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Surface Vibrations of Large Water Clusters by He Atom Scattering
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The low energy intermolecular vibrational modes of water clusters for the average sizel0 have
been measured by high resolution inelastic helium atom scattering. The water clusters are generated in
adiabatic expansions through conical nozzles. By accompanying quantum and classical calculations the
excited mode at 5.0 meV has been identified as@ -O bending motion between adjacent hydrogen
bonds, involving 3-coordinated water molecules on the amorphous cluster surface. Experiments for
different sizes show that the frequency and thus the force constant of this mode increase for larger
cluster sizes. [S0031-9007(98)05739-1]

PACS numbers: 36.40.Sx, 34.50.Dy, 68.35.Ja

Weakly bonded clusters have been a focus of intensbetween the latter ones still being a subject of controversy
interest during the past few years. One of the major obf6,7]. The modes near 7.1 meV have also been interpreted
jectives is to understand how the particles evolve as as O -O- -O bending between adjacent hydrogen bonds
function of size towards condensed phase behavior. Thi8], while the higher frequency modes have been assigned
evolution of particle properties is influenced strongly byto hydrogen bond stretching [6,8]. For clusters, extensive
the large surface-to-bulk ratio, and therefore experimentatalculations are available for some selected small species
tools sensitive specifically to the cluster surface propertief9,10]. Here we present the first measurements of wa-
are of interest. A unique tool of this kind has been devel{er clusters for the average sizemf= 110. We concen-
oped in our laboratory, which probes surface vibrations byrate on the excitation of the low energy vibrational modes
inelastic energy exchange with He atoms scattered fromvhich are detected by time-of-flight (TOF) analysis of the
the particles [1]. In fact, we were able to demonstrate thascattered helium atom. By comparison of the data with
in helium atom - argon cluster collisions surface modesalculations of the density of states and their excitation
were predominantly excited [2]. One can distinguish beprobability in helium collisions, we were able to identify
tween single phonon and multiphonon excitation [3] us-unambiguously the type of cluster excitations.
ing the measured angular dependence, in conjunction with The experiments have been carried out in a crossed
calculations. Here the method is applied to the investimolecular beam machine which is described in detail
gation of vibrational surface properties of water particleselsewhere [11]. The helium atom and & 0), cluster
Water clusters are of particular interest because of the imbeam are generated in separated, differentially pumped
portance of water in terrestrial phenomena, and becausmurce chambers and intersect each other uaderin
of the role of icy particles in atmospheric and extraterresthe scattering chamber. The angular dependence of the
trial physics and chemistry. Electron diffraction studies ofscattered intensity is measured by rotating the source
(H,0),, up to sizes of several hundred molecules demonassembly around the scattering center, while the detector
strated a noncrystalline structure [4], while spectroscopiainit, consisting of an electron impact ionizer combined
studies of ice nanocrystal surfaces and surface-adsorbatéth a quadrupole mass filter and a secondary electron
systems showed persistence of amorphous surface strunwltiplier, is kept fixed. The velocity of the scattered
ture to larger sizes, for which the particle interior is crys-helium atoms is measured by time-of-flight analysis using
talline [5]. Thus, past studies indicate the properties ol pseudorandom chopper, located between the scattering
small ice particles that are quite distinct from those ofcenter and the detector, with a flight path of 450 mm.
bulk ice, and surface properties that are distinct from the The helium atom beam is produced by expansion of
interior. The present study focuses on these aspects tie gas under high stagnation pressure of 15 bars through
cluster behavior, for low energy, hydrogen bond vibrationa small orifice with a diameter 030 um at a source
frequencies. temperature offy = 77 K. Under these conditions the

For bulk hexagonal ice these modes have been meaelative width of the velocity distribution i\v/v =
sured by neutron scattering. In the range from 2 td.017 which leads to the energy resolution between 2 and
40 meV the peaks are attributed to the hindered inter4 meV at a collision energy of about 62.5 meV. The
molecular motion and interpreted as acoustical (7.1 meV)H,0),-cluster beam is generated by expansion of water
and optical (28.4 and 37.9 meV) modes [6], the splittingvapor at 10 bars through a conical nozzle with a diameter
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of 70 um, an opening angle 085° and 2 mm length the different energy transfefsE. The first peak is close

at a temperature of = 621 K. The beam contains to where we expect the elastic scattering of monortejs

a distribution of cluster sizes, which we have analyzedand clustergc), as indicated by the arrows. The possible
using a reflectron time-of-flight mass spectrometer ininelastic contributions then appear with increasing energy
which the (H,0), clusters are ionized by single photon loss. Here we have marked the peaks by the correspond-
ionization after they have been doped by one sodium atorimg loss in meV. We essentially observe two additional
[12]. The measured sizes follow a log-normal distributionfeatures, a middle peak with an average energy loss of
with an average cluster size af= 110 and about the about 5 meV, nearly independent of the deflection angle,
same half-width. and a peak at larger energy transfers which varies from

