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Quantifying Molecular Properties of Hexagonal Water

Clusters

Giuseppe Lanza

Density functional theory and polarizable continuum model (DFT/
MO06-2X/PCM) calculations, which make use of Gaussian basis sets,
have been carried out to study the molecular properties of large
hexagonal water clusters as a model for ice Ih. The series of (H,0),
(n=96-332) clusters has been designed to reduce dangling
hydrogen bonds on the surface and to preserve hexagonal
crystallinity as much as possible. Large cluster structures are
very stable, and computed electronic energy and entropy
show asymptotic behavior with data astonishingly close to

1. Introduction

Water clusters have attracted increasing attention from both
experimental and computational chemists in recent years.'~'?
They are considered as a link between gas and bulk phases,
and large clusters have properties that vary, smoothly increasing
the size and converge to those of the liquid or solid water phases.
The transition itself can only be addressed and corroborated by
studying molecular properties of clusters of increasing size in
order to clarify hydrogen-bonded (HB) network changes that ulti-
mately lead to different macroscopic behaviors.

From a computational point of view, the cluster approach
seems to be a sustainable strategy to examine condensed states
of water. The finite size of the systems does not require the use of
periodic boundary conditions that can introduce artificial corre-
lations; however, some imperfection could appear at the interface
of the cluster with a vacuum. If the size of the cluster is large, the
limitations become less critical, and the structure and dynamics of
various and interesting behaviors at the microscopic level can be
studied. On the other hand, the isolated cluster makes theoretical
treatments easier than those required for the condensed states,
thus, the plethora of accurate quantum chemical methods avail-
able can be applied routinely. The need to use accurate and unbi-
ased methods of electronic structure theory is dictated by the fact
that, at the microscopic level, bulky water molecules exhibit
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experimental thermodynamics. An excellent computation/exper-
imental comparison has also been obtained for the neutron and
X-ray diffraction structural data, as well as for infrared, Raman,
inelastic neutron, and hyper-Raman fundamental vibrational fre-
quencies. The overall results suggest that the use of large-size
clusters, together with reliable and standard quantum chemical
methods, is a highly promising and safe methodology to investi-
gate experimentally challenging phenomena in water science.

unpredictable and unusual behaviors that give rise to the extraor-
dinary macroscopic properties. For example, by changing the
temperature, pressure, and preparation procedure in the solid
state, there are 19 ice structures known so far, as well as four fam-
ilies of amorphous ice, namely low-, medium-, high-, and very
high-density, with different local organization and interactions
between molecules.”'

In water science, the solid state is of particular importance
given that, the low mobility, limited to vibrational motions, allows
for the attainment of experimental pieces of information that can
be a guideline in the development of suitable empirical
models'® and can also serve as a reference point for testing
accuracy and reliability of ab initio quantum chemical methodol-
ogies free of external parametrization.'”? Among the different
allotropic states, the hexagonal ice, lh, is of paramount impor-
tance, and the description of the physical processes occurring
in this solid region is particularly important in the physical-
chemical field as a starting point for the study of the properties
of various water phases. There have been many researches that
make use of empirical-derived potentials"'®%? and also some ad
hoc quantum chemical®-?? studies from which to derive specific
structural, thermodynamic, and spectroscopic information.
However, the cluster approach combined with high-level quan-
tum chemical computations, which make use of Gaussian basis
functions, allows for a new all-encompassing setup covering
many topics of ice Ih.

In the present study, using a bottom-up approach,
large series of hexagonal ice-like clusters (H,0), (n=96, 102,
160, 172, 212, 254, and 332) have been studied to examine a vast
range of fundamental molecular properties of ice Ih, some of
which have been and are still a matter of debate.”*** Among
them, we mentioned the ice Ih formation electronic energy,
enthalpy, and entropy at 273K, neutron and X-ray diffraction
results, as well as infrared (IR), Raman, inelastic neutron, and
hyper-Raman spectra. Regarding the vibrational spectra, there
have been several computations, also using quantum chemical
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methodologies,'**~?*! while for the thermodynamic property com-
putations, there is a paucity of information in using quantum
chemical methodologies.*%

