (7)

where vintra*is the fundamental frequency of the hydrogen bonded intra
inter , frequency of the
intermolecular F--HF (0---HO) hydrogen bond, and vas the observed bands:

are consistent with the more advanced treatments of hydrogen bonding. For

intra inter with

and increase of v
increasing cluster size is in accordance with progressively weaker
intramolecular bonds and‘stronger intermolecular bonds in the 1arger
clusters.

The question arises, why are the hydrogen bonded protons of the
cyclic structure so red shifted as compared to the dimer species? Since

the dimer absorptions are characteristic of the pair interaction .
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potential, it might be & consequehce of the Change in the reduced mass of
the proton mOtiohs in the cyc]fc as opposed to fhe open dimer
configuration. |

To investigate this possibility, the harmonic vibrational frequencies
at the minimum energy configurations of the (H20)n polymers were
calculated using 3 widely used potentials.g’g’lo The harmonic
frequencies of the polymer vibrations were multiplied by a conétant
choosen to bring the calculated monomer vibrational frequencies into close
agreement with the known vibrational frequenice§ of HZO' This was meant
to servé'as a crude correction factor for anharmonicity. The best
agreement in all cases was from the‘Waft's potentia]g,which uses the
. known gas phase HZO anharmonic vibrational potential to describe the -

9 10 models

intramolecular forces. The polarization® and central force
of Stillinger do not predict the appropriate tight grouping of the free OH
peaks, and also indicate blue shifts relative to the monomer. These
discrepancfes ére expected since no particular attention was paid~to
predicting the high frequency proton vibrations. The Watt's potential
predicts the observed dimer spectra quite accurately given the
approximations of the norma];mode treatment and the type of data used to
derive the intramolecular potential, namely 2nd virial coefficients and
solid state nearest neighbor distances. . When.this pair potentig] is
applied to larger clusters, the calculated spectra show two band groups -
the free and hydrogen bonded protons. The calculated frequenices of the

larger clusters are more commensurate with the observed and calculated

dimer bands than the red shifts observed in the larger clusters. We
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conclude that the pair potential cannot account for the red shifts, which

- must then be a result of non additive interactions. When an OH group is

involved. both in donating and accepting a_hydrogen atom for hydrogen
bonding, the electronic structure of that OH bond is significantly
pertufbedvbeyond that accountable by pair interactions.

_ :«An interesting implication of our assignments is how they suggest
that past explanations for the infrared structure of liquid water are in

error.l1 The basic conclusion of these previous studies was to assign

“each observed (or deduced) band to a different local environment. The

present work;, .along with theoretical treatments by Rice and‘Sceats]2

Mdrecha113 and others,14 suggests that the broad band structure is
intrinsjc to the hydrogen bond. Recent studies by Byer et a].ls on the
depolarization CARS spectra of 1iquid water have shown similar structure
in the wavé]ehgfh region of this study.

' Lo e e e . : .
Two aspects of the predissociation dynamics were also observed in our

- experiments, an upper 1imit to the vibrational predissociation lifetime of

the clustér, and the partioning of energy between translational and
1ntérna] degreés'of freédom'of the predissociation products. The lifetime
was determined by our observations of predissociation (in collision free
conditions) in the perpendicu]ar beam arrangement, and the agreement
obtained between spectra measured by the two experimental configurations.
Although the information from the product angular distribution is limited,

it is possible to understand why little energy appears as translation and

" why the shape of the angular distributions are independent of the photon

energy for the range probed (9-10.5 kcal).
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Calculations were performed of the locally adiabatic prédisSociation
(LDP) paths using the Watts potential for the dimer, trimer, and tetramer
as shown in Fig. 9. The dimer path is straightfoqurd, and similar to a
diatomiC'mo]eéule dissociation. The trimer-path indicates a two step : v
process. First, the separation of two oxygen afoms from ~2.75 A - 5.50 A
breaks ‘the cyclic structure to form an open chain, then a terminal monomer
“‘molecule dissociates with a curve similar to the dimer. The tetramer
indicates more.exdfic behavior dépending on the order W1th'Which the water
‘molecules are separated. This is a result of numerous 1o¢a1_minima.on the
potential surface. (The LDP's weré generated by small sequential

disp]acements of ~0.2 A of the oxygen-oxygen distance, so the-curves do
not represent global minima). |

