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Theoretical IR Spectra for Water Clusters (H20), (n = 6—22, 28, 30) and Identification of
Spectral Contributions from Different H-Bond Conformations in Gaseous and Liquid
Water
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The vibrational IR spectra in the-€H stretching region are computed for water clusters containing2g
28, and 30 molecules using quantum-chemical calculations (B3LYP and an augmented basis set). For the
cluster with 20 molecules, several different structures were studied. The vibrational spectrum was partitioned
into contributions from different molecules according to their coordination properties. The frequency shifts
depend on the number of donated/accepted H-bonds primarily of the two molecules patrticipating in the H-bond,
but also of the surrounding molecules H-bonding to these molecules. The frequencies of H-bonds between
two molecules of the same coordination type are spread over a broad interval. The most downshifted hydrogen-

bond vibrations are those donated by a single-donor 3-coordinated molecule where the H-bond is accepted

by a single-acceptor molecule. The H-bonded neighbors influence the downshift, and their contribution can
be rationalized in the same way as for the central dimer. Single donors/acceptors cause larger downshifts
than 4-coordinated molecules, and the least downshift is obtained for double donors/acceptors. This result is
at variance with the conception that experimental liquid water spectra may be divided into components for
which larger downshifts imply higher H-bond coordination. A mean spectral contribution for each coordination
type for the donor molecule was derived and fitted to the experimental liquid water IR spectrum, which
enabled an estimation of the distribution of H-bond types and average number of H-bon#tsQ(2)0in the

liquid.

1. Introduction H-bond configurations contribute to the different features in the
The experimental IR spectra of liquid water can to a good spectra. IR spectlra for clusters With-.BZ, 28, and 30 molecules
approximation be described by three Gaussian components in@® computed using quantum chemical methods. For the clusters
the O-H stretching region. Brubach et af and Czarnik- with 20 molecu_les, several oxygen fra_meV\_/orks as well as
Matusewicz et a}. assigned these components to water mol- H-Pond topologies are studied. The vibrational modes are
ecules with different numbers of hydrogen bonds. The most analyzed with respect to t_he c_oor_dlnatlon of both donator and
downshifted frequencies were assigned to molecules that2CCeptor molecules participating in the hydrogen bond. From
participate in the largest number of hydrogen bonds. The exFrapoIat!on of the variation of speptral appearance with respect
conjecture was that in this way information could be obtained 0 increasing cluster size, conclusions are drawn also regarding
about the H-bond coordination and thereby the structure in liquid the Spectral shape and H-bond coordination, such as average
water. Buch et at5 performed molecular dynamic simulations humber of H-bonds, of the liquid.
using analytical potential models and computed vibrational
spectra for water clusters of increasing sfzaad for liquid 2. Method
water® The spectra were split into the contributions from water R gpectra are calculated for clusters with®, 28, and 30
molecules with different kinds of coordination. It was found \ater molecules using the Gaussian 03 proghtime B3LYP4/15
that the most downshifted frequencies correspond to H-bondSmethod, and an augmented split-valence basis set. This basis
where the donor molecule is 3-coordinated and donates only set is equivalent to the aug-cc-pVDZ basisié&texcept that
this hydrogen. Ohno et ﬁlca_lculated frequencies for clusters {he giffuse p-functions on the hydrogen atoms have been
with up to 8 molecules using quantum-chemical B3LYP/6- removed. The 622 initial structures are taken from our earlier
311++G(d,p) calculations and studied the downshift depen- gy dyis of clusters with up to 22 molecules. In the present study,
dence on the coordination of the donor and acceptor molecule, e yse the reoptimized structure with the lowest aug-cc-pVDZ
which followed the same trend as seen in the study by Buch. energy (this structure is lowest also with the present basis set).
For dodecahedron-shaped water clusters, the OH-vibrational |, harticular for the cluster with 20 molecules four dodeca-
frequencies can be analyzed in a similar we§everal other  paqral clusters, two fused-prism clusters and one cluster derived
quantum-chemical studies of vibrational spectra of larger water ¢.om 4 liquid water simulation are analyzed (Figure 1). The
clusters have been performéd? dodecahedral clusters are the proposed non-symmetric energy

