974

J. Phys. Chem. R001,105,974-983

Infrared Spectra of Large H,O Clusters: New Understanding of the Elusive Bending Mode

of Ice

Introduction

Vibrational spectra of condensed forms of@Hhave been
studied extensively over the years, and still, there are various
poorly understood aspects. One of them, the intramolecular .
bending and its interplay with libration, is addressed qualitatively
in the present article. The bending band is clearly visible in
spectra of liquid water and microporous amorphous ice at 1645
and~1670 cn1?, respectively:? A similar band is not found
in spectra of low-temperature crystalline eather, the
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Infrared spectroscopic data for large water clusters, ranging 60 to 64 000 molecules, have been extended

to the O-H stretch and bending mode regions oftH The stretch-mode spectra and analysis parallel results
reported recently for BD large clusters. Ambiguities in the current understanding of the bending region of
the spectra of amorphous and crystalline ice are addressed using insights derived from the cluster infrared
spectra and ab initio reduced-dimensionality models of ice and of the ice surface. The174@0cnt!

spectral range, foannealedamorphous ice and crystalline cubic ice at 10 K, is characterized by a broad
absorption lacking distinct features assignable to water bending vibrations. The spectra suggest that the bend-
mode intensity of the bulk ices is either inherently very weak, diffused through interaction with the librational
overtone, or both. However, this is not the case for large water clusters, which display distinct and relatively
narrow bands attributed to the bending modes of subsessrédcewater molecules. The new computational
results suggest a strong but irregular dependence of the bend-mode frequency and band intensity on the
strength and tetrahedrality of the hydrogen bonding. The computed intensity does decrease substantially for
4-coordinated vs lower-coordinated waters, but the highest frequency corresponds to double-donor 3-coordinated
surface water molecules. A significant decrease ofititational-modefrequency, for those cases for which
hydrogen bonding is reduced relative to ice I, is known to reduce the overlap of the bending mode with the
librational overtone. Thus, for liquid watemicroporousamorphous ice and the ice surface, which deviate
strongly from tetrahedral bonding and for which the hydrogen bonding is diminished, the bend-mode absorption
assumes a more normal intensity and bandwidth. From this basis a qualitative interpretation is presented of
the infrared spectra for the region frorr600 to ~2400 cni™.

bending spectra as a function of cluster size and intermolecular
coupling is presented and discussed.

Spectra of Large Water Clusters.The infrared spectra of
large water clusters as a function of size is of basic interest
since such clusters represent a transition from small water
clusters to the condensed phases of water. The spectra and
45 Structures of the small clusters 8l), have been studied very
extensively in recent yedrand, not unexpectedly, have been
shown to vary markedly with small changesmf~or example,

pertinent spectral region contains a single very broad band,for n = 5 or less the stable structures are cyclic, while three-
assigned to the libration overtone, but no clearly differentiated dimensional cage structures are favored for larger clusters. It
feature that can be assigned to bending. Just a trace of such &an be presumed that sensitivityrtevill largely decay through
feature, superimposed on the libration overtone, is visible for the range in cluster size from20 to 1000 molecules. Although
well-annealed amorphous iée. spectra have been reported for clusters in this size rahge,

Here, an attempt is made to clarify the issue by investigating interpretation has been largely frustrated by a lack of information

bending spectra of water clusters as a function of size, in the ON the cluster sizes as well as interference from bands of smaller

size range of hundreds to thousands of water molecules. In thisClUSters.

size range the clusters were shown to undergo a transition from The 1000 molecule water cluster has a particular significance,
amorphous structure to a structure characterized by a crystallinesince it has been known for some time that the electron
core and disordered surface. A rather striking evolution of the diffraction patterns, for cold clusters of that size and larger,
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indicate the presence of “crystalline” cubic it&maller clusters,

in the 300 molecule range, were shown to be noncrystalline.
Even the 1000 molecule clusters gave a significant noncrystal-
line diffraction signal, the origin of which seems clear from
the recent spectroscopic and computational results for clusters
in this size rang&.The new results indicate that clusters larger
than~500 molecules can be viewed as composed of a central
crystalline core, a disordered surface, and a strained subsurface
region that joins the core and surface. At least half the molecules
in a 1000 molecule cluster are included in the badly disordered
surface which, having a unique structure, gives a diffraction
pattern that is not matched using standard amorphous ice
models’ On the other hand, the strained subsurface structure is
virtually crystalline down to a particle size near 400 molecéles;
but nevertheless it has a unique infrared spectrum modified by
the strain and, presumably, somewhat broadened diffraction
peaks. Smaller clusters<@00 molecules) contain only an

/
amorphous interior along with the disordered surface. 3/’\/ /\
! f

The spectra reported by us for large clusters, for distributions
with average size ranging from 2 to 40 nm, were limited to the 2500 2000 1500 1000 500
O—D stretch-mode region for pure;D clusters and clusters Wavenumber (cm-1)
containing 18% HDO in kO clusters. Here, these data are Figure 1. Infrared spectra for various phases of condensgd: Ha)
extended to include #D cluster O-H stretch- and bend-mode ~ crystalline ice at 12 K; (b) ASW at 12 K after 12 K preparation and

spectra, with particular emphasis placed on the nature of theZj”)“nef(‘:"rggoa:toﬁgigv‘y;tllg;éce)‘ﬁlegolg}?z?;gslit‘?f(:ﬁ{'s r‘,’égtri:jﬁ'é‘eséers'
absorption bands in the bend'mo_de region. As for th@[? from ref 8. The (f) segment is for a few percent HDO ia@cubic
clusters, the BO average cluster sizes have been determined jce. The absorbance scale applies only to a, b, and c. The dashed vertical

by measurement of integrated intensities of monolayers of line marks the position of the bend mode afHisolated in RO cubic

adsorbed CF°10 ice 1617 The slanted dashed line emphasizes the variation ot 2200
Frequency and Intensity of the Molecular Bending Mode ]?c;? t;gagds"t‘gtrg Wftei’sr Eraesiihg;%s%o ‘;";;gbgate'%’éiltba”d position

in Condensed Phases of WaterThe position (1594.6 cni) . © . y P '

of the bending mode of water in the gas phase is well-known.

