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Examinations of water solutions of organic liquids carriedout recently using both photoa-
coustic and ultrasonic methods have shown possibility of wider interpretation of the phenom-
ena of clathrate structures creation (quasi stable associates) and relaxation processes taking
place in water – glycols solutions. The discussion of the obtained results for mentioned above
phenomena is presented. This allowed us for the comparison and common interpretation of
the experimental results.
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1. Introduction

Many experimental techniques have been developed in the last few decades to ex-
ploit photothermal [1, 6, 9, 18, 25] and ultrasound [19–21] propagation effects for exam-
ination of liquid media. We have shown that, application concurrently the both methods
[31–34] gives possibility of more complete interpretation of molecular phenomena tak-
ing place in such media.

In the paper we shall give some examples of using both measuring methods (pho-
toacoustic and ultrasonic ones) for examination of water solutions of organic liquids
and a discussion of the obtained experimental results in the light of association mecha-
nisms in such media. The concentration dependent changes of two thermal parameters:
diffusivity and effusivity will be presented and compared with the changes of elastic
parameter: adiabatic compressibility for water solutions of some polymers.

2. Application of photoacoustic spectroscopy (PAS) for examination
of water solutions

Photoacoustic measuring methods based on the theory developed by ROSENCWAIG

[28, 29] were recently successfully applied for examinations of various solid and liquid
media [2, 6, 9, 15–17]. Photoacoustic spectroscopy (PAS), commonly used in the case
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of solids, as applied to liquids is essentially based on the same phenomenon,however
technical apparatus details, particularly measuring cell and mode of registration require
a proper adaptation.

In investigations of water solutions PAS is used to determine various thermo physi-
cal and structural characteristics. Due to the development of phototermal techniques in
last years accurate determination of thermal characteristics became possible, e.g. such
as thermal effusivity (1) and diffusivity (2) or thermal conductivity coefficient depen-
dence on the solution concentration. Here:

e =
√

ρcpk, (1)

α =
k

ρ cp
. (2)

whereρ – density,cp – specific heat,k – thermal conductivity.
Especially useful techniques for that purpose are the microphone photoacoustic (PA)

and the photopyroelectric (PPE) ones. In the case of liquids a quantitativeinterpretation
of photoacoustic measurements using a closed PA cell become complicated because of
other contributions to a total signal coming from periodic evaporation and condensation
of a liquid or its periodic expansion. The effects can substantially change the pressure
in the cell in respect to the acoustic pressure due to the pure photothermalphenomenon.
The difficulties can be avoided using so called open cell technique. The idea of the
experiment using such PA cell was presented in the papers [23, 27]. The configuration
of an experiment is schematically shown in Fig. 1.

Fig. 1. The idea of photoacoustic measurement using the openPA cell. The photoacoustic signal is gen-
erated due to absorption of light by the metal foil. The heat created in the foil is transmitted to the liquid

placed behind it. Thus the value of PA signal depends on thermal properties of the liquid.

PAS measurements for this paper were performed in the cell above in PAarrange-
ment described in [31].

3. Application of the ultrasonic spectroscopy (US) for examination
of water solutions

The ultrasonic spectroscopy is one of many methods permitting to examine molecu-
lar structures created in water solutions, particularly in polymer ones. To understand the
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conception of “water structures” or the definition of “hydrogen bonds”it is important
to explain what is the role of water itself in such solutions. To do that one can create
a model of molecular interactions in water solutions of polymers. The hydrogen bonds
are a base of understanding of properties of water and its solutions. Thehydrogen bond
determines a specific interaction between an electronegative atom (e.g.:N, O, F or Cl)
and a hydrogen atom or its heavy equivalent deuteron. Particularly then, when it is di-
rectly chemically connected with an electronegative atom [26, 35]. Hydrogen bonds are
strongly directional what means that chemical bond containing a donor of hydrogen
bond, hydrogen or deuteron, tends to take such a direction in order to indicate position
of the electronegative atom being an acceptor of that bonding. The interaction energy
of typical hydrogen bond (∼ 20 kJ/mol) is an intermediate value between the energy of
the weak interaction of the Van der Waals type (∼ 2 kJ/mol) and the energy typical for
chemical bonds (∼ 400 kJ/mol).

