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The main aim of this topical review is to provide a concise but yet complete overview of the research that has
been done in the field of low-lying crystalline water bending vibrations. Both theoretical and experimental work in
the field is reviewed, and the most important dilemmas and obstacles hampering a direct explanation of the phenome-
non are outlined. The present status in this field is also overviewed and clarified. While this topical review has mostly
been focused on crystalline water molecules in crystalline hydrates and their vibrational properties, also some other
interesting and exciting systems that have recently attracted the attention of the scientific community are covered.
These included water absorbed on surfaces as well as water at the air-water interfaces.
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INTRODUCTION

Water is, beyond any doubt, one of the most
ubiquitous and at the same time one of the most
widely studied substances across numerous scien-
tific areas. It is perhaps impossible to overestimate
its relevance to the very existence of life in the
form that we know of. As a consequence of this,
and also accounting for the fact that processes es-
sential to life take place within the cells and subcel-
lular fragments of the living organisms, to refer to
the water confined within such micro- or nano-
sized spaces, the term "biological water" has been
coined and, aside from its perhaps pretentious char-
acter, widely used in the literature [1-3 and refer-
ences therein]. Properties of biological water could
be rather different from the properties manifested
by this substance when it appears in bulk form. In
several hot-topic recent studies, the dynamics of
water motions inside confining molecular cage-like

systems (such as, e.g., Cg) has been thoroughly
studied from both theoretical and experimental
sides [4-9 and references therein]. Aside from all
these cutting-edge research topics related to water
embedded in small, nanosized systems, water is
still an unresolved mystery even in its "convention-
al", i.e. bulk form, of appearance. The dynamics of
hydrogen bond forming and breaking within liquid
water is a subject of continual research interests.
Behavior of the essential products of water autopro-
tolysis process, the H;O" and OH™ ionic species,
has also been a subject of continuing debates in the
literature [10—17]. Even very essential issues, such
as the ability of the OH ions to act as hydrogen-
bond proton donors in bulk water, have been ad-
dressed from various viewpoints [10-17].

Aside from its relevance to biological sys-
tems, water is widely present in inorganic systems
as well. It actually incorporates into the crystalline
lattices of numerous inorganic compounds, (involv-
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ing minerals and their synthetic analogues), as crys-
talline water. Compounds containing crystalline
water are known as crystalline hydrates [18, 19].
Investigations of the static and dynamical proper-
ties of such crystalline water can lead to a number
of important information about crystalline sur-
rounding and the dynamics of crystalline lattices in
general. In the course of these investigations, nu-
merous experimental techniques have been em-
ployed, among which, vibrational spectroscopy
(both infrared and Raman) and diffraction tech-
niques have been of particular interest. This review
focuses on the former. However, especially in the
course of both hardware and theoretical methodol-
ogy developments, contemporary theoretical analy-
sis of the experimentally observed spectral features
has become a necessity in serious scientific publi-
cations, in certain cases shedding substantially
more light on the issues in question. The most
widely used vibrational spectroscopic techniques
measure the energy differences between certain
vibrational levels of complex molecular and solid
state systems in the form of bands appearing in the
absorption/transmission spectra. The surrounding in
complex environments affects these energy differ-
ences in a rather complex manner and the overall
effect enables one to use the molecular systems as a
sort of probe to characterize the complex environ-
ment in which the molecule is embedded. In the
course of studies related to these aspects, the O-H
stretching vibrations of crystalline water molecules
(as well as of hydronium and hydroxide ions) have
been widely used as a very indicator of the exist-
ence of e.g. a hydrogen bonding or some other non-
covalent interaction within the medium, involving
the water molecule (or the corresponding ion) in
guestion [20 and references therein]. This possibil-
ity has been much exploited using the advantage of
the so-called isotopic isolation techniques. These
techniques employ exchange of a rather small (or,
on the other extreme, rather large) portion of the
hydrogen atoms with deuterium ones, usually by a
process of simple recrystallization from mixture of
H,O and D,0. When only a small portion of hydro-
gen atoms is replaced by deuterium ones within the
crystal (or other complex environment) one en-
counters a very small portion of HDO molecules
within a vast majority of H,O ones. In the opposite
extreme, one encounters a very small portion of
HDO molecules within a vast majority of D,O
ones. Within the HDO molecules, which are practi-
cally isolated among the other isotopomers, the in-
tramolecular O—H and O-D oscillators are com-
pletely decoupled, due to the mass difference be-
tween hydrogen and deuterium. At the same time,

intermolecular couplings between identical oscilla-
tors are eliminated as well, so that a rather clear
spectral picture can be seen, within which numer-
ous structural features can be elucidated, even such
as the number of distinct O—H(D) oscillators within
the crystal (or other medium), the nature and
strength of the interactions involving a particular
O-H(D) oscillator in question. For example, the
involvement of an O—H(D) oscillator in an intra- or
intermolecular hydrogen bond has been often
judged by the direction of the shift in the O—H(D)
stretching frequency. The magnitude of this shift,
on the other hand, has often been found to be pro-
portional to the interaction strength [10-17, 20].
Besides the effect of noncovalent interactions on
the static and dynamical properties of the intramo-
lecular O—H(D) oscillators, also the influence of in-
crystal (or external) electrostatic fields on the stat-
ics and dynamics of the O-H(D) oscillators has
been thoroughly addressed [21-24]. It has been
actually shown that in certain cases (such as, e.g.,
in case of the O—H  ions placed within certain crys-
talline environments), in some cases the electric
fields may dictate even the direction of the shift of
the O—H(D) stretching vibrational frequencies [20].
Therefore, in such cases, observation of a blue- or
red-shift of a given stretching mode can not be a
priori attributed to the existence (or non-existence)
a noncovalent intermolecular interaction (e.g. of a
hydrogen bonding type) [20]. Due to all these rea-
sons, O-H(D) stretching vibrations in crystalline
water molecules have been studied a lot, and nu-
merous spectra-structure correlations have even
been established in the literature [e.g. 25-28].
Contrary to what has been previously con-
cisely outlined about the water stretching vibra-
tions, water bending vibrations have been studied
much less. The 6(HOH) motion (or “scissoring”
motion) of crystalline water molecules has often
been thought of as being rather insensitive to the
crystalline (or other) environments [29-31]. Such
viewpoint has been supported by the early theoreti-
cal studies of water molecule dynamics as influ-
enced by cationic and anionic species [32-36]. The
bending vibrational motion of free water molecule
gives rise to a band appearing at 1594.6 cm™' [30,
31]. It has been long thought that in crystalline wa-
ter molecules, the frequency of this mode is blue-
shifted (i.e. shifted to higher frequencies) with re-
spect to the gas phase value. Such belief was sup-
ported by the most of the available theoretical pre-
dictions based mainly on classical vibrational dy-
namics simulations, but also on ab initio calcula-
tions [32-36]. Concisely, theoretical calculations
indicated that in the usually encountered structural
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patterns in solid state the water bending frequency
should not be much affected by the presence of cat-
ions in the neighborhood of vibrating water. At the
same time, presence of anionic species was ex-
pected to enlarge the HOH bending force constants,
and the overall effect would be frequency blue-
shift. Both effects were, however, expected to be
small, and the resulting overall perturbation of the
energy difference between the ground and the first
excited S(HOH) levels would be of the order of just
a few percents of the gas-phase value. More in-
volved computations, including additional force con-
stants due to both coordination and involvement in
hydrogen bonding, have also shown that a frequency
upshift is expected upon inclusion of an additional
force constant in the vibrational force field of crys-
talline water [32—36]. All these theoretical findings
actually correspond to the situation that has most
frequently been encountered in practice.