The intensity is less certain. Values in the range 49.23.3

Absorbance

K2 is not radically different than that for liquid water, which is
k N 229 also shown in Figure 1€!8 That is, a prominent “narrow”
km/mol have been reportédwhile recent high-level ab initio  apsorntion, reasonably assigned to the bending mode, protrudes
calculations suggest a value near 73 km/fdihe correspond- 4t the high-frequency edge of a broad band attributed to the
ing mode of liquid HO is also prominent in the infrared |ihrational overtone. (The peak of the narrower band of
spectrum, so the reported values of 1645 &and 63 km/mol microporous ASW is near 1670 cfh ~25 cni! above the
have been accepted without controversy. However, the Situaﬂo”corresponding feature of the liquid spectrum.) The “narrow”
is complex for the solid phases of water, in particular crystalline featyre loses much of its intensity upon annealing and cooling
and annealed amorphous ice, for which the bending mode bandyt Asw, a process known to produce a structure with increased
positions have been notoriously hard to establish and for which 4yerage H-bond numbers and strength along with a closer
noquantitatve data are available for the bending mode intensity. 45hr0ach to the tetrahedral bonding geométriinally, upon
Further, the associated uncertainties have impacted the undergystallization and cooling of the ice, the “narrow” feature
standing of other aspects of ice vibrational spectra, most gisappears, as if dissolved within the band of the librational
particularly the Fermi resonance of the overtone of the bending gyertone214 In this sequence, from microporous ASW to
mode with the symmetric stretch-mode fundamental. The crystalline ice, the position of the combined betitbrational
reasons for uncertainties about the bending mode of the icy gyertone intensity appears to move to lower frequéniis
phases of water are 2-fold. First, and most importantly, the s part of a spectroscopic puzzle, since both the librational mode
overtoneof the water librational mode, for which the funda-  and the bending mode are expected to move to higher frequency
mental frequency is in the 800 cth region, produces a 35 the H-bond strength increases.
significant absorption with a bandwidth 6f300 cnt?! that can Since the bending-mode band for purglHcubic ice is not
envelop the absorption of the bending mé@&econd, there are  gpservable in the infrared spectrum, a direct comparison of
indications that the infrared intensity of the water bend vibration position and intensity, with that of ASW, is not possible.
decreases as the number and/or strength of H-bonds to watefowever, observations have been aided by the use of a few
increases? *° The decrease appears to culminate in a particu- percentisolated intactH,O molecules in BO cubic ice and
larly low oscillator strength for crystalline ice at low temper- Ay 14.1617.205ch isolation narrows the 8 librational band
atures®!’a factor in making the direct observation of the bend of ice so that its overtone no longer overlaps the bending-mode
band within the broad absorption of the librational overtone pandl420As a result, the “decoupled” 40 bend becomes visible
impossible. as a separate band despite some interference from the wéak D
The variations in the position and apparent intensity of the ice band near 1600 crh. The band positions reported for
bending mode of water with the nature of the H-bonding isolatedH,O molecules in ASW and cubic £ ice at 90 K
environment can be judged from the comparison in Figure 1 of were 1711 and 1735 cm?,'’ respectively. From observations
the spectrum of both microporous (d) and annealed amorphouson an ice sample before and after crystallization (Figure 3b,c
solid water (ASW) (b) with that of cubic crystalline ice (a). of ref 14), the bend mode of isolated HDO (1480 ¢jfor the
The overall band shape for microporous ASW prepared at 12 amorphous phase was estimated to have an intensity at least
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twice that of HDO in cubic ice at 90 K, and the cubic ice NORMALIZED CF4 MONOLAYER BAND INTENSITY:2, 4, 5, 6 & 20 NM CLUSTERS
intensity decreases further upon cooling to 126K.

There has been limited evidence for many years that the bend- .e-
mode oscillator strength decreases with increased H-bording,
based on band intensities of water clusters isolated in an argon
matrix. Nevertheless, the situation has been less than clear, and -5
the most recent report of band intensities for liquid water led
to the conclusion that the bend-mode band intensity is inde-
pendent of the strength of the hydrogen bondirfgor the
decrease in intensity with increasing H-bonding noted for
amorphous and crystalline ice to be credible, the assignment of  , |
the bend-mode absorption bands of the two ice phases must be
firmly established. The frequency values of 1711 and 1735'cm
are significantly higher than many literature citations, which -2
are often based on the value of the center of the broad librational
overtone band (Figure 1 a,b). However, there have been strong
independent arguments that higher frequency values 1700
1750) are to be expecté#??2and an ab initio computation found
a trend to higher frequencies with an increasing size of small | 1 A
water clusterd® The most thorough argument, presented by 1.5NM
Falk?? is embodied in an empirical linear plot that relates the
bend-mode frequency to the H-bonding through the average
value of the stretch-mode frequencies. From decoupled bend-

mode frequencies of the gas phase and several dilute solutionsr h X :
. . ndicated average diameter, coated with a near monolayer ofTOE

a plot was obtained that extrapolates to a cubic ice fr":'quencyspectra all correspond to the same cluster surface area through
of 1708 cnt* at 90 K1 normalization of the area of the adsorbed,@Rtisymmetric stretch-

