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The vibrational OH-stretch spectra of large water clusters were measured by photofragment spectroscopy
after the absorption of pulsed tunable infrared radiation in the frequency range from 3000 to 380Ut

mean size of the clusters from= 20 to 1960 was measured by threshold photoionization of the water
clusters doped with sodium atoms. The largest abundance of the fragments was that of water hexamers. The
fragment intensities are measured for different excitation energies and different cluster temperatures as function
of the cluster size. For the selected siz#s= 48, 111, 631, and 1960 complete OH-stretch spectra have
been measured. The comparison with calculations revealed that the method is mainly sensitive to the outer
cluster surface which has for all sizes an amorphous structure dominated by 3-coordinated and to a lesser
extent also by 4-coordinated molecules. The intensity of the hexamer fragments goes through a maximum at
n = 70 and drops ton = 300 where it levels off with a different slope. This behavior is attributed to the
number of available connected 3-coordinated water molecules and the influence of the emerging 4-coordinated

molecules in these clusters.

I. Introduction symmetric and asymmetric stretch vibrations of the free water
molecule at 3655 and 3756 ci) respectively, depending on
the direct and also the more distant neighbor molecules. Typical
results are the IR spectrum of liquid water exhibiting a broad,
Qnstructured distribution with a maximum at 3400 ¢nfrefs

The condensed phase of water is still, after so many years of
intensive research, the objective of many investigations and

obvious. On one hand, water plays a.key .role as ublqgltous 1, 2), whereas the spectrum of amorphous solid water, ASW,
solvent and as promotor of many reactions in atmospheric and

hemistv. On the other hand. th I shows a similar distribution peaked at 3270¢r(ref 3). Here,
space t'C emf'stlf]y' i n'd € g tﬁr alr']d’ f “?a“_{ ?#ma otusthe additional red shift is an indication of the stronger hydrogen
properties of the iiquid an € solid water in 1ts difterent .45 in the solid, while the width of the distributions can be
crystalline ice configurations and in the phase of amorphous

: . traced back to the disorder of the O atohiEnally, hexagonal
?’O“d Wgter (ASW) make this hydrogen bond_ed network so ice displays a somewhat smaller distribution, peaked at 3220
interesting. For several years, water clusters in the gas phas%rrrl with shoulders at 3100 and 3380 ch# The remaining

ha\{e had an increasing influence on the e!umdanon of thesebroadening is attributed to the inter- and intramolecular coupling
intrinsic properties. First, some of the experimental results are between OH bonds in the proton-disordered crystal

well defined, easy to obtain, and are not hampered by h ¢ I | in the si
complicated averaging processes. Second, the variation of the N contrast, the spectra of small water clusters in the size

cluster size allows us to investigate experimentally the develop- range fromn = 2 1o n= 10 .consist of well separqted lines
ment of properties of the condensed phase in a step-by-stepWh'Ch can all be ascribed, with the help of calculations of the
manner. Third, the finite number of molecules in a well-defined CUStér structures and their IR spectra, to their specific

. Ui
environment makes a theoretical treatment easier than that ofenV|ronmentl§. Itincludes the free OH stretch mode at 3695
the bulk liquid or solid. to 3720 cml, depending on the adjacent molecules, and the

In this respect, the spectroscopy and here, in particular, thez-coordlnated hydrogen bonded DA modes (one donor and one

vibrational spectroscopy of the OH stretch mode is quite a gg%%pt?r?l\f’\’h'fﬁ (:gcur mt (;ychc struc(;urestat 3533, 341?.' alnd
sensitive method to determine directly the strength and the ¢ or tne tnmer, tetramer, and pentamer, respectively.

coordination of the hydrogen bonded network. This mode is In the size range fmf"" = 710 10 with three-dimensional .
shifted up to 800 cmt to the red from the positions of the structures that are derived from the octamer cube by subtracting

and adding molecul€$;*4 3-coordinated single donors (DAA)
- o at 2950 to 3100 cm* and double donors (DDA) around 3550
* Corresponding author. E-mail: ubuck@gwdg.de " . : . .
" Present address: Department of Chemistry, Physical Chemistry, C * are observed. The hexamer is the first three-dimensional
Goteborg University, SE-412 96 @eborg, Sweden. structure with a large variety of nearly isoenergetic isoAtetg
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which range from the cadover the ring° to the book?! Thus TABLE 1: Beam Data

we get from the OH stretch modes of these clusters a one-to- property expl exp2 exp3 expd
one correspondencg betwgen wavenum.bers.e.md_CO(_)rdlnatlm|diameter of conical nozzlé (um) 90 60 50 50
which can serve as f|ngerpr|nts for furt_her |den_t|f|c§1t|on_|n larger angle 3 (degree) 30 204 41 41
systems. In addition, the high resolution rotatiemébrational length (mm) 2 6 2 2
tunneling spectra from the dimer to the hexamer provide similar nozzle temperature (K) 355 495 495 495

conclusions about the structuf®s?® The results of the dimer ~ Pressure (bar) 23 30 110 210
. . . average sizén[] 40 111 631 1960

have been used to derive very accurate two-body interaction ' _ _

potentials for watef® Similar results have been obtained by ~ *16.7% mixture in helium.

