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Infrared spectra have been determined for aerosol ice samples with particles that vary in average diameter
down to~2 nm. The aerosol spectra, obtained at 100 K, show that the crystalline core of the average particle
decreases rapidly with decreasing particle size and vanishes near 4 nm (or 1000 molecules). Consequently,
the combined FT-IR spectrum of the surface and subsurface regions has been observed directly for the first
time and observed to be nearly invariant+@ nm. Using a polarizable water potential, the structure and
spectra of a 1000 molecule cluster has been simulated. The starting point was an approximately spherical
cubic ice structure, which was subjected to relaxation by molecular dynamics. The resulting lower energy
structure includes a disordered surface layer and an interior that clearly retains a degree of oxygen order. The
simulated spectrum of the cluster is separable into components resembling the surface, subsurface, and core
ice experimental spectra. The combined results support the description of ice nanoparticles as a central
crystalline core surrounded by a subsurface region and a strongly disordered outer surface layer. The virtually
crystalline subsurface, though strained by interaction with the surface, persists to a size of a few hundred
H-0.

Introduction analogies with small clusters and condensed phases) was made
to assign the several subbands.
The purpose of this communication is to report 4 ér&T-
spectra for clusters ranging from 2 to 40 nm, and to give an
interpretation of the various components of these spectra. The
interpretation will be based on simulations of a 1000 molecule
cluster, plus trends observed in spectra with decreasing particle
size, and published results for larger nanocrystals. The new
experimental data are for,D clusters as well as 18% HDO in
H,0 clusters. The latter can be compared directly with the most

f the water molecul ] it of the crvstallin re while th informative simulated spectra, as the interpretation of the HDO
ot the water molecules are part ot tne crystaline core e the spectrum is facilitated by the absence of intramolecular and

surface accounts forvl(_)% anq the remainder are in the significantly reduced intermolecular coupling of the-D
subs"urfa((:je cadt_egory_. Vg'tl? an mcreasEd un_c:]erstandlng cl)f .theoscillators in the largely kD environmentThe frequency of
s;n(? ;a? me |um-sl[z¢la (;huster§, together wit tan as[:c_:umlu ation isotopically isolated OD stretch reflects directly the local
of data for nanocrystals, there is a growing interest in closing strength of the hydrogen bond

the knowledge gap for the range fror20 to 1000 moleculds The 2-8 nm ice particles have been prepared as aerosols by

(the latter corresponds te4 nm very large clusters). . . - ;
Particularly inf tive data for clusters in this si rapid expansion of a 0.1% mixture of water vapor in He(g) or
articularly informative data for clusters in this size range N2(g) into a thick-walled cluster cell held at 100 K within a

include the electron diffraction patterns determlned by Torchet vacuum container. The cluster size has been chosen by varying

the loading pressure from 60 to 400 Torr. As in previous studies,
- . the average size of the clusters has been determined from
any crystalline component to_be present. A crystalline compo- integrated infrared band intensities for monolayer adsorbed
nent was reported ;tartlng }N'““go‘? WaFer molecules. ] CF4.52As in a supersonic free j@€ the particles form as liquid
There has been little published vibrational spectroscopic data yroplets (with a log-normal size distribution) that freeze while

for very large water clusters since the pioneering predissociation cooling rapidly toward temperatures near 100 K.
measurements of Watts et &though Buck et al. have examined

the intermolecular modegscore-level_ electronic spectra have Results and Discussion

been reported very recentland optical constants have been

evaluated for 0.3tm ice particles! The spectra of Watts, as Experimental Spectra.The influence of decreasing particle
well as that of Page et &.and Huisken et a® for medium- size on the infrared spectrum of a very large ice cluster is
sized HO clusters, showed that absorption extends from near apparent from Figure 1. The top spectrum for a 16 nm particle
3050 to 3720 cmt, but no effort (beyond invoking obvious appears to be that of crystalline,® ice"* with the three