Recently, bend-mode absorption has been reported for themode bands. Consequently, the area of theDOstretch-mode
three types of water molecules that are common to the surface@Psorption is proportional to the average particle size.
of ice nanocrystal& A structured band extending from about o ] ) S
1640 to 1740 cmt was resolved into three components assigned f';md crystalline ice. In this respect, it seems significant t.hat the
to the 3-coordinated dangling OH molecules (1652 &mthe infrared absorption of the bending mode ofC{)),* the ice
3-coordinated dangling oxygen molecules (1684 &yand the syrface‘&5 anql microporous amorphous #ééis readily obser_ved
4-coordinated surface molecules (17027éjn Although the directly, but is observabl_e fo!r fully annealgd amorphpus ice gnd
band resolution was somewhat arbitrary, the band positions wereloW-temperature crystalline ice only by using isotopic substitu-
largely consistent with expectations from Falk’s linear plot. The tion which diminishes the overlap by narrowing the broad band
suggested assignment and band intensities also implied a°f the overtone of the librational mode.
decrease in oscillator strength with increasing frequency of the ~Here the objective is to extend information about theOH
bending mode (increased H-bonding). bending mode to include the position, shapes, and relative
intensities of the bands alurfacemolecule bending modes of
large water clusters having an average size ranging fr@®0
5 to ~64 000 water molecules (or fron¥2 to 16 nm). Since
stretch-mode spectra have recently been reported for similarly
sized DO clusters, the new data complete a look at the
fundamental modes of large water clusters. As previously

rbance
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Figure 2. Infrared spectra of aerosols of;O large clusters, of the

It can be concluded that the available data and interpretations
are indicative of condensed phasgdHbend-mode frequencies
that increase with H-bonding strength from the value of 164
cm~1 of liquid water to 1735 cm! for H,O in crystalline RO
ice at 90 K. Further, the band intensity appears to decrease with

increased H-bonding; however, this appearance may reflect ted for i @l d b i Fi 1
strong coupling with the librational overtoh® rather than a reported for Ice nanocrystals, and as can be seen in Figure 1c,

decrease in oscillator strength. It is reasonable that the bendingtr;elbendlng-rt'nodel abtsorptlgn |;s,hprom|lr)1e.nt.t|.n the |Infr|art(.ad spectra
vibration, which involves mostly H-atom motion perpendicular ' 'arge water clusters. Further, ab initio calculations: are

to the OH bonds, is coupled strongly to the libration overtones, presented_ of th_e N) bending frequency and Intensity in
which involve similar motion. Thus, the excitations in the reduced-dimensionality models representing portions of the ice

common spectral range might correspond to compound modessurface and interior. The combined results will be compared

that include both types of motion. Further, the excitation energy with (_existing inform_a_tion, in an ana_lysis of questions regarding
in this spectral range is close to the energy of a hydrogen bonol,bendlng-mode position and intensity for the bulk phases of ice

so strong anharmonic coupling effects are likely. As a result, and the genleral form of the infrared spectra ranging from 500
the bending band may be invisible, because it is “dissolved” in to 2400 cnr.
the libration overtone band.

This possibility is supported by the fact that the frequency
of thelibrational mode is known to increase as the H-bonding  The 2-16 nm ice particles have been prepared as aerosols
of a system is strengthened. For example, the librational modeby rapid expansion of a 1.0% mixture of water vapor in He(g)

Experimental Section

frequency increases from below 600 chfior liquid watef® to into a thick-walled cluster cell held at 100 K within a vacuum
near 770 cm?! for microporous amorphous ice t0810 cnt?! container. The clusters form as liquid droplets (with a presumed
for annealed amorphous ice te840 cn1! for cold crystalline log-normal size distribution) that freeze while cooling rapidly

ice2 Consequently, overlap of the librational overtone band with toward temperatures near 100 K. The cluster size has been
that of the bending mode of water increases through the seriesadjusted by varying the loading pressure from 20 to 300 Torr.
H.O(l), ice surface water moleculesmicroporous ASW, ASW, FTIR spectra have been measured at 4 tnesolution using
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Figure 4. The experimental (a) and computed (b) spectra of 4 nm
H2O clusters at 100 K. The spectra of the three components, surface,
subsurface and core, are given to scale. The separation of the spectra
into components is described in the text. The dashed curve, labeled
d-O, is the contribution of the 3-coordinated double-donor surface water
molecules to the computed spectrum. The label d-H refers to the surface
molecules with dangling ©H bonds, which also have a bonded OH
frequency near 3100 cth
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Figure 3. FTIR spectra in the ©H stretch-mode region of obs_erved previously Zor D large cluster§the core component
particles in the 12 to 2 nm range as aerosols in He(g) at 100 K. The varies from over 50% for 12 nm to a few percent for 4 nm
three overlaid spectra are for 4, 6 and 8 nm particles with the core clusters. That this variation is the only significant change with
component removed. The inset shows the relative magnitude of the size is shown by the overlaid spectra near the bottom of the
crystalline core components for 4, 8 and 12 nm particles. figure. With the core ice spectrum removed (by the amounts