The information on the vibrational excitation is directly 14 to 22 meV with increasing deflection angle. Since the
obtained from the time-of-flight spectra measured at diflatter peak is also present at deflection angles which are
ferent laboratory (lab) scattering ang®s A typical ex- dominated by monomer scattering, we attribute it to in-
ample of such a measurement at the collision energy oélastic monomer scattering and concentrate on the middle
E = 62.5 meV is shown in Fig. 1. The three selected labpeak as the cluster contribution.
anglesl 1°, 15°, and20° are close to the minima of the to-  In order to substantiate this picture we have carried
tal differential cross section curve which contains contri-out computer simulations of this system. Up to now,
butions of the scattered clusters and remaining monomersuch calculations have only been performed for the
This observable is dominated by the diffraction oscilla-scattering of He from Ay clusters [3,14]. The results
tions of scattered monomers, and near their minima welearly demonstrated that quasiclassical trajectories are
expect the largest contributions from the clusters [2]. Innot sufficient to describe correctly the energy transfer
contrast to the results obtained for argon [2] and ammoef single phonon excitations. On the other hand, the
nia [13] clusters, the spectra exhibit three well-resolvedquantum mechanical treatment of such a high dimensional
peaks. In order to assign these peaks, we first calculatmupled system requires approximations. Here we have
the corresponding energy transfer. From the measurethosen an approach which is closely related to the
primary and target beam velocities and the transformasemiclassical forced oscillator model [15].
tion from the center-of-mass to the laboratory system, the The complete procedure for the scattering calculation
velocities of the scattered helium atoms are calculated fanvolves three steps: (i) The generation of a water

cluster in the measured size range, here 90, (ii) the

calculation of the vibrational frequency distribution, and
T T y (iii) the calculation of the differential scattering cross
section for the excitation of single quanta in collisions
with helium.

We will discuss these steps separately. The calculations
employed an approximately spherical water cluster model
of 90 molecules that was prepared by “cutting” a sphere
from the cubic ice structure, annealing it at 150 K, and
cooling it down to 80 K by molecular dynamics (MD).
The resulting cluster is amorphous. The water potential
employed in all the calculations wags2[16]. The clas-
sical MD does not provide a good description of inelastic
phonon excitation, which is essentially a quantum-
mechanical process. The reason is that in classical
mechanics any amount of energy can be transferred
to any vibrational mode, while in quantum mechanics
. energy transfer occurs in discrete quanta. To account
200 300 400 500 .600 for that fact we proceeded as follows. First, the normal

. ) mode analysis was carried out at the cluster minimum.
Flight time / us Then, classical trajectories were calculated for a He atom

FIG. 1. Measured time-of-flight spectra for water clusters ofC_O”'d'n,g at random with the clus_,ter In |t.s minimum con-
the averaged size @ = 110 taken at three different laboratory figuration. For the atom-cluster interaction a pair additive
angles. The position of elastically scattered mononfets Lennard-Jones He-D potential was used [17]. The

and clusters(c) and inelastically scattered monomera(i)]  excitation probabilityP; o, of each normal modg from

are indicated by arrows. The lines (solid line: sum; dottedy,o ground stater = 0 to the first excited state = 1
line: single contributions) are calculated inelastic cross sections lculated using ti d dent turbation th
of He + (H,0)q collisions as are shown in Fig. 2(b). The Was calCulaled using ime dependent perturbation theory.

numbers indicate the energy transfer in meV of the peakd he perturbation was assumed linear in the normal mode
below. displacement and calculated from the classical trajectory
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[18], giving only the lowest energy part of the frequency distribution
2 is excited.

