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Solvent isotope effects on the solubility of argon and pair interactions
in aqueous solution of hexamethylenetetramine

V. K. Abrosimov,®* E. V. Ivanov,® L. S. Efremova,® and Yu. P. Pankratov®

anstitute of Solution Chemistry. Russian Academy of Sciences,
1 ul. Akademicheskaya, 153045 Ivanovo, Russian Federarion.
Fax: +7 (093 2) 37 8509. E-mail: vxa@ihnr.polytech.ivanovo.su
blvanovo State Power University,
34 ul. Rabfukovskaya, 153003 Ivanovo, Russian Federation.
Fax: +7 (093 2) 38 5701

The solubilities of gaseous argon in solutions of hexamethylenetetramine (hmta) in H,0
and D,0 were measured at different concentrations, at five temperatures in the range of 283—
318 K. and at a partial gas pressure of 101325 Pa by microvolumetry with an accuracy
of <0.3%. The standard Setchenov coefficients for argon solutions and the thermodynamic
parameters of Ar—hmta pairwise interactions were calculated from the data on the solubility.
Interactions between hydrated Ar and hmta molecules are characterized by mutual repulsions.
The structural states of water in the hydration sphere of hmta and in the bulk of solution are
substantially different. Due to the difference in the mechanisms of hydration of hmta and Ar,
the addition of the first component leads to a decrease in the solubility of the second

component.
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Dilute solutions of nonpolar gases are of considerable
interest as model systems whose parameters vary over a
wide range and which can be used for quantitative
estimation of structural contributions to the thermody-
namic functions of hydration. It is also well known that
data on the effect of isotope substitution on the solubil-
ity are informative from the viewpoint of studies of the
structures of solvents and solutions.!—5

Investigations of solutions in which solute—sotvent
interactions substantially dominate over interactions be-
tween molecules of the solute are of particular impor-
tance for elucidating the nature of pair interactions in
liquid systems containing hydrogen bonds. This differ-
ence in interactions is rather clearly manifested in aque-
ous solution of hexamethvlenetetramine (hmta).# The
hmta molecule has a perfect tetrahedral symmetry. is
almost spherical in shape, and contains four centers
accessible for hydrogen bonding with water molecules in
the liquid state.5 However, hmta molecules cannot form
H bonds with each other due to the absence of proton-
donor centers.

Studies of the properties of aqueous solutions of
hmta are few in number. 48 The majority of studies were
carried out at standard temperature, which is, appar-
ently, one of the reasons for contradictory interpreta-
tions of the results. Based on precision data on the
densities of hmta solutions in heavy and usual water at
different temperatures and concentrations, the volume
characteristics of hmta—water systems have been calcu-

lated.4 Then the virial coefficients of the pairwise inter-
actions of hmta molecules and the attraction and repul-
sion contributions to the Kirkwood-—Baff integrals, which
describe the solute—solvent and solute—dissolved com-
pound interactions, were calculated. It was found that
the attraction contribution is positive in sign and hmta
molecules in solutions experience mutual repulsion.
Hydration of hmta molecules increases as the tempera-
ture increases. The use of heavy water instead of usual
water has the same effect.

The solubility of nonpolar gas and the thermody-
namic parameters of dissolution are directly related to
the structural state of the solvent and of the solution as a
whole. Hence. it was of interest to measure the solubility
of argon in solutions of hmta in H,O and D,0 at
different concentrations at 283—318 K.