adding an aromatic chromophore to the water clusters. Results chopper
are available for benzeravater?’—30 phenol-water$-32 and
other substituted benzenwatef* systems. ﬁ J J | g A
In the size range fon = 11—-30, a series of calculations is  source \| | ’
available that can be viewed as multiple fused cage structur@s. time of fiight

Uetecmr

In this size range and the one that follows, up to several hundred o _ _
molecules, only a few measurements are available for which, Figure 1. Schematic view of the experimental setup for measuring
. . . : photo fragment spectra.

in addition, the sizes are not known. In these papers, aside from

the_ isolated pe_ak_of Fhe free OH stretch around_37201cm Il. Experimental Section

mainly broad distributions were measuréd’® For still larger
clusters, the range of ice nanoparticles, considerable experi-
mental and computational information is available. The electron
diffraction studies revealed the crystalline diffraction pattern
of cubic ice*®5! For smaller clusters the presence of an
amorphous component was obser¢&Bor particles in the size
range from 3 to 60 nm the Fourier transform infrared (FTIR)

The experiments have been carried out in a molecular beam
machine that has been described in detail previotflyThe
large water clusters are produced in a supersonic expansion of
mixed and pure water vapor at 2 to 22 bar through nozzles of
conical shape with diameters between 50 and:®0) opening
angles between 2@and 42, and 2 to 6 mm length. The actual
. . ) ; . parameters are listed in Table 1. The average size of the resulting
absorption spectroscopy in cold condensation cells, in COMUNC-clyster distribution is determined by applying the recently
tion with computations, revealed an interesting beha¥dr’ developed method of doping the cluster by the pick-up of Na
The part|cle§ in this size range for cluster sines 400 cor_13|st atoms® In this way the cluster can be ionized free of
of a crystalline core and an amorphous surface that is tracedfaggmentation by single photons close to the threshold, since
back to the nearly spherical shape of these objects. In clusterse jonization potential is significantly reduced to 3.2 eV and
inC'Uding several hundred mOlecu'eS, the CryStal coreis Strainedcan thus be eas"y reached by a dye laser. The vibrational Spectra
by the interaction with the disordered surféce. of the pure large water clusters {8)), are measured in the

In the present contribution we address cluster sizes in the schematic experimental arrangement depicted in Figure 1. The
broad range between the lower tens to several thousands usingulsed infrared optical parametric oscillator (OPO) output
two novel techniques that allow us (i) to work with known crosses the cluster beam in a quasi-collinear configuration under
average sizes and (ii) to apply a kind of IR spectroscopy, which @ small angle and is tuned in a frequency range of 3EEDO
proved to be mainly sensitive to the surface of these clusters.CM™* with a bandwidth of 0.2 cm'. The laser fluence varied
The sizes are determined by doping the clusters with single Nafrom 100 to 500 mJ/cfhin a single pulse. If a vibrational mode
atoms, which are detected nearly fragmentation-free by photo- of the clusters is excited, the energy is redistributed a!nd leads
ionization close to the threshol For the IR spectroscopy of  (© the decay of the cluster. For small water clusters this decay
the OH stretch mode we have chosen the fragment spectrosS Usually detected by the depletion of the sigiellThis method

copy*359since the well established depletion technique that was 'S not very suitable for large clusters, since the change in the

successfully used in the spectroscopy of completely size selectedSlgnal IS qune_small. Here the detection of the fragment is much
0.60; more appropriate. Therefore the detector, a rotatable quadrupole
small water clustefs'6%is not adequate for large clusters. We

: mass filter with ntinuous electron bombardment ion sourc
detected mainly larger fragments up to,(),H* that proved ss e aco ous electron bombard on source,

to be sensitive to the cluster surface. Results will be presentediS positioned at an ang#® of about 2.6-4.5° with respect to
. ’ the water cluster beam. A chopper allows digital lock-in (DLI
for the average cluster siz&8 = 48, 110, 631, and 1960. They W . PP ws Cidl in (DL

) ) Y measurements, to discriminate the signal of the continuous water
will be compared with calculated spectra that have been obtained| ;ster beam from background. Neutral fragments are leaving

frorr156l(6)¥v energy structures fon = 48, n = 123, andn = ¢ clusters and thereby diverging from the direction of the water
931>*%1Forn = 600 new calculations were carried outin this - ¢|yster beam. Therefore, they are detected as enhancement of
paper. A preliminary account of the experimental results has the signal following the laser pulse in the time-resolved ion

been published in conference proceedifigs. signal of the tuned masses.
In section 1l we will give a brief description of the _
experimental setup. In section Il we will discuss the experi- Ill. Experimental Results