However, in-depth spectroscopic and struc-
tural studies of a series of compounds of the type
MKPO,-H,0, though at first sight inconsistent with
the established opinion concerning these matters,
have substantially changed the situation and opin-
ion in the field [37-45]. The main aim of this re-
view paper is to point out the development of scien-
tific thought related to the problem of water bend-
ing vibrations appearing at significantly lower fre-
guencies than the gas phase values. Academician
Soptrajanov has invaluable contribution to this
field, and therefore with great pleasure we dedicate
this topical review to him, on the occasion of his
80" birthday.

EXPERIMENTAL TECHNIQUES

Essentially all of the experimental literature
data referred to in the present paper have been ob-
tained with infrared spectroscopic techniques. In
references [41-45], Fourier-transform infrared
spectra have been recorded on a Perkin-Elmer Sys-
tem 2000 FT-IR interferometer. Spectra have been
collected at both room temperature as well as at
liquid nitrogen boiling temperature (actually, at
about —174 °C), using a Graseby-Specac variable
temperature cell coupled with a controller. To
achieve a good signal-to-noise ratio, often at least
32 spectra have been collected and averaged (or
even more in certain cases, when required — in
some cases even up to 128). Further processing of
the spectra in the sense of determination of band
maxima position, half-widths and general band
shapes has been done with Grams32 program pack-
age [46]. For this purpose, usually standard non-
linear curve fitting procedures were implemented,

using either linear combinations of Gaussian and
Lorentzian model band shape functions, or Voigt
model functions.

A SURVEY OF EXPERIMENTAL
FINDINGS

In this context, we will overview the experi-
mental spectroscopic proofs for the appearance of
bands demonstrating significantly red-shifted water
bending (scissoring) vibrations in certain crystalline
hydrates, as well as for water molecules adsorbed
on some surfaces. In cases when structural data are
known as well, we will discuss the local geometric
specificities related to the in-crystalline water mol-
ecules that could be a possible source for the ob-
served peculiar (or, at least, unusual) vibrational
behavior.

The first notification concerning the exist-
ence of IR spectral bands due to water bending mo-
tions is present in the paper by Falk [28]. However,
the lower frequency limit for this mode noted in the
mentioned paper (1582 cm™') is only slightly below
the gas phase value. Though such slight red-shifts
were related to the presence of metal cationic spe-
cies with smaller radii possessing higher charge in
the crystal structure of the studied compounds (and
therefore it was implied that electrostatics has to be
intrinsically related to this observation), the situa-
tion was not clarified in detail.

Very recently, as a matter of fact, another in-
teresting example of water exhibiting low bending
vibrations has been presented in the literature. It
refers to water adsorbed on TiO, surface [47]. Ex-
perimental studies of water adsorption on titanium
dioxide surface are rather important in the context
of materials chemistry and physics in general as
well as in surface science. Experimental IR spectro-
scopic data (as described and cited in Ref. [47])
have unequivocally shown that a defined band (ap-
pearing as a shoulder in the IR spectral patterns) at
~ 1560 cm ' could be attributed to water v, (S(H—
O-H)) mode, strongly red-shifted by about 85 cm™'
as compared to the liquid water bending appearing
at 1645 cm™'. In [47], such assignment was sup-
ported by DFT study of finite-clusters mimicking
the adsorption of water molecules on nanocrystal-
line TiO,. The authors have found out that the red-
shift of water bending mode does not correlate with
the Mulliken charges of the surface exposed Ti-
cationic sites, but such a correlation seems to exist
with the natural bond orbital (NBO) charges. This
is in a sense expected, if one keeps in mind the lack
of exact physical significance of the Mulliken
charges. Though widely used in the literature, the
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Mulliken charge partitioning scheme was actually
never intended to be used for atomic charge as-
signments, but rather for other purposes. This point
has been discussed in numerous studies by our and
other groups [48, 49 and references therein]. We
have even clearly demonstrated the rather counter-
intuitive results that could be brought about by
straightforward usage of "Mulliken charges" [48,
49]. Atomic charges derived on the basis of natural
bond orbital theory by Weinhold and Carpenter [S0
and references therein] have certainly much clearer
physical meaning, although one has to keep in mind
that since the only exact physical observable is the
electronic density itself, no scheme for its partition-
ing into "atomic charges" should be regarded as
unambiguous. However, NBO charges obviously
necessarily describe better the electrostatic field
generated by the surface exposed titanium ionic
centers and the effects that this field exerts on the
water bending frequencies. Note, however, that the
mentioned correlation even in the case of NBO
charges has been found only in the case of simulta-
neous absorption of five water molecules. No such
correlation has been found to exist in the case of
absorption of a single water molecule on the titani-
um dioxide surface. Such findings, though certainly
emphasizing the significance of electrostatics for
the discussed phenomenon, also strongly imply a
rather complex, cooperative nature of the overall
water bending frequency shifts induced by surface
absorption or by inclusion of water molecules into
crystalline hydrates.