Experimental

Argon (hereinafter Al) of high-purity grade containing
99.996 mol.% of the major component was used. Water with the
natural isotope composition (Ly) was purified by deionization
and double distillation using a Pyrex apparatus with the addition
of KMnQ, in the course of the first distillation. The conduc-
tivity of water purified according to this procedure was
~2-107% S cm~'. In the heavy water (Lp). the deuterium
content was 99.81+0.02 at.% and the conductivity was
~1-107% S ¢m™'. Hexamethylenetetramine (A2) of analytical
grade was purified by repeated crystallization (three times) from
an aqueous solution with the use of acetone (high-purity grade)
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as a precipitating agent. Then A2 was dried in vacuo at 333 K
for 24 h and stored in a vacuum desiccator over P,Os. The
solutions were prepared from the deaerated components by the
weight method. In the case of solutions in D50, a "dry” box was
used. The concentration of hmia was varied over a range of
0.02--2.5 solvomolality units.® The solubility was measured by
the saturation method on a precision microvolumetric setup
{which has been described previously in detail?) with some
constructional changes.!®

Processing of experimental data. The solubility of argon was
expressed in terms of coefficients of the Bunsen absorption
(Barr) of Al gas in L solvent**:

BaiL = lvar(n.c)/vi (T, pMequis

where va(n.c.} is the volume of the pure gas adsorbed at the
experimental temperature 7 and pressure g = p, referred to the
partial pressure of 131325 Pa and brought to normal conditions
(n.c.) (T= 27315 K. p° = 101325 Pa), and v is the volume of
the deaerated solvent (or the solution) at T and p,.

Previousty 1! it has been demonstrated that if the measure-
ment error for vy, is € 0.4%. it is necessary to apply a correction
for the imperfect behavior of the gas, which can be expressed in
terms of the compressibility coefficient (7, p):

AT p) = pvy A (T, p)/(RT), (N

where vy 4, is the molar volume of the gas at Tand p.
By multiplving both sides of Eq. (1) by na; (the amount of
gas dissoived) we obtain the following equation:

2ailT, plaay = poal(T, p}/(RT). 2
Under normal conditions.

zanedny; = pPOua (ne)/(RTH. (3)
From Egs. (2) and (3) it follows:

PPvai(n.c)/{za(ne)RTO = pus (T, p)/lea(T. p)RT]. (#)

Taking into account that p = pY {according to the definition of
Bar.L). the following equation can be obtained:

var(n.c) = [za(nc.)/za (T BT/ TYoa (T, p).

*In this work, a unitary concentration scale, viz., the
solvomolality ¢;,,. was used. The solvomolality is a non-
dimensional rtional parameter that characterizes the composi-
tion of the solution and is numerically equal to the amount of
solute contained in 55.5084 mol of the soivent. This value is
expressed as (m/n ) - 55.5084, where n; and n are the amounts
of the solute and the solvent, respectively. The normalizing
factor 55.5084 (numerically equal to the amount of H;O in 1 kg
of water) was introduced in order that ¢, and the molality ¢y
in aqueous solutions be numerically equal. The use of different
concentration scales in the thermodynamics of solutions has
been considered in detail in Ref. 2, where it has been demon-
strated that it is advantageous to use the ¢, scale for calcula-
tions of the transfer function (including isotope effects) because
this makes it possible to compare the thermodynamic functions
of dissolution and solvation in different solvents with retention
of the ratio between the number of particles of the solute and
the solvent.

** By the solvent is meant not only Ly and Lp but also the
A2 — [Lipy + A2] solution.

Therefore, the Bunsen absorption coefficient corrected for
the imperfect behavior (B'ALL) can be calculated according to
the following formula:

BiarL = val(T. p)y» 2730520 (n.c /o (T, pTeai(T, p)] =

= vainc)zy(ne )/ o (7, plza(T, pl.

The compressibility coefficients were calculated according to
Lee-Kessier's method.12

To check the accuracy and reliability of the data, we
measured the solubility of argon in pure H,O and D,0 and
compared the results with the most reliable values available in
the literature.% Our results and the published data!3—19 were
summarized in the single selection for each system (Table 1)
and were processed by the least-squares method using the
following model:

lnf&'M‘L = A() + A|/T+ AzlﬂT. (3)

The data in Table | indicate that there is no systematic error
in our measurements. Repeated measurements of By, at
different temperatures revealed a rather high (at a level of about
0.2-0.3%) convergence of the values obtained.

