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It has been shown in the present paper that exploitation of the experimental potential of a photoa-
coustic technique can provide information on a type of intermolecular interactions in aqueous mixtures
containing organic liquids, when the basic parameters of these mixtures, such as density, ρ, specific heat,
cp, or thermal conductivity, λ, are unknown. Earlier investigations of concentration dependence of effu-
sivity in different aqueous solutions of organic liquids demonstrated that the photoacoustics method is
a sensitive tool to identify hydrophobic properties of such liquids. In our experiment this suggestion was
exploited for a solution of methanol which is known to display much weaker hydrophobicity than other
alcohols.

It was confirmed that the location of extreme deviations from linearity for the thermal effusivity, ∆e,
agrees well with that of characteristic points for the isentropic compressibility coefficient, κS , and the
excess molar volume, V Em , as a function of the concentration.
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1. Introduction

1.1. Characteristic features of solutions of nonpolar
liquids and problems with their interpretation

Aqueous solutions of organic liquids can be encoun-
tered practically everywhere. Their properties have
been objects of interest in science and technology
for a long time in both cognitive and practical as-
pects (Sikorska, Linde, 2008). Among them, aque-
ous mixtures of liquids containing nonpolar molecular
groups which do not react chemically with water, oc-

cupy a special position. When mixed with water, they
display the so-called hydrophobic effect. Unlike solu-
tions of “ordinary” (polar) liquids, the solutions of hy-
drophobic liquids at low concentrations exhibit a high
negative excess molar volume and isothermal com-
pressibility and positive values of certain excess ther-
modynamic functions (Turgut et al., 2008; Franks,
2000) (Table 1).

Interest of researchers has been focussed for years
on high deficiency of entropy in the mixing process
of nonpolar liquids and water while compared to that
characteristic for the so-called ideal solution. Until re-
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Table 1. Limiting thermodynamic excess functions of hydrophobic and “normal” solutes
in aqueous solutions (∆XE

= ∆Xexp −∆Xid) after Franks (2000).

Function Hydrophobic solutes Polar (normal) solutes

Free energy + −

Enthalpy + or − −

Entropy − abs(T∆S) > abs(∆H) − abs(T∆S) < abs(∆H)

Heat capacity + −

Volume − small

Compressibility − (small) −

cently, this phenomenon, confirmed by numerous ob-
servations, has been commonly associated with the
iceberg theory (Frank, Evans, 1945), according to
which water’s structure in the vicinity of a nonpo-
lar molecule is strengthened and braced. As a result,
structures analogous to solid clathrate compounds are
formed (Shi et al., 1992). The accompanying reduction
in degrees of freedom of water in the neighbourhood of
a nonpolar molecule could be the reason of a too small
increase in the mixture’s entropy.

When molecules of a liquid mixed with water con-
tain both nonpolar and polar groups, such mixture
can exhibit features of the two competing effects: hy-
drophobic and hydrophilic. Monohydric alcohols con-
taining nonpolar, CH3 and CH2, and polar OH groups
are typical examples of such liquids. Physical proper-
ties of their aqueous solutions belong to relatively well,
if not best, recognized and described. Nonetheless, the
discussion on interpretation of the phenomena accom-
panying the dissolving process in such solutions has
not been closed yet.

In the past decade there has been a rapid de-
velopment in experimental techniques on the molec-
ular level, such as time-dependent X-ray and NMR
spectroscopy or analysis of diffraction distribution of
X-rays and neutrons. The advancement in measure-
ment methods was concomitant with a brisk devel-
opment of computer techniques and methods of data
processing. As a result, not only new data have been
obtained but new suggestions for their theoretical in-
terpretation have been formulated (Soper et al., 2006;
Dixit et al., 2002; Sato, Buchner, 2005). However,
the ultimate verification of the theory is in consis-
tence with the observed macroscopic properties of the
medium examined. In practice, even in the case of re-
latively exhaustively examined water solutions of alco-
hols, the literature data on quantities such as density,
ρ, thermal conductivity, λ, or specific heat, cp, of solu-
tions are either incomplete or not easily accessible.