The novelties of the present approach are its reliability-
generality, simplicity, expandability, and reproducibility, which
have not normally been present altogether in previous studies:
1) Full qguantum chemical computations guarantee predictive
accuracy in all regions of the water phase diagram, in solutions
and reactive events. This feature allows us to compute many
properties with the same reliability. Some of them (interaction
energy and zero-point energy (ZPE)) have only been studied
using classical potentials or plane-wave-based quantum meth-
ods. Other properties, as the absolute entropy, have never been
studied; 2) The large size of clusters and the chemical structure
intuition for the minimal basal face reconstruction preserve |h
ice crystallinity and allow for a realistic description of molecular
properties; 3) Although the construction has been halted at the
332 cluster size, the procedure can be extended easily to clus-
ters of any dimension. Even though the reported structures are
not the global minima for large clusters (low value of the
surface-area-to-volume ratio), they become very stable; 4) As
far as vibrational spectra interpretation, a 192-mer cluster has
been used by Bowman et al.*® However, the surface is disor-
dered (87 molecules) and only a portion (105 molecules)
preserves crystallinity; thus, data interpretation/comparison
requires a screening of normal modes. Several studies derive
the vibrational frequencies using periodic 64 (or less) molecules
as a unit cell of ice 1h.*>?® The small size of the unit cell could
introduce some artificial correlations in proton positions, and for
example, there are difficulties in reproducing the sharp acoustic
peak (60cm™") in the experimental spectra. The absence of
periodic conditions and the large proton random orientation,
which instead is possible to reach in present isolated large
clusters, could better represent the ice Ih disordered proton
configuration.

Overall, the present study indicates an astonishingly compu-
tation/experimental comparison that is particularly interesting
because the methodology uses standard quantum chemical pro-
cedures available to all researchers, hence fully reproducible, and
further expandable to many other specific issues in the water
science.

2. Calculation Methods

The geometries were optimized using the DFT/M06-2X electronic
structure method,®>' employing the 6-31+G* basis set and includ-
ing implicitly solvent effects.*® Minima were characterized by
evaluating the Hessian matrix and the associated harmonic vibra-
tional frequencies. Implicit solvent effects were modeled using
the polarized continuum method (PCM), adopting a 78.36 dielec-
tric constant for water as implemented in the Gaussian16
program.”!

To improve energetics and to reduce intermolecular basis set
superposition error, single-point energy evaluation at the opti-
mized geometries was performed using the more accurate
aug-cc-pVDZ basis set. The electronic energies were corrected
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for zero-point vibrational and thermal energies to obtain
enthalpy and entropy at 273 K. To calculate the entropy, 5°3,
the different contributions to the partition function were evalu-
ated by using the standard expressions for an ideal gas in the
canonical ensemble, the particle in a 3D box, the harmonic oscil-
lator, and the rigid rotor approximations.

The Minnesota functionals M05-Class and M06-Class include
the medium-range dispersion effects,®® and the reliability of
present M06-2X-based computations has been previously eval-
uated using extensive traditional ab initio MP2 (and in some
cases MP4-SDQ) calculations with the 6-31+G* basis set for opti-
mization/Hessian followed by the single-point aug-cc-pVTZ
energy.[3°’32]

The IR absorption intensities have been obtained from the
molecular dipole moment derivatives with respect to the nuclear
Cartesian coordinates. Raman intensities have been obtained
from dipole derivatives with respect to the electric field and
nuclear Cartesian coordinates. The IR and Raman spectra have
been generated with the GaussView 5.0 software.®® The inelastic
neutron scattering (INS) spectrum has been simulated through
the convolution of Gaussians of the density of states (the histo-
gram) with a FWHM of 40 cm~'13%

Stiff intramolecular modes are characterized by a deep poten-
tial well, thus, the harmonic oscillator is a reliable approximation.
Anharmonic corrections are modest, and simple scaling factors
are used to evaluate vibrational frequencies without computa-
tional cost. For low-frequency modes, the shallow potential well
presents various minima, the scaling factors are doubtful, and rig-
orous computational treatments are necessary."**"! However,
they are affordable only for systems with less than 20 atoms."”
Presently, vibrational spectra interpretation is based on harmonic
frequencies without any scaling factor.

3. Results and Discussion
3.1. Structure

The global minimum searches for water clusters show that the
most stable structures of small-sized clusters are amorphous
and dominated by four- and five-membered rings.*~'? The first
formation of a fully-hydrated six-membered ring occurs for the
(H,0)s, cluster.™ Low energy structures (not global minima)
reported by Buch et al. show a more extended six-membered par-
tially ordered core for the (H,0),,; cluster but the appearance of
a (strained) crystal core with six-membered rings occurs for
the (H,0),05.1"” For larger clusters (n=600 and 931) a well-
crystallized interior core with more than 80% of the molecules
in the Ih arrangement are formed together with a somewhat dis-
ordered surface."V The growth of crystallinity, as the cluster size
increases, makes it easier to find the global minimum or some
structures close to it. Both experimental and computational stud-
ies suggested a nearly spherical shape with an amorphous sur-
face followed by a partially ordered subsurface and then the
crystalline lh core.” These configurations decrease the surface-
area/energy reducing the dangling HBs and oxygen lone pairs
at the expense of crystallinity. Nevertheless, the aims of the
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present study are the ice Ih molecular properties; the best com-
parison to bulk experimental data could be reached considering
clusters as large as possible with an Ih-core with some “custom-
ized” surface reconstruction to reduce dangling HBs. To reduce
heavy surface reconstruction, we avoided considering spherical
shapes and tedious global minima searches; thus, present clus-
ters appear as cuboids, i.e., ice nanocrystals cut along the basal
and prismatic faces. In this simple approach, the minimal area
criterion in tiling surface reconstruction is not satisfied, and
energetically more stable structures are present for small and
medium clusters.®? For large clusters (n > 250), surface amorph-
ization is less important with respect to the Ih core. Therefore,
there will be structures slightly more stable than those presently
considered, but we cannot give a reasonable estimation. The
reliability of the minimal surface reconstruction becomes evi-
dent when looking at the asymptotic behavior of the electronic
interaction energy (vide infra).

