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In recent papers it was shown that the solubility of nitrogen !, chlorine 2,
hydrogen, oxygen and carbon monoxide 3, carbon dioxide 4, helium, argon,
methane and ethane ® in non-polar solvents can be predicted with fair accuracy
from the equation
_ Vo . Vo
—log %, = —log «y + log + 0.4343(1— ) + 3303 BT (6,—0g)* (1)

In this equation, , denotes the solubility in mole fraction, zy’ the “ideal”

solubility, 7, the partial molal volume of the dissolved gas, V, the molal volume
of the solvent, d, and d, solubility parameters of solvent and gas, respectively,
R the gas constant and 7' absolute temperature. With regard to the derivation
of equation (1) reference should be made to Hildebrand and Scott 6.

Equation (1) is derived on the assumption that the molecules are non-polar
and that chemical reactions are absent. If a non-polar gas is dissolved in a
polar solvent, we will expect a higher value for the solubility than is calculated
from equation (1). A preliminary examination 3 for hydrogen, oxygen and
carbon monoxide confirmed this expectation and showed that the difference
between experimental values and values calculated from equation (1) was
related to the dielectric constant () for the solvent. It is the aim of the present
paper to provide a more detailed knowledge of the influence of the polarity
of the solvent. For this purpose we have chosen twelve solvents from weakly
polar (e.g. toluene with & = 2.87) to strongly polar (e.g. nitrobenzene with
e = 34.9) excluding, however, strongly associated solvents, e.g. alcohols and
water. In the last section, it is shown that among the chosen solvents only
acetone is somewhat associated . The other solvents (toluene, chloroform,
1,2-dibromoethane, chlorobenzene, n-propyl acetate, aniline, methyl acetate,
pyridine, benzyl cyanide, propionitrile and nitrobenzene) are considered to be
either non-associated or very little associated.
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SOLUBILITY OF GASES 1399

APPARATUS, MATERIALS AND PROCEDURE

Solubility determinations in the solvents mentioned above have been carried out for
the two gases carbon dioxide and carbon monoxide only. The solubility of oxygen and
nitrogen was taken from the literature (cf. Table 4). The majority of the solubility measure-
ments were carried out in the same apparatus and using the same procedure as described
in a previous paper ®. The solubility of carbon dioxide in chlorobenzene was also deter-
mined by titration of the saturated solution, and in the solvents benzyl cyanide and nitro-
benzene titration only was used. The procedure was the following: a glass cylinder with
the solvent was placed in a water thermostat at 25° C. Carbon dioxide from a cylinder
(99.61 9, CO,) was bubbled through until saturation. A portion of the saturated solution
(corresponding to about 8 ml 0.2 M sodium hydroxide) was drawn off by means of a bended
glass tube into a 50 ml measuring glass filled with nitrogen and containing 20.00 ml of
0.2 M sodium hydroxide. The amount of saturated solution was determined by weighing.
The measuring glass was shaken violently, and the contents were quantitatively trans-
ferred to a 500 ml flask filled with nitrogen. After heating to about 80° C, 10.00 ml of
0.2 M hydrochloric acid was added and then about a ten percent’ excess of barium chloride
solution. After cooling to room temperature, the solution was titrated with 0.2 M hydro-
chloric acid in a nitrogen atmosphere. The results were corrected for blank values, which
were less than ten percent.

The carbon dioxide used in the volumetric determinations was prepared by adding
concentrated sulphuric acid to potassium bicarbonate (analytical reagent, Judex).
After being passed through concentrated sulphuric acid, the carbon dioxide was collected
in an all-glass gasometer with mercury as closing liquid. The apparatus is described
in a previous paper ?. The gasometer was filled and emptied until sampling showed that
the gas was pure. The analyses were carried out in a gas analysis apparatus as devised
by Christiansen and Wulff 8. The carbon dioxide employed contained between 99.8 and
99.9 9% CO,. The solubility determinations were corrected for the small amount of atmos-
pheric air, cf. the previous paper 4.

Carbon monoxide was prepared by adding concentrated sulphuric acid to formic acid
(analytical reagent, Merck). The carbon monoxide was led through one glass spiral washing
bottle containing 40 %, sodium hydroxide and another containing concentrated sulphuric
acid and was then collected in the mercury gasometer. The gas employed contained
between 99.6 and 99.9 9% CO. In this case it was superfluous to correct the solubility
experiments since carbon monoxide and atmospheric air have nearly the same solubility
in the solvents. '