In a series of papers coauthored by the mem-
bers of the group around academician Soptrajanov,
numerous examples of the appearance of rather
significantly red-shifted water bending vibrations in
crystalline hydrates have been presented [37—45].
In the first paper more widely circulated paper of a
series devoted to this phenomenon [41], Sop-
trajanov has briefly reviewed the awareness con-
cerning the very existence of “low water bending
modes”, and he has also referred to two particular
examples of compounds (crystalline hydrates) in
which crystalline water molecules exhibit such pro-
nounced red shift of the water bending mode. The
two particular examples considered were two
members of the series of compounds with a general
formula MKPO,-H,0, where Me{Ni, Mg}. In the
case of NiKPQO,4-H,0 the band due to water bending
mode was found to appear at 1478 cm™', while in
the case of MgKPO,-H,0, the corresponding fre-
quency is 1470 cm™'. It is worth noting at this point
that the phenomenon of low water bending in crys-
talline hydrates has actually been discovered much
earlier by Soptrajanov and collaborators [37-40],

but the first studies devoted to its presentation and
clarification had not been more widely circulated.
Therefore, reference [41] may be regarded as a first
attempt to bring the awareness of the red shift of
crystalline water bending modes to a wider audi-
ence. In [41], the assignment of the 1478 cm ™' band
in the case of NiKPO,-H,0 to the crystalline water
bending vibration was based on a detailed and thor-
ough spectroscopic study of a series of protiated
and partially deuterated samples at both room tem-
perature and at liquid nitrogen boiling temperature.
The spectral region from 1900 — 1300 cm™ in the
case of NiKPO,-H,0 is obviously dominated by a
single band of appreciable IR intensity (Fig.1. in
Ref. [41]) which is directly attributable to funda-
mental vibrational transition. Subsequent studies of
partially deuterated analogues of this compound
have been undertaken in order to confirm that it is
indeed a crystalline hydrate. This has been demon-
strated by following the evolution of the relevant
spectral bands upon partial deuteration of the parent
compound. Concerning the previously mentioned
1900 — 1300 cm ' region, it has been unequivocally
demonstrated that the band appearing in this area in
the case of protiated compound completely disap-
pear upon complete deuteration. Actually, in the
spectra of partially deuterated analogue with low
deuterium content, a new band has been shown to
appear at 1315 cm™' which initially gains in intensi-
ty upon deuterium content increase (at up to 50 %
D), but further gradually disappears and is complete-
ly absent in the spectra of fully deuterated sample.
This, in conjunction with the behavior of the region
of the HOH, HOD and DOD stretching bands, has
been used as a strong argument confirming that one
deals with crystalline hydrates and further confirm-
ing the initial empirical assignment of the s(HOH)
band at 1478 cm™'. Other spectral features in the case
of protiated and deuterated sample of this compound
have further implied that the HOH angle is probably
close to 90 °, which could have significant implica-
tions in relation to appearance of the HOH bending
mode at rather low frequencies. Unfortunately, this
implication could not be confirmed by X-ray struc-
tural investigations, as the positions of hydrogen at-
oms could not be determined.

In subsequent combined experimental and
theoretical studies [42, 43], Soptrajanov, Jo-
vanovski and Pejov have focused on two further
members of the series of compounds of the type
MKPO,-H,0, those in which Me{Co, Mn}. In this
study, both RT and LNT spectra of protiated and
partially, as well as practically fully, deuterated
samples of the mentioned compounds have been
recorded and analyzed in detail. In the case of Co
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compound, no band of appreciable intensity has been
found to appear in the region where bands due to the
3(HOH) mode are expected (above 1600 cm™). In-
stead, a rather intensive band has been found to
appear at 1464 cm™' in the LNT FT IR spectrum.
Analogously as in the case of MKPO,4-H,0, how-
ever, two much weaker satellite bands have been
found to appear at 1708 and 1614 cm™'. All of the
mentioned bands (the intense one and the two satel-
lite) were found to be deuteration-sensitve and are
completely absent in the spectra of fully deuterated
analogue. This has been taken as an unequivocal
proof of the relation of these bands to the crystal-
line water vibrational motions. However, only the
most intensive band could be attributed to funda-
mental (first order, i.e. |[0> — |I>) vibrational
mode. It is exactly this band that the authors have
attributed to the 3(HOH) mode. The satellite bands
have, on the other hand, been attributed to the se-
cond-order vibrational transitions involving lower-
frequency fundamentals. One such candidate that
the authors have pointed at is the band at 828 cm™
originating from water librations. On the basis of
the results of the factor-group analysis, this mode
has actually been found to posses the right sym-
metry (A;) to interact with a component of the
0(HOH) |0> — |1> fundamental transition. Com-
parison between the estimated and observed over-
tone frequency in this case have, however, indicat-
ed a rather weak anharmonic vibrational coupling.
The situation with the crystalline water vibrations
in the case of MnKPO,-H,0 has been found to be
rather different than in the cobalt counterpart. In the
context of the current review, we will focus on the
spectral region of the 6(HOH) fundamental modes.
In this region, now two bands with almost equal IR