mental methods, which include the angular and size dependence a_cluster Sizes.The average size of the cluster distribution
of the different fragments and their sensitivity to the location s determined by applying the recently developed method of
and the structure of the clusters. Then we present the theoreticaljoping the cluster by the pick-up of Na atofdn this way
methods with the calculation of the IR spectra included in the cluster can be ionized free of fragmentation by single
section IV. The results with the comparison of measured and photons close to the threshold, since the ionization potential is
calculated spectra and the relation to the cluster structure aresignificantly reduced to 3.2 eV. In the present experiment the
discussed in section V. The summary and concluding remarksphotoionization takes place by a dye laser operated at the
are presented in section VI. wavelength of 360 nm (3.46 eV). A typical result is shown in
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Figure 2. Measured mass distribution of water clusters with the mean 10 2 3 4 5
size M= 631 indicated by the vertical line. The solid line is a log- . o
normal distribution fitted to the measurement. scattenng angle /
T | T | T
Figure 2 for the experimental conditions of the experiment (3) o
in Table 1. The solid line is a fit to the experimental data using "é' 2000
the log-normal distribution S
1 (Inn— )’ £
O | O 3
7 21000
with the two parameters, the logarithm of the geometric mean, 8
ando, the logarithm of the geometric standard deviation. The ‘..g
mean cluster size dinJ= 631, which is also marked in the =
figure, is directly determined from the fit. ol I L I L I
Based on a series of such results we have derived a scaling ‘ 1 2 3 4 5 6

law®® that relates the mean cluster siz&Jto the source
conditions of the expansion in the spirit of the well-known
scaling laws derived by Hagena for rare gases and nfétéls.

fragment size k

Figure 3. (upper panel) Measured angular dependence of the indicated
ion signals (HO)H" at the mean cluster size @hlJ= 300 and a

The key parameter that correlates the flow that produces thewavelength of 3718 cri# (free OH). (lower panel) measured depen-

same cluster size is given by

r=nd T3 (0<q=1) 2)
Hereno, To, andd are the source density, nozzle temperature,
and nozzle diameter. For water clusters we@et 0.643 and

oo = —2.655. For nozzles with conical shape and an opening
angle of 2, the nozzle diametet has to be replaced ko =
0.933/tas. It is convenient to reduce the length and energy
scale by introducing the reduced paramdtéer= T/(r%. 3 T%)

with ren = 3.19 A andT., = 5684 K. Then we are able to present
the relation of the average cluster sizélwith the reduced
source parametdr* by a simple power law:

I* \a
M= D(_1ooc)

with D = 2.63 anda = 1.872. In this way the sizes of water

®)

dence of the fragment sizetaken at the deflection angle of 2.3Ne
note that the corresponding parent clusters have usually larger masses
because of fragmentation in the ion source.

4 with respect to BO™. This is displayed in the lower panel of
Figure 3 for a fixed angle. The species with the largest intensity
is that withk = 4. At both ends of the investigated fragment
masses the intensity is smaller. If we take into account the well-
known fragmentatiof¥ of the water clusters by electron impact
ionization, where in addition to the protonation at least one
monomer is lost for systems larger than the dimer, we have the
surprising result that fragments of the neutral precursor hexamer,
and to a lesser extent also those of the pentamer and tetramer,
are much more frequent than those of the dimer. This result is
not what one would expect when energy is statistically
distributed in a cluster. In such a case, the smallest fragments
should be ejected with the largest probability. Such a result has
been measured in the IR spectroscopy of fl@ad methanol-

clusters generated in adiabatic nozzle expansions can bedoped® water clusters. According to our relations of source

calculated from the source parameters.

conditions and cluster siz&€%presented in the last section, the

B. Dissociation.The pulsed infrared radiation excites the OH water cluster sizes in these experiments did not exceed the
stretch vibrational modes of the water clusters and the resultingaverage size offiCl= 20. Therefore, the results of the present

predissociation is detected by the outgoing fragments. A typical
angular distribution of the fragments is shown in the upper part

measurements might be traced back to the larger cluster sizes.
For these reasons, we calculated the fragmentation of large

of Figure 3. The mean cluster size of the water cluster beam water clustersn = 100 andn = 1000, by molecular dynamics

was M= 300, and the excitation occurred at 3718 épthe
position of the free OH stretch motion of the water clusters.
The rapid fall off and the peaking at @ an indication of very
small translational energy and large internal excitation. As
expected from the kinematics of the reaction, the smaller

(MD) simulations. The details of the calculations and the results
are described in the appendix. For the excitation mechanism

we used the simplest model available, the local heating of the

cluster by increasing its temperature. Whatever was varied
surface or inner position of the excitation, different temperatures,

fragments are scattered into larger angles as is manifested byand different clusters sizes the results exhibited always a
the flatter slope. The most remarkable result, however, is the similar general feature. Although fragments up to the size of

high intensity of the heavier fragmentsB)H" with k = 2 to

= 10 were observed, the fragment distributions were dominated
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FREY TR R RS : achieved by using two different lengths of the conical shaped
nozzle under otherwise similar conditions. The longer conical
warm nozzle leads to a substantially longer interaction time before
the zone free of interaction is reached. The cooling by collisions
with the remaining monomers is more effective and we estimate
a colder cluster temperature in this case. Therefore, the results
obtained with the different nozzles are marked with “warm” in
the upper panel and “cold” in the lower panel.