The aim of the paper is to show that the results pro-
vided by the simple photoacoustic method (PA) used
to measure effusivity are comparable to the ones deliv-
ered by other techniques, such as ultrasonic, dielectric,
mass or IR spectrometry.

1.2. Contemporary views on mixing processes
in water solutions of methanol

The simplest alcohol soluble in water, methanol,
is a good conductor and is used as a component of
cooling mixtures. Except for the OH group it contains
only the CH3 group and is devoid of the CH2 group.
Seemingly, it is well soluble in water and, owing to
the OH group, it provides both acceptors and donors
of hydrogen bonds. In reality, when mixed with water,
methanol causes the formation of a dynamic mixture of
methanol associates, water and water-methanol. This
means that on the microscopic level the composition
of the solution is inhomogeneous and the solubility is
incomplete. On the basis of analysis of the diffraction
pattern of neutrons diffracted by water-methanol mix-
tures of various concentrations (Soper et al., 2006),
a hypothesis has been formulated that the anomalously
low increase of the mixing entropy of methanol-water
solution corresponds quantitatively to a model based
only on experimentally observed micromolecular segre-
gation of components. A simple theoretical explanation
of this phenomenon was given which does not require
employment of the idea of water restructuring (Dixit
et al., 2002). The authors suggest that micro-clusters
formed in the mixture and their bi-percolations suf-
fice enough to ensure a negative contribution to the
entropy of mixing.

It has been suggested in the last decade (Sato,
Buchner, 2005) that the role of the nonpolar alco-
hol group is to protect the OH group against con-
tacts with free water (i.e. water not bound in a quasi-
lattice structure). Owing to the presence of nonpolar
groups the lifetime of the so-called free water length-
ens, which means slowing down of the dynamic reorga-
nization of the whole water lattice with built-in alcohol
OH groups. It is supposed that the OH groups present
a steric hindrance, causing a local drop in the number
of acceptors and donors of hydrogen bonds between
the OH groups of methanol and free water when com-
pared with the situation in pure water. As a result,
the mean strength of hydrogen bonds in the solution
changes which is followed by a change in enthalpy of
the solution. The observed maxima of the excess en-



N. Ponikwicki et al. – Photoacoustic Method as a Tool for Analysis. . . 155

thalpy of activation of the dielectric relaxation collec-
tive component in three monohydric alcohol solutions
correspond to similar values of the alcohol mass frac-
tions (Sato, Buchner, 2005).

Concentration dependences of thermodynamic
quantities of this mixture with methanol are usually
untypical when compared to those obtained for other
monohydric alcohols. The excess molar heat capacity
can be considered one of the examples. Although it
exhibits at high dilutions a maximum typical for hy-
drophobic compounds yet this maximum appears not
only to be weaker but also corresponds to higher molar
concentrations than in case of similar maxima charac-
teristic for a homologous series of alcohols (Benson
et al., 1980). The partial molar volume of methanol
in a water solution has a minimum at a much higher
methanol concentration than in case of ethanol and
other alcohols from the series (Franks, 2000). This
minimum is also shallower than those typical for other
alcohols (Franks, 2000), while the partial molar vol-
ume of water in such solution shows an untypically
high maximum in the region of low methanol concen-
trations (Marcus, 2011).

The investigation of the dependence of effusivity,
a macroscopic thermal parameter, on methanol con-
centration allows comparisons with relevant depen-
dences obtained earlier for other alcohols (Sikorska
et al., 2010).

2. Measurement methods

2.1. Determination of thermal effusivity of liquids
by the photoacoustic method

As demonstrated earlier (Sikorska, Linde, 2008;
Franks, 2000; Balderas-Lopez et al., 1999), mea-
surement of amplitude or phase of photoacoustic sig-
nal delivered by a sample consisting of light absorbing
metal foil and a layer of liquid placed on the foil allows
determination of the liquid’s effusivity:

e =
√
ρ ⋅ λ ⋅ cp. (1)

This parameter is defined as the square root of the
product of three quantities describing the properties of
a material: ρ – the density, λ – the thermal conductiv-
ity and cp – specific heat of the sample.