f 2 Bi 0 findicated in the inset of Figure 3), the remaining spectra are
3h00 slcans ora B',O',Ra?] FTS 575|C Epectfrometer: Over d75/0 Olessentially identical. This “invariant” residual spectrum is
the clusters remain in the aerosol phase foremin used 0 5qgjgned to the surface and subsurface, the dominant components
measure the infrared spectra. In some cases difference spectrg¢ - 4 nmcluster® As has been discussed for largedclusters
bgtween large and .smaller clusters have been used to bettet 4 -« is indicated by the shift of the of the peak frequency of
display the absorption bands produced by the surface waterye pottom spectrum of Figure 3, spectra of clusters smaller
molec_ules Of. the partl_cles. . than~2 nm (125 molecules) reflect an amorphous interior.

As in previous stud|e_s, the average size of th? clusygrs has " gince both the core and subsurface spectra are known, the
been determined from integrated |nf(r)areq F’a”d intensities for |5yer from relaxation studies of ice nanocrystals coated with
monolayer amounts of adsorbed £F° This is demonstrated 5, jntermediately strong adsorbate 658 a cluster spectrum
for DzO clusters in Figure 2, in which the band area of the ¢4, e separated into the three component spectra. The spectra

antisymmetric stretch of a monolayer of adsorbed, @#hich of the three components @ 4 nm HO cluster are shown to
is a measure of the ice surface area, is held constant as the clustesrca|e in Figure 4a. Calculatec,® spectra ba 4 nm cluster

size is varied. The amount of ice for a fixed amount of surface are shown in Figure 4b for comparison. The calculation

(i.e., volume/area) is_proportional tothe r_adius of the “spherical” employed a model that is described in more detail in ref 8 (where
clusters; theref_ore, in Figure 2, th(_a ratio of c!uster diameters j; \yas used for the interpretation of HDO large-cluster spectra).
can be approximated from the ratios of the integratedDO 14 anproximately spherical relaxed 4 nm ice particle included
stretch band areas. Initially, an absolute size measurement 0Oig7q yyater molecules in a structure characterized by a crystalline
~20 nm particles was obtained by comparing the integrated (¢ ic jce) interior and a disordered surface. Diameters of 1.8
band intensity of an adsorbed monolayer of,@#th that of and 2.4 nm were used to define subsurface and surface
CFy(g) for a known pressure and cell length. The average .ohonent houndaries. In the calculation of the spectra, OH
diameters of the large cluster samples have been related to thaf, ;45 were represented as local Morse oscillators, coupled by
absolute measurement through relative-8®nolayer integrated ;-2 nolecular and intermolecular (dipefeipole) interac-
intensities together with the integrated intensities of the ie¢lO tion.2829 The spectrum of the relaxed structure was calculated
stretch band of the corresponding samples. These averaggsing a scheme developed to stutly 8—10 cage cluster®
diameters are consistent with values deduced recently usingtne hond frequency is calibrated as a function of the electric
transmission electron microscopftas well as earlier estimates field component E) along the OH bond, at the H atom: the
made using the ratio of intensities of the d-H band to intensities a4 is calculated at a cluster minimum,’ using the pern"’lanent
of the main ice stretch-mode baffd. charges and the induced dipoles of the polarizable potential
(EMP).

There is a reasonable qualitative agreement between the

Large-Cluster O—H Stretch Spectra.The variation of large calculated and the experimental spectra, further supporting the
cluster spectra, in the-€H stretch region, with decreasing size interpretation in terms of surface, subsurface, and crystallike
is shown from top to bottom in Figure 3. The variation in spectra spectral components. The dominant contribution tostingace
with cluster sizes, ranging from 12 to 4 nm, is a result of the spectrum is from 4-coordinated molecules in the disordered

Results
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VARIATION OF THE H20 BEND MODE REGION SPECTRUM WITH PARTICLE SIZE OVERLAID SURFACE PLUS SUBSURFACE SPECTRA:
4,6,10, 16 AND 20 nm CLUSTERS

il/\
20 nm

Absorbance
Absorbance

~14 nm

2nm

T T T T T T
19‘00 18‘00 17'00 1600 1500 1400 1300 1200 1100
Wavenumber (cm-1)

2000 1900 1800 1700 1600 1800 1400 1300 1200
Wavenumber (em-1) Figure 6. Superimposed infrared spectra, in the 6 micron region, of
Figure 5. The 6-micron bend-mode region FTIR spectra of ice ice particles of various average size (3, 6, 10, 16, and 20 nm), after
particles, with average diameters ranging from 2 to 20 nm, compared removal of the crystalline core component.
to that of bulk ice.

SURFACE BENDING MODE BAND OF PURE H20 PARTICLES OF 2 - 16 NM

upper layer; a minor contribution on the low-frequency side
originates from the bonded OH of the molecules with dangling o4 _&H
OH. The 3-coordinated molecules with a dangling O contribute

predominantly in the high-frequency wing of the broad bonded-
OH band as indicated by the dashed curve at the bottom of
Figure 4b.

One should note that the assignment of band components of
the ice surface spectra is most meaningful for isolated HDO
for which an O-D band position is a direct measure of the
strength of hydrogen bonds of a particular subset-efbonds.