The present nanocrystal building offers three advantages: i) a
wide selection of clusters with low energy structures can be
derived without tedious global minimum searches; ii) a reliable
reference for many molecular properties such as bond distance,
energy, vibrational frequencies, and so on; iii) allowing for a vis-a-
vis comparison between computational results and the plethora
of experimental results on ice Ih.

The simplest (H,0)q6 cluster consists of four layers of 24 water
molecules hexagonally arranged along the “c-axis” (Figure 1),
while hydrogen atoms are randomly oriented within the con-
straint of network completeness. Few preliminary geometry opti-
mizations, with a smaller basis set, 6-31G*, for different proton
configurations on the constructed surface, have been performed
to choose the most favorable structure. The (H,0)os cluster
presents 12 bicoordinate water molecules that are highly ener-
getically unfavorable, thus, three of them on each hexagonal

4-layers 5-layers
e2cIReoE,
(0545 {999
&~ R
O,
96 160
6-layers

254 332

Figure 1. Schematic structures of hexagonal clusters (view from the c-axis).
The blue circles indicate molecules capping surface chairs, while X indicates
the formation of pentagons on basal surfaces.
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faces have been removed to form three pentagons and have
been positioned above the adjacent hexamer chairs to saturate
their dangling hydrogen bonds. The basal surfaces of the cluster
terminate by pentagons and capped hexagons (Figure 2). The
prismatic surfaces present only tri- and tetracoordinated mole-
cules and no alterations are strictly necessary to generate ener-
getically favorable geometries. The hydrogen atoms are
randomly oriented and the tricoordinated molecules are equally
distributed among double acceptor (AAD) and double donor
(DDA) configurations. The (H,0),¢o cluster was built stacking five
layers of 32 chair-form water hexamer molecules (Figure 1).
The 16 bicoordinate molecules were repositioned to form four
pentagons and four capped hexagons on both hexagonal sur-
faces (Figure 1 and 2). The average coordination number of
water molecules increases on expanding the cluster size and
the electronic interaction energy per molecule becomes more
negative (Table 1).

Some test calculations have been carried out to reduce the
number of tricoordinate molecules on prismatic faces of the
(H,0)96 and (H,0)q60 clusters, thus, three and six water dimers
(HO—H--OH,) have been added to hexamer boats, respectively,
to form the (H,0),0, and (H,0),,, clusters (Figure 2). In spite of
the average coordination number of water molecules increasing,

basal plane

15.5

prismatic facet

(Hy0)z54

Figure 2. M06-2X/6-31+G*/PCM optimized structures of hexagonal, (H,0),
n = 96-254, clusters viewed from a prismatic face. Hydrogen atoms have
been omitted for clarity, and the sticks represent the O—H bonds involved
in hydrogen bonding. The surface tricoordinate molecules are in red, while
tetracoordinate molecules are in blue.
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Table 1. Average coordination number (c.n.) of water, interaction electronic
energy, ZPE variation, enthalpy (kcal mol~"), and entropy (cal mol~' K~") per
water molecule in water deposition.

cn. Eint AZPE Do AHs  S%ys
(H,0)06 350 -1263 2.71 -992  -10.86 10.04
(H20)102 359  -1263
(H,0)160 356  -12.85 275 1010 -11.04  9.60
(H,0)17, 366  -12.90
(H,0)51> 359 -12.99 276 -1023 -11.18 943
(H20)354 360 -13.05
(H20)33, 363  -13.20 -10.44
Ice-experiments 400 -14.07" 2757 -1131 -122® 839

ISee ref. [43]. P'See ref. [44]. 9See ref. [45].

there is no energy gain for the (H,0),,, cluster and a modest gain
for the (H,0),5, cluster (Table 1). Even though the quantity of HB
count increases, the strong distortions from tetrahedral bonding
in four-membered rings do not result in a significant energetic
improvement. Considering these results, we overlooked the
quantity reduction of tricoordinate molecules on prismatic faces
in the cluster size expansion.