The following solvents were purified by fractionated distillation in a wire-gauze column
as devised by Klit *. The fractions employed showed the following boiling points (760 mm)
and index of refraction: toluene (analytical reagent, Riedel-de Haén) bp. 110.75°—110.80°,
np(25.1°) 1.4936—1.4938, chloroform (analytical reagent, Merck) bp. 61.15°—61 16°,
np(20°) 1.4460—1.4461, chlorobenzene bp. 131.95°—131.98°, np (20°) 1.3840—1.3841,
normal propyl acetate (Judex chemicals) bp. 101.66°—101.70°, np (20°) 1.3846, methyl
acetate bp. 56.72°—56.85°, np (20°) 1.3618, pyridine bp. 115.51°—115.55°, np (20°) 1.5100
—1.5101, acetone (analytical reagent, Merck) bp. 56.12°— 56.14°, np (20°) 1.3588 —1.3589
and propionitrile (Rubber Industries and Sherman Chemicals) bp. 97.31°—97.35°, np (20°)
1.3664—1.3665.

Benzyl cyanide and aniline (puriss Merck) was purified by fractional distillation in
vacuum. The fractions used had the following constants: benzyl cyanide bp. 233.49°
—233.55°, np (20°) 1.5233 and aniline bp. 184.32°—184.34°, np (20°) 1.5864. Nitrobenzene
was first purified by fractional freezing and then by fractional distillation in vacuum;
the fractions employed showed bp. 211.94°—211.95°, np (25°) 1.55624-—1.5527 and the
melting point 5.75° C.

1,2-debromoethane (Merck) was purified by fractional freezing. The samples employed
showed mp. 9.5°—9.8° C, np (20°) 1.5390 and the density 2.179 at 20.6° C.

Pertinent data for vapour pressures and densities used in the calculations of the
solubility experiments were taken from international Critical Tables.
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1400 GJALDBXEK AND KROGH ANDERSEN

Table 1. Solubility of carbon dioxide and carbon monoxide. Experimental values expressed
in Bunsen absorption coefficient (a) at 25.0°C.

Solvent Carbon dioxide Carbon monoxide
Toluene 2.22 0.172
2.20 0.170
Chloroform 3.59
3.58
1,2-Dibromoethane 2.00 0.0771
2.00 0.0785
2.16, .
2.17
Chlorobenzene 2.18
2.14 **
2.16 **
n-Propyl acetate 4.84 0.226
4.80 0.228
1.22 0.0465
Aniline 1.18 0.0462) ,
0.0465
6.47
Methyl acetate 6.39
6.42
Pyridine 3.38 0.107
3.34 0.107
2.07 ** 0.0692) ,
Benzyl cyanide 2.03 ** 0.0687
0.0698) ,
0.0698
6.48
6.45
Acetone 6.43
6.34
6.49
Propionitrile 5.39 0.199
5.38 0.199
2.23 ** 0.0819) ,
2.17 ** 0.0823
Nitrobenzene 0.0808) ,
0.0805
0.0814) ,
0.0808

* indicates that the equilibrium has been established at different pressures.

** results obtained by titration.
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SOLUBILITY OF GASES 1401

EXPERIMENTAL RESULTS

The results of the solubility determinations for carbon dioxide and carbon
monoxide are given in Table 1.

In the calculations of the experimental values for the solubility of carbon

- dioxide in acetone and methyl acetate, it was necessary to introduce a correc-
tion for dissolved gas in the minor amount of solvent which was placed in the
gas burette.

It appears from Table 2, which includes solubilities found by other investig-
ators, that the results for carbon dioxide in 1,2-dibromoethane, aniline, pyridine
and nitrobenzene are a confirmation of results obtained by Just® and
Kunerth . Our results in toluene, chlorobenzene, methyl acetate, acetone
and chloroform were, respectively, about 5, 5, 8, 12 and 15 9, higher than
the values given by Just.

Our results for the solubility of carbon monozide in aniline and nitrobenzene
are about 5 9, lower than stated by Just.

The degassing of benzyl cyanide and nitrobenzene was done very carefully
since these two solvents have very high boiling points, 234° C and 211° C, res-
pectively. In some experiments the degassing was carried out by evacuation
with repeated freezing and melting the solvents; it turned out that experiments
in which we did not freeze the solvent resulted in the same experimental value
for the solubility.

The solubilities are recalculated into mole fraction in Tables 3 and 4.

CORRELATION WITH THEORY

Hildebrand and Scott 8198 have developed the following expression for the
heat of mixing, AHM, for one mole mixture of two polar components

AHY = (2,V, + 2,Vy) [(6;—05)* + (w—ws)?] P1Py (2)

@, and 9, is the volume fraction of solvent and solute, respectively. In

equation (2) the ¢’s no longer have their usual meaning as the square roots of the
cohesive energy densities, but must be calculated from

Table 2. Solubility of carbon dioxide and carbon monoxide expressed in Bunsen absorption
coefficient at 25° C. Comparison with older measurements.