The§e baths indicate that the geometry of the cluster when it
diésociates is far removed from the equilibrium configurhtioﬁ‘of the
separated products. Many low frequency vibrational motions will be
ex;ited in the cluster frgments left in these e*tended‘orientations.,'This
‘wou]d explain why 1little energy appears'in translation, and why the
product energy distribution should not depend dramatica]]y on which

motions are excited by the photon. -
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~ CONCLUSIONS

A preliminary study of the fundamental hydrogen atom vibrations in
sma]] clusters of HF and H20:have iﬁdicate&’that thé key to
underspandipg the origins of the'dramatic spectral changes induced by
hydrogen bonding is in the differences between the dimér and larger
clusters. Accurate quantum mechanical calculations of the electronic
structure shou]d'be possible for these systems. }Thesé new results will
then eﬁab]e more accurate ;nalytical potential functions suitable for
modeling solution behaviof.

The predissociation lifetime (<2 usecs) and energy partioning among

the product degrees of freedom were also obtained. The large geometry

~ changes the trimer and larger clusters must undergo during dissociation

appears to explain the small amount of energy released in translation and
the 1nsensitiVity of this product energy to the range of photon energy
these experiments.

Fufure experiments on isotopically substituted clusters should
further the understanding of the dynamic coupling present in these
clusters.v A study of‘the behavipr of 1arger clusters should also indicate
whether it is possible to fncrease the c]ﬁster's heat capacity to the
range where the predissociation can be measured in real time, if indeed

the energy is substantially redistributed within the cluster before

dissociation.
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FIGURE CAPTIONS

Fig. 1.
Fig.'2.
Fig. 3.
Fig. 4.

Fig. 5.

In plane view of perpendicu1er 1aser molecular beam‘apparatus.
Labeled components are: 1)'0.007 ih.ediameter quartz nozzle
heated'to 125°C, 2) first skimmer, 3) second skimmer, 4) third
skimmer, 5) power meter, 6) Germanium f{itek, 7) ionizer

assemb]y, 8) quédrUpo]e mass spectrometer. 6 measures the

~angle of rotation of the detector from the molecular beam.

S1de v1ew of the coaxial 1aser molecular beam apparatus.

Labe]ed components are: 1) BaF2 entrance window for the OPO

beam, 2) quadrupo1e,mass spectrometer, 3) ionizer assembly,

’4) final molecular beam def1n1ng aperture, 5) second skimmer,

6) f1rst sk1mmer, 7) nozz]e

Water c1uster and condensed phase spectra Panels (a)-(e)

are spectra observed in the present work.

Vibrational pred1ssoc1at1on spectra of (H 0)2
(H20)3 obtained by the coax1a1 method.

Vibrational predissociation spectra of (HF)n,’n = 3-6,

corrected and normalized for photoh number. The peaks marked

with asterisks in the m/e = 41 spectrum are fromv(HF)3; the

other peaks are due to larger clusters.
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Fig.

Fig. 8.

Fig.

: H3O 3 + - (Hy0), H'3 _CI- (H20)3 W @- (H20)4 H

M1n1mum energy c]uster geometr1es for the Watts potent1a1
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Vibrational predissociation Spectrum'of (HF)2 corrected and
normalized for the photon number, with the structure of (HF)2_

as determined by molecular beam electric resonance spectro-

scopy. | . y

Laboratory anqu]ar d1str1but1ons for the detected mass O -
+

- energy funct1on (a,b, d e f) for the po]ar1zat1on model trimer

(c), and for the conf1gurat1on character1z1ng a trans1t1on
state for the tetramer‘d1ssoc1at1ng 1nt0 a trimer ahd a
monomer (g) | (

Loca11y ad1abat1c d1ssoc1at1on energy curves for A (H 0)2
2H20 B. (H20) (H 0)2 + H20 C. (H20)4 (H 0)3 + H20 when
adJacent hydrogen bonded waters are separated D. (H O)4
(H20)3 + H20 wheh it is formed from a monomer add1ng to a
cyclic trimer, E. (H20)4 -> (H20).3 + H20 when'opposing non-
hydrogen bonded water mo]ecuies of the cyclic tetramer are

separated.

K:’U)
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