The (H,0),1, and (H,0),s,4 clusters consist of five and six stacks
of 42 molecule chair-form hexamers. To reduce undercoordina-
tion on the basal facets, half of the bicoordinate molecules have
been repositioned to form pentagons and capped chairs (Figure 1
and 2). For both clusters, two additional molecules have been
added to saturate three dangling HBs on two chair-hexamer.
The coordination number slightly increases and the clustering
becomes progressively more exoenergetic (Table 1).

The (H,0)s3, consists of six stacks of 54 molecule chair-form
hexamers with the bicoordinate molecules on basal facets rear-
ranged in the usual way to form pentagons and capped hexagons
(Figure 1 and 3). Furthermore, eight molecules have been added
to saturate a large part of the remaining dangling HBs of the basal
facets. As expected, both the average coordination number and
interaction energy per molecule increased (Table 1). Overall, the
cluster shows 122 tricoordinate molecules (61 AAD and 61 DDA)
and 210 tetracoordinate molecules.

Figure 3. M06-2X/6-31+G*/PCM optimized structures of hexagonal (H,0)s3,
clusters view from a prismatic (left) and the hexagonal (right) faces.
Hydrogen atoms have been omitted for clarity, and the sticks represent
the O—H bonds involved in hydrogen bonding. The surface tricoordinate
molecules are in red, while tetracoordinate molecules are in blue.
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3.2. Energies

The electronic interaction energy curve (Figure 4) shows that
a large part of the asymptotic behavior is captured, however,
the coordination number for the (H,0);s, cluster is far from
bulky ice (3.63 vs 4) and some further gain in energy (roughly
of —0.6 kcal mol™") could be anticipated in cluster enlargement.
For instance, in the TIP4P global optimization of the (H,0),03,
(H20)600, and (H,0)e3 clusters, Buch et al."" reported an exoener-
geticity increase of —0.3 and —0.1 kcal mol~' on size enlargement,
respectively.

Accurate thermal measurements on the gas-phase water
molecules assembling in the hypothetical |h ice at 0K release
—11.3 kcal mol~" of heat™**! Considering the change in the
vibrational state of the molecules, i.e., subtracting the ZPE varia-
tion, the electronic energy has been estimated by Whalley,”*
—14.07 kcal mol™' (Table 1). The computed electronic energy
for the (H,0)s3, cluster, —13.20 kcal mol™", is close enough to
the experimental data, and the small difference could be related
both to the limited size of the cluster and to the presently adopted
electronic structure method. Using molecular dynamics simula-
tions and the TTM and TTM2-R water models, Xantheas et al.
obtained interaction energies at the 0K limit, more exoenergetic,
—15.56 and —14.69 kcal mol~", respectively."*2" The TIP4P value
(—13.18 kcal mol™") is comparable to the present value, emphasiz-
ing the critical role of the model potential in classical molecular
dynamics. Very good computational/experimental comparisons
have been obtained using quantum chemical methodology with
a plane-wave basis set.”>? Thus, the absolute lattice energies
(without the ZPE effects) of ice lh are —13.95 kcal mol™"', using
the diffusion quantum Monte Carlo methods, and —14.04 and
—13.86 kcal mol™', using the embedded many-body expansion
of MP2 and CCSD(T) wavefunction-based methods, respectively.

The presently computed overall ZPE is 16.2 kcal mol™" per
molecule and it is higher than that reported for the ice
(15.27 kcal mol™") using molecular dynamics simulations."*-2"
The difference is due to the overestimation of the stiff frequencies
in the M06-2X/6-31+G*/PCM theory level (vide infra), however,
the effect is present in both gas phase and ice molecules, therefore,
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Figure 4. M06-2X/aug-cc-pVDZ/PCM interaction electronic energy and
enthalpy per water molecule (E;,, and AH,3, black curve, scale on the left).
MO06-2X/6-31+G*/PCM absolute entropy per water molecule (S°,;3 red curve,
scale on the right).
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the ZPE variations on cluster formation (2.76 kcal mol™") are
identical to those estimated experimental values for water
deposition (Table 1). Singling out the computed AZPE in its
intra- and intermolecular contributions (—1.00 and 3.76 kcal
mol~', respectively), they have opposite signs and the intramo-
lecular variation mainly comes from the perturbations induced
to the stretching modes (v, and v3) while the contribution of the
bending (v,) is rather small. Present data are almost identical to
those obtained for amorphous clusters, (H,0)s5 and (H,0),3, at
the same level of theory®®® and they are in excellent agreement
with those estimated by Whalley (—1.19 and 3.94 kcal mol=")**!
and by Xantheas et al.l'®" for only the intermolecular contri-
bution (3.9 kcal mol™).

