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The results of positron lifetime and ultrasonic velocity measurements in
dilute aqueous pyridine (PYR) solutions show unusual changes in ultrasonic,
annihilation data in function of pyridine concentration. The results obtained
suggest that strong structural changes occur in the system, in the region of
low pyridine concentrations. Liquid clathrate hydrates forming in the system
are supposed with unusual stoichiometry and untypical geometry. They are
supposed to be very short-living and/or unstable.

PACS numbers: 61.25.Em, 78.70.Bj

1. Introduction

In the present work using pyridine as solute, we have tried to compare the
ultrasonic and positron annihilation behaviour of this system. This paper is a con-
tinuation of the series {2, 3, 4, 18], in which we show that different and independent
experimental methods give the results which can be interpreted using the same
physical picture of the structure of liquid.
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2. Experimental

2.1. Malerials

Pyridine pure for synthesis (POCh, Gliwice, Poland) was purified by frac-
tional distillation. Water was doubly distilled and chemicals freshly prepared were
used for measurements. The concentrations of the solutions were determined by
weighing the components.

2.2. Densily measurements

Density was measured using a calibrated sinker method at the temperature
range of 15-35° C. Calibrations were determined daily using the known densities
of air and H,0. The reproductibilities of the densities were £0.1 kg/m?3.

2.8. Sound velocily measurements

The ultrasonic velocity was measured with an accuracy of 0.1 % using a
sing-around equipment. The details of the apparatus and measurement techniques
applied in this study are given in [1].

2.4. Posilron annihilalion measurements

The annihilation measurements were carried out at room temperature (ap-
prox. 25°C) with a standard measuring device based on the “fast-slow” coincidence
technique and described elsewhere [2].

3. Experimental results

3.1. Ultrasonic properties of the system waler-pyridine

The adiabatic compressibility coeflicients 3 were calculated from Laplace’s
equation

B = (dc*)™1, (1)
where c is the ultrasonic velocity and d — the density of the liquid. The concen-
tration dependence of the compressibility within the low pyridine concentration
region, which is of interest for the further discussion, is shown in Fig. 1.

The adiabatic compressibility plotted against the mole fraction of pyridine
shows that in the concentration range covered by our measurements the isotherms
intersect approximately at a common point corresponding to the concentration
Xpyr = 0.045. Hlowever, in contrary to the systems investigated before, the con-
centrational dependence of compressibility is not smooth and its shape depends
strongly on temperature. It reminds the system water—cyclohexylamine [3], in
which considerable anomalies of the sound velocity and adiabatic compressibil-
ity at low amine concentrations were found.
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Fig. 1. Dependence of the adiabatic compressibility coefficient on the pyridine concen-
tration.

3.2. Posilron mean lifetimes

All the details of treatment of the annihilation data are given in details in
other papers of this series [2, 3, 18], also in the most recent one [4]. Finally, the
positron annihilation spectrum was separated into two components: a short-lived
one 1, with intensity I;, connected with the free positron annihlilation and with
the para-positronium, and a long-lived component 7 with intensity I, distinctly
separated from the former one. The latier one, of intensity I, was attributed
to ortho-positronium annihilating entirely in the pick-off process [5-7]. The short
lifetime component (with subscript 71) is due to the free positron annihilation
and to para-positronium annihilation. In this treatment the following condition is
fulfilled

I + I, = 100%. (2)

From the analysis of the time spectrum of the pyridine solutions the decay con-
stants A} = 77! and Ay = 75! were determined. The results are presented in
Fig. 2.
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Fig. 2. The results of positron annihilation measurements: 7 — lifetimes of the
short-lived component, 7» — lifetimes of the long-lived component, I» — intensity of

the latter vs. molar fraction of pyridine.

4. Discussion

4.1. Adiabalic compressibilily

To the best of our knowledge, tlie formation of clathrate hydrates of pyridine
has not been reported in literature including the most representative reviews on
clathrate type compounds [8, 9]. This suggests that either pyridine does not form
inclusion compounds of this type with water or they are too unstable to be isolated.