S
11> l

Before perturbation

intensities have been found to appear, at 1661 and
1433 cm'; these are accompanied with a much
weaker band positioned at 1525 cm™. All these
bands have been found to be notably sensitive to
deuteration and they completely disappear upon
complete deuteration. Comparing the regions of
appearance of bands due to S(HOH) fundamental
modes as well as the regions of appearance of water
rocking librational modes in the series of
MKPO,-H,0-type compounds, where M is Ni, Co
and Mn, the authors of [43] have concluded that the
frequency of water librational band follows the or-
der Mn < Co < Ni. At the same time, the authors
have noticed that the closer the position of the di-
rect overtone of this rocking mode (p(H;O) |0> —
[2> vibrational transition) is to the position of the
strongest band in the 6(HOH) region, the closer the
intensities of the bands in this region become. On
the basis of these experimental observations, the
authors of reference [43] have concluded that actu-
ally nearly-accidental degeneracy of vibrational
modes takes place, involving the fundamental
3(HOH) and overtone p(H,0). As the conditions for
Fermi-like resonance become fulfilled, intensity
redistribution between the S(HOH) fundamental
and p(H,O) overtone bands occurs, the later gaining
in intensity as compared to the case in which no vi-
brational coupling takes place. Further indication of
such vibrational mode mixing was the additional
shift of the 5(HOH) fundamental mode to lower fre-
quencies in the case of MnKPO,-H,O as compared
to the Co and Ni counterparts. This is attributed to
the mutual repelling of the interacting vibrational
levels (6(HOH) first excited vibrational state |1> and
p(H,0) second excited vibrational level [2>). This is
schematically presented in Figure 1.

27>

[1">5

After perturbation

Figure 1. A schematic presentation of the mutual repelling of the interacting vibrational levels (6(HOH) first excited
vibrational state |1> and p(H,0) second excited vibrational level |2>) due to vibrational mode mixing

as a consequence of accidental near-degeneracy.
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Further work by Soptrajanov and collabora-
tors [44] in the field has been devoted to a series of
ammonium phosphate compounds with general
formula MNH,4PQO,4-H,O (where M € {Mg, Co, Ni,
Mn, Cd}) which have been found to be isomor-
phous to the potassium analogues MKPQO,4-H,0.
Although the spectra in this series of compounds
appeared to be much more complicated with re-
spect to assignment of vibrational modes due to
crystalline water, as a consequence of the presence
of ammonium ions, the careful and thorough analy-
sis of the experimental spectra at RT and LNT of
the protiated as well as of a series of deuterated
analogues of MgNH,PO,4-H,O (the synthetic ana-
logue of mineral dittmarite) carried out by the au-
thors, have led them to rather significant conclu-
sions and thorough reassignments of bands in this
case. It is worth noting that besides their fundamen-
tal significance, the compounds of the mentioned
series contain ammonium ions involved in strong
intermolecular interactions of hydrogen bond type
within the crystal, and are therefore of certain ap-
plicative importance, as potential proton conduc-
tors. The bands that are in the focus of the present
review (due to the water bending fundamentals) fall
in the same spectral region as the bands due to the
two of the NH," ion bending modes (usually denot-
ed as v, and v,). All these bands are, of course, ex-
pected to be deuteration-sensitive. Indeed, the au-
thors of [44] have found several intensive, deuter-
ation-sensitive bands in the spectral region from
1700 to 1400 cm™' in the FT IR spectra of
MgNH4PO,4-H,O. Due to the bands originating
from ammonium cations, an exact and unequivocal
assignment of bands due to water bending funda-
mentals in this region would most probably be
hampered, if there was not a strong evidence for the
isomorphism between the currently studied com-
pound and its potassium counterpart. Careful in-
spection of spectra of both samples enabled the au-
thors to precisely locate the position of 6(HOH) |0>
— |1> fundamental band and to make substantial
revision of the assignments of bands offered in an
earlier study [51], most of which are directly relat-
ed to the appearance of the fundamental S(HOH)
band at frequencies significantly lower than the gas
phase value. In the 3(HOH) (and 8(NH,)) spectral
region at LNT, as many as five bands appear at
1663, 1536, 1482, 1432 and 1472 cm™' (the last one
being of lowest intensity, i.e. appearing as a shoul-
der). Closer inspection of the evolution of appear-
ance of this region upon deuteration has revealed
that the band at 1316 cm™' appearing in the spectra
of slightly deuterated analogue of MgNH4PO,-H,0O
most probably originates from the 6(HOD) mode.

The authors have, however, found it rather hard to
clarify completely the spectral picture upon further
increase of the deuterium content due to the for-
mation of various species of partly deuterated am-
monium ionic species [44]. It is worth noting that
the situation here actually suffers from an addition-
al complication related to the possible Fermi reso-
nance between v, mode of ammonium species and
v, of crystalline water. Two components of the
former vibrational modes are, under the site-group
approximation, of the same symmetry as the water
bending mode and therefore appreciable vibrational
mode mixing could take place. The authors have,
however, in this context also provided a further in-
direct proof that the HOH bending mode gives rise
to a band at appreciably lower frequency than the
gas phase value. This proof has been based on the
observed trend in the series of MNH,PO,-H,O —
type compounds upon change of the M cationic
species. Namely, the mentioned shift on going from
Ni to Mn has been found to closely resemble the
situation encountered in the series of (presumably
isomorphous) series of MKPO,-H,O — type com-
pounds.

Although mentioned in the final segment of
this part devoted to experimental evidence related
to appearance of low-lying bands due to crystalline
water bending modes, the aspect that we will ad-
dress now appeared to be a key one for thorough
understanding of the spectroscopic data. Aside
from enabling the researchers to apply group theo-
retical formalism and therefore to make definite
conclusions concerning e.g. vibrational couplings
between the modes, as well as the very appearance
of bands due to particular modes, the insight into
the in-crystalline environment around the “peculi-
ar” crystalline water molecules have also enabled
further theoretical insights into the reasons behind
unusual spectral features to be gained. The aspect
in question is the experimental determination of the
structure of MgKPQO,4-H,0 by single-crystal X-ray
diffraction technique. In [52], Jovanovski, Pocev
and Kaitner have determined the crystal structure of
this  prototypical compound of the series
MKPO,-H,0. This has been done by the single-
crystal X-ray diffraction technique, at room tem-
perature, using 246 independent reflections for the
structure determination. Refinement of coordinates
of all non-hydrogen atoms has been done up to fi-
nal R = 0.064. The compound has been found to
crystallize in the orthorhombic space group Pmn2;,
with Z = 2. The structure of this molecular crystal is
composed by PO, tetrahedral species, K and Mg
ions, as well as H,O molecules. Mg ions are coor-
dinated to as many as 5 oxygen atoms belonging to
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phosphate groups and one crystalline water oxygen
atom. The potassium ion is, on the other hand, sur-
rounded by as many as eight oxygen atoms (both
from water molecules and phosphate groups). Per-
haps the most important structural feature (at least
in the context of low water bending modes) is the
fact that water molecules were found to form bifur-

cated hydrogen bonds. However, the exact hydro-
gen bonding pattern was difficult to establish with a
high degree of certainty, as the hydrogen atom po-
sitions in the structure have not been determined.
Crystalline water molecules are surrounded by four
phosphate ion oxygen atoms and by single Mg and
single K ions.

