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DIFFERENT STRUCTURAL STATES
OF 4-METHYLPYRIDINE-WATER SOLUTIONS:
EXPERIMENTAL STUDY OF THE ADIABATIC
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COMPRESSIBILITY AT THE HYPERSONIC FREQUENCY

The behavior of the adiabatic compressibility Bs with variation in the temperature t and the
concentration x in the aqueous solution of a nonelectrolyte is experimentally studied from the
fine structure of the spectra of light scattering. The sign inversion of the derivative of the adi-
abatic compressibility with respect to the concentration dBs(x)/dz and temperature dfBs(t)/dt
is observed. In the temperature-concentration phase diagram, the inversion points determine
the lines of transition from the solution structure characterized by a nondisturbed continuous
network of hydrogen bonds to the disturbed one, and, further, to the structure with fragmentary

network.

Keywords: Rayleigh scattering, water solution, 4-methylpyridine, adiabatic compressibility.

1. Introduction

Experimental studies of the fine structure of Rayleigh
scattering spectra in aqueous solutions of 4-methyl-
pyridine (4MP) in a wide range of variations in the
temperature and the concentration show that the ki-
netic regularities of the frequency shift of the Bril-
louin components (BCs) can be explained by a re-
construction, which occurs in the solution with vari-
ation in its temperature or by variation in the non-
electrolyte concentration in water [1, 2|.

The critical points separating solutions with sub-
stantially different structural organizations of com-
ponents are found in the temperature-concentration
phase diagram. In a particular region of temperatures
and concentrations, the hydrogen bond network in
the solution retains its continuous three-dimensional
integrity. In the region of concentrations = > xg (at
a fixed temperature) or temperatures t > to (at a
fixed concentration), the hydrogen bond network is
fragmentary.

One of the parameters closely connected with the
structure of the liquid is the compressibility. The ex-
perimental values needed for calculations of the adi-
abatic compressibility by the Newton—Laplace equa-
tion (Bs = 1/V?2p, where V is the speed of sound,
and p is the density) can be easily measured to a high
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accuracy. Therefore, the determination of this quan-
tity and characteristics that are the derivatives of it
(excess molar adiabatic compressibility, partial adia-
batic compressibility [3]) is quite a common method
for studying the structure of solutions [4].

To find the limits for the existence of a continu-
ous hydrogen bond network in 4MP-water solutions,
we investigated the adiabatic compressibility Ss in a
wide range of variations in the solution temperature
(10 to 80 °C) and in the 4MP concentrations in water
(1 to 0.005 mole fraction (m.f.)).

2. Experimental

Spectra of Brillouin scattering were measured, by us-
ing an experimental setup with a double-pass Fabry—
Perot interferometer. The angle of light scattering
was 90°. The error in setting this angle did not ex-
ceed 0.2°. At this geometry of the experiment, the
interferometer dispersion region was 0.625 cm™!, the
interference pattern contrast was 5 x 10%, and the
sharpness of fringes was 35. As a radiation source,
we used a He—Ne laser operating at a wavelength of
632.8 nm with a power about 15 mW. The error in
the measurement of the BCs frequency shift Av was
no greater than 1%.

The solutions were prepared, by using pure grade
AMP and redistilled water. The uncertainty in the
concentration of 4MP in solutions did not exceed 10~*
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Fig. 1. Isotherms of the concentration dependence of the
adiabatic compressibility 8g(z) of 4AMP-water solutions (z >
> 0.1 m.f.) at a hypersonic frequency: experimental data A —
25 °C, e — 45 °C, B — 65 °C; dashed lines — extrapolation of
Bs(z) to z = 0 (pure water); A, o, and O — adiabatic com-
pressibility of pure water at the corresponding temperatures
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Fig. 2. Bs(t) dependences in 4MP-water solutions in the re-
gion of low concentrations

