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The solubility of gaseous

krypton

in CO(NH,),—CH;0H (CD;OH) and

CO(ND,),—CH;0D solutions with carbamide concentrations of up to 1.5 solvomolality
units (~0.026 mole fractions) was measured at 278, 288, 298, 308, and 318 K and at a partial
gas pressure of 101325 Pa. The thermodynamic functions of dissolution (solvation) of
krypton and the standard Setchenov coefficients were calculated. The solvation of Kr
molecules increases upon deuterium substitution and with an increase in the temperature and
carbamide concentration. In these solutions, specific contacts between the carbamide and

methanol molecules play the predominant role.
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Solutions of carbamide in methanol are of interest
not less than carbamide—water mixtures. The replace-
ment of the aqueous medium by methanol is accompa-
nied by not only a considerable decrease in the endo-
thermic effect of carbamide dissolution (4.8 kJ mol™!
from calorimetry datal) but also a decrease in the partial
molar volume of CO(NH,), by up to 20%.2—4 Yet
another important feature of the methanol—carbamide
system is that the partial molar volume (¥,~) decreases
with an increase in temperature. This "negative expan-
sion" of a dissolved (solvated) compound had been
known previously only for infinitely dilute solutions of
water in methanol3-% and rert-butyl alcohol.”-8

Useful information concerning the nature of solva-
tion of a solute in methanol solutions of carbamide was
obtained in our study4 dealing with bulk properties of
these solutions using H/D isotope substitution. The
isotope effects in the bulk properties of the metha-
nol—carbamide system are related to deuterium substi-
tution both in the solvent and solute molecules; this
complicates interpretation of the results.

This problem could be solved in part by investigating
the solubility in this system of a noble gas that does not
react chemically with the system components. This is
due to specific features of solvation of noble gases
related to the spherical symmetry and the relatively low
polarizability of their atoms and also to low saturation
concentrations of these compounds in methanol.® Due
to the low solubility of the gas in the alcohol, structural
macroeffects induced by the change in the interparticle
interactions in the methanol—carbamide binary system

under the influence of the indicator solute can be ex-
cluded from analysis of the thermodynamic functions of
solvation.

In this work, we report the results of solubility
measurements and calculations of standard thermody-
namic functions for dissolution (solvation) of krypton
(designated by Al) in solutions of carbamide CO(NH;),
(A2y) in methanol isotopomers, CH;OH (Ly) and
CD;O0H (L;p3) and in a solution of deuteriocarbamide
CO(ND,), (A2p) in deuteriomethanol CH;0D (Lp,).
The measurements were carried out at temperatures of
278.15, 288.15, 298.15, 308.15, and 318.15 K for
concentrations of carbamide ispotopomers equal to
0—1.5 solvolomolarity units cg,*.

Experimental

Experimental procedure. The materials used in experi-
ments included extra pure grade krypton with a content of the
basic substance of at least 99.9978% (v/v), reagent grade
methyl alcohol additionally purified by refluxing with magne-
sium methoxide and subsequent distillation to a purity degree
of 0.99982 mole fractions (Fischer and densimetry analyses);
deuterated methanols CD;0OH and CH;0D (Izotop, Russia)
with deuterium contents in the isotope-labeled positions of

* Solvomolality ¢y, o is a dimensionless parameter of the
solution composition expressing the concentration of compo-
nent A: cgm A = (na/n1) 55.50843, where np and np are the
numbers of moles of the solute and the solvent,!® and the
normalizing factor 55.50843 is equal to the number of H,O
moles in 1000 g of water.
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99.0£0.1 at. % (based on the integral intensity of the absorp-
tion bands in the IR spectrum) and with a residual water
content of at most 2107 mole fractions. The starting D
isotopomers of methyl alcohol were dried by the procedure
indicated for CH3OH using the microapparatus that we have
designed.1! The preliminary evacuation of the setup followed
by creation of an inert atmosphere above the reaction mixture
ensured the absence of H/D isotope exchange during dehydra-
tion. The stability of the isotope composition of deuterio-
methanols was checked by comparing the densities of the
initial alcohols and of the products of their purification, which
were extrapolated to an infinitesimal water content. All opera-
tions with alcohols and their storage were performed in a "dry
box." Carbamide (extra pure grade) and deuteriocarbamide
(Izotop) with a deuterium content of 99.0+0.1 at. % and a
nitrogen content of 43.7% (w/w) were used. The carbamides
were not subjected to additional purification; after drying for
48 h in vacuo at 335 K, they were stored in a vacuum
desiccator over P,Os.