gas-phase

Falk's lower limit

NiKPO4-HZOI

MgKPO,-H,0

CoKPO,H,0 I

MnKPO,-H,0 I

1700 1650 1600 1550 1500 1450 1400

Wavenumber / cm?

Figure 2. A schematic presentation of the positions of 3(HOH) bands in the IR spectra of the mentioned compounds,
compared with the position of the 3(HOH) band in the case of gaseous water and the "Falk’s lower limit".

To summarize in a pictorial way the previously
outlined survey of experimental data related to the
title issue, in Figure 2 we have schematically present-
ed the positions of 3(HOH) bands in the IR spectra of
the mentioned compounds, compared with the posi-
tion of the 3(HOH) band in the case of gaseous water.

As an unambiguous conclusion, aside from
the discussed peculiarities and intricacies of band
assignments which seem to be a necessity in the case
of the studied series of compounds, it can be stated
that the bands due to crystalline water HOH bending
(scissoring) modes in all of these cases appear at
significantly lower frequencies that the Falk’s low
limit. This is a rather uncommon situation and such
observations impose a quest towards a more in-depth
insight into the reasons responsible for such notable
red-shifts of the water bending modes in particular
solid-state environments. Theoretical modeling tools
seem to be invaluable in this context.

CHOSEN SYSTEMS AND GENERAL
METHODOLOGY ASPECTS

A wide variety of theoretical/computational
approaches has been applied to approach the prob-
lem dealt with in this topical review, i.e. the prob-
lem of low-lying bending vibrations. The main aim
of essentially all theoretical studies was to get an
in-depth insight into the physical reasons behind
the observed vibrational frequency red-shifts, and,
at the same time, to become aware of the particular
segment/fragment of the environment (e.g. in-
crystal) that induces such red-shift. The simplest
approaches involved semiempirical methods e.g.
with PM3 Hamiltonian, as used in Refs. [41, 42],
Hartree-Fock method [41, 42], and Density func-
tional theory (DFT) approaches [43-45] using vari-
ous combinations of exchange and correlation func-
tionals. Various basis sets have been used for or-
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bital expansion in the course of solving the HF or
Kohn-Sham equations in an iterative manner, rang-
ing from the rather popular LANL2DZ, which is a
combination of D95 on first row elements and Los
Alamos effective core potential (ECP) plus DZ on
Na-Bi [53, 54], up to the rather flexible, Pople-type
6-311++G(3df,3pd) basis of triple-zeta quality. In
the studies performed within our group, in the
course of all DFT computations, special attention
has been paid to the SCF convergence-related is-
sues. Thus, in all our studies relying on the DFT
approach, the Kohn-Sham (KS) SCF equations
were solved iteratively for each particular purpose
of this study, with an “ultrafine” (99, 590) grid for
numerical integration (99 radial and 590 angular
integration points). In the case of free water mole-
cule, we have located the stationary points on the
potential energy surface (PES) employing Schle-
gel’s gradient optimization algorithm [55], that re-
lies on analytical computation of the energy deriva-
tives with respect to nuclear coordinates. The char-
acter of the stationary points located on the corre-
sponding PES was further tested by subsequent
computation and analysis of the Hessian matrices.
The absence of negative eigenvalues of the second-
derivative matrix indicated the true minimum char-
acter of the particular stationary point on the PES.
In cases when geometry and vibrational spec-
troscopic properties of water molecule embedded in
a fragment (cluster) mimicking the actual crystalline
environment in the studied class of compounds were
explored, only the intra- and intermolecular geome-
try parameters related to crystalline water were al-
lowed to relax (i.e. partial geometry optimizations
were carried out), while keeping all other parameters
within the cluster fixed at their experimental values.
To simulate the influence of purely electro-
static contributions to the changes in geometry and
vibrational frequencies, also finite-field calcula-
tions were carried out by our group [42, 43, 45].
Sequentially, electrostatic fields with various
strengths (ranging from 0.020 to 0.060 a.u.) were
applied along x, y and z axes of a local coordinate
system fixed to water molecule (Fig. 3) and the
changes in electron density distributions and other
molecular parameters relevant to the presently stud-
ied phenomenon were monitored. This was done by

explicit inclusion of the electrostatic field F in the
many-particle Hamiltonian, i.e. by iteratively solv-
ing the Schrodinger equation:

H+F rlr =ew 1)

in an SCF manner.

J

Figure 3. Orientation of the local coordinate system fixed
to water molecule used in the computations.

For a more in-depth and in a sense more picto-
rial and chemically intuitive description of the funda-
mental bonding features encountered in the studied
cases, both Weinhold’s Natural bond orbital (NBO)
analyses [50] and Bader’s atoms in molecules (AIM)
approaches were implemented to analyze the electron-
ic density, in particular in the noncovalent bonding
region (characterized with low density values and, at
the same time, high gradient) [56].

All quantum chemical calculations were car-
ried out by GAUSSIAN 03 series of computer
codes [57].