Let us summarize the results presented in Figure 4 as follows.
Ok 0 o i N - (1) There is, in general, no difference in the results for the two
10 100 1000 laser excitation energies. (2) We observe a pronounced size
mean cluster size R dependence of the @g@),H* signal and cold clusters. The
distribution rises frommJ= 30 to a peak at aboufh1= 70,
and falls off to aboutn’= 300 where a change in the slope is
observed. (3) In the case of the warm clusters, the distribution
is broader, the maximum is the same, and the tail with the
different slope exhibits higher intensities. (4) TheQH signal
is zero for the cold cluster temperature and follows, for the warm
cluster, with some deviations the general trend of the heavier
fragment.

The step from the cold to the warm cluster is easy to

understand. The higher internal energy leads to an easier
n R ¥ & (=l Julsisfsl . o : . .
il P i i i . dissociation and thus the intensity at small and large sizes
10 100 = 1000 i i i

mean cluster size n increases and thg ggneral curve |s.broadened. What is more

av difficult to recognize is the effect which we already observed
Figure 4. Cluster size dependence of the OH stretch intensity taken in the measurement of the angular dependence in Figure 3, the

at 3718 cm* (full characters) and 3200 crh(open characters) atthe istinct preference of the larger fragments compared to the dimer
mass (HO);H™ (circles) and (HO)H™ (squares) for different temper- for Coldpclusters 9 9 P

atures.
The other remarkable feature is the pronounced size depen-
dence of the intensity. If we consider the energetic conditions
by small fragments with an exponential fall off toward larger for the production of larger fragments, say hexamers, we find
fragments. In contrast to the fragmentation caused by collisionsthat for 4-coordinated molecules 12 bonds have to be broken,
of high energy electrons with water and other clusters, which while this number is 6 for 3-coordinated molecules. Here we
could be correctly predicted by MD simulatiofithe measured  anticipate that 2-coordinated hexamers are formed. Thus
interaction of IR photons within this hydrogen bonded network 3-coordinated molecules should be energetically favored. Let
as was measured in the present contribution is not reproduced;s consider the number of 3-coordinated molecules. It increases
by such a simplified scheme. with increasing cluster size in this regime of amorphous cluster
What is primarily not explained by the simulation is the structures. Based on the results of ref 56, we estirre2é
reversed intensity distribution of the fragments observed in the 3_cqordinated molecules for= 48 and~42 forn = 123. This
experiment and shown in Figure 3. Apparently, a mechanism reng, however, continues, although somewhat weakened, for
other than the heating of all degrees of freedom is operating , — 293 \where~66 3-coordinated molecules are counted.
here. In the vibrational predissociation of binary complexes, the According to this behavior we would expect a continuous

couplmg ofhthe_wbrqtpnal motion W'IT the freehtranslatlonal increase of the intensity. Apparently, the intensity decreases after
motion in the dissociation continuum leads to the momentum 70. Aside from the 3-coordinated molecules we find also

gap _'aY" \.Nh'Ch states that the translatlon_al motion of the pror_juct 4-coordinated molecules at the surface. In the investigated size
is minimized at the expense of the excitation of the next lying _ - -

. 072 . . range fromn = 22 (ref 56),n = 48 (ref 56), anch = 90 (ref
internal staté®72 In a system with many more internal degrees 73) the ratioR(3/4) of 3- to 4-coordinated molecules varies
of freedom, such as in large water clusters, the lifetime of the between 1.2 and 0.97. For larger values it drop&R(&/4) =
system is composed of two contributiof¥g(i) The first is the ) N N

¥ P ) 0.78 forn = 123, and finally toR(3/4) = 0.48 forn = 293 (ref

energy transfer from the initially excitedtramolecular modes i ;
into theintermolecular cluster modes. Here the coupling between ©6)- A related observation pertains to connected groups of low-

these two groups of states plays a crucial role. (i) The next coordinated molecules on the surface. The percentage of
step is the decay of the excited cluster along the intermolecular3-coordinated molecules participating in groups of 4 to 7

coordinates and the subsequent evaporation of products aftefembers is 3540% forn = 48 andn = 123, dropping to
the energy is distributed throughout the cluster. <10% in clusters with several hundred molecules. Thus, it

To get more experimental information on this problem we becomes more and more difficult for the 3-coordinated mol-

have measured the dependence of two characteristic fragmengcules to form the larger complexes. At about= 300 the
signals, (HO);H" and HO™, on the cluster size. The experi- Curves in Figure 4 level off and change the slope. This size
ments are carried out for two different wavelengths, 3718 and range is known from previous analysis to be the onset of the
3200 cn1?, which correspond to the free and hydrogen bonded crystalline coré*5¢5” We will discuss the influence of the
OH stretch modes. The results are presented in Figure 4. Indifferent parts later after we have established by comparison
addition to the variables already discussed, the measurementsvith calculations the part of the cluster to which the measure-
were conducted for two different cluster temperatures. This was ments are precisely sensitive.

intensity / arb. units

cold

intensity / arb. units
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IV. Theoretical Methods and Results

The methodology for locating low energy cluster structures
and for calculating spectra, as well as computational results for
the range of tens to hundreds of water molecules, will be
described in detail in a separate publicattéA brief summary
pertinent to the present experimental results is given below.