Carbon dioxide Carbon monoxide
Solvent Present Present
Just 1° [Kunerth!!|investi-| Just 1° |Skirrow 12| Horiuti 13| investi-
gation gation
Toluene 2.11 2.21 | 0.166 0.167 0.171
Chloroform 3.14 3.15 3.58 | 0.179 0.189
1,2-Dibromoethane 1.98 1.96 2.00
Chlorobenzene 2.08 2.17
Aniline 1.21 1.19 1.20 | 0.0491| 0.0486 0.0464
Methyl acetate 5.95 6.43
Pyridine 3.356 3.28 3.36
Acetone 5.77 5.85 6.44 | 0.204 0.218 0.236
Nitrobenzene 2.25 2.20 | 0.0858| 0.0852 0.0813
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AR . 9
o= 2+ w (3)
Equation (3) expresses for each of the components the overall energy of
vaporization as a sum of the energy (6?) arising from the dispersion forces
and the energy (w?) arising from the dipole forces. The values of w? are calcul-
ated from equation (10) in the next section. Since we are concerned in this
paper with gases without permanent dipoles, equation (2) can be written

AHY = (2, V; + %,Vy) [(6;—0,)? + ;%] D,D, (4)

Using this equation and the approximations @, = 1, x, = ny/n, and
D, = x,V/ Vy, we find that the solubility can be calculated from equation (1)
by adding Vy0,2/2.303 RT. In a previous paper ¢ it was shown, that the
equation V

—log 2y = —log x + —— "5 3303

T (61_62)

accounts for the experiments somewhat better than equation (1). Consequ-
ently we may enquire whether the equation

. V V.
—log 7 = —log &'+ om0t gga pr et O

4 B

is able to account for the experiments. If we use 4, = &’’’ i.e. a solubility
parameter corrected for dipole attraction (cf. next section), we get the A-values
given in column 7 in Table 3. The difference (4'’’) between 4 and the negative
logarithm of the experimental value of the solubility is given in column 10.
According to equation (5) A4’"’ should be equal to B, which is given in the
last column of the table. For pyridine and benzyl cyanide we get B = 4’"’,
but there are considerable divergences for the other solvents. A corresponding
calculation for the solubility of carbon monoxide in the polar solvents gave
the same qualitative result. The explanation of the failure of equation (5)
may probably be found in the diverse assumptions made in its derivation.
The solubility in the “’basic’’ solvents aniline and pyridine will be d.lscussed
elow.

It will be shown in the following that it is possible to account empirically
for the measurements.

Values of 4 in equation (5) have been calculated (in Table 3) using
0, = ¢’ and 4, = 6", respectively. The differences between A-values and
experimental values of —log x, are given in column 8 and 9. On the whole
these differences (4’ and A4”) increase in going from the less polar to the
more polar solvents. Fig. 1 showns the A”-values as a function of the dipole
moments (u) of the solvents. The u-values employed are given in Table 8
"The points for toluene, chloroform, chlorobenzene, propyl acetate, methyl
acetate, benzyl cyanide, propionitrile and nitrobenzene are grouped about a
straight line through the zeropoint in the coordinate system.
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Table 3. Solubility of carbon dioxide in polar solvents at 25° C. Comparison of experimental
Y and calculated values.

@ = 0.0230, V, = 47.7 ml, 8, = 5.1.

Exp. value A in eq. (5) B in
Solvent vV, of cale. with 4’ 47 47 eq. (5)
g 10* —logw,| ¢ ' [ 2dd
C,H,CH, 106.8| 105 1.98 | 2.14 2.20 2.20 | 0.16 0.22 0.22 0.00
CHCl, 80.7| 128 1.89 | 2.18 2.24 2.17| 0.29 0.35 0.28 0.13
1,2-C,H,Br, 86.6] 77.2 2.11 | 2.62 2.66 2.58 | 0.51 0.55 0.47 0.10
CH,Cl 102.2] 98.6 2.01 | 2.33 2.35 2.29 | 0.32 0.34 0.28 0.12
CH,COOC,H, 115.6| 245 1.61 | 2.02 2.09 2.03 | 0.41 0.48 0.42 0.14
C.HNH, 91.5| 49.1 2.31 | 2.94 3.09 2.98 |(0.63) (0.78) (0.67) 0.19
CH,COOCH, 79.9] 226 1.65 | 2.17 2.32 2.20 | 0.52 0.67 0.55 0.28
CsH;N 80.8] 121 1.92 | 2.60 2.74 2.46 |(0.68) (0.82) (0.54) 0.55
C.H,CH,CN 115.7| 105 1.98 | 2.80 2.96 2.62 | 0.82 0.98 0.64 0.65
CH,COCH, 74.0/ 211 1.68 | 2.25 2.36 1.83 | 0.57 0.68 0.15 1.33
C,H,CN 70.9{ 169 1.77 | 2.70 2.86 2.02 | 0.93 1.09 0.25 1.44
CeH;NO, 102.7) 101 2.00 | 2.90 3.09 2.35| 0.90 1.09 0.35 1.78

The values for aniline and pyridine are placed above the line showing
that the solubilities in these solvents are higher than those corresponding to
the dipole moments of the solvents. This higher solubility can be caused by
chemical forces between carbon dioxide and the “’basic’ solvents. This effect
is not found for carbon monoxide, and not for nitrogen and oxygen in pyridine.