Solutions of carbamides were prepared by the weighing
method using components preliminarily degasified by a known
procedure, 12 in special evacuated mixers with an accuracy of at
least 1.0+ 1074 Csm,A2 Units. Weighing was carried out on an
analytical balance with an error of at most 51075 g.

The solubility was measured at a krypton partial pressure of
101325 Pa by the saturation method using a precision
microgasometric setup!3 with a ~10 cm3 absorption vessel. The
procedures of measurements were described previously.!3.14

Processing of experimental results. The solubility of kryp-
ton was expressed as the equilibrium value of the Bunsen
absorption coefficient (B) for gas Al in solvent L(+A2)10

Bar = var(T,p)273.1520,(.y )/ [viL(Tp) Tear(Top)], - (1)

where vp(7,p) is the volume of pure gas absorbed at the
experiment temperature 7" and pressure p (equal to the partial
pressure, py; = 101325 Pa); v (T,p) is the volume of the
degased solvent or solution; zo;(7,p) and z5;(SC) are the
compressibility factors for gaseous krypton at 7, p and at
standard conditions, respectively. The numerical values for the
last-mentioned parameters were determined by the Lee—Kessler
method.15

The accuracy of the measured B,; values was estimated by
comparing the determined solubility of O, in water with the
most reliable published data.16 Repeated measurements of the
solubility of Al in Ly demonstrated that the B,; parameter is
reproduced with an error of at most £0.2%. Comparison of the
B(Kr,Ly) values that we obtained with the data published
previously!8:19 (Table 1) shows insignificant (less than 0.4% at
278—308 K) divergence, because even for the H,O—Kr system

Table 1. Solubility of krypton in methanol (B4; rp) at
101325 Pa

T/K BA],LH/Cm3 Al dm*3 LH
14 116 Our data

278.15 615.3 620.7 622.7
288.15 574.0 577.8 579.4
298.15 534.0 542.1 540.2
308.15 494.7 503.4 505.0
318.15 454.0 470.5 473.9
4See Ref. 17.

bSee Ref. 18.

Table 2. Solubility of krypton (cgy o1) in mixtures of methanol
and carbamide H/D isotopomers at 101325 Pa and at different
temperatures (278.15—318.15 K)*

Solvent Csm,Al Csm,Al ° 103
278.15 288.15 298.15 308.15 318.15
Ly—A2y 0 61.44 57.84 5457 51.65 49.06
0.05 61.34 57.73 5445 51.53 4893
0.1 61.24 57.62 5433 5140 48.80
0.2 61.05 57.41 5411 51.16 48.54
0.5 60.52 56.83 53.47 50.47 47.82
1.0 59.79  56.00 52.56 49.48 46.76
1.5 59.25 55.35 51.81 48.65 45.87
Lipi—A2y 0 6147 5772 5431 5124  48.50
0.05 61.37 57.61 5419 51.12 48.37
0.1 61.27 57.51 5408 51.00 48.24
0.2 61.09 57.31 53.86 50.76 47.99
0.5 60.58 56.74 5324 50.10 47.29
1.0 59.87 5593 5235 49.12  46.26
1.5 59.34 5530 51.62 48.32 45.39
Lp—A2p 0 62.95 59.13 55.65 5250 49.70
0.05 62.84 59.01 5552 52.36 49.56
0.1 62.74 58.89 55.39 5223 49.42
0.2 62.53 58.67 55.15 5197 49.14
0.5 61.96 58.04 5446 51.23 48.36
1.0 61.17 57.13 5345 50.14 47.19
1.5 60.57 56.41 52.63 49.23 46.21

* If it is required to express the gas solubility and/or carbam-
ide concentration in the scale of mole fractions, the relation
XA = Csm A/(55.50843 + ¢y ) should be used.

studied in detail, the scatter of the available!9-20 data on the
limiting concentration of the second component exceeds 0.5%.