An open photoacoustic chamber used in our ex-
periment (Sikorska, Linde, 2008) operated in front
configuration. A thermally thick layer of the investi-
gated liquid was placed on a thin metal foil closing the
chamber from the above. The foil served also as an
absorber responsible for generation of photoacoustic
signal. The chamber was equipped with a transparent
window through which the sample-foil system was illu-
minated with a frequency-modulated laser light. Ther-
mal effusivity of the liquid was determined by mea-
suring the photoacoustic signal amplitude which was

dependent on the properties of the liquid placed on
the foil (Sikorska, Linde, 2008). The intensity of the
laser light monitored by means of a Si optical power
probe was constant in time and its fluctuations did not
exceed 1% per hour.

The detailed description of our experiments aimed
at determination of effusivity and the results of the
first measurements are presented in another paper
(Sikorska, Linde, 2003). The idea of an open-cell
method is illustrated in Fig. 1. Thermally thick layer
of liquid under investigation was placed on a thin metal
foil, which closed the PA cell from the top. In our
experiment the foil was 60 µm thick, aluminium ab-
sorber. It was illuminated by modulated, expanded
beam of light, coming from a diode laser light (15 mW
output power, 1 cm diameter), through a transparent
entrance window of the cell. Teflon ring and the foil
bottom formed a tight container into which the inves-
tigated liquid was poured. The pressure signal gener-
ated in air gas filling the PA cell was registered by
a microphone and stored by a computer. The obtained
PA signal amplitudes were analysed based on the one
dimensional Rosencwaig-Gersho (1976) theory.

Fig. 1. The experimental configuration applied for effusivity
determination, from (Sikorska, Linde, 2003).

The following conditions were rigorously kept at
the experimental procedure: liquid samples were ther-
mally thick, i.e. ls > µs in the whole range of the used
modulation frequencies. Here: ls is the liquid column
thickness, µs =

√
αs
πf

denotes thermal diffusion way, αs
is thermal diffusivity of the liquid sample, and f repre-
sents light modulation frequency. In our experiment ls
is equalled 0.2 cm. The values of thermal parameters
that we used for calculations are collected in Table 2.

Table 2. Thermal parameters of the materials used
in the experiment.

α

[cm2/s]

µ [cm]
for

f = 100 Hz

e

[W⋅s0.5/(K⋅cm2)]

Aluminium 0.98a 0.03a 2.4a

Water 1.14⋅10−3 b 0.019a 0.16a

Ethyl alcohol 8.9⋅10−4 c 0.0017c 0.06c

a (Favro et al., 1987)
b (Hartikainen et al., 1991)
c (Rosencwaig, 1988).
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The examined liquid was in a good thermal contact
with a metal foil reference, which was thermally thin,
µr > lr, but optically very thick (opaque), i.e. βrµr ≫ lr
(µr is thermal diffusion length and βr light absorption
coefficient of the reference material) (Sikorska et al.,
2005). The modulation frequency, f , was restricted by
the condition f ≪ fc = αr/πl2r .

Under these experimental conditions it seems quite
reasonable to assume that any additional mechanical
contributions to the measured PA signal do not seri-
ously affect the PA amplitudes ratio. The maximum
error of the PA signal amplitude measurement (deter-
mined for distilled water placed on the foil) did not
exceed ±1%.

3. Experimental results and discussion

3.1. Thermal effusivity dependence of methanol-water
mixture on methanol concentration

Changes in effusivity which is an intensive macro-
scopic parameter, were investigated as a function of
mass fraction, w1, of the solute. To validate concentra-
tion dependence of effusivity determined by the pho-
toacoustic method (Eq. (1)), we used relevant den-
sities measured by our group, the data referring to
specific heat obtained by (Benson et al., 1980) and
that of thermal conductivity published by other au-
thors (Assael et al., 1989; Pandey et al., 2005).

