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Investigation of Water Cluster Structure Using Raman Spectra Temperature Dependences
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The Raman spectra temperature dependences of water in the range 2900-3700 cm-! were investigated. This
is the region of the valence symmetric and asymmetric bands vibrations of water OH-groups. The cluster model
of water which consists of small clusters (from one to six molecules in the formation) was used. The relative clus-
ter contribution in the water spectrum was found. The low frequency region 2800-3300 cm -1 is formed mainly by
cluster types (H20)s, (H20)4, (H20)5, (H20)6 and the high frequency region 3300-3800 cm -1 is formed mainly by
cluster types (H20)2, (H20)3, (H20)4. Cluster type (H20)3 dominates at the temperature 20 °C and this depend-
ence don’t change extremely within all measured temperature range 0-95 °C.
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1. INTRODUCTION

Water has a lot of unusual properties, for example,
it is the temperature dependence of the shape of va-
lence symmetric and asymmetric bands vibrations of
water OH-groups in Raman spectrum. The halfwidth of
the valence band vibrations of OH groups in the Ra-
man spectra has a value ~ 300-380cm ~!. But common
values of any other bands in Raman spectra of liquids
are in the range from ~ 5-20 cm -1 to ~ 100-150 cm 1.
The analyses of the shape of valence band vibrations of
OH groups reveals three possible reasons of the broad-
ening:

- the wide band is a result of blending of many nar-
row bands, which include the different types of clusters
[1];

— interaction between valence vibrations of OH
groups and low-frequency vibrations of hydroxyl bond
is a result of the broadening;

— the overtone of deformation vibration of OH
group is located in this region. Its intensity is amplified
by the Fermi resonance with the symmetric valence
vibrations of OH groups [2].

The explanation of the Fermi resonance broaden-
ing was critically discussed in [3]. The comparing spec-
tra analysis of water and ethanol was performed in this
paper. The shape of the valence band vibrations of OH
groups of water and ethanol has two distinct peaks
within the range ~ 3200 cm~1! and ~ 3400 cm-1. The
existence of the pick in a region ~ 3200 cm — ! explained
as an overtone contribution of deformation vibrations of
OH groups in a region ~ 1640 cm~! according to the
hypothesis of Fermi resonance. Ethanol has also a
maximum in a region ~ 3200 cm 1. But there are no
deformation vibrations of OH groups in a region
~ 1640 cm ~1. Consequently the overtone of these vibra-
tions can not exist. Therefore the idea of Fermi reso-
nance is disproved.

Generally speaking, mixture models describe lig-
uid water as an equilibrium mixture of species which
are distinguishable in an instantaneous picture. For
many years they have been used to explain the proper-
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ties of water and aqueous solutions. Contrary to the
continuum models, the mixture models have been pro-
posed with more variety. Most mixture models assume
that water molecules exist in a few (often two) classes
of more or less well-defined structural entities. Howev-
er, as properly stressed in [4], the term “mixture” has
often been used in different contexts. Sometimes it im-
plies only that a hydrogen-bond forming and breaking
equilibrium is considered, and the existence of distinct
molecular species is not explicitly assumed. Therefore,
one should differentiate between mixture models of
certain species and mixture models which discuss H-
bonded and non-H-bonded OH groups.

Modern history of mixture models starts with a
paper [5], which describes water as a saturated solu-
tion of ice in a liquid composed of common molecules.
Later, authors in [6] proposed a three-component model
and assigned the names hydrol, dihydrol and trihydrol
to H20, (H20)2 and (H20)s, respectively. Over the next
50 years a number of simple mixture models were pro-
posed, based on a coupled equilibrium of small water
aggregates [7], amongst which the associate model in
[8], involving the formation of (H20),, with
n=1, 2,4, 8, was probably more successful than others
to predict some physical properties of water. For the
following three decades, the mixture models gradually
evolved towards systems composed of large, not neces-
sarily regular, clusters.

The past 10-15 years has brought a real flood of
computer simulation studies on fundamental proper-
ties of small isolated clusters of water, including their
geometry, energetics, thermochemistry, and vibrational
(infrared and Raman) spectra. Recent progress in laser
spectroscopy experiments (e.g. the jet-cooled direct ab-
sorption spectroscopy in the microwave, terahertz, and
infrared regions of the spectrum) has also facilitated
new highly detailed studies of water clusters. Since the
water trimer, tetramer, pentamer and hexamer are
some dominant structures identified in room-
temperature liquid water [9], it is believed that these
studies will provide a means of quantifying the inter-
molecular forces and hydrogen-bond rearrangements.
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The paper describes the influence of the water clus-
ter concentration in the Raman spectrum in the region
2900-3700 cm — 1. These information will help to ana-
lyze the temperature dependences of Raman spectra
and to make conclusions about the change of cluster
structure of liquid water.