Forn= 48 and 123 we employ low energy structures located
in a recent optimization study. The optimization procedure
combined temperature dependent classical trajectories, hydrogen
network improvement, and optimization by diffusion Monte
Carlo. This scheme was shown to lower effectively the energy
of the particles. However, in the pertinent size range, finding
the ultimate lowest energy cluster structure is very difficult,
because of a multitude of minima separated by relatively high
barriers; thus our more modest and general goal has been the
location of “typical” low energy structures, as function of size.
For (HO),, n = 48 andn = 123, the optimized lowest energy
structures were compact, 3-dimensional, antbrphousStruc-
tures with these final characteristics were obtainedhfer 48
starting from a number of initial conditions which include tubes
of four- and six-membered rings, sandwich structures, a spheroi
shape cut from a crystal, and frozen amorphous droplet. The
last two yielded compact amorphous structures of very similar
energies and similar qualitative structural characteristics. The
tubes and the sandwich yielded a significantly higher energy.
These results suggest amorphous compact cluster structures. F
n = 123 the procedure and the results were similar, except that
we did not try any tubes or sandwiches; the preference for
compact three-dimensional structures is expected to increase?
with size.

In contrast, ah = 293, optimized structures obtained starting
from a cut out spherical cubic ice crystaP! were significantly
lower in energy than those obtained starting from amorphous
initial conditions (“frozen droplet”). Numerical experiments to

Figure 5. Center slice through the calculated structure off}doo.

states for all the OH bonds. An excited state is expanded in the
dexciton basisy ¢i|L[J where|1;0is a product basis state with
one quantum in bondand zero quanta in the remaining bonds.
The intermolecular OH-OH coupling is modeled as oscillating
dipole—oscillating dipole interaction. The intramolecular cou-
pling is a sum of momentum coupling between two OH bonds
cﬁharing an O-atom, and a potential coupling bilinear in bond
stretch coordinates. The bond frequeneyis assumed to be
determined by the electric field componeht at the H-atom
long the OH bond, as suggested by ab initio studies of ref 74.
he field is calculated at a cluster minimum, using the
permanent charges and the induced dipoles of the polarizable
potential EMP’®> The functionw(E;) was constructed by fitting
experimental IR spectra at two size limits € 8 andn =
931)1454 Because of the relatively large size of clusters

considered in this study, the simplest version of the algorithm

construct shapes enclosed by crystal surfaces but then deviatinc‘\;fvas employed, which did not include the effects of coupling
from spherical shape gave an increased energy. QuaSI'Spher'C"’bet\Neen inter- and intramolecular vibrations on the spectra. The

igf:;sg';/:cénrégmsl Ssiigacgﬁggziéland_rme f?r?;glc')n%n(i;ezndmodel yielded semiquantitative agreement with FTIR spectra
q Y. P of ice and of ice nanoparticlé$*55

structure included a largely crystal core and a disordered surface; .
however, the core was strained significantly by the interaction an-l(;hne Ealglgjllat:?esggct[ge?r'rtlw::)' Se:eeC?d_ﬁ::Sfr:gzsi? the
with the surface. The ice crystal structure is favorable for the N P! In Figure ©. P

complete cluster, the black lines in Figure 6a and c, show a

interior rather than for the surface, and therefore a minimum characteristic shift in the maximum intensity from about 3300
| r size is r ired for cr llinity. The present resul . :
cluster size is required for crystallinity © present results cm! to below 3200 cm. The analysis of the corresponding

indicate that the crystallization threshold is above the size coordinations. shown in Fiaure 6b and d. exhibits that mainl
100. The surface adopts a non-crystalline disordered structure ! 9 ’ y

with enhanced population of five- and four-membered water 4-coordinated molecules are the origin of these peaks. To get

rings, which allow for reduction in the population of underco- Isnljﬁ;rggtgor:ec(i?a?(’)-fcﬁoeﬂlj;l?a;erilLr:]s(t)claer;ugessl%?Ztht?]?a te(;tlr(;?ﬁefor
ordinated surface molecules. Additional calculations were P 9

carried out recently fon = 600 andn = 931. Due to the size ends of the spectrum of the_sma_ller _cluster: 48, as is
of the problem, only the first step of the optimization procedure demonstrated by the colored lines in Figure 6a and c.
(temperature-dependent trajectories) was applied. The patter
of dangling-O and dangling-H atoms on the surface may not
be optimal, as a resuit. But again, the general optimized Now we measured the vibrational predissociation spectra in
structures, which included a crystal core and a disordered surfacethe full wavenumber range of 3000 to 3800 ¢which covers
as shown in Figure 5 fon = 600, should be reliable. These the complete OH stretch excitation. The average cluster sizes,
larger sizes are associated with the appearanaestrained which are determined by the doping method with sodium
crystal ice in the interio?*5>5The above structural evolution  atom&® as was described in section Ill A, includel= 40,
is in accord with past analysis based on FTIR investigations 111, 631, and 1960. The data were, in general, taken at the
for n = 400 to ~1,000,000, and computational modeling of mass of the fragment ions §B)4H*, which we attribute to the
(H20)g79.545537 neutral water hexamers §B)s. In the case of the largest cluster
For the above optimized structures, the spectra were calcu-m= 1960, we also detected the {B)* fragment which is
lated quantum mechanically using a model devised in the attributed to the dimer. The spectra of the two smaller sizes are
pastl11452540H bonds are treated as local Morse oscillators. taken in the configurations exp 1 and 2 of Table 1, which
The ground state is approximated as a product of ground Morseproduce cold clusters, while those of the larger sizes are

r\/. Comparison of Measured and Calculated Spectra
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intensity