The results of measurements of the solubility of argon in
solutions of hmta in H,O and D;O are given in Table 2. The
concentrations of argon and hmta are given in the solvomolality

Table 1. The Bunsen absorption coefficients 'y, | @ for argon in
H:O and 020

T/K Ar—H,0

Ar—D,0O
278.15 46.812,% 47.12¢ —
278.163 47.2059 —
283.15 41.655.% 41.88,° 41.80¢ 46.16/
283.157 42.0234 —
283.22 41.84.5 41.824 45.12.5 45.944
288.15 37.478.% 38.27¢ 41.54,c41.21¢
288.165 37.6999 —
288.17 37.62.8 37.634 41.33,8 41.03%
288.30 — 41.09
293.15 34.16¢ 37.28.¢ 36.69
298.01 — 33.78¢
298.15 31.258.2 31.21,¢ 31.412¢ 33.80,¢ 33.10/
298.15 31.19.8 31.307 33.448 33,614
303.15 28.87¢ 3151
308.15 26.912,2 26.81¢ 29.13, 3019
308.159 27.0759 -
308.25 26.85.% 26.90% 28.22 8 28.46"
313.15 25.20¢ 26.40/
318.15 23.93,% 23.73,¢ 24.0994 26.99¢
318.17 24.01,8 24.014 24.97.8 24.97%
4 psy/em? and o) /dm? were used.
b See Ref. 13.
¢ See Ref. 14
4See Ref. 13.
¢See Ref. 16.
/See Ref. 19.

& Determined experimentally by us.
A Calculated according to Eq. (5).
iSee Ref. 17.

/See Ref. 18.
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Table 2. Solubility of argon (¢;y, o) at 101325 Pa and at different
temperatures in hmta—H,0(D,0) systems

T/K Csm.A2 SmoAtl” 103
H,0 D,0 H,0 D,0
283.22 0 0 1.86884 2.02515
0.057 0.032 {.8481 2.0072
0.135 0.218 1.8299 1.9396
0.238 0.257 1.7976 1.9285
0.353 0.533 1.7683 1.8196
0.628 1.034 1.6968 1.7107
0.887 1.388 1.6524 1.6393
1.164 1.601 [.6143 1.6365
1.593 2.134 1.5580 1.6102
2.274 2.294 1.5161 1.6047
288.17 0 0 1.68135 1.85524
0.059 0.075 1.6682 1.8308
0.237 0.244 1.6335 1.7702
0.368 0.392 1.6127 1.7352
0.750 0.591 1.5484 1.6807
0.983 0.928 1.5257 1.6039
1.261 1.073 1.5007 1.9828
1.587 1.433 1.4767 1.5342
1.979 1.851 1.4611 i. 5044
2.239 2.282 1.4568 1.4903
298.15 0 0 1.39908 1.50301
0.071 0.064 1.3874 1.4887
0.223 0.186 1.3685 1.4699
0.328 0.321 1.3554 1.4450
0.462 0.597 1.340] [.4111]
0.733 0.872 1.3093 1.3798
1.035 1.305 1.2780 1.3485
1.446 1.536 1.2442 1.3423
2.005 20012 1.2088 1.3320
2.394 2183 1.1881 1.3324
308.25 0 0 1.20616 1.27155
0.050 0.071 1.1995 1.2638
0.269 0.172 1.1830 1.2543
0.270 0.392 1.1868 1.2311
0.360 0.681 1.1777 1.2065
0.501 0.996 1.1696 {.1883
0.794 1.266 1.1450 1.1735
1.384 1.555 [.1253 1.1612
1.742 2.069 1.1040 1.1497
2412 2.394 1.0841 1.1494
318.17 0 0 1.08270 1.12897
0.119 0.018 1.0788 1.1266
0.405 0.135 1.0722 1.1200
0.711 0.194 1.0650 1.1154
0.864 0.392 1.0632 1.1053
1.093 0.530 1.0593 1.0980
1.620 0.925 1.0522 1.0847
1.678 1.184 1.0529 1.0721
2.031 1.767 1.0491 1.0567
2.390 2.452 1.0476 1.0498

scale. Calculations were carried out according to the following
equation:

Cmal & B Al L(DD 5084 - Mkl + Csm, A2MA“)/(U aAiPA2L)

where M, and M,, are the molecular masses of the sol-
vents (Ly or Lp) and the sofute (A2). respectively, v a,

{22395 cm?® mol™!) is the real molar volume of the gas'! in
normal conditions, and p,1; is the density of the solution of A2
in Lyp, solvent. We used the densities published previously.#

The dependence of cgpm A} ON Csm a7 WAs approximated (to
attain the minimum rms deviation) using the following math-
ematical model:

L .
.
- = P.aick aa
smAl Inc sm.Al - "_‘__‘] ffsm.AL, (6)

Inc
where ¢’y o) is the solubility of argon in Lyp,. The regression
analysis demonstrated that the concentration dependences of
€m.a1 are adequatety reproduced at n = 2 with the rms approxi-
mation error g 95 < 0.002.

The g; coefficients for Eq. (6) are given in Table 3.

Calculation of parameters of pairwise interactions. A change
in the solubility of nonelectrolyte Al upon addition of com-
pound A2 to solvent L is generally described by the following
equation:

ks = In(c" g /eapt cas™s (7)

which is analogous to the empirical equation proposed ini-
tially?® for solutions of noneiectrolytes in aqueous-salt sys-
tems. Here, "5, is the solubility of Al in L. ¢4, is the
solubility of Al in [L + A2] solution with a concentration
equal 10 ca2. and ks is the Setchenov coefficient (parameter).
Previously,2! the necessity of changing the sign of the left-
hand side of Eq. (7) to the opposite has been substantiated.
This makes it possible to put the effect of A2 on the solubility
of Al {a decrease or an increase in the solubility) into one-to-

- one correspondence with the sign of &, (the minus or plus sign,

respectively).

{t has been demonstrated?2~24 that the differential form of
Eq. (7) is thermodynamically reasonable and, hence, is more
suited for calculations:

ks = (3nca1/dca2)pats

where p, is the chemical potential of Al.

It was of substantial interest to determine the standard
values of the Setchenov parameter k2. An interpolation-ex-
trapolation procedure has been proposed?! for these calcula-
tions. In this case, the transfer of one mole of Al from a
standard™ solution in pure L to a [L + A2] solution standard
relative to the state of each of the components is considered:

k2 = élnc,,/8c,5), o
’((, Al/ AZ)“AID

lim lim
(cap—cay =t hypY (e gy =y =), liyp

where pa @ is the chemical potential of Al in the standard
solution.

The k2 values calculated under these conditions do not
contain contributions of the interactions between the solute,
due to which these values are convenient to use in studies of the
effect of changes in the structural state of L. induced by the
presence of A2, on the solubility of Al.

To study the interactions between dissolved Al and A2
particles, it is necessary to change the conditions of standardiza-
tion and to consider the transfer of one mole of Al from a

* The hypothetical sofution with a unit concentration possess-
ing the properties of an infinitely dilute (ideal) solution is taken
to mean the standard solution.25
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Table 3. CoefTicients of the approximate equation (6) and rms errors of approximation (o)

/K ~a, a, o103

H,0 D,0 H,0 D,0 H,0 D.O
283.22 0.1681(0.005) 0.2124(0.006) 0.0336(0.003) 0.0488(0.003) 2 2
288.17 0.1269(0.004) 0.1944(0.004) 0.0282(0.002) 0.0433(0.002) 1 2
298.15 0.1009¢0.002) 0.1250(0.005) 0.0137(0.001) 0.0323(0.002) 1 2
308.25 0.0654(0.005) 0.0881(0.002) 0.0088(0.002) 0.0191(0.001) 2 1
318.17 0.0256(0.001) 0.0562(0.003) 0.0050(0.001) 0.0108(0.002) ] 1

Note. The numerical confidence intervals are given in parentheses.