In the present study, we study vibrational spectra of 1arge minimum (for that particular oxygen skeleton) structdrend
water clusters of different sizes and investigate which kind of ¢i\,ctures with symmetrieS;,1® Cs,20 and Sy0.19 A cluster with

* Corresponding author. Phonet-46-(0)13-281719. Fax+46-(0)13-  an oxygen framework shaped as a fused prism is probably the
281399. E-mail: annle@ifm.liu.se. global energy minimum structut®efor clusters comprised of
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dodecahedral S10 “liquid” cluster

Figure 1. The seven structures with 20 water molecules. For the geometries for the clusters-@Rm#lecules, see ref 18.

Figure 2. The structures for the (D)5 and (HO)s Clusters.

20 water molecules, and one of the fused-prism clusters usedtheir H-bond network was chosen approximately to give as low
here is that of energy minimum H-bond topologyAn energy as possible according to the rules in ref 18.
alternative H-bond topology for the fused-prism cluster was  The O-H vibration IR spectra are divided into contributions
constructed by switching the direction of some H-bonds (see according to the coordination of the water molecules participat-
Figure 1). The “liquid” cluster was obtained by extracting & ing in the H-bond. The ©H vibrations of the cluster molecules

cluster of 20 molecules from a CPMbliquid water simula-  are divided into five groups, those involving: (1) non-H-bonded
tion* followed by geometry-optimization of the cluster to the  hydrogens (hereafter referred to as “free hydrogens”); (2) the
nearest local energy minimum. H-bonded hydrogen in 2-coordinated molecules; in the present

The clusters with 28 and 30 molecules (Figure 2) were clusters, all 2-coordinated molecules are single donors; (3)
constructed to have two 4-coordinated molecules inside a cagehydrogens in 4-coordinated molecules; (4) hydrogens in 3-co-
of 26 and 28 molecules, respectively; that is, 8 of the molecules ordinated molecules where both hydrogens are donated (double
are 4-coordinated whereas the others are 3-coordidé&izut] donor, “DD”); and (5) the donated hydrogen in a 3-coor-
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11-mer A A e spectral peak near 3870 cfn This is in agreement with earlier
1omer ' studies of vibrational spectra of free hydrogens in clusters of
A A K R several size$>?%The vibrations of hydrogens in 3-coordinated
g-mer J molecules correspond to vibrations in two regions. These can
A o be related to g>-vibrations at lower frequencies, 2768400
8-mer A L cm™1, and 3p-vibrations at 350863700 cntl. The OH-
- — frequencies from hydrogen bonds donated by 2- and 4-coordi-
et A ﬁ[ T nated molecules lie between the frequencies of 3-coordinated
P ﬂ M molecules, 31063700 cnt!. The liquid water MD study by
I L-- LE A Bucl? shows the same order for donor molecules, from low to
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high frequencies: & (3180-3500 cn1?), 2-coordinated (3250
3600 cn1l), 3pp (3400-3700 cnt?), and free hydrogens around
Figure 3. IR spectra for clusters with-622, 28, and 30 molecules 3700 cntl. In that simulation, most molecules were 4-coordi-
(2%Sing tlhe Pine)rg)'/rhminimumt dodecaheﬂra}l tSthCtUt“?bfotf_the C:USterfWith nated, and hence the peak for these molecules dominated for
molecules). € Sspectra are split Into contributions from fIree H
hydrogens, at~3900 cmpl, 3-coordi_na?ed double donors (dotted line), 2'”.‘0;5 a:: fr(fequenme_s. "]1 a St_Ud%/ Of dodg_cahegral CIIUStT"rS by
2- and 4-coordinated molecules (filled red/yellow for 2/4-coordinated, nick,” the frequencies for spr, Spp-coordinated mo ecules
respectively), and 3-coordinated single donor molecules (solid line) at found were 20063500 and 27063700 cm*, respectively,
the lowest frequencies. where the main part of the frequencies lies at higher wavenum-
bers. In the study by Ohno et @bf small clusters with up to
dinated molecule where the other is a free hydrogen (single 8 molecules, the frequencies found were 368800, 3506-
donor, “SD”). 3700, and 31083700 cn1? for 3sp-, 3pp-, and 4-coordinated
Using the eigenvalues from the normal-mode calculations, molecules, respectively. The most downshifted frequencies in
the normal modes are projected onto the coordinates of theclusters with 1721 molecules have been assigned to vibrations
hydrogens belonging to each group (eigenmodes projected ontoof 355 molecules2?
the oxygen atoms do not contribute to the spectra in the studied For the cluster with 21 water molecules, where a 4-coordi-
interval of 2506-4000 cnt?). For the (HO). cluster, i npated water molecule resides in the interior of a distorted
addition, a more detailed study was performed. The frequenciesqodecahedral structure, the H-bond frequencies are also cat-
for the hydrogen bonds are classified according to characteristicsegorized with respect to the nature of the acceptor molecule
of both the donor molecule (4-coordinatedp®r 3sp) and the  (Figure 4). For a given donor type (4-coordinategh 8r 3op),
acceptor molecule (4-coordinated or 3-cooro!in§1ted single ac-the bonds accepted by a3molecule give rise to the lowest
ceptor, “SA”, or double acceptor, “DA”). A similar study of  frequencies, whereas H-bonds accepted bysan®lecule give
fingerprints of hydrogen bonds in IR spectra has been carried the highest frequencies. Hydrogen bonds accepted by a 4-co-