2800 3000 3200 3400 3600 3800 2800 3000 3200 3400 3600 3800

-1 -1
wavenumber / cm wavenumber / cm

Figure 6. Calculated spectra, for lowest energy configurations founahfer931 (quasi-spherical structure, crystal core, disordered surface), and
n = 48 (compact, amorphous three-dimensional structurey )931; black: total calculated spectrum; blue, green, and red: surface spectra,
including contributions of molecules in the surface layer at a distarce. from the cluster center of mass, with= 18.5, 18, 17.5A, respectively.

The total spectrum was reduced by a factor 0.12 to enable comparison to surface speaotra.98}), contributions of different coordinations:
violet, dashed- DAA molecules; orange, detdashed— DDA molecules; black- DDAA 4-coordinated molecules (spectrum reduced by a factor
0.12). (c)n = 48, black, solid: total spectrum; red: external layer 5A, black, dashed: interior contribution. (d)= 48, contributions of
different coordinations, notation as in (b).

generated by warm clusters. The experimental results of these — " dliin
OH-stretch spectra are depicted in Figure 7. The gap around 8y

3500 cnt! of the measured points is an artifact of the
experimental arrangement. The crystal used in the OPO has a
water impurity in this frequency range and does not amplify
IR radiation. The spectra are dominated by peaks at 3720 and
3550 cntt for all sizes and a variable peak moving from 3420
to 3350 cnt! for the smaller clusters, which is marked by a
solid line. Peaks in this range continue to be present also for
the larger clusters. The larger clusters exhibit, in addition, a ® o
peak with increasing intensity near 3220 ¢rthat is not present

for the smaller clusters. Those exhibit, in contrast, peaks below
3200 cmt,

We note that the amplitudes in these measurements do not
necessarily reflect the IR absorption cross sections, but are the
product of these with the coupling of the respective intramo-
lecular motions to intermolecular excitation along the H bonds
leading to the dissociation of the clustéfsin fact, there is
qualitative disagreement between the experimental spectra in
Figure 7 and the calculated spectra for the entire cluster, in
Figure 6 (a and c, black solid curves). The computed spectra
reflect infrared absorption intensity, and weighting by dissocia-
tion probability is not included. The discrepancy is especially
striking for the larger cluster size, for which the calculated
bonded-OH band peaks at 3200 ¢hymwhile the experimental
one extends, with relatively modest variation of intensity, from
~3100 to 3600 cm!. One may note that the computed whole-
cluster spectra are in qualitative agreement with the experimental |
FTIR spectra obtained in a cold condensation ¥il:62 3000 3200 3400 3600 3800

On the other hand, much better agreement is obtained while wavenumber / cm'1
comparing the predissociation spectra with the compsitieidce
spectra of Figure 6; the latter were obtained by including only _ )
contributions from surface molecules, whose distance from the Z;g(“l_:zeoiH'\fe(?]ZL)’(;egn?"(;g;t_ff I&?r?]r)n?g‘rt fﬁ:i\r,ae r(;g:apgl'ﬂggf‘;fg;ed
cluster cent_er .Of mass exceeds Some_ cutoff radws_,The_ indicated. The spectra were taken at different temperatures marked on
computed distribution of molecules of different coordinations he right-hand side. Trends are indicated by a straight line. The
as a function of distance from the cluster center-of-mass is continuous lines are calculated surface spectranfer 48, 123, 600,
shown in Figure 8 for two selected sizes; not unexpectedly, low and 931.

warm

warm

intensity / arb. units

cold
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Figure 9. Comparison of calculated surface spectranef 931 from
- n=931 e Figure 6 for different cutoffs. = 18.5 A for the dimer signal and.

= 17.5 A for the hexamer signal with the top two spectra of Figure 7.
60— For details of the experiment see caption of Figure 7.
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number of molecules
[e']
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obtained in Figure 6a. The direct comparison is presented in
Figure 9. The dimer spectrum matches better the calculation
for r. = 18.5 A, while the hexamer spectrum agrees better with
re = 17.5 A. This suggests that dimers emerge from the very
top of the surface layer, while the excitation depth for producing
hexamers is somewhat larger.

| [ We are now able to assign the peaks in the experimental
0 Ll L1l Ll =1 . . .
0 5 10 15 20 spectra basec_zl on the calculation in Figure 6 (b,d)._ In apcord
distance from em with past studlelé‘,‘ﬁzthe free OH of DAA molecules gives rise
i o - to the narrow highest frequency band, while the bonded OH of
Figure 8. Distribution of distances fro_m cluster cerEer of mas_,s., for ihe DAA molecules dominates the low-frequency end of the
lowest energy structures found for = 931 andn = 48. Solid: . . .
coordination= 4 (mostly 4-coordinated); detdashed: coordination spectrum. An ~ 40, DAA molecules give rise to a prominent, )
< 3 (mostly 3-coordinated). separate band at the low frequency end of the spectrum both in
experiment and in calculation, although the computed frequency
coordinated molecules are concentrated in the outer surface. ThdS lower (the discrepancy is most likely due to approximations
values ofr. which result in qualitative agreement with the Of the computational model). At larger sizes, the bonded DAA
predissociation experiment are near a distance at which 3-co-SPectrum peaks at a higher frequency3220 cnr?; the
ordinated molecules start dominating the distribution (i.e., at a corresponding peak is visible in the dimer spectrum (see Figures
point at which the detdashed curve crosses the solid curve, 5 6. (b,d), and 9). DDA molecules dominate the high-frequency
A for n = 48, and 18 A fom = 931). end of the bonded OH band.