m.f. The solutions prepared were purified by triple
distillation. After the purification, the samples of so-
lutions were sealed in cylindrical glass cells at a nega-
tive pressure. The cell with a sample was placed in a
thermostat, whose electronic scheme allowed the tem-
perature stabilization with an accuracy better than
+0.1°C.
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Fig. 3. Set of the sign inversion points (dBs/dz = 0, W
dBs/dt = 0, ) in 4AMP-water solutions: A — temperature of
the continuous H-bond network destruction in water accord-
ing to [8, 9], O — temperature of the minimum of the adia-
batic compressibility in water; solid lines — experimental data
smooth; dashed lines — extrapolation of the experimental data
to higher/lower temperatures. P I — dfs/dx < 0, dBs/dt < 0;
P II - dBs/dx < 0, dBg/dt > 0; P III — dBg/dz > 0,
dBs/dt > 0; P IV — dBg/dx > 0, dBs/dt < 0

The values of S5 were calculated on the basis of the
measured BC shift Av by the formula

where )\g is the wavelength of the exciting light, p is
the density, n is the refractive index, Av is the BC
shift, and @ is the light scattering angle. These calcu-
lations involved the densities of aqueous solutions of
4MP measured in [5, 6] and the refractive indices n
measured by us.

3. Experimental Results

In our previous work [7], we discussed the experimen-
tal results obtained for the adiabatic compressibility
of 4MP-water solutions in the region of concentra-
tions x > 0.1 m.f. It was shown that an increase in
the solution temperature leads to a monotonic in-
crease in Bg. The highest compressibility is observed
in pure 4MP. A decrease in the nonelectrolyte concen-
tration in water leads to a decrease in the adiabatic
compressibility. Figure 1 demonstrates the isotherms
of the Bg(z) dependence for temperatures of 25, 45,
and 65 °C calculated from the data on the BCs fre-
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quency shift for the scattering angle 90°. The magni-
tude of BCs shift in this scattering geometry is gov-
erned by the modulation of the scattered light by elas-
tic thermal waves (hypersound) with the frequency
~4.8 GHz.

The shape of the Bg(z) dependence appreciably
varies with temperature. At low temperatures, (g
varies nonmonotonically with decreasing the concen-
tration of the solution and passes through a minimum
at a certain concentration. As the temperature in-
creases, the position of the minimum in the Sg(x) de-
pendence shifts to the region of lower concentrations,
and the minimum itself becomes less distinct. Finally,
at high temperatures, the minimum in the isotherms
of the Ss(x) dependence disappears, and Bg is seen
to decrease monotonically with decreasing the con-
centration.

In the region x < 0.1 m.f., we observe experi-
mentally a nonmonotonic dependence of Sg on the
temperature of the solution. At low concentrations of
4MP, Bg varies nonmonotonically with rising the tem-
perature of the solution and passes through a mini-
mum at a certain temperature. As the concentration
increases, the position of the minimum in the Sg(t)
dependence shifts to the region of lower temperatures.
Figure 2 shows the 8¢(t) dependences in solutions of
low 4MP concentrations and pure water determined
from the experimental data on BCs shift.

From the entire set of experimental data on [g
in the whole range of investigated temperatures and
concentrations of 4MP-water solutions, it follows
that the sign inversion of the derivative of the adi-
abatic compressibility with respect to the concentra-
tion and the temperature is observed in the Bg(x)
and Bg(t) dependences. The inversion points (i.e.,
dBs(z)/dx = 0 and dfs(t)/dt = 0) are presented in
Fig. 3.

The extrapolation of the position of the minimum
of Bs(x) to pure water (x = 0) predicts the pres-
ence of some “critical” temperature t ~ 48°C in
water. This temperature is in good agreement with
the results of works [8, 9], where, on the base of
comparative analysis of the temperature dependences
of the shear viscosities of water and argon, the au-
thors made conclusion on the destruction of the 3D-
continuous H-bond network in water at temperatures
above ~47°C. Accordingly, the line of sign inversion
points of dBg(x)/dx shows a boundary of existence (in
the “temperature-concentration” coordinates) of the
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3D-continuous H-bond network in water and aqueous
4AMP solutions.