Assuming the same AZPE for the (H,0)s3, cluster, the calcu-
lated deposition enthalpy at 0K is —10.45kcal mol™' close
enough to experiment (—11.3 kcal mol™")."** On increasing the
temperature to 273 K, both computations and experiments indi-
cate an increment of exothermicity (—0.9 kcal mol™’, Table 1);
thus, the simpler statistical thermodynamic approach adopted
here reproduces the features introduced by the thermal motion
in vibrations.

The absolute standard entropy at 273.15 K per molecule, S°,75,
of the analyzed hexagonal clusters shows a progressive reduction
increasing the size (Table 1 and Figure 4). As the number of mol-
ecules forming the cluster increases, the efficiency of the packing
improves, the average coordination number of water molecules
increases, and the system tends toward a more ordered state with
a lower absolute entropy value. In spite of the simplicity of the
statistical thermodynamic treatment and limitations of the cluster
approach, the experiment and computation are numerically com-
parable, 8.3 versus 9.43 cal K=" mol~'."*

3.3. Geometrical Parameters

The covalent O—H bond length in ice Ih has been a matter of
debate for a long time; however, nowadays, the 0.985 4 0.006 A
value is widely accepted (see discussion on reference'®®). The
computed O—H bond length distribution for the (H,0)s3, cluster
shows a narrow distribution centered at 0.990 A, very close to the
experimental value (Figure S1, Supporting Information). The peak
at 0.970 A in Figure S1 (Supporting Information) is due to the 61
O—H bonds not involved in hydrogen bonding on the surface.
The H—O—H bond angle distribution shows a curve centered
at 106.5°, which spreads in the 105°-108° range (Figure S1,
Supporting Information) in full agreement with the value experi-
mentally assessed (106.6 4 1.5° and 107 4 1°, see reference®).
Few angles are out of this interval, and they are due to some
strained molecules on the basal surfaces. The metrical parameters
for a water isolated molecule (0.966 A and 105.8°) are close to the
“equilibrium” geometry experimentally derived (0.9584 A and
104.45°).19 Present computations correctly predict the O—H
bond lengthening and the widening of the H—O—H bond angle,
once the isolated water molecules are embedded in the ice lat-
tice.””! For the H—O—H bond angle enlargement, there has been
some discussion in the literature because many empirical poten-
tials are not able to reproduce this trend.*”!

ChemistryOpen 2025, 00, 202500149 (5 of 10)

The computed HB O--O and OH--O contacts spread in the 2.65-
2.90 and 1.70-1.90 A ranges, with the maximum values (2.73 and
1.75 A, Figure S1, Supporting Information) close to the experimen-
tal ones (2.75 and 1.75 A) quoted in ref. [48]. The low temperature
at which the experiments were carried out implies small thermal
effects on metrical parameters, thus, the thermal average bond
length and bond angle from neutron, X-ray, and electron diffrac-
tion studies are close enough to the equilibrium values, and the
computation/experiment comparison is excellent.

HB molecules falls mainly in the 100°-120° range, with the maxi-
mum at 110° very close to tetrahedrality (Figure S1, Supporting
Information). The several peaks that are out of this range are due
to the capping molecules of the hexagonal surfaces that form
squares and strained pentagons. Along the same line, the
O—H--O angles of HB atoms show only small deviations (a few
degrees) from linearity, except for the strained four- and five-
membered rings (Figure S1, Supporting Information).

In the ice Ih structure, each oxygen atom has four HB mole-
cules (the first-neighbor O--O distance is 2.72A, insert in
Figure 5A) and 12 s-neighbors (=4.5 A). In the basal plane, each

20o(T)

oy)

Zoul(T)

T A T T T T T T
05 25 45 65 85 105 125 145
=
K
on
1 3 5

7 9 1 13 15
r A

Figure 5. Experimental A) O—O, B) O—H, and C) H—H PDFs for ice |h at
220K (red)®® and computed distributions for the optimized geometry of
the (H,0)s3, cluster. The computed data refer to the static motion-less min-
imum at 0K. The inset in A shows a portion of the (H,0)s3, cluster, which
are the first (blue), the second (green), and the third (gray) neighbors of
the oxygen reference atom (black). Inserts in B and C show some com-
puted distance in the hexagonal-chair.
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oxygen atom is involved in three chairs and the contact with dis-
tal oxygen is =53 A (the third-neighbors). Along the prismatic
planes, each oxygen atom is involved in nine boat hexamers.
Six of these boats (those that contain the HB along the c-axis)
give rise to the contact with distal oxygen of =5.3 A (the third-
neighbors), while the remaining three boats have a common dis-
tal oxygen at 4.6 A. The latter O--O contact is closer to the second-
neighbors than the third-ones, even though the oxygen occupies
a distal position in the hexagonal boat. Thus, the ratio of oxygen
numbers between first and second peaks in the pair distribution
function (PDF) is expected to be 4:13. Similar arguments for suc-
cessive coordination shells allow us to find that the expected area
ratio for the ideal ice lh is of 4:(12 + 1):9:12:(9 + 2):18.”!