INFERENCES FROM THEORETICAL
CALCULATIONS

In our early theoretical studies devoted to
possible clarifications of the reasons behind the
appearance of pronouncedly low HOH bending
frequencies in crystalline hydrates we have applied
an exact approach to compute those values [41-43].
We have, namely, scanned the one-dimensional cut
through the complete vibrational potential energy
hypersurface of free and in-crystal water molecule
corresponding to the d(HOH) motion. This has
been done by a series of pointwise energy calcula-
tions, varying the HOH angle with a step of 2 °.
The resulting function V = f («) was subsequently
fitted to a fourth — order polynomial in Aa (Aa = a
— ae, 0 being the equilibrium value of «) of the
form:

aaaa  OH, e
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The resulting Schrddinger equation has subsequent-
ly been solved with the second-order perturbation
theoretical (SOPT) approach. It has been actually
shown that the SOPT leads to values of the [0> —
|1> transition energies that are rather close to those
obtained e.g. by the linear variational technique in
cases with small anharmonic corrections (as is the
presently studied case). To model the in-crystal
water molecule, two approaches have been adopted
in our initial study [41, 42]. Within the first one, the
in-crystal water molecule was embedded in an en-
vironment composed by only the nearest neighbors
within the crystal, while in the second one, the wa-
ter molecule has been immersed in a homogeneous
electrostatic field with different orientations. These
initial studies have been, however, based on the
semiempirical PM3 Hamiltonian and, in parallel, on
the ab initio Hartree-Fock theory (HF), using either
the rather large, triple-zeta quality 6-311++G
(3df,3pd) basis set for orbital expansion, or the
LANL2DZ basis. Although these initial attempts to
model the title phenomenon have led to excellent
agreement of the free water anharmonic HOH
bending frequency computed at HF/6-311++G
(3df,3pd) level of theory with the experimental one
(1605.6 vs. 1594.6 cm), the computed in-crystal
values with explicitly included nearest neighbors
have been found to be higher than the free-water
values, which is contrary to the experimental find-
ings. On the other hand, it has been found in this
study that external homogeneous electrostatic field
could have significant influence on the HOH bend-
ing frequencies. If the electric field was directed
parallel to the water molecule dipole moment (i.e.
parallel to the z-axis coinciding with the C, axis) a
very small 8(HOH) frequency upshift (blue-shift)
has been found. On the other hand, when the field
is directed oppositely to the water dipole moment
vector, then the frequency exhibited a remarkable
downshift (red-shift). For example, a field with
magnitude of 0.060 a.u. applied parallel to the wa-
ter dipole leads to frequency upshift of about only
10 cm™" with respect to the value for free water. A
field of the same magnitude, but oriented antiparal-
lel to the water dipole moment, would lead to fre-
guency downshift with appreciable magnitude of
approximately 200 cm . Downshift of the order of
100 cm™" has been obtained for field strengths of
about 0.030 a.u. These findings opened the possi-
bility that the frequency of the HOH bending mode
could exhibit red shift as a consequence of vibra-
tional Stark effect (under an assumption that the
crystalline field is "properly"” oriented), i.e. that the
observed spectral features could be due to long-
range electrostatics effects; of course, all this pro-

vided that the results obtained with explicit inclu-
sion of the in-crystal neighbors are correct. Interest-
ingly enough, however, contrary to the HF SCF
level of theory, the PM3 results gave qualitatively
correct trends even upon inclusion of the first-order
in-crystal neighbors of the crystalline water mole-
cules. However, since the description of Mg®* and
K" ions by the PM3 Hamiltonian is hardly much
different form point charges, it is possible that PM3
level of theory actually also predicts electrostatical-
ly-induced red shift of the (HOH) mode. Perhaps
the only exact and unequivocal conclusion that could
be derived from the outlined theoretical approaches
was that the frequency shift is due to the S(HOH)
mode to lower frequencies could appear due to "flat-
tening" of the 3(HOH) vibrational potential, i.e. due
to changes of the harmonic force constant. In con-
trast, the anharmonic contributions to the overall
shift have been found to be negligible in [42].

All in all, having in mind the rather modest
level of theory implemented in these initial theoretical
attempts to solve the problem in guestion, one cannot
guarantee the sufficiency of the implemented theoreti-
cal level for the mentioned purposes. For these rea-
sons, more elaborate theoretical studies have been
undertaken recently after publication of [42] in order
to address the problem in a more thorough manner.
These further studies [43-45] have been based on
combined application of HF as well as Density func-
tional theory approach (DFT), based on combination
of Becke’s three-parameter adiabatic connection ex-
change functional [58] with the Lee-Yang-Parr [59]
correlation functional (usually denoted with the acro-
nym B3-LYP). The modest size, but still sufficient in
the sense of providing convergency of the results, 6-
31++G(d,p) basis set has been used for orbital expan-
sion in the course of seeking iteratively for the so-
lutions of the HF or Kohn-Sham (KS) equations. In
this study, the problem of explicit inclusion of the
in-crystal environment of the water molecule has
been addressed in a much more systematic manner.
Thus, several finite clusters that have been aimed to
represent, i.e. mimick the crystalline surrounding of
the vibrating water molecule have now been consid-
ered (Fig. 4). The first one was the Mg**K*(H,0)
cluster, which includes only the nearest-
neighboring metal cations. The second one, aside
from the closest cationic species, also included the
nearest phosphate anions as well, i.e. is of the form
Mg* K*(PO,*),(H,0), while the largest cluster in-
volved the second neighboring phosphate anions as
well: Mg”*K*(PO,*)4(H;0). To discriminate be-
tween the purely electrostatic effects and the influ-
ence of short-range intermolecular interactions, also
the "charge-field" analogues of the previously de-
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scribed clusters have been considered. These "charge-
field" clusters have been constructed simply by ex-
changing the ionic species with the point charges of
the corresponding magnitude placed at the corre-
sponding centers of mass of the realistic species.

OY ° t‘

3‘9/0
9

@

‘y°
°

a)

Y.

o \"'
9y ¢

b)

2
c)

Figure 4. A schematic presentation of the finite clusters
used to model the 3(HOH) frequencies in the studied series
of compounds: a) Mg**K*(PO,*),(H.0),

b) Mg®'K’(PO," )2(H.0), ¢) Mg*’K'(H,0).