The line of dBs(t)/dt = 0 inversion points in
Fig. 3 reflects, obviously, a boundary of existence of
a nondisturbed H-bond network in 4AMP-water solu-
tions with tetrahedral configuration similar to pure
water.

4. Conclusions

The analysis of the Bg variation in a wide range of
temperatures and concentrations allows us to define
four areas (phases) with different states of 4MP-water
solutions (Fig. 3).

In Phase I (P I), which occupies a rather narrow
concentration interval, the rise of the solution tem-
perature (at a fixed concentration) or the rise of the
solution concentration (at a fixed temperature) is ac-
companied by the monotonic decrease of 8g. In other
words, the derivatives dfs(x)/dxz and dfs(t)/dt are
negative in Phase I.

In Phase IT (P II), the rise of ¢ (at = const) leads
to the monotonic increase of Bg, but the increase of x
(at ¢ = const) is accompanied by the decrease of S,
i.e., dBs/dt > 0 and dfs/dx < 0.

In Phase III (P III), the rise of ¢ (at © = const) and
x (at t = const) is accompanied by the monotonic
increase of (g, i.e., dBs/dt > 0 and dfg/dx > 0.

Together with the above-mentioned three phases,
there is the fourth phase (P IV) in 4MP-water solu-
tions, where the compressibility (at a fixed tempera-
ture) is increased with the concentration (dfBgs/dx >
> 0), but it is decreased (at a fixed concentration)
with rising the temperature (dfgs/dt < 0).

The obtained experimental results show that, in the
region of low concentrations and temperatures, the
implantation of nonelectrolyte molecules into the ma-
trix of the water H-bond network occurs without any
significant disturbance of the network (PI in Fig. 3).
The structure of the solution in this temperature—
concentration interval is similar to the structure
of pure water. The decrease in the compressibility
with rising the concentration testifies to the sta-
bilizing (strengthening) influence of nonelectrolyte
molecules on the solution structure due to two ef-
fects: 1) the implantation of nonelectrolyte molecules
into accessible cavities of the H-bond network with-
out the disturbance of its tetrahedral configuration,
and 2) the expulsion of nonelectrolyte molecules by
the H-bond network into places of its thermal de-
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fects. Obviously, in this temperature—concentration
region, the hydrophobic interaction between the wa-
ter and nonelectrolyte molecules plays the determin-
ing role.

With rising the concentration of nonelectrolyte
molecules, the H-bond network is deformed, but it
preserves its 3D integrity (PII in Fig.3). In this
temperature—concentration region, the stabilization
of the network (decrease of the compressibility) still
occurs, but, obviously, due to the change of the in-
termolecular interaction from the hydrophobic to hy-
drophilic one. Under conditions of the concurrence for
the H-bond formation, a possibility of 4MP molecules
to form H-bonds with water molecules starts to play
a rising role.

With the further rising of the concentration of non-
electrolyte molecules, the continuous H-bond network
in the solution is destroyed (fragmented) that leads
to an increase in the solution compressibility (P III in
Fig. 3). The degree of defragmentation increases with
the temperature or concentration of solutions.

Increasing the temperature leads to an increase in
the thermal deformation of the network. That is why
the process of its destruction starts at a less non-
electrolyte concentration. In other words, the “criti-
cal” concentration of the minimal compressibility of
the solution shifts toward lower concentrations with
rising the temperature of the solution. This shift is
reflected in the temperature—concentration behav-
ior of the minimum of the adiabatic compressibility
(Fig. 3).