These observed features, for 18% HDO inCHice, have

previously been assigned from simulated spectra for a 1000

molecule relaxed cluster composed of HDO molecules (with

no inter- or intramolecular ©D coupling)® By contrast, surface

vibrational modes of KD and BO particles are collective, so . o

the spectra are significantly modified and broadened by inter-

Absorbance

and intramolecular coupling. The more complex form of the o
modes for HO and DO cluster surfaces should be kept in mind - HMH
when considering their assignments. 1800 1850 1800 1750 1700 1650 1600 1850 1500 1450

‘Wavenumber (cm-1}

Large-Cluster HO Bend-Mode Spectra. The infrareq Figure 7. Infrared spectra of the surface bending mode region of
absorbance of large clusters through the bend-mode region Ofvarious sized ice particles, from removal of the subsurface component
the spectrum can be analyzed much as the stretch-mode Spectrapecira of the bands of Figure 7. The histogram at the bottom of the
The raw large-cluster spectra in this region are presented infigure represents the distribution of computed band intensities vs
Figure 5 for particles ranging in size from 2 to 20 nm. The frequency for the four cases of Table 1.
comparison with the spectrum of bulk crystalline ice indicates
that the sharper feature on the high-frequency side of each ofhas been removed as was subtracted to obtain the surface and
the cluster spectra is unigue to the clusters and decreases as subsurface spectra in the stretch-mode region (Figure 3). Again,
fraction of the total intensity as the particle size increases. It is the result demonstrates that the combined surface and subsurface
also clear that the limiting spectrum of this size sequence is the spectra are largely independent of cluster size over the range
broad bulk ice spectrum, as the bulk ice component, centeredfrom 4 to 16 nm (100664 000 molecules). The combined
at ~1560 cnr?, intensifies with particle size and is dominant spectra have been resolved into the component surface and
already for the 20 nm clusters. It is, therefore, expected that subsurface bend-mode spectra (Figure 7), by using the assump-
removal of the crystalline core component, as done for th&¢iO  tion that the subsurface spectrum of this region matches the
stretch bands of Figure 3, would reveal a nearly invariant core ice spectrum (top spectrum of Figure 5). This is based on
combined surface and subsurface spectrum. the conclusion reached in our previous study that the subsurface
The overlaid spectra of Figure 6 show the result of the ice is strained crystalline ice, which resembles cubic ice more
removal of the crystalline core ice component from the cluster than does ASW;ASW, like crystalline ice, has a very broad
spectra of Figure 5. In each case, the same fraction of core iceand nearly featureless absorbance in this spectral region (Figure
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1b). Thus, the surface spectra of Figure 7 were obtained by
subtracting a “corelike” contribution from each of the spectra .
of Figure 6 to remove the subsurface absorption.

The bending mode surface spectrum (Figure 7) changes 003
noticeably in form but not position over the cluster range from
200 to 64 000 molecules, ultimately converging on the spectrum o3 ADSORBATE ErFECT O
reported for ice nanocrystal®. The main variation occurs
between 4 and 10 nm, as the feature on the low-frequency side .
(1650 cnt?) strengthens and becomes the dominant aspect of .
the band system. This band system, which has a similar shape
for D,O clusters, changes more radically upon adsorption of a
monolayer of ammonia. Adsorbed ammonia eliminates (i H
or D,O) the dominant low-frequency component, as previously o
noted for the nanocrystals of ié& This is even more obvious
for HDO for which the low-frequency component is well b
separated from the rest of the band (Figure 8a,b). It is of interest
to the computational results (see below) that adsorbed ammonia e
also reduces the intensity of the HDO band system on the high- *
frequency side, as is clear from the difference spectrum of Figure
8c. The band shape is also influenced by isotopic dilution in a 1350 5o 1450 0o 1350
manner also of interest in the context of the computational _ Hevenumosr em) _
results. The inset of Figure 8 shows that much of the band Figure 8. Infrared spectra of the surface bend-mode region of 18%

fruct d)is lost f isotopicall bled clust | HDO in H,0 large clusters bare (a) and with the surface saturated with
structure (d) is lost for an isotopically scrambled cluster sample ;,monia (b). The difference spectrum from subtraction of the coated

(e) (~25% K0, 25% B0, and 50% HDO) as the position of  fom the bare clusters is also shown. The asterisk marks the band
the strong component shifts to higher frequency. identified as the HDO bend of the d-H molecules with D-donor bonding.
Bend-Mode Computational Results for Ice and the Ice The inset shows the effef:t of is_otopic_dilution on the shape of the surface
Surface. The compound bendingjibration overtone feature is ~ Pend-mode band of 4D in an isotopically scrambled 50% H/50% D
complex, and our knowledge of the dependence of the potentialfna})rgﬁlri of-8 nm clusters; (d) is for pure 4D and (e) for the isotopic
and the dipole on the bending coordinate is too limited for '
detailed modeling of the spectra on the same level as for the
OH stretch. We therefore pursued a more limited goal of
calculating the decoupled bend frequencies gDHin the ice
interior and in the surface environment. The objective was to
study the frequency and intensity dependence on the hydrogen

bond coordination for configurations found in the interior and way that the central molecule became either a d-H, a d-O, or