Two sets of neutron diffraction of powder ice Ih in the form of
00, OH, and HH partial structure factors at 220 and 258 K have
been reported by Soper.**°" The latter measurements, using
H.0, D,0, and two mixtures of these molecules, show an enlarge-
ment of bands and less detail with respect to the former, proba-
bly due to the increased thermal motion. Experimental PDFs are
compared with those derived from the (H,0)s3, cluster in
Figure 5. There is a satisfactory agreement between experimental
and calculated data. Thus, the main features of the experimental
Joolr) at 2.78, 4.53, 5.46, 5.8-7.2 envelope, 7.77, 8.61, and the flat
peak at 10.77 A found counterparts in the O--O distance distribu-
tion in the cluster (Figure 5A).

The first peak is presently computed at a shorter distance of
2.72 A. This region has been also studied through extended X-
ray absorption fine structure spectroscopy at 256.4 K, which is very
sensitive in this region, and the probable distance (peak position)
2.71 Ais in better agreement with present data.”? The second and
the third peaks, computed at 4.5 and 5.3 A, correspond to the
remaining oxygen in the same hexagon. The peaks at 6.4, 6.9,
and 7.7 A correlate with oxygen of adjacent hexagons, i.e., the first
hexagon coordination. The computed peak area normalized to
the average number of formed HBs for the first three peaks
(3.63:9.6:5.9) are compatible to those expected for the ideal ice
Ih structure (4:13:9), while for the successive coordination shell,
the comparison gets worse because of the reduced cluster size.

The experimental gou(r) function shows five peaks well-defined
at 0.96 (covalent O—H bond), 1.77 (HB), 3.18, 3.78, and 4.62 A (oxy-
gen of the hexagon). All features match very well with the com-
puted O--H PDF (0.99, 1.75, 3.2, 3.7, and 4.6 R) for the (H,0)s3,
cluster (Figure 5B). The first peak in the experimental gy (r) corre-
sponds to the intramolecular H--H contact, and it is close to the
computed one (1.53 vs. 1.59 A, respectively, Figure 5C). The second
peak is due to the directly HB molecules, O—H--OH, (2.28 and
2294, respectively). After that, the experimental guu(r) shows
two maxima at 3.96 and 4.38 A, with shoulders at lower and higher
distances. These maxima correlate with hydrogen atoms belong-
ing to molecules of the hexagons, and they are close to the values
computationally derived 3.92, and 4.48 A.

3.4. Vibrational Spectra of Ice |h

The vibrational frequency changes provide the main manifesta-
tion of the tridimensional HB network in different states of water.

ChemistryOpen 2025, 00, 202500149 (6 of 10)

The spectra of ice present two groups of bands due to high-
energy intramolecular vibrations (>1600cm™', Figure 6) and
low-energy intermolecular vibrations (<1050 cm™'). The inten-
sity of the INS spectrum is directly proportional to the phonon
density of states,®>=>*! and all vibrations produce signals, while
IR, Raman, and hyper-Raman bands are modulated by the
dipole, polarizability, and hyperpolarizabilty, respectively, which
are often not easily predictable from simple selection rules due
to proton disorder.”*°" Unfortunately, the computation of the
vibrational spectra of the largest (H,0)s3, cluster is highly
demanding. However, the (H,0),;, cluster is representative
enough of the Ih structure, therefore, the present analysis is
based on this system.

There are 424 stretching modes of the O—H covalent bonds.
In the range 3834-3863 cm™', there are 43 stretches of the free
O—H bonds related to AAD molecules of the surface (see com-
puted density of states in Figure 6). Generally, they are localized
on one molecule, but sometimes, they weakly couple in phase or
out of phase with other spatially and energetically close modes.
The free O—H are the strongest covalent bonds because they are
not weakened by hydrogen bonds and the frequency is close to
the stiffer symmetric and antisymmetric stretches of isolated
water (3812 and 3936cm™, respectively). Experimentally, free
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Figure 6. Computed vibrational spectra for the hexagonal (H,0),;, cluster
(blue) and experimental INS, IR and Raman spectra for ice lh (red). The
measured spectra have been digitized from refs. [55] (Figure 3), [56]
(Figure 1) and [58] (Figure 1 and 2).
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O—H stretching on the cluster surface is observed as a sharp peak
at =3700 cm~'.1""%2 At lower frequency (=3600 cm™'), there are
two O—H stretches of the DDA molecules, always coupled with
the modes of the HB molecules. Experimentally, for small-sized
clusters, the DDA group is observed at =3550 cm™', while for
large clusters, it is responsible for the broadening of the main
IR absorption band in the high-energy wing."'*? The weaker
O—H stretches of AAD and DDA molecules, almost always cou-
pled with the modes of the HB molecules, are computed in
the 3027-3300 cm™' region. They appear in IR spectra of small
clusters from 2950 to 3100cm~'? for medium clusters at
3213 cm™’, while for large clusters, they widen the main peak
in the low frequency region."'%?