The results of measurements of krypton solubility in solu-
tions of carbamide in methanol H/D isotopomers (Table 2)
were expressed as solvomolality coefficients ¢y o1, Which were
determined by the equation!®

Csmal = [Ba1(55.50843 M + o aaMa)l/(V*A1PA2,L)- (2)

Here M| and M,, are the molar weights of methanol (L,
Lip3 or Lp;) and carbamide (A2 or A2p), respectively, V*4
(22388 cm? mol~1)21 is the real molar volume of krypton at the
SC, paa,L is the density of a solution of A2 in solvent L. The
data on the density of the studied solutions* are presented in
Table 3 as coefficients of the regression equation

PA2L — P*L(=ag) = ajcsmar T ax(csm a2)% (3)

where p*| is the density of pure methanol or its D isotopomer.

The solvomolality values were chosen for expressing the
krypton solubility because they represent a convenient scale for
the calculation of thermodynamic functions of dissolution
(solvation) of a gas.10:13 The thermodynamic parameters
(Table 4) were calculated using?? a physically justified math-
ematical model that described adequately the dependence of
the solubility of the Al substance, which does not chemically
react with the medium

Rlncsm,Al = b() + blul + b2u2. (4)

Here uy = (T — 0)/T, uy = T/6 + In(7/6) — 1, where 6 is a
temperature chosen arbitrarily within the range of measure-
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Table 3. Coefficients of Eq. (3)*

System /K ag- 103 ap- 104 —a,-10*
g cm™3
Ly—A2y 278.15  805.16 136.85(0.30)  4.12(0.23)
288.15  795.79 137.98(0.17)  4.49(0.13)
298.15  786.36 138.69(0.28)  4.50(0.21)
308.15  776.88 140.00(0.15)  4.91(0.12)
318.15  767.35 140.56(0.30)  4.68(0.23)
Lip3—A2y 278.15  885.10 123.79(0.20)  4.35(0.15)
288.15  874.67 125.36(0.23)  4.79(0.18)
298.15  864.20 126.95(0.23)  5.09(0.17)
308.15  853.68 127.95(0.19)  5.04(0.15)
318.15  843.11 129.50(0.29)  5.29(0.22)
Lp—A2p 278.15  828.93 150.05(0.26)  4.52(0.20)
288.15  819.21 151.04(0.23)  4.66(0.18)
298.15  809.46 151.87(0.24)  4.68(0.18)
308.15  799.67 152.72(0.18)  4.85(0.14)
318.15  789.83 153.64(0.21)  4.97(0.16)

* The standard deviations are indicated in parentheses.

ments. The b; coefficients are not interdependent and, in
physical meaning, they correspond to the standard molar
thermodynamic functions of gas dissolution at the tempera-
ture 0: by = —Ay1Ga1?(0)/6, by = A Ha1=(8)/6, by + by =
AsolSAlg(e)’ bz = Asolcp,Alm' The ASOIY(EH,CP)AIDO values were
referred to infinite dilution according to the standardization
conditions.

Table 4. Thermodynamic characteristics of krypton solvation
in mixtures of methanol and carbamide H/D isotopomers at
csm,a2 = 0 and 1.5 (the numbers in parentheses)

Solvent /K AsolvGAl® ¢ —AsoryHa1” _TAsoleAl®
kJ mol™!

Ly—A2y 278.15 6.45 4.0410.07 10.49+0.07
(6.54) (4.54+0.09) (11.08%0.09)

298.15 b 7.21 4.1510.02 11.36%0.02

(7.34) (4.7320.03) (12.07£0.03)

318.15 7.97 4.27%+0.08 12.2410.08

(8.15)  (4.91£0.10) (13.06%0.10)

Lip3—A2y 278.15 6.45 4.18%0.06 10.63£0.06
(6.53) (4.68+£0.08)  (11.21£0.08)

298.15 ¢ 7.22 4.3740.02 11.57£0.02

(7.35)  (4.95x0.03) (12.30%0.03)

318.15 8.00 4.57£0.06 12.56+0.06

(8.18)  (5.22+0.09)  (13.40=%0.09)

Lp—A2p  278.15 6.40 4.1510.07 10.55+0.07
(6.48) (4.71£0.07)  (11.19£0.07)

298.15 4 7.16 4.36+0.02 11.52+0.02

(7.30)  (5.00%0.02) (12.30%0.03)

318.15 7.94 4.57+0.08 12.51+0.08

(8.13)  (5.29+0.08)  (13.42%0.08)

4The AgyGa1? values were calculated with an error not
exceeding +7 J mol~!.

b_Asovap,Alm = 613 (9i4) J m0171 Kil.