out for different geometrical shapes of water clusters with 12 orginated molecule would have frequencies in between those
and 20 molecule$Note also the investigations of the influence accepted by 3 and 3 molecules.

wavenumber (cm‘1}

from H-bond topology on the OO-distances described in ref 20.

3. Results and Discussion

3.1. Spectral Fingerprints of H-Bond Coordination.
3.1.1. Variation with Cluster Siz&he IR spectra for clusters
with 6—22, 28, and 30 molecules are shown in Figure 3. For

3.1.2. Analysis of Spectral Band Featur&sFigure 3, it is
seen that the lowest-frequency peak becomes more downshifted
when the cluster size increases. A notable deviation is seen for
the cluster with 21 molecules. Here, the most downshifted peaks
present in the 20 and 22 clusters are missing. Generally, the
most downshifted peak corresponds to H-bonds fromst@

the cluster with 20 molecules, the dodecahedral energy minimuma 3sa molecule. To explain the variations in the low-frequency
cluster, rather than the fused-prism cluster, is displayed in Figureregion in the clusters with 1922, 28, and 30 molecules, one
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Figure 5. lllustration of the S-4-D series describing the downshift of
an O—H vibrational frequency in the IR spectrum. The magnitude of
the downshift correlates with the coordination of both the donor/acceptor
molecules that participate directly in the H-bond and the H-bonded ~o

neighbors of these molecules. The larger is the number of molecules SO )
that are single (S) donors/acceptors, the more downshifted the frequency A
will be. Less downshift is observed for 4-coordinated, and the least is
observed for double (D) donors/acceptors. ‘455 10 15 20 o5 30