As shown in Fig. 2, the effusivity dependence on
the mass fraction of methanol is close to linear. A more
detailed analysis revealing actual deviation of effusivity
from a straight line will be shown in Subsec. 3.3.

Fig. 2. Dependence of thermal effusivity, e, of aqueous
methanol solution on the mass fraction w1 of methanol at

T = 25○C, obtained by the photoacoustic method.

3.2. Verification of the measurement procedure
of the methanol-water mixture effusivity.
Determination of thermal conductivity

In order to verify our measurements, first the exper-
imental data shown in Fig. 2 were used to calculate cor-
responding thermal conductivity values (Sikorska,

Linde, 2008; Sikorska et al., 2010; Almond, Patel,
1996). The required densities of solutions were deter-
mined by means of an Anton Paar liquid density meter
while relevant specific heat values were calculated us-
ing the presented in Fig. 3 data of excess specific heat
published by Benson et al. (1980).

Fig. 3. Dependence of the density of aqueous methanol so-
lution on the mass fraction w1 of methanol at T = 25○C.

Then, the obtained dependence of thermal con-
ductivity on the mass fraction of methanol was com-
pared with the literature data (Assael et al., 1989)
and also with the values calculated using the semi-
empirical formula given in (Pandey, Mishra, 2005):

λmix =
λ1

1 +A12 (x2

x1
)
+ λ2

1 +A21 (x1

x2
)
, (2)

where λ1 and λ2 are thermal conductivities of pure
liquid 1 and 2, correspondingly.

Coefficients Aij express the efficiencies with which
molecules 1 and 2 counteract the momentum transport

A12 =
1

4
[1 + (λ1

λ2
)

1/2
(M2

M1
)

3/8
]

2

, (3)

where M1 and M2 – molar masses of liquid 1 and 2,
respectively.

Fig. 4. Dependence of specific heat of aqueous methanol
solution on the mass fraction w1 of methanol at T = 25○C.
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Graphical comparison of concentration dependence
of thermal conductivities determined by all the dis-
cussed above methods is shown in Fig. 5. As can be
seen the data calculated using the experimental re-
sults obtained for thermal effusivity (from PA mea-
surements) are in a good agreement with both the mea-
surement data given in (Assael, 1989) and the values
calculated from the semi-empirical formula presented
in (Pandey, Mishra, 2005).

Fig. 5. Dependence of thermal conductivity of the metha-
nol-water mixture on the mass fraction w1 of methanol.

3.3. Comparison of concentration-dependent changes
in effusivity for aqueous solutions
of different monohydric alcohols

To analyse precisely the concentration dependence
of effusivity, first the deviation from linearity was de-
termined for each type of mixture and next obtained
values were divided by effusivity of water, e = 1589
(W ⋅ s0.5)/(K ⋅m2). According to our previous findings
(Sikorska, Linde, 2008), one may regard this devia-
tion as a result of the interactions between the mixture
components. Figure 6 reveals relevant data character-
istic for methanol, while Fig. 7 similar results for four
other monohydric alcohols. Each of the relationships
reveals a distinct maximum in the range of low alcohol
concentrations and a minimum in the range of its high
concentrations. The appearance of the maximum is re-
lated to the increase in the specific heat of the mixture
in this region, up to a value exceeding the specific heat
of water (as in Fig. 4). According to Table 1, it is one of
the most characteristic features of hydrophobic liquids.

It can be noted that the deviation of effusivity from
linearity for all investigated alcohols except methanol
reaches a maximum at similar values of mass fraction,
i.e. 1/(1 +mw/malc) = const, in the range of low al-
cohol concentrations and a minimum in the range of
its high concentrations. In other words, for the three
remaining alcohols the positions of these extrema seem
to be related mainly with a total mass of the alcohol in
the solution, irrespective of alcohol type. The experi-
mental uncertainty of the relative deviation of ther-

Fig. 6. Deviation of effusivity from linearity determined by
photoacoustic measurements for the mixtures of methanol

(Sikorska et al., 2010).