The direct comparison of the measurements with the surface We conclude that the experimental method is essentially
spectrum calculated in this way is also shown in Figure 7 by sensitive to the outer surface of the cluster. We do not know
the solid lines. We note that for= 48 and 123 the spectra are the exact molecular level details of the process that removes
averaged over a couple of close lying low energy isomers so clusters from the (kD) surface via photoexcitation. However,
that some of the structure displayed in Figure 6¢ is washed out. it stands to reason that the process is dominated by excitation
For n = 48 andn = 123 the spectra were averaged over 10 of the most weekly bonded low-coordinated molecules, which
lowest lying configurations, which were found using the TIP4P constitute the interface with the vacuum. This is also in
potential’”” The minima are different but qualitatively similar ~agreement with the considerations in section Ill B which pose
(amorphous compact). For= 600 andn = 931, the lowest that mainly the energetically favored 3-coordinated molecules
energy structure found was used. While measured and calculatedre responsible for the measured size dependence of the intensity

40

20—

(in parentheses) sizes agree very well fafl= 40 (n = 48), of the photoproducts in Figure 4. This region is amorphous over
M= 111 (= 123), andm= 631 ( = 600), the data form] the whole size range investigated. Thus, the fragment spectros-
= 1960 had to be compared with the calculationsrfer 931. copy of the hexamer occurs only in an amorphous environment.

This difference is, however, not so important since in this size ~ As was mentioned earlier, the coupling of originally excited
range the cluster structure is very similar. The only adjustment intramolecular vibrational modes to the number of inter-
that has been made in this comparison is to shift the completemolecular states is crucial for the step (i) in the dissociation
spectrum by 32 crt so that the position of the free OH stretch  mechanism. This number is usually higher for amorphous solid
mode is matched. The overall agreement between experimentyater than for crystalline hexagonal ice because of the broader
and calculations is remarkable. Deviations occur for the free distribution of the density of states in the whole range of
OH in the intensity of the peaks. There are also small shifts in intermolecular motions down to the low energy range of the
the positions around 3550 crhand more pronounced peaks in  translation and librational mod@%A similar behavior has been
the calculation in the range around 3100¢m observed in the vibrational relaxation of the OH-stretch mode

To improve the agreement with the two top experimental in liquid water where the dominant accepting channel was the
spectra in Figure 7, we have compared the results with computedhydrogen bond$? This behavior explains the preference of the
spectra corresponding to different cutoff distances as are amorphous structure.
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Finally, we have to explain the shape of the curve for the dominated by 3-coordinated DDA and DAA molecules, differs
size dependence in Figure 4 with the maximumm &t 70 and considerably from the infrared spectrum of the entire cluster.
the leveling off at abouh = 300, which coincides with the  Moreover, it differs substantially from the surface spectrum
onset of the appearance of a crystalline part in the clG$8867 deduced from the analysis of FTIR spectra in a cold condensa-
The photoproducts consist mainly of 3-coordinated molecules tion cell this is since the method employed in that study
out of the outer surface layer. The density of these molecules associated a significantly thicker layer of molecules with the
turned out to change only weakly with size. What really counts surface.
are connected groups of under-coordinated molecules. As was The efficiency of the photodesorption curves of Figure 4 is
already mentioned, the percentage of 3-coordinated moleculesinsensitive to the two excitation frequencies. On the other hand,
in such connected groups with four to seven members is 43%there is high sensitivity to the parent cluster size. The intensity
for n = 48, 33% forn = 123, 9% forn = 293, and 10% fon of the fragments rises fromm]= 25 to a peak at aboufll=
= 600. Although the data are scarce and we do not have models70, and falls off to abouffCl= 300 where a long tail begins.
close to the maximum at= 70, the general behavior is a direct At the low end of the cluster size range, water clusters are known
reflection of the measured size dependence. to be amorphous, while starting from~ 300 the clusters were