2. EXPERIMENTS

Water with purity was used in this research. The
spectral-computation complex on the base of double
monochromator system DFS-52 was used in the meas-
uring process. Argon laser with wavelength 488 nm
was used, the laser power was 100 mW.

Raman spectra were measured with a spectral reso-
lution of 2 cm~-1. The quartz sell with the volume of
3 ml was used. The temperature of liquid samples was
within the range 0+ 95 °C. The precision of tempera-
ture measurement was 1 °C and the precision of the
ditch temperature stabilization was 0.5 °C. As it was
noted in [10], the average shift factor of OH-vibration
band is — 2,1 £ 0,9 cm~1/ °C. Accordingly, the specified
difference in temperature was within the error of mon-
ochromator measurement.

3. RESULTS AND DISCUSSION

The Raman spectra temperature dependences of wa-
ter in the region 2800-3800 cm ~! are shown in Fig. 1.
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Fig. 1 — Raman spectra for water at different temperatures

(0-95 °C)

Thick lines connect with the shape of Raman spec-
tra, and the dotted lines decompose the spectra shape
by five Gaussian components. Deconvolution procedure
of the spectrum contour was performed separately for
each of the spectra, which were measured at different
temperatures. The minimum temperature of the meas-
urement was 0 °C and the maximum temperature was
95 °C. The dependence of the intensities of the Gaussi-
an components II and III with central frequencies
3240 cm~1 and 3408 cm~1! on temperature change are
presented in Fig. 2. The central frequencies of Gaussi-
an components I, II,...V at T'=20 °C were 3111 cm 1,
3240 cm -1, 3408 cm 1, 3539 cm —! and 3629 cm — 1, con-
sequently.

The tendency to decrease of intensity of the Gaussi-
an I and the tendency to increase of intensity of the
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Fig. 2 — The temperature dependence of intensities of the
gaussian components II and III with central frequencies
3240 cm-! and 3408 cm - 1.

component Gaussian III is clearly represented on the
graph. The explanation of this dependence will be de-
scribed using the analysis of quantum-chemical calcu-
lations of small water clusters (n =1, 2,...6).

Assuming that association-dissociation processes
like

(H,0), , +H,0«%>(H,0),,i=2,.n, (1)
continuously occur in liquid water, where K is the con-
stant of chemical equilibrium, n is the quantity of mol-
ecules in a cluster and that water is a thermo-
dynamical ideal mixture of this clusters in a state of
chemical equilibrium like

K = Kl exp{AHi [1 1

-—|,i=12,..n-1, (2)
R \T, T
where AH; is the enthalpy of cluster reaction, K: is the

constant of chemical equilibrium at temperature 7o
it is possible to simulate the change of the shape of
the valence band vibrations of OH groups in Raman
spectrum of water at different temperatures using
the analysis of quantum-chemical calculations of
small water clusters. Both the frequency and inten-
sity corresponding to the possible valence vibrations
of OH groups for different types of clusters were cal-
culated in the work [1]. The obtained values were
turned out within the range of experimentally meas-
ured valence band vibrations of hydroxyl OH groups
in water. If we attach the Lorentz broadening to
each of the theoretically derived peaks, we can satis-
factorily describe both form of valence vibrations of
OH groups and its change at different temperatures
of water.

The dependence of separate cluster type concentra-
tion on the molecular quantity in a cluster (cluster size)
is built using the analysis of quantum-chemical calcu-
lations with the simulation of the spectrum shape at
different temperatures (Fig. 3).

It is possible to see that monomers and dimers are
practically absent at low temperatures. But there is a
significant number of trimers, tetramers, pentamers
and gexamers. The situation somewhat changes at high
temperatures. The quantity of tetramers, pentamers
and gexamers decreases while the quantity of monomers
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Fig. 3 — Dependence of the separate cluster type concentra-
tion on the molecular quantity in a cluster

monomers and dimers increases. Liquid water consists
mostly of trimers at room temperature.