Characterizing water clusters, {8)), with n in the range 2
to several tens, has been and continues to be a very active fiquR
of study! Also, in recent years there have been a number of
diffraction?3 and infrared? investigations of water particles in
the 6-100 nm range. On the basis of our infrared studies, the
nearly spherical particléhave been characterized as having a
cubic ice core and a disordered surface joined together by a
transition, or subsurface, regiéfi.For a 20 nm particle, a
favorite target of our previous FT-IR/simulation studieg,5%

that clusters larger thar290 water molecules are required for
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Figure 1. FT-IR spectra in the ©D stretch-mode region of D
particles in the 16 to 2 nm range as aerosols at 100 K and of an
amorphous ice thin film (bottom). The overlaid spectra are for the 4,
6, 8, and 10 nm particles with the crystalline core component removed
(see text). The inset shows spectra of the core components of the larger
particles obtained by subtraction of the 4 nm particle spectrum.

18 % HDO IN H20 PARTICLES

Figure 3. Relaxed cluster structure. Top: space filing model,
demonstrates surface disorder. Bottom: stick model of a 1.1 nm thick
middle slice of the cluster, demonstrating the largely ordered interior
and subsurface.

4 nm. As one would anticipate from the early electron diffraction
results® the crystalline core component of the spectrum
decreases rapidly, becoming a minor component at 6 nm and
SURFACE + SUBSURFACE nearly vanishing at 4 nm. It follows that the 4 nm spectrum is
4,6,7,8 NM (AVE) dominantly (~90%) that of the combined surface and subsur-
face.

As the ice particle size is reduced, a leading question is
whether the nature of the remaining surface and subsurface
components is unchanged; or does the subsurface evolve toward

: - i ! ; — an amorphous ice structure while the surface becomes even more
2000 e % avenumber (cmt) 200 200 highly disordered? From comparison with the (bottom) amor-
Figure 2. As in Figure 1, but for 18% HDO in bO particles of the ~ Phous ice spectrum, it is clear that the spectrum of the 2 nm
indicated diameter. Also shown is the average of the small-particle particles (next to the bottom of Figure 1) reflects the presence
spectra (after removal of the crystalline core component using the 40 of an amorphous ice componédBy contrast, the close match
nm spectrum) and the surface and subsurface components of thispf the overlaid spectra near the bottom of Figure 1, obtained
spectrum. by removing the interior ice component from the spectra of the
prominent features at 2490, 2430, and 2330°&nn fact, less 4, 6, 8, and 10 nm particles, suggest that (1) the surface and
than 75% of the total intensity of the-€D stretch band for subsurface spectra do not vary greatly with particle size through
such particles results from interior crystalline ice, with the this range and (2) the relative amounts of the surface and
surface and subsurface both contributing significantly to the subsurface components are fairly constant. The inset of Figure
spectrunt® The nature of these underlying spectral components 1 shows the approximate fractional component that is interior
becomes clear as the particle size is reduced from 16 nm towardice, for particles ranging in size from 6 to 16 nm, as determined
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Figure 4. Comparison of the experimental (A; top) and simulated (B; top) spectra of the “decoupted”sBetch mode of HDO for a-1000
molecule cluster. The experimental spectra are for 18% HDO in primagly ie particles at 100 K. The bottom three spectra of A and B show,

to scale, the surface—), subsurface-(-), and interior (- - -) components. In (C), the computed cluster surface spectrum (top) is compared with
surface spectra of particles of the indicated diameters.