We think that the increase originates from the fact that the shown to be characterized by a crystal core and a disordered
formation of four- to seven-membered complexes is simply surface?*56:57 Apparently the photofragment method with the
facilitated by larger clusters. The decrease is caused by thepreferential detection of products larger than dimers is mainly
increasing number of 4-coordinated molecules. In addition, the sensitive to amorphous structures. The molecules that are able
ratio R(3/4) of 3-coordinated to 4-coordinated molecules in the to convert the absorbed IR-photon into the intermolecular motion

amorphous surface range was found to be 0.47nfer 600 are mainly connected 3-coordinated molecules that are located
and 0.50 forn = 931, and thus close to the value of 0.48 near the surface. This number increases with increasing cluster
obtained fom = 293, but smaller than those far= 48 (1.1) size and explains the rise in the size dependence curve. The

andn = 123 (0.78). Thus the number of 3-coordinated loosely drop is explained by the increasing fraction of 4-coordinated
bound groups of molecules is very probably also responsible molecules which hinders the formation of larger complexes

for the levelling-off of the size dependencerat 300. generated from 3-coordinated molecules. Finally, this number
approaches a constant value, which also explains the leveling-
VI. Summary and Conclusions off in the size dependence.
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is since (a) both in experimental setups and in nature one gcience Foundation.

encounters distributions of sizes and structures, (b) listing all

the low-lying states, and ordering them according to energy Appendix: MD simulations

would require computational methods and empirical potentials ) i

of currently unavailable accuracy. Thus it appears more To learn something about the fragmentation of large water

meaningful to address thgualitative cluster characteristics as ~ clusters, we performed molecular dynamics calculationsifor
a function of mean size. =100 andn = 1000. The excitation mechanism preceding the

fragmentation was conceived to heat the cluster locally, starting
from a molecule considered as “excitation center”. The rest of
the molecules have been assigned internal vibrational energies
decreasing exponentially with the distance from the “excitation
enter”.

The HLO monomer has been considered flexible and its
interactions have been modeled by the TIP4P potential of
Jorgensen et al’,which was intensively used in the past two

In the present molecular beam study, the cluster size
distribution was determined by doping the clusters with single
Na atoms which are detected by photoionization close to the
thresholcP8 Vibrational predissociation cluster spectra were then
investigated in the mean size range of tens to thousands of®
molecules. Vibrational excitation in the OH-stretch region results
in photodesorption of cluster fragments from the parent cluster
surface; the desorbing fragments are detected by a quadrupol L ) -
mass filter with electron bombardment source. Among the decades in simulations of agueous solutions and clusters and
photodesorption products, there is a strikingly large abundance93Ve reasonable resulfsThe flexibility of the HO monomer

of water hexamers, and (to a lesser extent) pentamers an%vasr(]ansured kl)j/addlnﬁ_lntramdolehculsr pl_?tgntlgl_ terms tc:j_accouvt
tetramers. With cold parent clusters, the hexamers are easily!®" the two OH stretching and the HOH bending coordinates:

detected, while dimers are undetectable; in a warm beam the

respective signals are similar. This is in contrast to the fragment V. = Es

distribution expected for simple evaporation; there, a monomer HO 2

is expected to be the main product, with rapid falloff as a

function of size. Thus the photodesorption mechanism appearswhere dron, represents the instantaneous deviation from the

to correspond to some kind of complex collective event, in equilibrium OH bond length, whil&¢on, is the instantaneous

which OH excitation is channeled to intermolecular motion of deviation from the equilibrium OH, bend angle. The values

a group of surface molecules, away from the rest of the cluster. of the elastic constants ake = 47.512 eV/& andk, = 3.809
While the exact mechanism of this interesting process is eV.8° We used the Verlet algorithm with a time step of 0.5 fs,

unknown, there is good qualitative agreement between thetypically ensuring a relative energy conservation error of the

measured vibrational predissociation spectrum (measured fromorder 104,

intensity of fragments) and the computed infrared absorption The fragmentation profiles for (#D)100 have been averaged

spectrum of the outer cluster surface. That spectrum, which is over 100 fragmentations, starting from random locations of the

K

(fsrcsz1 + 6r20H2) + Eaﬁﬂasz
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Figure 10. Calculated distribution of fragments after excitation of the

(H20)100 cluster from MD simulations. Open characters: surface; filled
characters: interior; circles: 1000 K; triangles: 1330 K.
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initial “excitation center”. In the case of @@)1000 the consid-
ered ensemble comprised only 50 fragmentations, due to the
appreciable computational effort. The results fio= 100 are
displayed in Figure 10. Here we have plotted the number of
fragmentsPy(s) normalized such thgfsPy(s) = 1 as function

of the fragment sizes. In this way the fragment distribution is
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ensemblé? The excitation was carried out for surface (open
characters) and inner (full characters) positions of the molecule
and final cluster temperatures of 1000 K (circles) and 1330 K

(triangles). These values correspond to local excitation energiesPh

of about 60 and 80 vibrational quanta of 3400 ¢nmnto the
water molecules and thus take into account the IR excitation
and the zero point energies. They are in the range of the lowest
temperatures for which evaporation could be observed. The
distribution consists of peaks around the initial cluster size

100 and a series of small fragments which decay over more
than 2 orders of magnitude. The fragment distributions are
dominated by the small fragments. The distributions for larger
excitation energies imply higher intensities for smaller frag-
ments. The results are only slightly dependent on the initial
position giving surface excitations a higher probability than inner
ones. This behavior continues in the same way for the larger
clustersm]= 1000, not shown in Figure 10. Fragments up to
the size ofs = 10 are observed. We note that that this result
which is in disagreement with the experiments on the IR
excitation does not depend on the model. Similar results were
obtained using rigid molecules and the SHAKE algorithm.
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