Such charge field perturbational-like (CFP)
approach for modeling the electrostatic + polariza-
tion influence on the 3(HOH) vibrational frequen-
cies accounts completely for all terms in the pertur-
bation-theory expansion of the energy as a function
of the field:

In the previous equation, @, 2, @ ... are the

quadrupole, octupole, hexadecapole tensor func-
tions of second, third, fourth etc. order, while

u°and o are the dipole moment vector of the free

molecule and the dipole polarizability function,
respectively. The last quantity is actually a second
order tensor.

The geometry of the “in-crystal” water mole-
cule embedded within the mentioned clusters has
been fully optimized at the mentioned levels of the-
ory. Subsequently, the 5(HOH) vibrational frequen-
cy has been computed by diagonalization of the
mass-weighted Hessian matrix computed for the
minima on the corresponding potential energy
hypersurfaces (PESs). Adopting the double-
harmonic approximation as a method of choice for
the currently studied system has been fully justified
by the previously mentioned preliminary-like results
[41, 42] in which we have demonstrated that the
contribution of anharmonicity to the overall trends
and even to absolute frequency values when the
S(HOH) mode is in question are indeed minor ones.

Inclusion of only the nearest Mg®* and K
ions to the vibrating in-crystal water molecule,
practically regardless on the implemented level of
theory have led to a 6(HOH) frequency upshift
(blue-shift) of approximately 70 cm™" (with respect
to the free water value). One can therefore safely
conclude that interaction with these two ionic spe-
cies that reside in the immediate vicinity of the
crystalline water in MgKPQO,4-H,O can not be re-
garded as being responsible for the observed signif-
icant frequency downshift (red-shift). Moreover, it
has been further shown in [43-45] that purely elec-
trostatic interaction with these two ions (as com-
puted by the charge field perturbational approach)
would lead to only a small frequency upshift, con-
trary to the full-wavefunction value (less than about
26 % regardless on the employed theoretical level).
This observation would certainly not be expected if
one is led by a purely "chemical™ reasoning. It has
been, however, argued in [44, 45] that the exchange
component of the interaction energy (i.e. the “Pauli
repulsion” term) could be regarded as responsible
for such trend. Further addition of two nearest-
neighboring phosphate ions to the initial
Mg*'K*(H,0) cluster (i.e. building it up further to
the Mg* K*(PO,*),(H,0)) readily leads to a signif-
icant flattening of the 3(HOH) potential, and, con-
sequently, a too large frequency red shift (as large
as 350 cm ™). It could be concluded that placement
of phosphate ions on the oxygen side of crystalline
water molecule ("above™ the hydrogen atoms) im-
poses a strong influence on its deformation mode,

+
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resulting in drastic reduction of its harmonic force
constant. Within the framework of the NBO theory,
one would actually expect significant charge trans-
fer (CT) interaction occurring e.g. from PO,> non-
bonding states to the OH antibonding ones. As
shown by the CFP analysis of this cluster, the pure-
ly electrostatic interaction between the crystalline
water molecule and its neighbors in the described
cluster would cause an even larger flattening of the
8(HOH) vibrational potential. The CT term, thus,
most probably counteracts the classical electrostat-
ics with this respect. Finally, expanding further the
Mg®*K*(PO,*),(H,0) cluster with additional two
phosphate ions placed "below" water hydrogen at-
oms (i.e. building up the Mg*K*(PO, )4(H,0)
cluster) seems to nicely balance everything at HF
level of theory, leading to an overall frequency red-
shift of about 150 cm™', in good agreement with the
experimental data. B3LYP shift was, however,
shown to be significantly smaller (~ 26 cm™). All
in all, if one analyzes the dependence of 6(HOH)
frequencies on the equilibrium values of the HOH
angle, a very good correlation between the later two
quantities. To get a further insight into the direction
and magnitude of the charge transfer interactions
(CT) within the studied clusters, NBO analyses
have been carried out in [43-45]. More precisely,
second-order perturbation theory analysis of the
Fock matrix (or its Kohn-Sham analogue) within
the NBO basis had actually been carried out in [45],
at HF level of theory. The energetic effects due to
these interactions have been estimated by the se-
cond-order perturbation theoretical (SOPT) expres-
sions of the form [60]:
(el

bolfbe)

€ acc ¢ don

AE ?) ~-2.

wdonor — yacceptor

In (4), g is a diagonal NBO matrix element of the
Fock operator F (or, in the case of the DFT for-
malism, the Kohn-Sham one-electron analogh, ).

The quantities of transferred charge from a given
donor to a given acceptor orbital have been, on the
other hand, estimated using elementary perturbation
theory arguments. The following approximate for-
mula has been obtained on the basis of SOPT
treatment [60]:

2

[(su[Flc))

~ ZL—EM . J (5)

q wdonor — yacceptor

It has been found out that the most signifi-
cant CT occurs in the direction from water oxygen
atom nonbonding orbital to the extra-valence (Ry-
dberg) states of the Mg ion. This particular inter-
orbital interaction appeared to be the strongest CT
interaction within the cluster. In this manner, the
differences between full-wavefunction and CFP
results related to the 3(HOH) frequency shifts in the
case of smallest clusters considered, becomes clear-
ly understandable. Considering the water — K* CT
interaction, it has been shown to be negligibly
small, i.e. one could safely state that no significant
CT has been found to occur between water oxygen
nonbonding states to the potassium ion virtual
states. CT in the direction phosphate — water has
been found to be essentially unidirectional. Most of
it occurs from the nonbonding orbitals of the phos-
phate ions oxygen atoms to the water molecule O—
H antibonding states. All of the four phosphate ions
appeared to be equivalent in the sense of CT inter-
action with the “central” water molecule. It is also
worth noting that though the overall charge transfer
has been found to be small on an absolute scale, it
is still rather significant in a chemical sense.