€ —AsonCpal” = 10£3 (14£4) J mol~! K71,

4 —Agovep a1” = 11£3 (14£4) J mol~! K1

Results and Discussion

It can be seen from the data of Table 4 that the
magnitudes of negative (by sign) enthalpy and entropy
terms in the standard Gibbs energy of krypton solvation
increase with an increase in temperature and carbamide
concentration (L—A2). This tendency is more pro-
nounced for the D isotopomers. The values of transfer
functions (thermodynamic characteristics of the isotope
effects of solvation), AjAg Y(EH,89)0(Ly = Lp) =
A1 Ya1(Lp) — Ao Ya1(Ly), virtually do not depend to
within the error of calculations on what particular pro-
tium atom in the alcohol molecule has been replaced by
deuterium, i.e., the negative (Acgm o1(Ly = Lip3)) and
positive (Aycqm a1(Ly — Lpy)) isotope effects in the gas
solubility (see Table 2) are actually matched by the same
AtrAsoleAlg(LH - LD) and AtrAsolv}]Alm(LH - LD)
values (see Table 4).

According to the data obtained previously,23:24 deu-
terium substitution in the methanol molecule decreases
its size and its vibration energy. In the case of the
Ly — Lp; substitution, this results in the formation of
more extensive deuterium bonds and, as a consequence,
in an increase in the free (or so-called "excluded")
volume in the alcohol structure. Conversely, the
Ly — L;p;3 substitution gives rise to a more compact
methanol structure despite the weakening of intermo-
lecular H bonds.24 However, this apparent contradic-
tion can be understood by taking into account the
increase in the energy of nonspecific interaction
ApEgp(Ly = Lip3) = 0.1 kJ mol~!, found in our
previous publication.25

These volume effects generally correspond to the
observed (see Table 2) pattern of distribution of the
Acsmal(Ly — Lp) values; this suggests the predomi-
nant role of the configurational (geometrical) changes in
the solvation shell of the Al molecule caused by the
replacement of protium by deuterium. The absence of
the Aycgm a1(Ly — Lips3) isotope effect at 278 K (see
Table 2) is due most likely to the fact that the loss of
some free space (configurational changes) in the struc-
tural matrix of the solvent is counterbalanced by the
"vibrational" enhancement of the alcohol—gas interac-
tion. According to published data,26 this is predeter-
mined by the possibility of orientation (from the stand-
point of energy preferentiality) of the hydroxyl oxygen
atom toward Al. At higher temperatures, the isotope
difference between the zero-point vibration energies of
the Ly and L,p3; methanol molecules decreases faster
than the difference between the energies of hydrogen
bonds.23:26 This brings about an increasing (in magni-
tude) negative isotope effect in the krypton solubility
(see Table 2).

An increase in the carbamide content in the metha-
nol solution, like an increase in temperature, results in a
lower solubility of the gas. This effect is more pro-
nounced in the more structured Lp;—A2p system (see
Table 2).
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According to the results of a study4 of the excess bulk
properties of the Lyp)y—A2y(p) system, the decrease in
the ¢y o1 and Ayegy o Values (Ly—A2y — Lp; + A2p)
may be due to the formation of structures (solvation
complexes), more compact than those in the alcohol
bulk, involving the solute A2yp) and solvent Ly,
molecules. The increase in the negative (by sign) en-
tropy and enthalpy effects of gas solvation and the
isotope effects corresponding to these characteristics
(see Table 4) give grounds to believe that the formation
of these solvation complexes enhances the alcohol—gas
interaction, which shows itself to a larger extent in
deuteriomethanols.