standard solution in pure L to a [L + A2} solution standard with
respect to the state of Al:

k2= lim

(élnc, /éc,5). o
{ea—ea =1 hyp) AUTEAY Iy

The major thermodynamic relationships for calculations of
the thermodynamic parameters of pairwise interactions in a
ternary nonelectrolyte—binary solution system have been ana-
lyzed in detail previously.2® In particular, it has been demon-
strated that in the case of transfer of one mole of nonelectrolyte
Al from standard (ideally dilute) solution in pure L to standard
(with respect to the state of Al) solution of A2 in L {the amount
of compound L remains the same) with the concentration
¢m.al. the change in the Gibbs energy is described by the
following equation:

Ay GA(ALLL+A2) = —RTIn(cy /¢ a) = —RTkZ¢m ax

Taking into account Eq. (6), it can be written:

Ll .
4,GP(ALL-L+A2) = —~RT2 GiCm a2 .

i=l

At small ¢ a2
8, CP(ALL-L+A2) = —RTa ¢ a2 (8)

According to the results reported previously,26—28 the con-
centration dependence of A, G can be expressed as an expansion
in terms of ¢y, ax:

8. G = 205 A28AIA2 + BCsm.aLCsm.A28A1A1A2 T 0 9)

where ga1a42. 8ata1a2. --- are parameters of pair, three-particie,
and higher-order interactions between the solutes. For the
standard state, the higher terms of expansion (9) approach zero;
hence,

A"GZ = 2¢m.A28A1A2- (i0)

Equations which allow one to calculate gajx; and k2 directly
from the data on solubility can be obtained from Egs. (8) and
(10) if the concentration dependences of these values are ap-
proximated by a model of type (6):

8aia2 = ~RTa,/2 and ksz = ﬂl/?_.

By approximating the dependence of ga 43 on T by the
equation
2

Satar = JZOb, (T — 298.15)

and using the known thermodynamic relations, the enthalpy
{haia2) and entropy (Saiaze T5a1a2) coefficients of interactions
can be readily calculated.

Results and Discussion

The temperature dependences of the coefficients of
Al—A2 pairwise interactions for hmta—Ar—H,0(D,0)
systems are given in Fig. 1. The corresponding values at
208.15 K are given below.

LINES Aaia Sataz Bsaiaz

J mol™! /3 mol™t K™! /4 mol™!
HZO 125 1480 45 1340
D,0 1535 1800 4.5 1640

It can be seen that the ga;a; values are positive
throughout the temperature range under study. This
indicates that mutual repulsions between the hydrated Ar
atoms and hmta molecules prevail and the transfer of Ar
from Lypy to {L + A2} is thermodynamically unfavor-
able. The gy, values decrease as the temperature in-
creases. The use of D,O instead of H,O leads to an
increase in gajan, i-€. the effect of a decrease in the
solubility under the effect of hmta additives is enhanced
in Dzo

The systems under consideration have a number of
characteristic features. First, the concentrations of Al
both in pure L and in a solution of A2 in L are very low,
which allows one to ignore change in the interaction

Eaiar/d moj~!

250
200
150
100
S0}
290 300 30 30 7K

Fig. 1. Temperature dependence of the coefficients of Ar—hmta
pairwise interactions ga;42 in H;O (/) and D0 (2).
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between A2 and the solvent under the effect of A1, This
fact makes it possible to use the thermodynamic param-
eters of the solubility for identification and qualitative
interpretation of the structural rearrangements of the
solvent upon changes in the temperature and the com-
position of the solution.22% Second, the Ar atoms and
hmta molecules are hydrated according to the hydropho-
bic and hydrophilic mechanisms, respectively. This gave
grounds to interpret the results with predominant aliow-
ance for the structural orientation.