on the ice surface. an s-4 surface molecule (surf-H, surf-O, or surf-4 models). The
Ab initio calculations were carried out on reduced-dimen- yse of a single H-atom configuration in the calculation is a
sionality models mimicking these environments. For the ice |imjtation of this initial study; in the future, averaging over
interior, the model included a central molecule and its four gitferently proton-disordered structures will be carried out.
nearest neighbors in the icelike hydrogen-bonded configuration.  pe aug-cc-DZ basis was used in the calculation, which
More remote molecules were replaced by charges; a neg.a.tiveempbyed the Gaussian 98 prograhThe calculated harmonic
charge of~1.0728 e was placed on the O-atoms, and a positive pending frequency and intensity of the monomer are 1622.cm
charge of 0.5364 was placed on the H-atoms. This method t0ang 67 km/mol, respectively. The experimental frequency is
include the effect of long-range interactions on intramolecular 1595 cnrl As noted above, a broad range of experimental
vibrations was suggested in ab initio studies of water-containing y5|ues have been reported for the intensity; recent high-level
systems by Hermansson et*&lThis model is denoted below  ap injtio calculations suggest a value near 73 km/H#dhe
as int-ice. aug-cc-DZ basis was used extensively in the past in a study of
A perfect crystalline surface is made up of 50% 3-coordinated water clusterd? For the trimer, bending frequency shifts-68,
molecules and 50% 4-coordinated molecules (in more sunken+12, and+37 cnT! were reported, in good agreement with
positions). The three coordinated molecules are of two varieties, two measured bending featuresHat4 and+43 cnt1.5°
with either a dangling-H atom (d-H) or a dangling-O atom (d-  The geometric parameters used in this study were near
0). In disordered surfaces of particles, the percentage of low- neighborR(O~O) distance of 2.705A and intramolecular OH
coordinated molecules is reduced, while the percentage ofdistance and HOH angle of 0.985 A and 10Bespectively.
4-coordinated (s-4) molecules is enhanced; however, the bondingThese values are based on the above-mentioned ab initio study
geometry of the latter is significantly distorted with respect to of water clusters in the same ba%igThe use of the longer
tetrahedral symmetry. In this initial study, no effort was made experimentalR(O-+-O) of ice, 2.75 A, did not significantly
to investigate the entire range of surface configurations. The change the int-ice results.)
surface models included a molecule and its nearest neighbors, |n the three surface models, the energy was first minimized
in a tetrahedral bonding configuration, while more remote ith respect to all the coordinates of the central molecule and
neighbors were represented by charges. These models argnhe length of the OH bonds directly connected to that molecule.
denoted surf-4, surf-H, and surf-O, for an s-4 molecule, a d-H |n the int-ice model, minimization was carried out only with
molecule, or a d-O molecule, respectively. respect to bond lengths of the central molecule and of the bonds
The calculation employed a proton-disordered cubic ice connected to that molecule; this was in order to preserve the
particle containing 147 molecules, generated by a method of tetrahedrality of the crystalline site. (Full minimization of the

1260 1220 1180

Absorbance

ref 32. In int-ice, the central molecule was used to calculate
the ice bending frequency; its four near neighbors were included
explicitly and the rest were replaced by charges. In calculations
of the surface molecule bending frequencies, appropriate parts
‘of this model were retained. The model was “cut” in such a
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TABLE 1: Computed Bend Mode Frequencies and of the water molecules of the three models: int-ice, surf-H, and
Intensities for Differently Hydrogen-Bonded Water surf-O (without charges). The histogram of the resulting bending
Molecules frequencies, weighted by the intensities, is shown in Figure 7
bending freq squared dipole deriv (bottom). It is seen that intermolecular coupling results in
model (shift; cm™) (rel to monomer) intensity transfer to the lower frequencies. A similar result was
H-0(g) 1631 (0) 1.0 obtained in past ab initio studies of water clusters(@}, for
surf-H 1673 (42) 122 n = 3—103%37 Stronger asymmetry of the experimental band,
232? 112';30(%28)) 3% for larger clusters than small ones, may reflect a smoother, more
int-ice 1708 (77) 0.34 g(r)orl‘ired surfacewith more extended collective surface vibra-
* See text for definitions of notations. The most surprising result of the calculations, in apparent

) ) ... disagreement with experiment, is the relatively small frequency
central molecule coordinates did not change the results signifi- gt of the 4-coordinated molecules. The calculated shift for
cantly.) The minimization was carried out without the charges nt jce (“interior ice”), +77 cnt?, is substantially lower than
representing the remote molecules (minimization with charges {he measured one for-B isolated in DO icel?20(140 cnr).

did not work in the Gaussian program). The energy of the systtmgome of the discrepancy may be due to Fermi resonance
was then mapped as a function of the HOH angle of the central yepyeen the (separated) bending fundamental of the isolated
molecule in the range-20° around the minimum. The ab initio H,O and the libration overtone at+1570 cntl, which is
points were fitted into a Morse_function,_and finally th_e bending expected to blue shift the bending frequency, and which is not
frequency was calculated using the diago@igy matrix ele- jncjyded in the calculation. However, the relative magnitudes
menf“ as inverse mass. This calculation is, of course, ap- of the calculatedsurface mode frequencies (Table 1) are quite
proximate; it neglects both intra- and intermolecular coupling griking. The frequency of the 4-coordinated surface molecule
of the central molecule bending mode to other degrees of (qrf.4) is only slightly higher than that of the 3-coordinated
freedom. The isolated monomer bending frequency calculatedgy .y and substantially lower than that for surf-O. Thus,
in this way is within 9 cm* of the harmonic value. The bending  aqdition of a fourth bond to the dangling-O molecule of the
vibration was found to be only weakly anharmonic, witkxe model lowers the frequency substantially.

of a few cnt! in the different models. The squared dipole
derivative was calculated numerically using dipole vectors at H
angles +£6° from the estimated minimum. The results are
summarized in Table 1.