The creation of water structures (associates) with a participation of a hydrophobic
substance or of a hydrophobic part of molecules dissolved in water hasbeen already
suggested in forties [13], however creation of hydrates was found rather later [14].
Hydrates which are created due to the saturation of water by gasses or bymixture of
gases appear as non-stoichiometric structures. Such stabilising effectis described using
a “guest-host” model. The organic molecule is situated in a cavity created in the con-
struction skeleton of water (clathrate structure). The cavity in pure water isoccupied, at
least partially by monomeric water molecules [8, 36].

Many of organic compounds create a clathrate structure in solid state interacting
with the water structure which plays a role of the “host”. The presence of amolecule of
the “guest” stabilises the clathrate structure. In this way we also try to explain interesting
properties of binary mixtures of non-electrolites and water. The quasi crystalline lattice
of water non-stabilised by the “guest” is metastable, it cannot last permanently, so it
differs from the crystallic lattice of the ice. Creation of these clathrate structures is
possible in the case of small “guest” molecules e.g. of dioxane [20]. For molecules of
sizes larger than the cavity dimensions appearing in the water lattice the situationis a
little different.

3.1. Interaction mechanism of ultrasonic wave and molecular structure inbinary
mixtures of water and organic compounds

The molecular structure of a medium has an essential influence on its elasticprop-
erties, which determine propagation conditions of ultrasonic waves and their velocity
values directly measured and together with density used to characterise themedium. In
liquids then, when dispersion could be neglected, the results of measurements of sound
velocity and density can be expressed by the coefficient of adiabatic compressibility
using (3) Laplace formula

βad =
1

ρ c2
, (3)

whereρ is density andc velocity of sound in liquids examined.
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Results of isothermic measurements in water solutions of organic compounds (non-
electrolites) show that on the plots of the adiabatic compressibility coefficientversus the
molar fraction of the solute, there appear two characteristic points in the range of low
values of concentration i.e. crossing of the isotherms and their minimum. These regu-
larities appear due to structural interactions which are attributed to creation of clathrate-
like structures of type I and II. BAUMGARTNER and ATKINSON [3] attribute creation
of such structures to the point of minimum of the adiabatic compressibility coefficient
while according to ENDO [12] such packing structure appears for the concentration cor-
responding to the crossing of the isotherms. Acoustical investigations performed for
polyethylene glycols 1000 and 1540 showed similar behaviour however itwas found
that these substances were not able to form the clathrates of type I or II [30].

Polyethylene glycol (PEG) examined by us presents a simple molecular structure
OH-(CH2-CH2-O)n-H and it is very good object to look for structural effects because
of existing of hydrogen as well as etheric bonds which can create hydrogen bridges
with water molecules. Another advantage of this polymer while examining hydration
of molecules is the dependence of its properties on temperature and concentration of
its water solutions. However the most interesting is the fact that PEG can appear in the
form of helix [5]. In such configuration of molecules the distance between two adjacent
oxygen atoms ( along the total chain of the molecule) is very close (0.88 Å)to the length
of O-O bond in liquid water (2.85 Å) [7].

In the paper a model of molecular interaction in systems of polyethylene glycols 200
and 400 as well as ethylene glycol has been proposed on the basis of acoustical inves-
tigation results taking into account phenomena of hydration and appearingof hydrogen
bridges.

3.2. Application of ultrasonic spectroscopy (US) in examination of association
processes in water solutions

3.2.1. Experimental

Measurements of sound velocity of water mixtures of ethylene glycol (EG), poly-
ethylene glycols (PEG) 200, 400 were performed in the temperature range from 291.15
to 303.15 K using ultrasonic waves velocity meter MPFU. The measurements based
on the determination of an averaged time of passing through the sample by an acoustic
signal with frequencies between 1 and 10 MHz. The method is similar to the sing-around
technique and with the same accuracy. The instrument was calibrated by measuring the
velocity in standard liquids. The velocity was measured with an accuracy better than
±0.02%. The density was measured with the density meter type MG-2P, ECOLAB
calibrated with the known values for water and air.