Based on the data on self-diffusion coefficients for
molecules in hmta solutions. it has been demonstrateds
that of two possible types of arrangement of hmta mol-
ecules in the tetrahedral water structure, giving rise to a
closed (clathrate) or "open” structure, the second type,
which is associated with the formation of four hydrogen
bonds between water molecules and nitrogen atoms of
hmta molecules in the framework, is realized. This leads
to the rearrangement of the water structure such that it is
equal to structure destruction, i.e., to a decrease in the
overall ordering of the system. Based on the analysis of
the volume properties of hmta solutions in H,O and
D,0, we also found4 that hmta molecules destroy the
inherent water structure, thus forming new. highly or-
dered (lace-like) structures. When D50 is used instead
of H,0, the hydration spheres about hmta become more
compact due to strengthening of the hydrogen bonds.
This is also evidenced by data? on the enthalpy charac-
teristics of the isotope effects of dissolution of hmta.
These conclusions do not contradict the inference® that
hmta is a structure-forming compound because the struc-
tural states of water in the hydrate sphere of hmta and in
the bulk of solution are substantially different. Hence,
according to the classification reported previously,! hmta
should be classified as a hydrophilically hydrated com-
pound, viz., a compound destroying the water structure.

The parameters fyja2 (f = g A, and s) represent
contributions to the corresponding thermodynamic func-
tions £ (F = G, H, and S) associated with the fact that
the solvated Al and A2 molecules are brought closer
together from an infinitely large distance to a particular
critical distance. These parameters take into account
new sources of imperfections that appear in the ternary
system due to weakening of the L—Al and L~A2
interactions under the effect of newly formed interac-
tions between Al and A2.

Impressive progress in the qualitative interpretation
of the effects of changes in the solubility of nonelectro-
lytes under the influence of the third component of the
system was achieved by employing notions based on the
concepts of structural salting-in—salting-out and over-
lapping of the Gumey hydration cospheres.3® As men-
tioned above, Ar atoms are hydrated according to the
hydrophobic mechanism, resulting in stabilization of the
water structure. In this case, the more ordered the initial
structure of the soivent, the more noticeable the stabili-
zation effect. The hydrophilic hydration of hmta is
associated with the rearrangement of the water structure;

as a result of which this structure in the nearest environ-
ment of hmta molecules becomes “inconvenient” for
participation in hydrophobic hydration of argon. This
competition leads to weakening of hydrophobic hydra-
tion of Ar atoms, and their stabilizing action is artended
by the additional expenditure of energy. Hence, the pius
signs of the gaa; contributions may be associated with
the changes in the solvent—solvent interactions under
the influence of hmta. As a result, argon is forced out of
the solution. An analogous conclusion follows from the
results of the study3! in which it was demonstrated that
overlapping of the hydration cospheres of hydrophobic
and hydrophilic species leads to a decrease in the solu-
bility of the nonelectrolyte (k2 < 0).

The replacement of H.O by the more structured D,0
and an increase in the temperature lead to strengthening
of hydration of hmta molecules.®7 At first glance, this
should lead to an increase in ga 4, (a decrease in £2). It
can be seen from Fig. | that g4;42(D50) < ga1a2(HA20),
but ga;4; decreases rather rapidly (approaching zero) as
the temperature increases. We believe that in this case
two effects, viz., strengthening of hydration of hmta and
thermal predestruction of the water structure, are in
competition, resulting in weakening of hydrophobic hy-
dration of argon and, as a consequence, in a decrease in
its solubility. Apparently, the second effect prevails.
Hence, ¢ (T)—c 5)(7). whereas g4, and k2 ap-
proach zero as the temperature increases.

The portion of a more destroyed (than in the bulk of
solution) water structure increases also, due to overlap-
ping of the hydration spheres of argon and hmia of
differing nature. The validity of this suggestion is sup-
ported by the plus signs of the entropy coefficient 75542
and the isotope effect involved in this parameter. A
comparison of the coefficients of pairwise interactions
(see above) demonstrated that, as in the pure solvent,
dissolution of argon in hmta solutions is controlled by
the entropy and enthalpy effects.

The results obtained in this work provide rather
strong evidence that the use of the isotope substitution
method has considerable utility in improving the reli-
ability of interpretation of data on structure-thermody-
namic characteristics of dissolution and hydration of
compounds.
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