However, in 4MP-water solutions, there is one
phase (P IV in Fig. 3), where the continuous net-
work of H-bonds is absent, but the solution struc-
ture preserves features of pure water (decrease of
the compressibility with rising the temperature). In
this temperature—concentration region, the number
of nonelectrolyte molecules in the solution is rather
high to save the integrity of the H-bond network as
a whole, but their presence provides a local stabi-
lizing influence on network’s fragments. This rather
narrow temperature—concentration interval should be
considered to be the area of the “clusterized” state
of solutions, if we mean the term “cluster” to be
a spatial region of water-like coordination of water
molecules due to the stabilizing influence of nonelec-
trolyte molecules.

The transition from one phase to another one can
be realized either by a variation of the solution tem-
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perature (at a fixed concentration) or by a variation of
the solution concentration (at a fixed temperature).
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JI.M. Cab6ipos, /I.1. Cemernos

PI3SHI CTPYKTYPHI CTAHM PO3YMHIB
A-METUJITIIPUIVNH-BOJA: BUBUYEHHS
AITABATUYHOT CTUCJ/IUBOCTI

HA YACTOTI I'NIEP3BYKY

Peszmowme

3a creKTpaMu TOHKOI CTPYKTYPHU PO3CIIOBaHHS CBIT/Ia €KCIIEpH-
MEHTaJIbHO BUBYEHO IOBEIIHKY aJiabaTU4dHOl cTucauBocTi Bg
BOJHUX PO3YMHIB HEEJIEKTPOJITY IpH 3MiHI TeMmueparypu t i
KoHIleHTpaIil z. BusiBjaeno imBepcito 3Haka moxigHol ajmiaba-
THYHOI CTHCAMBOCTI 3a KoHueHTpariew dfBg(z)/dr i 3a Tem-
neparypoto dfBg(t)/dt. Ha dasosiit miarpami B KOOpAMHATAX
“reMIIepaTypa—KOHIEHTpAaIllis’ CYKYIHICTh TOYOK iHBepcil BuU-
3Ha4a€ JIiHIT mepexoiB BiJi CTPYKTYypPH PO3YHHY, IO XapaKTe-
PU3YETHCH HASIBHICTIO He1eDOPMOBAHOI CyIiJILHOI CITKH BOJIHE-
BUX 3B’S3KIB 10 JeOPMOBAHOI CiTKH i, JlaJii, 10 CTPYKTYPHU 3
(dparMeHTOBaHOK CITKOIO.

JI.M. Cabupos, /[.U. Cemeros

PASJIMYHBIE CTPYKTYPHBIE COCTOAHMA
PACTBOPOB 4-METUJITINPUAMH-BOJA:
N3YYEHUE AJIMUABATUYECKOU C2KUMAEMOCTU
HA YACTOTE I'IIEP3BYKA

Peszmowme

Ilo ciekTpaM TOHKO#l CTPYKTYPBI PACCESHUSI CBeTa SKCIIEPU-
MEHTAJIbHO U3y YEHO IIOBEJEHNE aInabaTUuIeCKON C2KMMAaeMOCTH
(s BOIHBIX PACTBOPOB HEIJIEKTPOJIUTA IIPU U3MEHEHUU TeMIIEe-
parypsl t u KoHueHTparuu r. OOHapy>KeHAa WHBEPCUs] 3HAKA
IIPOUBBOMHON aanabaTUYECKON CXKUMAEMOCTU 110 KOHIEHTPAa-
wuu dfs(x)/dr u no remneparype dBgs(t)/dt. Ha dazosoit nu-
arpamMMe B KOODJMHATaX ‘TeMIepaTrypa—KOHIEHTpaIus COBO-
KYIIHOCTb TOYEK WHBEPCHH OIPEJIEJIeT JIMHUU IIEPEXOJOB OT
CTPYKTYPBI PAacTBOPA, XapaKTEPUIYIOIIEHCs] HAJIUYIUEM HeJe-
GOpMUPOBAHHON CIUIOIIHON CETKHM BOJOPOJIHBIX CBHA3€H K Jie-
(GOopMUPOBAHHON CETKEe U, Jajee, K CTPYKType C dpparMeHTH-
POBaHHOI CETKOIA.
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