Beyond these details at both ends of the O—H stretching
band, the curves obtained for the tetracoordinate molecules dis-
play at the center, the band shape of INS, IR, and Raman spectra
similar to those experimentally reported (Figure 6 and Table 2).
The computed IR spectrum exhibits a peak at 3380 cm™" with
shoulders at 3290 and =3440 cm ™" in analogy to the experimen-
tal one (3220, =3150, and =3380 cm~")."® The computed Raman
spectrum displays three overlapping bands at 3260, 3380, and
3510 cm ™', while experimental bands occur at 3083, 3209, and
3323 cm~'.® The computed density of the states of bond fre-
quencies show a large distribution (about 3300-3700 cm™") cen-
tered at =3500 cm ™', similarly to the experimental features.* It is
interesting to note that the maximum shifts at lower frequencies,
ongoing from INS to IR and Raman spectra, as experimentally
observed. Because the selection rules of hyper-Raman scattering
and IR absorption derive from the odd orders of the electric
dipole moment, the obtained spectra are similar to some extent,
different from Raman scattering, which derives from the second-
order effect (see Figure 5 in ref. [61]). Thus, the experimental
hyper-Raman spectrum shows a broad band centered at
3307 cm ™" with a shoulder at 3197 cm™' (Table 2). The main dif-
ference with experimental spectra concerns the blueshift
(=170cm™") in computed stretching frequencies due to the
MO06-2X/6-31+G* theory level, and basis set improvement will
reduce this discrepancy.®® An eigenvector analysis of these vibra-
tions shows that all monomer oscillations mix strongly and
involve large regions of the cluster. This is in agreement with

previous molecular dynamic interpretations®®” and with 2D IR
spectroscopic findings.®>®®' However, present computations sug-
gest that high frequency vibrations are dominated by the anti-
symmetric stretch of the various monomers, while the low
frequency region is characterized by symmetric stretches.

The 212 bending modes fall within a rather narrow range,
1640-1781 cm™', and are hardly perturbed by hydrogen bonding
(Figure 6). In the low frequency region (1640-1680 cm™"), there is
the bending of the AAD molecules on the surface, which are freer
to oscillate, and the frequency is quite close to the value of the
isolated water molecule (1667 cm™"). They are localized over a
well-defined region of the cluster. At higher energy, we find
the bending of tetracoordinated molecules. These oscillators cou-
ple strongly over a large region of the cluster. In agreement with
experimental INS, IR, Raman, and hyper-Raman spectra,®*°6°867 3
single band is predicted but the band center is overestimated by
about 100cm™' due to the medium quality of the basis set
adopted in the present computations (Figure 6 and Table 2).

The modes below 1050 cm™' represent librational (hindered
rotation) and hindered translational collective motions of mole-
cules (Figure 6). In a simplified view, normal mode analysis shows
that only the hydrogen atoms move in librations, while in trans-
lations, the entire molecule moves. In agreement with these
results, the INS and hyper-Raman spectra of H,O and D,O show
small variations for the translational bands, given the modest
change in the mass of the moving monomer.”*$" While the
change in mass has a large effect on the librations, where the
vibrations almost exclusively involve hydrogen atoms.>*¢"

The librations can be classified as: i) out-of-plane deforma-
tions (twisting and wagging) and ii) in-plane deformations (rock-
ing). These oscillations involve large regions of the clusters and
are largely coupled. At high frequencies, there are twisting
motions but as the frequency is reduced (=980cm™'), the
motions show wagging components, and after =850 cm™', vibra-
tional modes show rocking components. Librations with frequen-
cies lower than 600 cm™' are localized on the cluster surface. In
computed NIS, IR, and Raman spectra, librations appear as a large,
broad peak similar to the experimental shapes (Figure 6). In the
calculated and experimental INS spectra, the maximum is at
about 660cm™", and a shoulder appears at ~880cm™', while