According to the concept of iceberg formation of Frank and Evans [10] or to
that of hydrophobic hydration formulated by Franks [11], when an organic com-
pound is dissolved in water, the watcr structure is modified around the nonpolar
parts of the solute molecule in the direction of greater “crystallinity”, whatever the
actual quasi-solid water structure is induced in this way. Thus, the water structure
in the vicinity of an organic molecule is determined mainly by the hydrophobic
moiety of the guest, the latter being accommodated in the cavities of the open
hydrogen-bonded water network, which in pure water are occupied most probably
by “monomeric” water molecules [12-15]. This physical picture seems to give a
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reasonable interpretation of some properties of non-electrolyte aqucous solutions,
e.g. of p-dioxan [16], tetrahydrofuran [17], ethanol [18] and some amines [19).

According to Endo [20], the intersection point of the adiabatic compress-
ibility isotherms should be attributed to the formation of clathrate-like structures
in liquid water-organic systems at low concentrations of the organic component.
A similar structural interpretation of the concentration dependence of compress-
ibility of aqueous solutions of non-electrolytes was suggested in [19] and [21].
Thus, the intersection point concentration indicates a clathrate stoichiometry of
1 PYR : 21.2 II,0.

In solid state most of the water-soluble polar compounds form cubic lattices
of two types: I of CsCl type (with a lattice dimension ¢ = 1.2 nm) and II of
diamond type (with a lattice dimension a = 1.7 nm) [8-9, 22-23]. The details of
these structures are given in the recent papers of this series [2, 3, 4, 18].

The crossing point concentration Xpyr = 0.045 does not correspond to
any of the known structures. However, the geometry of pyridine molecule is not
as simple as that of the compounds investigated by us before (simple alcohols
and amines). Due to this geometry, it is possible, for example, that one pyridine
molecule forms with water a quasi-clathrate structure which is not known in solid
state. It is worth noting that the compressibility value at the crossing point (4.12 x
10710 m?2 N-1) is much higher than that found by von Stackelberg for the solid
clathrates of structure II (4.0 x 10~ m? N-1) [22, 23].

As the pyridine concentration is increased upwards of Xpyr = 0.045, the
anomalous compressibility dependence on concentration of the organic solute ap-
pears. The increasing water shortage should lead to the formation of larger water
cavities [23], in which two or even more organic molecules associated in a hy-
drophobic sense may be accommodated. Those clathrate structures may exist in a
temperature dependent equilibrium. The accommodation of two organic molecules
in a common water envelope at organic component concentrations higher than 0.2
was suggested by Gorbunov et al. [24] on the basis of IR and NMR spectra of the
water—dioxane system. A variety of structures existing simultaneously in equilib-
rium seems to be supported also by the results of freezing point measurements
reported by Ennan and Lapshin [25] for the system water-tetrahydrofuran.

However, such an interpretation of the adiabatic compressibility data is pos-
sible if the compressibility isotherms, afler intersecting at a common point, achieve
minima in concentrations depending on temperature. In the case of water—pyridine
system the situation is quite different, the concentrational dependencies of the
compressibility are anomalous and do not demonstrate the distinct minima. Con-
- sequently, the interpretation given above being valid for most of the water-organic
liquid mixtures is not useful for the water-pyridine system.

There are many possible reasons for the unusual behaviour of this system.
It is possible, for example, that the hydrophobic part pf the pyridine molecule is
too big to be accomodated in the water cavities, or that the significant hydrophilic
hydration takes place, because of the charge distribution all over the molecule of
pyridine. So far, we are not able to choose between these interpretations.

Concluding, the structure of dilute solutions of pyridine in water is not typ-
ical. It does not correspond to the two structures known for solid clathrates. The
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above interpretation was made mainly by comparison of the ultrasonic properties
of the system under investigation with the systems investigated before. The ultra-
sonic velocity data give not enough information for proper interpretation and one
needs more experimental data for it.

4.2. Posilron annihilalion

The concentration dependencies of positron annihilation parameters remind
a bit that of the water—alcohol systems [26]. The concentrations of the I» and
Ty deflections are close to the concentration of the organic solute corresponding
to the intersection point of compressibility isotherms. The results indicate a re-
markable structural variation with composition in the water rich region. In this
system diflerent structures are probably formed, involving the hydrate structures
of clathrate type with significant perturbations due to untypical geometry and/or
interactions of the pyridine molecule. Ilowever, the concentration dependence of
7 is very untypical and complicated and does not remind any other system inves-
tigated before.