CONCLUSIONS

One of the classical paradigms related to
spectroscopy of crystalline water in solid state hy-
drates has been related to the spectral area of ap-
pearance of the water bending mode; this mode has
been expected to give rise to bands at frequency
values that are higher (blue-shifted) or only slightly
lower (i.e. red-shifted) as compared to the free-
water value. In the early works of academician
Soptrajanov and his group and collaborators, how-
ever, this paradigm has been questioned and further
on confirmed not to be true in a general case. Sub-
sequent developments in the field have further pro-
pelled this idea, expanded the knowledge of sys-
tems in which this apparent "unusual™ behavior has
been experimentally detected, and also enabled cer-
tain theoretical insights to be gained. All these as-
pects have been overviewed in this topical review,
following the temporal development of ides, as well
as the conceptual methodological development. Our
current level of fundamental understanding of the
phenomenon itself has been considered in detail,
carefully pinpointing the weak sides and the possi-
bilities for further developments. On the basis of
currently available experimental and theoretical
data, the following general conclusions related to
the phenomenon may be outlined:

- Carefully collected experimental data for pro-
tiated and deuterated samples of MKPO,-H,0, where
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Me{Ni, Mg, Co, Mn}, as well as MNH,PO,4-H,0
(where M € {Mg, Co, Ni, Mn, Cd}) have unambigu-
ously implied the existence of "low-bending crystal-
line water modes"”, i.e. bands due to water scissoring
mode appearing at significantly lower frequencies
than even the lowest "Falk’s" limit reported before.

- Low frequencies of the HOH bending
mode in crystalline water molecules may be in
principle induced if the effective local crystalline
field vector at the in-crystal water site is directed
oppositely to the water dipole moment vector.

- Homogeneous field with magnitude of
0.060 a.u. applied parallel to the water dipole leads
to frequency upshift of about only 10 cm™ with re-
spect to the value for free water, while a field of the
same magnitude, oriented antiparallel to the water
dipole moment, would lead to frequency downshift
with appreciable magnitude of approximately 200
cm ', Downshift of the order of 100 cm™' could be
obtained for field strengths of about 0.030 a.u.

- More explicit inclusion of the in-crystal
neighborhood around the "peculiar" water mole-
cules enables more light to be shed on the reasons
behind the appearance of low-lying (HOH) modes.

- The nearest-neighboring phosphate groups
around the crystalline water are positioned such
that a notable "flattening" of the 3(HOH) vibration-
al potential occurs, manifested as a significant re-
duction in the harmonic force constant value. The
effect is much more pronounced if only the PO,
groups lying above the water are accounted for;
those placed below in part counteract it and make a
suitable balance in the overall 3(HOH) mode.

- Anharmonic contributions to this shift were
found to be of minor importance whatsoever.

Despite the outlined points, one could not
say that the story of low-bending crystalline water
molecules ends here. This is mostly due to the fact
that the crystalline structure of most compounds in
which this effect is manifested are yet unknown in
details. At the same time, more rigorous periodic
DFT computations could be applied to the problem,
where all of the crystalline environment would be
integrally accounted for. If combined with the fi-
nite-cluster approach, such studies could certainly
shed much more light into each of the individual
contributions to the overall experimentally ob-
served shift of this mode. Such preliminary studies
are actually in progress. Of course, last but not
least, if more experimental spectroscopic data be-
come available, much more and also finer details of
the trends encountered in a series of structurally
similar or distinct compounds could be involved in
the forthcoming analyses.
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HUCKU JE®OPMAIIMOHU BUBPALIMU HA KPUCTAJIHU MOJIEKYJIM BOJIA:
TEKOBHO TPAT'AILE NJIK KOHEYEH 350P - TEMATCKHU IIPETJIEJEH TPY ]
— OMA’K 3A AKAJJIEMUK BOJAH HIOIITPAJAHOB —

Jbyn4o Ilejos, I'murop JoBaHoBckH

WuctutyT 3a Xemuja, [Ipupogno-marematnyuku gakynrer, YHusep3ureT ,,CB. Kupuin u Mertoau;j”,
Ckomje, Penybnuka Makenonuja
HcrpaxyBayky IeHTap 3a )KHBOTHA CPEIMHA M MaTepHjainn, MakeJIoHCKa akaJeMuja Ha HaAyKHTe
u ymetHocrure, Crorje, Penyonuka Makenonuja

IenTa e, BO 0BOj TEMAaTCKH HpErNieAeH TPY[, Ja Ce Jaje KOHIU3CH M KOMILUIETEH Mperyie/l Ha U3BPIICHUTE
UCTpa)KyBama 0J] 00J1acTa Ha HUCKUTE JiehopMalMoHH BUOpalMK Ha KPUCTAJIHUTE MOJIEKYJIM Ha Bojara. HanpaseH e
npersies Ha gocera JOOUeHUTE TEOPETCKH M EKCIIEPUMEHTAHH pe3yJITaTh Ha OBa I0JIe, CO TIOCBETYBabhe Ha MOCEOHO
BHUMAHHE HA MOjJaBEHUTE HAjBAKHU IWJIEMH M TMPEYKH KOM IO OHEBO3MOXKYBAaaT IUPEKTHOTO OOjaCHyBame Ha
3abenexxannor penomen. HampaBeH e, uCTO Taka, OOMI /1a Ce pa3jacHAT MOMCHTAJIHHTE COCTOjOM Ha OBa IMOJIiC Ha
ucTpaxyBame. Mako BO OBOj Mperiiell IIaBHHOT akIEHT € (OKycHpaH Ha KPHCTAJHHUTE MOJIEKYJIH BOJa Kaj
KPUCTATIOXUAPATUTE, KAKO U HA HUBHUTC BI/I6paHI/IOHI/I CBOjCTBa, TTIOCOYEHH C€, UCTO TaKa, U HECKOU APYTrd MHTCPECCHU
CUCTEMH KOW HEOJaMHa T'0 IPWBJICKOA BHUMAHHWETO HA HAy4YHATA jaBHOCT. THWe BKIIy4yBaaT BOJa arcopOMpaHa Ha
MOBPIIMHUTE KaKO M HA MEI'YIIOBPIIMHUTE BO3AYX-BOJIA.

Kayynu 360poBu: KpucranHa BoJa; KpHCTajloxuaparu; nedopmanuoHu BuOpamuu Ha Boxata; I
CIIEKTPOCKOIIN]a; KBAHTHA TEOpHja
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