The data of quantum-chemical simulation of small
water clusters (n =1, 2,... 6) in [1] were used to assess
the contribution of vibrational modes in the valence
band of hydroxyl OH groups for each of the five Gauss-
ian components. The intensities of vibrational modes of
a certain cluster types were normalized to their concen-
tration in liquid water at T'= 20 °C for this purpose.
The coefficients k,,n=1,2,..6 were calculated from

Fig. 3. The intensity of cluster modes can be found us-
ing these coefficients. The intensities will be propor-
tional to the concentrations of cluster modes of sepa-
rate type:

I,=Yk1I,, (3)
J

where I/ is the intensity of vibrational mode j of

cluster n.

Considering liquid water to consist only of mixture
of clusters including from 1 to 6 molecules, we can
write down the total concentration of all clusters in the
mixture in the following way:

Ntot:ZNn’ 4

N, is the concentration of cluster n.
Then coefficients k. can be found like as follows:

ki +ky+...+k, =1, (5)

The coefficients k. for each type of the cluster have
the following values: %k =0.002, k,=0.04, k;=0.53,
k, =027, k;=0.14, ks =0.018.

The next step was to determine the proportional
contribution knli of each normalized intensity of vi-
brational mode j of cluster n in separate Gaussian
component. It is clear that the value of intensity k&, I/

can simultaneously consist of the intensities of several
Gaussian components. Therefore its contribution was
determined by the formula:
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k) =17 + I+ Iy + I, + 17 (6)
where I}, isthe value of separate Gaussian curve

intensity at the fixed frequency v; . Moreover the fre-
quency v; corresponds to the frequency of vibrational

mode j of cluster n.

As the characteristic line intensity of Raman scat-
tering for harmonic approximation is proportional to
the quantity of scattered molecules of separate sub-
stance type and our measured object consists of cluster
mixture, it is possible to find the contribution of sepa-
rate cluster concentration in a separate Gaussian com-
ponent by the following relation:

N, I =X + I+ Iy + Iy + Iy), - (D)
j
Then
N =¥1};
J

11 v,
Nn :ZIIj’
J

N =3I, ®)
J

NY =¥ I
J

NY =Y I.
J

Calculation of separate cluster concentration con-
tribution in each of fifth Gaussian components was
carried out by the above-mentioned scheme. The inten-
sity values of vibrational modes of Raman spectra were
represented in the relative units. Therefore it is better
to interpret the results if the lasts are recalculated in
percentages of concentration contributions in order
that the concentration sum of all six types of clusters
makes the 100 % contribution in each Gaussian com-

I

obtained:

N/, =(0;0;0;34,7;44,2;21,1);
N/, =(0;0;13,83;52;27,62;7,05);
N[Y =(0;0,97;91,45;1,7;0,08;5,8); , (9

NV =(0,28;19,44;38,9;11,57;8,2;21,61);
NY,. ¢ =(0,61;2,1;36;30,04;23,08;7,83).

From the expression (9), we can see that the con-
centration contribution of monomers in the fifth
Gaussian component is very small. Therefore we can
neglect it. Concentration contribution of water di-
mers was manifested largely only in the high-
frequency region in the Gaussian component IV with
the central frequency 3539 cm ~!. This contribution
was aboutl9 %. This result is in good correlation
with the work [11], where the absorption spectrum
investigation of vapor and liquid water as well as
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calculations of heat and entropy were carried out.
The absorption spectrum of liquid water within the
range from 600 nm to 1800 nm at 7= 25 °C was in-
vestigated in [12], where the concentration of non-
bonded water molecules also appeared very small.

From the expression (9), it is possible to conclude
that trimer is the most common water cluster at the
room temperature. This dependence don’t change
extremely within temperature range of water O-
95 °C. It can be seen from the Fig. 3. The results of
diffusion coefficient measuring of water molecules
with oxygen isotopes 80 [13] also confirm the fact
that water trimer is the most abundant cluster at
ambient temperature.
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4. CONCLUSIONS

The measurements of Raman spectra of liquid wa-
ter within the range 2900-3700 cm -1 at different tem-
peratures (from 0 °C to 95 °C) were performed by the
authors. It was determined that the main contribution
in the valence symmetric and asymmetric bands vibra-
tions of water OH-groups connected with water trim-
mers at the room temperatures. The concentration of
cluster types (H20)4, (H20)5, (H20)6 increase at the low
temperatures (0-10 °C) and the concentration of cluster
types (H20)2 increase at the high temperatures (30-
95 °C). But trimer became the most common cluster
type within all measured temperature range (0-95 °C).