The calculated frequency shifts with respect to the gaseous
monomer for d-H and d-O surface molecules are 42 and 109 ;qnfigrations. These calculations yielded a blue shift-a2
cm, respectively. For d-H molecules only one H-atom is  y-1'yith respect to HO(g) in single acceptor molecules and
bonded, while for d-O molecules, both H-atoms are bonded, S0 e shifts in the range 721 cnt! for double acceptor
the difference in frequency shifts makes physical sense. This
result suggests that the two types of 3-coordinated surface
molecules contribute, respectively, to the low- and high-
frequency ends of the measured surface bending band (whic

While hydrogen bonding via H is expected to blue shift the
20 bending frequency, the effect of bonding via O is not
obvious. In another pertinent stidyab initio calculations of
bending frequencies are presented for small cyclic water clusters,
mostly with 1- and 2-coordinated molecules in different bonding

molecules. Thus addition of the second acceptor bond does not
necessarily increase the shift. More generally, the variation of

intramolecular HO frequencies with coordination is not neces-

) : }Earily smooth; as another example, one may note that the
ranges from+50 to 100 cm™ above the gaseous frequency; pygrogen-bonded OH stretch of 3-coordinated d-H molecules

Figure 7). The positioning of the d-H and d-O components is g’ characterized by a significantly larger frequency shift than
consistent with the response observed for the surface bend bangh,o oH stretch in 4-coordinated ice molecui&380n the other

of HDO to coating of the clusters with ammonia (Figure 8).
The difference between the two frequencies is also consistent
with that noted by Scheréf, between symmetric and asym-
metrically bonded water molecules, and the ab initio calculations
for small cyclic water clusters by Van der Rest et3alwho
also found that the frequency shift increases as the number of
bonded H-atoms of a molecule increases from one to two. The Large-Cluster Spectra. The computational results for the
physical origin of the blue shift appears to be simplee bending modes of surface water molecules, using a reduced-
bending vibration distorts hydrogen bonds and therefore hy- dimensionality model, provide substantial guidance to interpre-
drogen bonding reinforces the intrinsic bending force constant. tation of the large-cluster surface bending-mode spectra. The
However the long-range interactions, represented by chargesspectra of Figure 7 show that, with increasing cluster size, the
also contribute nonnegligibly to the blue shifts (a few tens of spectra converge on the published surface bending-mode
cm ). spectrum of larger ice nanocrystals. However, the present
It is of interest to note that the calculated squared dipole computational results strongly suggest a somewhat different
derivative of 4-coordinated configurations in the interior and interpretation of the band shapeWhile the dangling-OH
the surface (int-ice and surf-4) is reduced with respect to that molecules are still identified as a primary source of intensity
of 3-coordinated surface molecules (surf-H and surf-O) by a on the low-frequency side of the band complex, the calculated
factor of ~3.5. The low bending intensity of 4-coordinated ice frequencies and intensities indicate that the d-O molecule bend
molecules in a tetrahedral bonding environment seems consistentlominates the high-frequency side with the s-4 molecules
with experiment15 contributing more weakly to the intermediate region of the band
The asymmetry of the bending feature (Figure 7) for larger system.
ice particles is suggested to be an effect of intermolecular Though somewhat surprising, in view of the high bending
coupling between bending vibrations. To demonstrate the effect,frequency (1735 cmt) of the 4-coordinated O molecules
bending normal modes and intensities were calculated for eachisolated in the interior of BD crystalline ice, this s-4 assignment

hand, one should keep in mind limitations of the present
reduced-dimensionality model, as the apparently large discrep-
ancy with respect to experiment is worrisome.

Discussion
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is supported by new spectra of HDO isolated isgCOce large with a high-frequency protrusion (e.g., see Figure 4 of ref 2)
clusters (Figure 8). Adsorbed ammonia is expected to interactthat increases with further warming. This seems at least partly
most strongly with the 3-coordinated surface molecules of these because, upon warming, the ice librational band and its overtone
clusters, increasing their coordination number to 4 or higher. decrease in frequené&yreducing the overlap with, and diffusion
The result (Figure 8c) is a loss of intensity on both the low- of, the bend-mode band intensity. However, the mixing of the
and high-frequency edges of the HDO bending band, with a bend mode with the librational overtone is through a Fermi
gain in the band middle, consistent with the computational resonance with a symmetry-matching requirement that may also

results that place the s-4 absorption in the midrange. be less fully met for warm ice that experiences large amplitude
The computations further suggest that the dominant low- lattice vibrations.
frequency component of the surface bending band (1650,cm As noted earlier, the positions of the;® bending funda-

H,O; 1213 cm?, D,OY) is accentuated by intermolecular mental for cold crystalline ice (1735 c1617and ASW (1711
bend-bend coupling. This view is affirmed by the band shape cm1)14 have been observed in studies ofDice containing
and peak intensity position for D semiisolated in a large isolated intact HO molecules. These observations were made
cluster (curve e of inset Figure 8). Relative to the spectrum (d) feasible by a dramatic (factor of 3) narrowing of the librational
of pure DO, the prominence of the low-frequency component mode (see Figure 1f and ref 40) and thus of the first overtone,

is strongly diminished and the peak blue shifted-bg cnt, which accompanies the isolation of one isotopomer in the matrix
as anticipated from the computational results. of the other. As a result, the bending fundamental bands stand
Finally, consistent with earlier speculatiéhthe computa- clear of the overtone, so their absorption assumes a form like