Unlike the Lp;—Al—A2p system, in the
L;p3—Al—A2y solution, an increase in the carbamide
solution counteracts the decrease in the gas solubility
upon a rise of the temperature. This is related not only
to intensification of the universal (dispersion) interac-
tions between the nonpolar groups of the alcohol and
the solute atoms but also to weakening of the specific
contacts both in the solvent bulk and in the newly
formed carbamide—methanol solvation complexes.

Attention is drawn by the difference between
the values of the A Ay Y(EH?, 59 (Ly—A2y —
Lp; + A2p) transfer functions for neat methanol and a
solution with ¢y A2 = 1.5, which is beyond the error of
calculations (at least, at 298 K) (see Table 4). In the
case of the (Ly + A2y — Lip3 + A2p) substitution, the
AAorSa1? and ApAgo Ha™ values remain invariable
over the whole range of concentrations and temperatures.

In our opinion and in the opinion of other research-
ers,! a possible reason for the increase (in magnitude) of
the negative isotope effects in the thermodynamic char-
acteristics of gas solvation following the addition of the
A2p substance to the Lp;—Al solution is the ability of
the H atoms of the methanol hydroxy groups to form
hydrogen bonds with the amino groups of the carbamide
molecules due to the lone electron pairs of nitrogen.
Another cause for this effect is the possibility of forma-
tion of weak C...O bonds between the carbonyl O atoms
of dissolved carbamide and the methyl groups of the
alcohol.

Useful information on the interparticle interactions
between the components of the ternary system formed
can be derived from analysis of the concentration curves
for the standard values of the Setchenov parameter K2,
which characterizes the change in the solubility of one
component under the influence of the other one. The
procedure of estimation of the Kg? value has been
described in detail previously.27-28 It has been reported?’
that the change in the Gibbs energy upon the transfer
of one mole of Al from a standard solution in
neat solvent L into a standard solution* with re-

* The term standard solution is used to mean a hypothetical
solution of unit concentration with properties of an infinitely
dilute (ideal) solution.29

Table 5. Standard values of the Setchenov coefficients (Kg2)
for krypton solubility in the methanol—carbamide system at
various temperatures (278.15—318.15 K)

Solvent —Ks@-103
278.15 288.15  298.15 308.15 318.15
Ly—A2y  33.21£0.3 38.3+0.3 43.7£0.5 49.1+0.5 54.4%0.3

Lip;—A2y 32.14£0.4 37.240.5 42.7+0.4 48.2+0.6 53.7+0.5
Lp—A2p 34.740.4 40.3+0.5 46.4+0.5 52.1+0.4 58.0+0.7

spect to the Al state (L—A2) at low ¢y, oo Vvalues is
expressed as

A[rGAIQ(L 4 L—A2) = _RTbl(EKSQ)csm,Ab (5)
where b is a coefficient of the regression equation

Incgm a1 — Inc*sm a1 = bi1csm a2 + b2(Cem A2), (6)

in which c¢*iy, ;1 is the gas solubility in the neat solvent
L =Ly, Lp1, Lip3).

It follows from analysis of the K2 values (Table 5)
that the effect of "salting-out" (ejection) of gas Al from
the solution under the influence of solute A2 becomes
more pronounced with an increase in temperature and
after the Ly(A2y) — Lp(A2p) deuterium substitution.

However, taking into account conclusions from the
McMillan—Maier theory as applied to the standard state
of the system considered, the AG,,? value can be ex-
pressed using the equation?’

AGA2(L - L—A2) = 2cyn a28a1a- 7

Here goja» has the meaning of a coefficient or param-
eter of the standard Gibbs energy of solvation that
represents the interaction between the particles of the
solutes.

If the concentration curve of the solubility (see
Table 2) is approximated by a type (6) model, Egs. (5)
and (7) can be converted into the relation

gaia2 = —RTby/2. (8)

The enthalpy (/5147) and entropy (sajap) coeffi-
cients are calculated using known thermodynamic rela-
tions based on approximation of the dependence of
ga1a2 on T by the empirical equation

2
gA1A2 Z e; (T — 298.15),. )
j=0

The yaiap coefficients (y = g, h, s) (Fig. 1, Table 6)
represent the contributions to the corresponding ther-
modynamic functions Y (G, H, S), which are related to
the decrease in the distance between the solvated Al and
A2 molecules from an infinitely large to some critical
value. Correspondingly, the yaja, values (y = g, A, s)
take into account new sources of nonideal character of
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Fig. 1. Temperature dependences of the gajay coefficients for
solutions of carbamide isotopomers in Lp; (1), Ly (2),
and L1D3 (3)

the ternary system, which arise due to the weakening of
the L—A1l and L—A2 interactions under the influence of
the newly formed A1—A2 contact.