1) Now we compare these results directly with the mea-
surements. For that purpose the calculated double dif-
ferential cross sections are transformed into time-of-flight

. . ._spectra. In this procedure the averaging processes of the
are the transformation matrix elements from the Cartesia P P ging p

X . Qpparatus are properly taken into account. The experi-
O-atom displacements to normal coordinates. We get th&ental resolution function is calculated in a Monte Carlo

1
Pio1 = e ’ Z Fi(wj)aij
1

Fi(w) is the Fourier transform of the perturbation ang

A tvpical It of h lculation is sh in th ing beams, the finite dimension of the scattering volume,
yplca; refslli_ 02 sulg a cg cuia 'znb.'f ?ho"]Y” "N € the detector, and the resolution of the TOF analyzer [19].
upper parts of Fig. 2. Figure 2(a) exhibits the frequencys o0y on this function, which also contains the transfor-

dlst_rllbutlon basﬁd on ihe r(;or;na!) m(t)dBetanflclJysm.VWedsze ation from the center-of-mass to the laboratory system,
mainly two peaks centered at abou 0 mev an e calculate directly the TOF spectra. The results are

to 35 meV. Figure 2(b) displays a histogram of phononshown in Fig. 1 as the solid lines. The dotted lines in-

energies that were excited in CoI_Iisions with heligm at thedicate the single contributions of the excited modes for
energy of 65 meV and a deflection anglelgts®, in th‘? ., every 2 meV interval. The middle peak of the spectrum
center-of-mass (c..m.) system. The resoults are very S'm'l% well reproduced for all three lab angles. Thus we con-
up to c.m. deflection angles of abat@®. In all cases, clude that this peak is caused by the excitation of the low
energy vibrations of the clusters.
' Having explained the meaning of the first and second
peaks, we are left with the explanation of the third
peak which exhibits, in contrast to the second one, a
variable energy transfer as a function of the angle. The
explanation that this peak is caused by multiphonon
excitation of the clusters is quite improbable. Test
calculations show that the angular range investigated
here is too small for an appreciable amount of overtone
excitations. In addition, it should lead to a constant
excitation as a function of angle, as does the excitation
T of the fundamental. However, quasiclassical trajectory
simulations of He+ H,O monomer collisions, employing
a realisticab initio potential surface [20], give indeed
inelastic contributions which peak as a function of the
deflection angle at the values marked;) in Fig. 1 by
arrows. The general trend of this excitation is quite
@ well reproduced. Past studies suggest that the classical
----- treatment of atom-molecule collisions is reasonable for
1 rotationally inelastic transitions at energies well above the
excitation threshold [21]. The discrepancies left in the
: absolute position might be a consequence of inaccuracies
0.0 25.0 50.0 in the potential or in the classical treatment.
o/ meV We now focus on the assignment of cluster motions that
FIG. 2. (a) Distribution of cluster frequencies, obtained fromare excited by the collisions with the He atoms. From
normal mode analysis. (b) A histogram of phonon energiecomparison of Figs. 2(a) and 2(b) it is seen that collisions
excited in collisions with helium at the energy of 65 meV excite preferentially the low frequency part of the first
and a deflection angle df7.5°, in the center-of-mass system. peak in the density of frequencies. To assign this peak,

(c) Fourier transform of the autocorrelation function for the . . . . ) .
hydrogen bond stretch -GO (dashed line), and for the calculations were carried out in classical trajectories for

bending between adjacent hydrogen bonds-@ -O (solid  the cluster, followed by an evaluation of frequency spectra
line), obtained from a classical trajectory simulation of thefor different types of molecular motions. Specifically,
cluster, and averaged over all cluster molecules. (d) Solidhe Fourier transform of the autocorrelation function was

line: Fourier transform of the autocorrelation function for -
O -O- O bending: the middle O atom belongs to a moleCulecalculated for the hydrogen bond stretch ‘@ and for

that was approached most closely by He in one of the collisiorj® Pending motion between adjacent hydrogen bonds

trajectories. Dashed line: contribution to the spectrum fromO- -O- -O. Figure 2(c) ShO_WS the spectra, averaged over
DAA molecules. Dotted line: contribution from DDA. all of the hydrogen bonds in the cluster. In accordance
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with the suggestion of [8], the first peak in the frequencytive breathing motion, decreases with increasing size [1].

spectrum is contributed predominantly by the @- -O  Obviously, the water molecules behave differently, and the

bending. More relevant to the excitation by collisions isresult suggests that in smaller clusters the strain in the hy-

the bending spectrum for those water molecules whicldrogen bond network reduces the effective bending force

were hit by He atoms during the trajectories. Figure 2(d)onstant.

shows the spectrum of the-QO- -O bending angles, We acknowledge the financial support from the

such that the middle O atom belongs to a moleculedDeutsche Forschungsgemeinschaft, and the Israel Acad-

which was approached most closely by He in one ofemy of Science.
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