tional results suggest that the bending mode intensity is stronglythat of molecules in the first class.
reduced for 4-coordinated surface molecules, as well as int-ice. However, the high frequency of the cubic ice band (1735
Since there are substantially more s-4 molecules than thecm?) relative to the computed value for int-ice (1708 ¢his
combined d-H and d-O populatiof8?such a reduction makes  a concern demanding some analysis (the discrepancy is larger
clear why the s-4 molecules of intermediate frequency do not if one considers the shift with respect to experimental/computed
dominate the observed bending-mode band complex (Figure 7).gaseous frequency, which is 140 vs 77-énThe bend-mode
Molecular Bending and Lattice Librational Modes of frequencies of HDO, isolated in both,© and HO ice I, have
Condensed Water PhasesAn important concept of the present  been noted previoushp. It is interesting that the peak position
study, based on the appearance of the molecular bending modaeliffers in the two cases, being 1510 chin D,0 ice and 1490
infrared absorption, is that different condensed phases of purecm~1in H,O ice. This difference may indicate a Fermi resonance
water can be usefully divided into two classes. In the first class, between the HDO bend and ice-matrix librational overtones with
the infrared absorption of the bending mode is clearly visible, shift magnitudes of-10 cnm! in each case. This is despite a
appears more or less independently of the librational overtone sizable average separation of the bend and librational band
band, and assumes a moderate bandwidth consistent with arpositions and the intermolecular nature of the interaction.

H-bonded system. In the second class, the bending mode is so Thjs displacement of the HDO bend frequency, for a®H
thoroughly mixed with the librational overtone that, for the pure ys D,0 ice matrix, may help to rationalize the much higher
H2O phase, it is not useful to speak of the bending mode pend frequency observed for,8 isolated in DO ice than
fundamental; the mixed-mode absorption becomes a broadpredicted for the int-ice of the reduced-dimensionality quantum
(~300 cnr?) nearly structureless band. computation. The isolated 0 bend may be pushed to higher

The first class of substances includes liquid water, the large frequency by two closely related factors, neither of which are
water clusters, and microporous amorphous ice, as is clear fromincluded in the computation: a Fermi resonance with th® D
the top three spectra of Figure 1. (In the case of the clusters,ice matrix librational overtone and an intramolecular resonance
we have shown that only the surface component falls in this of the bending mode of isolated &8 with its librational
class.) The lead member of the second class is low-temperaturevertone. In the absence of these resonances, the decoupled bend
crystalline ice |, represented by cubic ice at 12 K with the very mode of crystalline ice might be near the extrapolated value
broad featureless band of the bottom spectrum of Figure 1, andfrom the Falk plot (1708 crmt) and more consistent with the
by the interior of large water clusters (Figure 6). The spectrum computed int-ice value of Table 1.
of ASW at 12 K (Figure 1b) also shows a broad relatively  There remain long-standing puzzles to consider. For example,
structureless absorption that becomes progressively less strucho can the band in the bend-modeflibrational overtone region
tured with further annealing near 130%K. be at a higher frequency for amorphous ice than for crystalline

The water bend-mode frequencies range from the liquid value jce when both the bend and the librational fundamentals of the
of 1645 cnt? to the cubic ice value of 1735 crhat 90 K; latter are of higher frequency? Also, how can this band move
meanwhile, the librational frequency blue shifts from below 600 to lower frequency as the H-bond strength increases upon
cm? for liquid watef8 to 835 cn1? for cubic ice at 10 K& cooling of crystalline ice?There is now a single straightforward
These values suggest that the frequency of the overtone of theanswer to both puzzles. The bend-mode fundamental has a
bending mode, which is best viewed as the broad band nearhigher frequency than the librational overtone in all cases;
1560 cn1! in the spectrum of cubic ice of Figure 1c, increases therefore, when it is observed, it appears dsgh-frequency
with H-bond strength more rapidly than does that of the protrusion on the broad underlying overtone absorption (curves
molecular bending mode. This factor is a critical one in ¢, d, and e of Figure 1, and warm crystalline?céHowever,
understanding the full range of behavior depicted in Figure 1. for the second class of systems this absorption “disappears”, in
It is the reason that the bend fundamental is fully mixed with part because of considerably reduced oscillator strength (as
the librational overtone only for the condensed phases of the implied by the computed intensity of int-ice), and partly through
second class. increased mixing with the librational overtone with which it is

It is worth noting thatvarmcrystalline ice actually falls into more nearly coincident for the systems of the second class. As
the first rather than the second class of systems. Near 140 Ka consequence, the overall absorption in the bend-mode region
the band of crystalline ice assumes the appearance of ASW,moves to lower frequency during annealing, or crystallization
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of amorphous ice (Figure 1). An analogous explanation applies suggest the identification of two classes of condensed water

to the mysterious downshift in frequency of the absorbance in phases: one in which the bend-mode absorption lies above that

this range when either ASW or crystalline ice is cooled. of the librational overtone and therefore appears as a normal
A second puzzle concerns the origin of the broad band nearinfrared band; a second in which the bend-mode absorption is

2200 cnTl in each of the spectra of Figure 1. The apparent fully depleted by a combination of overlap/mixing with the

progression of the three broad bands of cubic ice, from 835 to librational overtone and a reduced inherent intensity that

1560 and finally 2255 cm (ref 2 and Figure 1a), makes an accompanies strong tetrahedral H-bonding of the water mol-

assignment as the second overtone of the librational mode appeagcule.

obvious341 1t is also known that the 2200 crhband moves to
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