Fig. 7. Deviation of effusivity from linearity determined by
photoacoustic measurements for the mixtures of different
simple alcohols with water (relevant values of thermal con-

ductivity were taken from Sikorska et al. (2010)).

mal effusivity from linearity, ∆e/ew, was estimated as
δe = ±0.009.

3.4. Characteristic points in concentration
dependence of selected thermodynamic

parameters of aqueous mixtures of different
monohydric alcohols

In Table 3, the positions of maxima of ∆e/ew are
compared with those corresponding to extrema of adi-
abatic compressibility, κs, which we investigated in our
experiments. Moreover, Table 3 comprises also similar
data for two thermodynamic functions characterizing
the mixing of simple alcohols with water, i.e. excess
enthalpy of activation ∆HE and excess partial molar
volume V Ep . The location of extrema is given in units
relevant for considered physical quantity, i.e. in mole
fractions (compressibility, enthalpy, partial molar vol-
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Table 3. Location of the ∆e/ew maxima, in comparison with location of relevant extrema of adiabatic compressibility
coefficient κs, excess enthalpy of activation ∆HE

(τ1) and excess partial molar volume V Ep .

∆e/ew, max κs, min ∆HE
(x1) V Ep

w1 x1 x1 x1 x1

Methanol 0.10 0.060 0.137b 0.12c 0.22f

Ethanol 0.20a 0.090 0.100a

0.100d
0.08c 0.09f

1-propanol 0.20a 0.067
0.050
0.045d

0.050e
0.06c 0.07f

2-propanol 2-propanol 0.21a 0.070 0.060a 0.07c –
a (Sikorska et al., 2010), b (Ernst, Gliński, 1977), c (Sato, Buchner, 2005),
d (Jerie et al., 1986), e (Marczak, Spurek, 2004), f (Franks, 2000).

ume) or mass fractions (effusivity). To simplify the
comparison, column 3 summarizes the conversion of
the respective mass fractions to mole fractions (marked
in bold font).

As can be seen from Table 3, the maximum devi-
ation of effusivity from linearity for three of the in-
vestigated alcohols (except for methanol) is observed
approximately for the same mass fraction of alcohol,
w1 = 0.2. Of course, the mole fractions corresponding
to this concentration value are different for different
alcohols. However, it should be pointed out that for
each alcohol the location of the maximum effusivity de-
viation expressed as a mole fraction is very similar to
the locations of maxima of characteristic excess ther-
modynamic functions: excess enthalpy of activation of
collective component of dielectric relaxation process,
∆HE(x1), and excess partial molar volume of alco-
hol, V Ep , in the mixture. Therefore, one may assume
that they reflect the same physical cause, e.g. the ef-
fect of nonpolar CH2 and CH3 groups on the aqueous
network reorganization time suggested by Sato and
Buchner (2005). The concentration dependences for
methanol, in contrast to other alcohols, do not comply
with the above rules. This may possibly be caused by
the already mentioned ability of methanol to form as-
sociates both as a pure alcohol as well as in mixture
with water (Fig. 8).

The location of concentration dependence mini-
mum of the function ∆e/ew for other alcohols also
corresponds approximately to the location of the min-
imum of the excess molar volume of the investigated
mixture (Sikorska et al., 2010).