needs to study how the frequency is influenced by the molecules Cluster size
that donate H-bonds to the central donor moleculg)(@nd Figu_re 6. Interaction energies per water r_nolecule for the clust(_ers
by the molecules that accept H-bonds from the central acceptorStudied. (The 20-molecule cluster energy is that of the fused-prism
. . 4 energy minimum structure.)
(3sa) molecule (the “central” dimer encompasses the H-bond
whose OH-stretching frequency is studied). The frequency is arrangement as well as the general oxygen framework, the 20-
most downshifted if the two molecules donating to the donor molecule cluster was put into focus, and a comparison of the
molecule in the H-bond are of typgand the two molecules  energies and spectra of the seven different 20-molecule struc-
accepting H-bonds from the acceptor molecule are of tyae 3 tures in Figure 1 was made.
The downshift will be less if the donor or/and acceptor  The optimized energies are41.7 and—42.6 kJ/mol for the
molecules are 4-coordinatedy{4,) and even less if those are  energy minimum structure for the dodecahedral and fused-prism
3pp/3pa.- clusters, respectively. The energies for the dodecahedral clusters
These results can be summarized by a “S-4-D” rule (Figure are—41.1 kJ/mol C; symmetry),—37.5 kJ/mol Cs), and—36.5
5), which states that increasing the proportion of single (S) kJ/mol (Si), respectively. The energy of the fused-prism
donating/accepting molecules leads to a larger frequency structure with the modified H-bond arrangement-i89.9 kJ/
downshift. The downshift is lower for 4-coordinated and smallest mol, 2.7 kJ/mol higher than for the minimum topology. The
for double (D) donors/acceptors. In fact, the S-4-D-series works “liquid” cluster is slightly higher in energy;-39.1 kJ/mol, but
also for the central molecules participating in the H-bond is considerably lower in energy than the high-symmetry
(compare Figure 4). For the donor and acceptor molecules, thedodecahedral structures.
same trend has been seen in a study of smaller cléBesause Studying the spectra for the different 20-molecule clusters,
downshifted frequencies correlate with shorter distaft#ss Figure 7, it is seen that the IR spectra for the two low energy
result agrees with the relation between coordination and shortdodecahedral clusters are similar, whereas the most downshifted
H-bond lengths in ref 20. The numbers of (S, 4, D) types around frequencies are missing for th& and S structures. The
the 3p—3sa H-bonded pair responsible for the most downshifted missing most downshiftedsg-frequencies in th&s, S, and
peak are (2, 0, 2) for the 19-, 20-mers, (1, 1, 2) for the 21-mer, the second fused-prism spectra can be rationalized by that in
(1, 2, 1) for the 22-, 28-mers, and (2, 1, 1) for the 30-mer. This these structures all s3 molecules are placed in adjacent
is in agreement with the 30-mer having the most downshifted positions, which gives rise to something similar to a sterical
peak and the 21-mer the least. The difference between the 22+epulsion between the non-hydrogen-bonded hydrogens. This
and 28-mer is probably due to there being more S-donors/is also of relevance for the auto ionization phenomena in water
acceptors in the next-nearest neighbor shell for the 22-mer thanclusters?® The S-4-D rule is valid also for these clusters.
for the 28-mer. 3.2. Analysis of the Liquid Water Spectra. We have
3.1.3. Hydrogen-Bond Energié#&/hen the interaction energy  calculated vibrational spectra for increasing cluster sizes and it
per water molecule depending on the cluster size is plotted is interesting to use this information to extrapolate to the limit
(Figure 6), it can be seen that the energy for the cluster with 21 of infinite clusters, that is, the infrared spectrum of liquid water.
molecules is lower than that for the nearby cluster size®(7 The IR spectrum of liquid water has been deconvoluted into
kJ/mol for the 21-mer anet41.7 and—41.3 kJ/mol for the 20- Gaussian-shaped contributions from three different H-bonding
and 22-mer, respectively). In these three clusters, the numbersituations by Brubach et &land Czarnik-Matusewicz et &l.
of hydrogen bonds changes. We note that the so-obtained frequency distribution with respect
Another way to present the energy is the interaction energy to molecules with varying number of H-bonds does not agree
per H-bond, which depicts the mean strength of the H-bonds. with the S-4-D rule obtained from our water clusters. We
This gives the energies27.8, —26.4, and—26.0 kJ/mol for therefore try a simplistic approach to estimate the contributions
the 20-, 21-, and 22-mer, respectively. This means that theto the liquid water spectra from the coordination types. Mean
hydrogen bonds (on average) are most stable in the purespectra for each coordination type of the donor molecule were
3-coordinated 20-mer. The low-energy per water molecule for derived using the frequencies from the energy minimum
the cluster with 21 molecules is a result of the high average structures. These mean spectra were then fitted to the experi-
number of hydrogen bonds per water molecule that is 3.24, to mental liquid water spectfaThermal and disorder effects cause
be compared with 3.00 and 3.18 for the clusters with 20 and an intermediate bonding situation that will affect the frequencies.
22 molecules, respectively. Fitting mean spectra from cluster calculations to the liquid water
3.1.4. Variation with Cluster Conformationo study more spectrum will thus be a crude model, but it constitutes an
in detail the effect on the spectral shape of both the H-bond illustrative first-order approximation.