by direct subtraction of the spectrum of the 4 nm particles from the number of molecules of coordination lower than 4 decreases
the other spectra. from 321 to 234. However further energy lowering was obtained
These DO data indicate that the surface and subsurface by allowing for more extensive surface restructuring. The
spectra do not change significantly in form as long as there is restructuring was effected by heating the cluster by molecular
a crystalline core. In fact, the form of the surface and subsurfacedynamics to some temperatufg (at which the surface
spectra are unchanged for particles as smattzam, for which molecules just become mobile); a classical trajectory was then
no core component is observable. This simplifies the separationrun for timet, followed by slow recooling and minimization.
of the spectra for the various sized particles into the three The lowest energy final structures were found for an initial
components of surface, subsurface, and interior. The approactstructure of a relatively low dipole (17.5 DJ; near 190 K,
used is demonstrated for the-© stretch of “decoupled” HDO andt of a few tens of picoseconds. As a result, the energy was
in Figure 2. The top four spectra of Figure 2, like those e®D lowered another 190 kcal/mol with respect to the initial
in Figure 1, show the effect of particle size on the raw spectra minimum, and the number of low coordinated molecules was
of the ice aerosols. Removal of the crystalline core spectrum further reduced (by-40).
(of the 40 nm particles) from the average of the three small- The resulting relaxed structure is shown in Figure 3. The
particle spectra gives the combined surface and subsurfacespace-filling model demonstrates surface disorder, while the
spectrum shown in Figure 2. The subtraction of the subsurfacestick model with H-bonds shows substantial ordering of the
spectrum, known from studies of larger ice nanocrysiisen interior. While the structure is unlikely to represent the absolute
reveals the surface spectrum. The separated spectra can theanergy minimum, the calculation shows that significant lowering
be used to resolve a spectrum of an arbitrary ice aerosol intois obtained by further removal of surface molecules away from
the three components with minor residual error. crystalline positions.
Computations of Structure and Spectra; Comparison to The spectrum of the relaxed structure was calculated using a
Experiment. It is assumed in this study that the particle adopts schemé® developed to studg = 8—10 cage clusters. The bond
a nearly spherical geometry, to reduce its surface area/energyfrequencyw is calibrated as a function of the electric field
The first question addressed is the surface structure, given acomponents along the OD bond, at the D atom; the field is
crystalline interior. The starting point was a spherical particle calculated at a cluster minimum, using the permanent charges
cut out of the cubic ice structure, of 4 nm diameter and including and the induced dipoles of the polarizable potential. (This
979 molecules. Ice Ic is known to be proton disordered; only parametrization was suggested by past ab initio studjehe
O atoms form a periodic pattern, while the orientations are scheme is designed for relatively rigid clusters, which are
random within the requirement of four hydrogen bonds per localized near a single minimum. A functies(E;) was found,
molecule!® The algorithm used to generate a proton-disordered such that both the spectra wf= 7—10 cluster&2°and of the
ice Ic model is given in ref 16. Minimizations and molecular 1000 molecule clusters are reproduced at a semiquantitative
dynamics simulations described below were carried out using level. The coupling between OD bonds was neglected. The
a polarizable potential and methods described in refs 16 andcalculated spectra are shown in Figure 4B.
17. While the computational scheme clearly requires further
The initial spherical surface includes numerous dangling H improvement (the calculated spectra are too broad), it was
and O atoms and is energetically unfavorable. Relaxation canpossible to reproduce qualitative features of the experiment such
be obtained by minimization of the potential energy; as a result, as the increasing broadening of the spectra for the sequence
the cluster energy decreases by 570 kcal/mol of clusters andinterior—subsurface surface (see Figure 4). Moreover, in
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qualitative accord with experiment, the H-bondedrface regions. The subsurface is a nucleated structure similar to the

spectrum includes both a low and a high-frequency feature in crystalline core, except for slightly distorted hydrogen bonds

addition to a central peak, which is shifted to the blue with from interaction with the surface. Even in the absence of the

respect to the interior band. The highest frequency feature iscore region, this “crystalline” subsurface region exists down to

due to outermost molecules that stick out of the surface; thesea cluster size of~3 nm or ~500 molecules. The core and

include 3-coordinated molecules with a dangling O (d-O) and subsurface structures match those of ice nanocrystalgile

4-coordinated KO with a strongly distorted coordination shell the disordered surface is similar, though with a reduced

(S4). The two lower frequency features are due to 4-coordinated population of dangling O and H atoms. These conclusions are

inner surface molecules, while the low frequency tail is compatible with the electron diffraction data for very large

contributed mostly by the bonded OD of 3-coordinated mol- clusters??

ecules with a dangling D. Interestingly, the d-O/S4 feature near

2560 cnT! weakens with the decreasing cluster size (Figure  Acknowledgment. Support of the National Science Founda-

4C); a similar result seems valid for the weak dangling-D feature tion, Grant 9617120, and the Binational Science Foundation,

at 2713 cm! (not shown). The calculated d-O feature appears Grant 9800208, is gratefully acknowledged.

to be too intense, which suggests that in reality relaxation toward

elimination of low-coordinated molecules is more extensive than References and Notes
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