Table 2. Computed and experimental wavenumbers of ice lh. Sp = sharp peak; p = peak; bp = broad peak; sh = shoulder; b = bump.
INS IR Raman Hyper-Raman
Calc. Exper.? Calc. Exper.” Calc. Exper.©) Exper.?)
Stretching 3500 bp 3307 bp 3440 sh 3380 sh 3510 p 3323 p 3307 sh
3380 p 3220 p 3380 p 3209 p 3197 p
3290 sh 3150 sh 3260 sp 3083 sp
Bending 1715 p 1613 p 1700 p 1590 p 1700 p 1600 p 1646 p
Librations 660 bp 658 p 900 bp 860 p 500-1000 bp 800 bp 825 p
880 sh 880 sh 515 sp
Translations 380-180 bp 306 sp 275 p 229 p 340 bp 315 p 289 p
(optic) 229 sp 240 sh 164 p 280 p 225 p 210 p
153 bp 210 p
Translations 60 p 57 p 60 b 60 p 60 p 58 p 55 b
(acoustic)
aSee ref. [54]. ®'See ref. [56,57]. “See ref. [58,59]. VSee ref. [61].
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the higher resolution spectrum displays well-separated librational
modes.”® Experimental IR and Raman spectra show a less broad
band centered at *850cm ™' in agreement with computations,
which broadens at low frequencies due to the librations of the
molecules on the surface of the cluster. The hyper-Raman spec-
trum shows a large band at 825 cm™’, similar to the IR spectrum,
and a sharp, prominent band at 515 cm™"." This 515 cm™" band
has no counterparts in IR, Raman, and INS. Tentatively, a small
peak appears in the computed density of states at 495cm™',
which, because of some third-order effect of electric dipole
moment, enhances its intensity.

The translational modes are classified in optical bands (130-
330 cm™' frequency region) and acoustic bands at lower frequen-
cies, and in some degree, they are viewed as “hydrogen bond
stretching modes”.”® The high-resolution INS methodology is
particularly useful in the optical region and three well-defined
bands (306 and 229 cm ™" sharp peaks and 153 cm™" low intensity
peak, Figure 7) have been assessed,”>*! while IR and Raman
spectra®”® show the sharp peak at 225cm™' and the other
two absorptions appear as shoulders of the main peak.
Instead, the hyper-Raman spectrum shows two bands at 289
and 210cm™'."®" The four vibrational spectroscopies provide
complementary information unique to each technique that needs
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Figure 7. Computed vibrational spectra in the low frequency region for
the hexagonal (H,0),;, cluster (blue) and experimental INS, IR, and Raman
spectra for ice |h (red). The measured spectra have been digitized from
ref. [55] (Figure 4), [57] (Figure 1) and [59] (Figure 1).
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to be discussed individually. Present computed IR and Raman
spectra reproduce the experimental band shape but computed
frequencies are overestimated by about 50 cm™', probably due
to a slight overestimation of the HB strength in the M06-2X/6-
31+G*/PCM theory level (Figure 7). Thus, the computed IR spec-
trum shows a sharp peak centered at 275 cm ™' with a shoulder at
240 cm ™" and one band at 210 cm ™' resembling the experimental
features at 225, 190, and 161cm™', respectively. Computed
Raman spectrum displays a sharp band at 280 cm™' and moder-
ate scattering intensity up to about 340 cm™, in fair agreement
with the experimental profile (225 and 315 cm™, respectively).
Computed INS spectrum shows broad absorptions from 150 to
400 cm ' without a clear separation of various components as
experimentally observed. A modest experimental/computational
comparison has also been reported in previous calculations.
Bowman et al.?*” reproduced the experimental profile consider-
ing only the 105-mer lh-core and projecting out the 87 surface
molecules from their (H,0),q, cluster. Xantheas et al.?® results
showed the two bands well-separated with the calculated posi-
tion of the higher-energy peak close to the experiment, while the
lower-energy peak is overestimated by =37 cm™. Several possi-
ble causes for the discrepancy have been considered, however,
they proposed anharmonicity as a cause of this shortcoming. As
far as the present study, it is likely that the density of states of
larger clusters with a better surface-area-to-volume ratio would
allow for results that are more reliable.

It is very interesting to note that the sharp and intense acous-
tic band observed in the INS spectrum at 57 cm™" is well repro-
duced®® through the computed phonon density of states, while
this band is barely noticeable in the computed and experimental
IR and Raman spectra (Figure 7).°7>%

4. Conclusions and Future Developments

In the present study, a step further toward the application of the
bottom-up/quantum chemical methodology to inquire into phe-
nomena in water science is reported. Based on the “chemical
structure intuition”, a new and simple approach has been pro-
posed for the construction of low-energy structures of hexagonal
water clusters. This matter is complex given the enormous num-
ber of configurations that water molecules can assume and their
energetic closeness. At present, the global minimum is known
only for small clusters (n < 55). Even though the ice Ih arrange-
ment creates the strongest hydrogen bonding, the bi- and three-
coordinate molecules on the basal facet require a minimal surface
reconstruction to preserve crystallinity and to get low energy
minima.

Computations show that, when the size grows, all molecular
properties smoothly converge toward experimental bulky coun-
terparts. Thus, thermodynamic quantities (interaction energies
and entropy), crystallographic parameters, and spectroscopic
vibrational signatures of ice lh are satisfactorily predicted. The
reliability and the robustness of the approach require realistic
molecular models and the need for a conspicuous number of
computational resources.
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