3.2.2. Measurement results

In Fig. 2 the results of experimental examinations of the adiabatic compressibility
versus the molar fraction for water solutions of PEG 200 are presented.The plot de-
scribes variation of the compressibility coefficient for different temperatures. The two
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characteristic points mentioned above (crossing of isotherms and their minimum) are
visible, too. The measurement results obtained for EG proved to be, however, substan-
tially different. Though the isotherms crossed in one point but there was difficult to
determine undoubtedly the minimum for such system (Fig. 3).

Fig. 2. PEG 200/water adiabatic compressibility isothermsfor the total mole fraction in the temperature
range from 291.15 to 303.15 K.

Fig. 3. Adiabatic compressibility isotherms for the system: EG, PEG 200 at 303.15 K.

The adiabatic compressibility coefficient for the PEG solution reaches its minimum
value at the mole concentration about 0.14. Using the results one can calculate how
many molecules of water is bonded by one molecule of PEG at this concentration.
Polyethylene glycol 200 had the minimum of compressibility coefficient by the ratio
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of the polymer to water equal to1 : 6.1. These results can be explained basing on a
following model : addition of water to the polymer effects creation of hydrogen bonds
between water and oxygen atoms of etheric bond. Basically, each oxygen atom from the
etheric group can be an acceptor of two hydrogen bonds. Moreover,at the end of each
molecule of the polymer also oxygen atoms are situated.

Some papers based on infrared spectra measurements [5] and diffraction of neu-
trons [4] suggested few possible hydrogen bonds in similar molecular systems. One of
the models has assumed that two adjacent oxygen atoms of etheric groups are able to
bond one molecule of water. Taking into account such position of hydrogen bridges
allowed us to calculate amount of water needed for obtaining the first hydration shell.
The number of water molecules associated with PEG 200 proved to be equal to 6. Such
amount of water is close to the concentration of PEG 200 water solutions forwhich the
minimum of compressibility was observed. The characteristic minimum is notobserved
for the system of ethylene glycol and water. It might be due to a lack of etheric bonds in
examined system which are able to stiffen the associates in the case of polyglicols and
water.

Increasing the amount of water in the solution besides the minimum of the com-
pressibility one can also observed the crossing point of isotherms. Thatpoint then de-
termines the concentration at which a change of the temperature, in a narrow range of
concentration, does not influence the stability of the structure. The adiabatic compress-
ibility coefficient corresponding to the crossing point of the isotherms appears for the
concentration of circa 0.116 for EG solution and 0.031 for PEG 200. Atthose points
for whichdβad/dT ≈ 0, the stoichiometric ratio of ethylene glycol to water is equal to
1 : 7.6; however1 : 31 for polyethylene glycol 200. So, a question arises what is the
phenomenon we are dealing with.

It was found from neutron diffraction investigations [7] of long chain polymers of
PEG (called PEO) that in hydration process of these substances two ranges of the hydra-
tion can be determined. Also, there was given a presumable stoichiometryfor hydration
process, namely it was found that on every monomer of PEO fell 6 molecules of water.
Taking into account that information one can calculate the stoichiometry of such sys-
tem. The results are following: for PEG 200 the number of water moleculesneeded to
above mentioned interactions is equal to 26, for PEG 400 it is the number 56, however
for EG it is the number 6. From results of ultrasonic investigations in binary mixtures
one can draw out similar conclusions as from results described in the already mentioned
papers [7].

4. Examples of examination results of water solutions of organic liquids
using both PAS and SU methods

In the PAS literature one can find theoretical considerations on a possibility of mea-
surements of thermal parameters of liquids using the PAS open cell described above.
Also absolute values of effusivity and diffusivity for some pure liquids obtained apply-
ing such cell are available [2, 11, 22]. Taking advantage of resonance cavity for thermal
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waves and increased sensibility of signal processing, so called “common mode rejec-
tion” were applied to detection of trace amounts of methanol in water [24]. Recently,
attempts were undertaken to apply the photothermal techniques for evidencing molec-
ular association processes in binary mixtures of liquids by investigation concentration
changes of thermal parameters of those mixtures. In paper [10] a theoretical model was
presented based on applying the linear superposition principle for some thermal param-
eters of a liquid mixture. It assumes, that the new medium arising due to interaction
between components of liquid mixture containing complexes of the components will
differ in thermal parameters from the input liquids. At a large enough concentration of
the solute in the mixture there occurs a lack of the solvent molecules to continue the as-
sociation process. According to the model attaining of such concentrationcorresponds
to the maximal deviation from the linear dependence between values of the parameter
and the mass concentration of the solute.