Usually only the long-lived parameters, the intensity I and lifetime 72, are
interpreted in terms of liquid structure. The annihilation parameters of the pick-off
process of an ideal mixture of classical liquids are a simple function of concentra-
tion [2]

AhVaB = A\ Va — (’\%VA - /\%QVB) Xs, (3)

where Agap — the ortho-positronium decay constant in the pick-off process in the
mixture of liquids A and B, A2a and Aop — the corresponding quantities for the
pure liquids A nad B, V4 and Vg — molar volumes of the components A nad B,
Xp — molar fraction of the B component. Vap — the mean molar volume of the
mixture A-B

VaB = (XaMy + XpMp) /d, (4)

where M — molecular mass of water, M — molecular mass of pyridine, d —
the measured density of the mixture.

Taking into consideration the formula (3) and the positron annihilation data,
we obtained the values of “ideal” Aap. Through the relation (3) A24mB is connected
with d(X). The smooth dependence of d(X) results in a smooth concentration
dependence of Azpp. The experimental values of Ayap differ significantly from
those obtained from the relation (3). Therefore the latter formula is evidently
incorrect for pyridine-water mixtures. The plot of AVp (defined as difference be-
tween “ideal” and experimental Vap’s) vs. pyridine content in water shows (Fig. 3)
not-monotonical character and inflections in the water-rich region. In the limits of
the experimental error it is difficult, however, to decide about the subtle changes
in this dependence.

The lifetime of the ortho-positronium is markedly aflected by the surface
tension coefficient o. According to the “bubble” model of the pick-off annihilation
process [27, 28]

*Ao = Ao? (5)
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Tig. 3. The “excess” molar volume of pyridine mixtures with water vs. pyridine con-
centration.

with the A and v parameters fitted so as to obtain *Ay = Ag for X = 0 and X = 1.
We measured the surface tension coefficients at 298.15 K and calculated the A
and v parameters. They are A = 0.03469 and 4 = 0.63304. The similarity of the
concentration dependence of A, to that of * A, calculated from Eq. (5) confirms, at
least qualitatively, this annihilation model. If it is assumed that the surface tension
is the main lifetime controlling factor in the pick-off annihilation, the difference
Ady =* Ay — Ay may be attributed to structural effects. The dependence of A,
on pyridine concentration is shown in Fig. 4. The extremely complicated character
of this dependence, especially in low pyridine concentrations, indicates that strong
structural changes occur in the water—pyridine solutions at low (Xpyr < 0.2)
concentrations of the organic solute.
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Fig. 4. The “excess” decay constant calculated from surface tension vs. pyridine con-
centration.
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5. Conclusions

The experimental results obtained for the system water—pyridine using two
different methods (ultrasonic velocity and positron annihilation) and interpreted
independently are both explicable within the framework of liquid pseudo-clathrate
structure. The results show that in the system under investigation sharp and strong
structural changes occur in the region of low pyridine concentrations. The stoi-
chiometry of the liquid hydrates is approximately 1 PYR : 21.2 ;0 and does
not correspond to the most common clathrate structures. It may therefore be con-
cluded that the structure formed by pyridine in its dilute aqueous solutions is
different from those known in solid state. Thus, it can be considered as a clathrate
hydrate of unusual structure and stoichiometry. Similar unusual structures were
reported for some amines (n-prophylamine, diethylamine). This is probably the re-
sult of the specific geometry of the pyridine molecule and/or additional hydrophilic
hydration of pyridine molecule. The anomalous compressibility dependence on con-
centration, as well as anomalies in the positron annihilation parameters, allows us
to suppose that in the region of low organic component concentrations different
quasi-clathrate hydrates are formed. It is possible that hydrophilic hydration also
takes place in this system, disturbing markedly the experimental picture of the
system. It seems probable (although there is no evidence of it) that while adding
pyridine to water, at the first moment classical hydrophobic hydration occurs,
which yields intercepting the compressibility isotherms, but later other effects ap-
pear (other structures competing with each other, hydrophilic hydration and so
on), disturbing the system and complicating it.
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