AE (kJ mol™)
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Figure 7. IR spectra for the different structures with 20 molecules. The spectra are split into contributions from free hydrog@880atnt?,
3-coordinated double donors (dotted line), 4-coordinated molecules (filled yellow), and 3-coordinated single donor molecules (solid line) at the
lowest frequencies.

are single donors. Therefore, additional computations on clusters
with 9, 13, and 19 molecules (see Supporting Information) were
DD 25 o made, and, from these, frequencies fgp 2nd . molecules
el were also included in the mean spectra. The calculated frequen-
free cies were scaled to agree with the experimental frequencies in
hydrogeng the gas phase and the H-bonded OH-band for th©}ting-
shaped cluster.Each frequency is convoluted by a Gaussian
-6 °C function, and the sum of these functions constitutes a peak for
this coordination number. The width of the Gaussians (165icm
at half-height) was adjusted to give the best fit to the
experimental spectra from Brubach efahermal motion is
likely to distort the H-bond geometries away from the optimal
= straight geometries present in our calculations. To minimize the
20°C influence from this complication, we fit to the experimental
liguid spectrum at the lowest temperature avail&@btes °C.
The fit is made under the restriction that all donated H-bonds
; are also accepted and that the ratio of each coordination type
36.00 3800 4000 should be greater than or equal to zero.

From the fit in Figure 8, we get an estimation of the amount
of molecules that are 2-, 3-, and 4-coordinated, and from this

- . o> the average number of H-bonds can be calculated. The mean
oscillator, for the different coordination types. The wavenumbers are T . . -
scaled using the formulaucaea= veac(1.2630 — 7.9305*10°* v). num_ber of H-bqnds in liquid water differs widely in different
(b) Experimental specttaf liquid water (red line) and fitted spectra ~ Studies;:>2%32lying roughly between 1.5 and 3.6 H-bonds per
using the mean spectra for each coordination type with scaled molecule, depending on the measurement method used and on
frequencies (black dashed line)-a6 °C and (c) 20°C. The downshifts  the definition of an H-bond. Using the scaled frequencies at
of the mean spectra with the scaled_frequencies were reduced by 10%_g °C gives an average number of H-bonds per molecule of
in the fit shown as the blue dotted line at 20. 3.1+ 0.2 (20%, 53%, and 27% for 2-, 3-, and 4-coordinated

molecules, respectively). All 2-coordinated molecules ajig 2

The mean spectra are constructed by summing intensities forbecause the contribution fronb@ and 24 molecules will be
each coordination type from the studied clusters and then reduced to practically zero when fitting to the liquid spectra.
normalizing them by division by the total number of OH At the higher temperature of 20, thermal motion causes a
oscillators (Figure 8). For the cluster with 20 molecules, the larger amount of bent H-bonds that are not represented in our
energy minimum structures for the dodecahedral and fused-model, which is why our fitting procedure becomes cruder. For
prism clusters are used, and the results are compared to aent H-bonds, the downshift magnitude is likely to be lower,
calculation including all 20-mers. To get better statistics for the which agrees with that the frequencies for liquid water get less
2-coordinated molecules, frequencies for ring-shaped clustersdownshifted when the temperature is increa¥atfe note that
with 6, 7, and 8 molecules were included in the mean-spectrathe center at half-height of the experimental spectra in ref 2 is
calculations. The 2-coordinated molecules in all of these clustersdownshifted by~10% in the 20°C spectrum as compared to

a

mean spectra

IR intensity (arbitrary units)

3200 3400
wavenumber (cm'1)
Figure 8. (a) IR intensity versus frequency distribution per OH

2800 3000
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