HUccnenoBanue knacTepHOI CTPYKTYPHI BOJABI MOCPEICTBOM AHAIN3A TEMIIEPATYPHBIX 3aBUCH-
MOCTEH CHEKTPOB KOMOMHAIMOHHOIO PAaCCeIHUs CBeTa

A.A. Unpbuenro, A M. Kynuk, B.B. Jlememxo, B.B. Huxonosa, B.B. O6yxoBchruit

Kuescoruil nayuoranvruil ynusepcumem um. Tapaca Ilesuenio, ynu. Baadumupcvkas, 64/13, 01601 Kues, Ykpaura

Hccenenosan xapakrep TemuepaTypHbix 3asucumocreil crexrpos KPC B ob6mactu gacror 2900-3700 cm-! Bo-
161, JIaHHBIA 1Uana3oH oTBeUaeT 3a BAJIEHTHBIE cMMMeTpruHble u antucummerpuanbie OH xoneGanus Bogsr. B
paboTe UCIIOIB30BAHA KJIACTEPHAS MOJEJIb, B KOTOPOM BOJA PACCMATPUBAETCS B BHJE HAOOpA KJIACTEPOB OT O/I-
HOM JI0 IIIeCTU MOJIEKYJI B KOMILIeKce. B peaysbraTe mccie10BaHui ObLIT HAMIEH OTHOCUTEIIBHBIM KOHIIEHTPALIH-
OHHBINM BEJIAT KyiacTepoB B crekTp KP Bombl. Huskouacrorras vacts coexrpa 2800-3300 cm-! obpasoBaHa Ipe-
umytnecrBenHo kKiacrepavu tuna (H20)s, (H20),, (H20)s, (H20)s, a BeicokouacToTHas: yacts criekrpa 3300 cv -1
1o 3800 cm-! obpasoBana mpenmymectBeHHo Kiacrepavu tuma (H20):, (H20)s, (H20)s Ilpu srom Tpumep
ocraercsi HanboJsiee PaCIPOCTPAHEHHBIM KJIACTEPOM B JKHJIKOM BoZie B TeMIiieparypHoM auamasone 0-95 °C.

Kmiouessie cnosa: Crexkrpockonusa KP, Crextp KP Boxsr, Konmenrpamnusa kiaacrepos, TemneparypHas 3a-

BHCHUMOCTbD.

JocnigmeHHa KIacTEPHOI CTPYKTYPHU BOAM 3 AHAJII3Y TEMIIEPATYPHUX 3AJI€HKHOCTEH CIEKTPIB
KOMOIHAmiITHOro Po3CilOBaHHS CBiT/IA

0.0. Inpuenxo, A.M. Kyuuxr, B.B. Jlememxo, B.B. Hikonosa, B.B. O6yxoBcbrmii

Kuiscoruti Hauionanvrull ynisepcumem im. Tapaca Illesuenxa, ays. Bonooumupcera, 64/13, 01601 Kuis, Yrpaina

Busueno xapaxrep TeMmneparypHux sasnexsocreit cuekTpis KPC B o6aacri wactor 2900-3700 cm - ! Bomu.
JlaHuit miama3oH BiamoBimae 3a BaJieHTHI cumerpuuHi Ta aHTucuMerprudi OH konuBamus sogu. B poGori
BUKOPHCTAHA KJIACTePHA MOJIEJIb, B IKil BO/Ia PO3TJIAIAEThCS Y BUTIALI HAOOPY KJIACTEPIB Bij OJIHIEl [0 TIe-
CTH MOJIEKYJI Y KOMILTeKcl. B peaysbrari mociaimkeHs OyB 3HAWACHUHN BIAHOCHWI KOHIIGHTPAIIIMHNIN BHECOK
kaacrepiB B cuexTp KP Bomu. Husbkouacrorra mimsuaka crmexrpy 2800-3300 cM-! yTBOpeHA II€PEBAMKHO
knacrepamu tumy (H20)s, (H20)s, (H20)s, (H20)s, a BucoxouacrorHa gursaka 3300-3800 cm -1 yTBOpeHaA
nepeBaskHo ksacrepamu tuiry (H20)q:, (H20)s, (H20)4. IIpu 11bomy Tpumep 3asuimaeTsest HaMb1IbIIT po3IIo-
BCIO[IZKEHUM KJIACTEPOM B PIIKIA BOJI B TeMreparypuomy mianasoui 0-95 °C.

Knrouosi ciiosa: Crerrpockornist KP, Criextp KP Bomu, Komterrparris kimacrepis, TemmeparypHa 3a/IesKHICTE.
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