5. Comparison of PAS and US results, their discussion and interpretation

As mentioned in Sec. 3, basing on analysis of the compressibility of a liquid mixture
versus the mole concentration one can deduce about the interaction between mixture
components. To verify and complete the information one can use a parallel measurement
of different physical quantity characterising the examined mixtures e.g. effusivity or
diffusivity by PAS method.

Experimental verification of successful application of the proposed model to a se-
lected coefficient characterising a solution requires determination of variations of ther-
mal parameters for different concentrations with very good precision. Application of the
open PAS cell with the photoacoustic microphone (PAM) detection to measure the ther-
mal effusivity of water mixtures of ethylene alcohol has been presented in [32]. Results
of examinations of thermal diffusivity versus the concentration of somewater solutions
using the photothermal technique with photopyroelectric signal detection are given in
papers [10, 25] and in [18] the thermal waves interferometer was applied.

Examples of examination results performed in parallel using both PAS andUS meth-
ods in water solutions of ethylene glycol, EG, and in compounds belonging tothe ho-
mologous series of polyethylene glycols with various molecular mass: DEG, PEG 200
and PEG 400 were presented in paper [34]. Basing on photoacoustic and photopyro-
electric measurements a deviation from linear behaviour versus the weight concentra-
tion was found for effusivity as well as for diffusivity in water solutions of PEG 200
and PEG 400 (see an example presented in Fig. 4). However, for mixtures of EG with
DEG the linear dependence of effusivity against the mass concentrationwas found with
1% precision what confirmed the assumption of applicability of the linear superposition
rule to this quantity in the lack of interaction between the components of the solution.

Simultaneously, examinations of the adiabatic compressibility coefficient variation
against the concentration for the same solutions were performed. As shown in Fig. 2 the
adiabatic compressibility coefficient for the PEG 200 solution have the minimum for
the mole concentration circa 0.14 what corresponds to circa 0.65 of mass concentration.
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Fig. 4. Relative deviation of thermal effusivity from linearity versus weight concentration of PEG 200 in
water solution. For the value of circa 0.7 of the concentration the curve attains minimum.

For the mixture of two liquids (EG and DEG) which due to their structure should
not interact through hydrogen bonds the characteristic for the compressibility obtained
was with a great precision a linear function of mole concentration.

As it results from the comparison of Fig. 2 and Fig. 4 the range of concentration for
which appears the largest deviation from linearity of both thermal characteristics rea-
sonably covers the range of minimal values of compressibility coefficient. Therefore,
one can assume that the observed variations of thermal parameters and the elastic quan-
tities in water solutions reflect the same interaction mechanism, in this case creation of
the hydration zone around the molecule of the dissolved polymer.

6. Conclusions

The above discussion supported by the obtained measuring results permits to for-
mulate the following thesis:

• addition of a polymer to water causes creation of the characteristic point ofa
minimum in the plot of adiabatic compressibility coefficient dependence versus
the concentration resulting from the creation of the first hydration zone around
the molecule of a polymer;

• concentration characteristics of thermal parameters obtained for watersolutions
of PEG 200 from photothermal measurements show towards creation ofasso-
ciates in the same range of concentration for which appears the minimum ofthe
adiabatic compressibility coefficient;

• for ethylene glycol the location of shallow minimum is difficult to determine with
high precision. This can be attributed to the lack of strong enough molecular
interaction for creation of a “stiff” hydrated complex;

• as a result of addition of water the hydrated polymer molecules “swell”, thecom-
pressibility coefficient increases and the system becomes more elastic;
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• the crossing point of isotherms of the compressibility corresponds to the second
hydration zone;

• based on the similarity between distances of the consecutive oxygen atomsin the
polymer molecule and in liquid water and the results of the paper [37] one can to
identify molecules which really stiffen the system examined. Taking into account
the results obtained for solutions of ethylene glycol and polyethylene glycols one
can conclude that the later caused stabilisation of the system.
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