The results of effusivity measurements and their
analysis for different methanol concentrations in water-
methanol mixtures enabled us to perform a compari-
son with similar data describing concentration depen-
dences of other thermodynamic quantities characteriz-
ing water-methanol mixtures. The experimental inves-
tigation of effusivity deviation from linearity, examined
as a function of methanol concentration, has confirmed
earlier conclusion, formulated already for other aque-
ous mixtures of organic liquids, that this procedure

Fig. 8. Comparison of the deviation from linearity of ef-
fusivity and molar volume (obtained by density measure-
ments) for the methanol-water mixture, as a function of

the mole fraction.

is helpful in identification of interaction processes be-
tween mixture components. It has been shown that
the obtained positive deviations of effusivity from lin-
earity in aqueous solutions of alcohols at low concen-
trations can be assigned to hydrophobic interactions.
Such interactions in alcohol solutions were confirmed in
many research studies, for example the ones concerning
investigation of volumetric (Jerie et al., 1986), elas-
tic (Marczak, Spurek, 2004), or dielectric (Sato,
Buchner, 2005) properties. As it was validated by
mass and IR spectrometry (Wakisaka, Matsuura,
2006), for higher concentrations, i.e. the ones exceed-
ing concentration corresponding to the minimum of the
effusivity deviation curve, the processes related to the
formation of hydrogen bonds with water and associa-
tion of alcohol molecules are predominant.

As it can be seen in Table 3, the excess molar vol-
ume minima are located at the same concentration as
those of thermal effusivity. It seems therefore that ef-
fusivity deviation from linearity is a good indicator to
identify such interactions between molecules in water
mixtures. The discussed deviation turned out to be
sensitive to hydrophobicity, which is of great impor-
tance in biology and medicine.
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Effusivity is not frequently investigated physical
quantity. The most interesting papers on this topic are
the ones by Dadarlat et al. (2009). They concern
similar studies of several liquids (Dadarlat, Pop,
2012), semi liquids (Bicanic et al., 2004) and solids
(Dadarlat et al., 2009). Their effusivity measurement
of liquid mixtures by the photoacoustic method allows
the determination of its mean value over the so-called
thermal diffusion length µ =

√
α
πf

, where α is the ther-

mal diffusivity of the sample and f is the light mod-
ulation frequency. Effusivity contains information on
a product of the three quantities, ρ, λ, and cp, deter-
mining the mean rate of heat exchange between the
sample and the medium. This quantity, having a char-
acter of a thermal property is strictly related to dy-
namic processes occurring between the mixture com-
ponents and can be an additional valuable source of in-
formation about these processes. Concentration depen-
dence of effusivity of water solutions of methanol, like-
wise concentration dependences of many other quanti-
ties, including thermodynamic ones, does not follow
the rules typical for other alcohols. A possible rea-
son of this fact can be methanol molecules tendency
to form associates. Photoacoustic method can also be
used to determine, based on Eq. (1), other thermo-
dynamic quantities of liquids or their mixtures, e.g.
thermal conductivity.

In general, the discussed photoacoustic method ap-
pears to be a splendid research tool, competing with
other techniques, such as acousto-optic and photo-
acoustic spectroscopy investigation (Sikorska et al.,
2006; 2005; 2001) along with the ultrasonic spec-
troscopy (Linde, Lezhnev, 2000; Linde, 1997; Linde
et al., 2010).

As far as the experimental method is concerned,
it is necessary to conclude that both ultrasonic
(Łabowski, Skrodzka, 1989) and photoacoustic
spectroscopy are very useful in the investigations of
chemical compounds, water and their mixtures.

4. Conclusions

We conclude that:

• The use of the photoacoustic measurement tech-
nique allows determination of thermal effusivity
changes in binary mixtures of water and alcohols
in relatively easily and accurate manner.

• The photoacoustic measurement technique does
not cause significant thermal fluctuations inside
a sample during measurements, and thus has a ne-
gligible effect on the investigated liquid structure.

• It has been shown that the obtained positive de-
viations of the effusivity from linearity in aqueous
solutions of alcohols at low concentrations can be
assigned to hydrophobic interactions.

We have shown that the photoacoustic method ap-
plied to study thermal dependence of effusivity on
the molar concentration of the investigated substance
is a powerful tool, complementary to other ultra-
sonic techniques commonly used to examine structural
changes of liquid mixtures.
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