When considering the obtained results from this
standpoint, one can state that the ga;a, values positive
over the whole temperature range studied (see Fig. 1)
point to repulsion between the solvated Kr atoms and
carbamide isotopomer molecules. This entails thermo-
dynamic hindrance to the transfer of gas Al from metha-
nol L (Ly, Lpi, Lip3) to the solution (L—A2yp,). As
the temperature rises, the gajap values increase. The
replacement of Ly—A2y by Lp—A2p also results in an
increase in gajaz, i-e., the decrease in the solubility of
Al in alcohol Lp; induced by the addition of A2 is
enhanced. Thus, structural transformations are more
pronounced in the L—A2 solvent associated through D
bonds. The negative entropy coefficients sy 2, (Table 6)
imply that these transformations are related to an in-
crease in the ordering of the system.

The relationship between the entropy parameters of
the Al1—A2 interaction sAlAZ(LDl) < SA1A2(LH) =
saiaz2(Lips) (see Table 6) confirms the conclusion that
the stabilizing action of the gas is manifested to a larger
extent in the more structured (i.e., having a greater

Table 6. Entropy and enthalpy coefficients yaja2 (£Aya142 = 20)
at 298.15 K

System TSAIA2 haia2
/J mol~! K1 /J mol™~!
Kr—AZH(D) Ar—A2H30 Kr—A2H(D) Ar—A2H30
Ly—A1—A2y 0.84%0.03 0.81%+0.07 195+7 175£20
Lips—Al—A2; 0.8540.03  — 20047 —
Lpi—Al—A2p 0.9240.03  — 21547

electron-acceptor capacity of molecules) Lp;—A2p sol-
vent. This is also consistent with the conclusion con-
cerning the possibility of specific contacts between mol-
ecules L and the electron-donating centers of not only
carbonyl groups but also the amino groups of A2. Thus it
can be concluded that in the formation of the carbam-
ide—methanol solvation complex, the key role is played
by the O...0 and N...O—H(D) intermolecular bonds.
The contribution of universal (dispersion) interactions
and the C...O bonds is less significant.

A similar conclusion can be drawn by comparing the
K@ = f(T) dependences for solutions of Ar and Kr in
Ly—A2y (Fig. 2). It can be seen that the decrease in the
molecular polarizability oy ; upon the Kr — Ar re-
placement induces a more substantial decrease (by ~30%)
in gas solubility (or an increase in gajap) under the
action of solvated A2y; molecules. This reflects a specific
feature of krypton solutions that shows itself as the
capability of its atoms of being involved in dispersion
interactions with carbamide molecules.

The data of Table 6 show that the s, o, parameters
are approximately equal both for Ar or Kr in the Lyj—A2y
system and for Kr solutions upon the Ly — Lps
substitution, which is also associated with the decrease
in the molecular polarizability. However, unlike the
former case (see Fig. 1), gaiaa(Lln) = ga1a2(Lip3) (see
Table 5), due to weakening of the specific interactions
caused by a decrease in the proton-donating capacity of
the Lip3—A2y solvent.

In conclusion, we would like to note once again that
the isotope substitution method can be used advanta-
geously for the study of fine structural and solvation
effects in solutions. In particular, the results obtained in
this study convincingly demonstrate the incorrectness of

—0.045
—0.050
—0.055
—0.060

—0.065

280 290 300 310 320 T/K

Fig. 2. Temperature dependences of the Setchenov parameters
(Kg@) for the solubility of krypton (/) and argon3® (2) in
Ly—A2y mixtures.
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the opinion, frequently encountered in the literature, of
the possibility of drawing analogies between water and
methanol and clearly identify the structural features of
methanol (as a solvent) and the solvation complexes it
forms with carbamide.

10.

11.

12.

13.

14.
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