Ditte 15 has shown the formation of a crystalline compound by dissolving
carbon dioxide in dry aniline at about 10° C and a pressure of about 50 atm.
On the other hand, if carbon dioxide at atmospheric pressure is led into dry
aniline at room temperature no carbamate is formed (Faurholt and Ballund
Jensen ¢); if some of the saturated solution is added to sodium hydroxide
golution, all the carbon dioxide is instantaneously precipitated as carbonate
on addition of an excess of barium chloride solution.

The point (10) for acetone is placed below the line in accordance with the
agsumption that acetone is somewhat associated (c¢f. the last section). If we
use the molecular weight 75 for acetone — corresponding to a content of about
30 9%, double molecules — we get the point 10 4. This assumption, which
influences only the value of z,, is also able to account for the solubility of carbon
monoxide, oxygen and nitrogen in acetone.

A comparison between the experimental and calculated values for the
solubilities of oxygen, carbon monoxide and nitrogen is given in Table 4. The
calculation is carried out using equation (1) with 8, = 4”. The differences,
4", between calculated and experimental values of —log x, are (Fig. 1) plotted
against the dipole moments of the solvents, and we again find an approximate
proportionality. The slope of the lines is greatest for carbon dioxide, almost
equal for nitrogen and carbon monoxide and smallest for oxygen. This result
is possibly related to the electronic polarization, which for carbon dioxide is
6.6, carbon monoxide 4.9, nitrogen 4.4 and oxygen 4.0 ml, ¢f. Landolt Born-
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tted againsi the dipole moments of the solvents. 1. toluene,

benzene, 5. n-propyl acetate, 6. aniline, 7. methyl

acetate, 8. pyridine, 9. benzyl cyanide, 10. acetone, 11. propionitrile and 12. nitrobenzene.
10 A assuming a mean molecular weight of acetone equal 75.

Table 4. Solubility of carbon monoxide, nitrogen and oxygen in

solvents at 25° C.

Comparison of experimental and calculated values.
z; V. ml 6.
oxygen 17.6 10~ 46 5.7
carbon monoxide 15.6 10-¢ 52 5.8
nitrogen 16.0 10-¢ 53 5.2
Oxygen Carbon monoxide Nitrogen
Solvent, —log z, —log =z, —log =,
exp. eq.(1) 4 exp. eq.(1) 4* exp. eq.(1) 47
C,H,CH, 3.09 3.14 0.05
CHCl, 3.179 3.23 0.06
1,2-C,H,Br, 3.52 3.61 0.09
CoH,Cl 3.104) 3.16 0.06 | 3.209) 3.28 0.08 | 3.36a) 3.47 0.11
CH,COOC,H, 2.93 3.02 .0.09
C,H,NH, 3.72 4.01 0.29
CH,;COOCH, 3.05%) 3.19 0.14 | 3.072) 3.30 0.23 | 3.23a) 3.49 0.26
C,H,N 3.34b) 3.54 0.20 | 3.41 3.69 0.28 | 3.60b) 3.94 0.34
CH,CH,CN 3.44 3.83 0.39
CH,COCH, 2.9523 3.24 0.29 2.99‘.‘; 3.36 0.37 3.15‘:} 3.55 0.40
C,H,CN 3.20 " 3.82 0.62
CH,NO, 3.43 3.99 0.56

a) Horiuti 13, b) Guerry 4, ¢) Skirrow 12,

* assuming that acetone has the mean molecular weight 75.
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stein 17, It should be noted that the solubility of carbon dioxide in 1,2-dibromo-
ethane is found to be unexpectedly high, and that the four gases have shown
smaller solubilities in chlorobenzene than is expected from Fig. 1.

CALCULATION OF THE SOLUBILITY PARAMETERS OF THE SOLVENTS

The solubility parameters in question, calculated in different ways, have
been summarized in Table 5. ¢’ and 4" is calculated from

5 1/ TH=RT 6

where AH is the heat of vaporization at 25° C, R the gas constant, T' = 298.1° C
and V the molal volume of the solvent at 25° C. In the calculation of 8’ is used
AH-values from

AH?8 — —2950 + 23.7 T, + 0.020 T2 (7)

where T, is the boiling pdint of the solvent, cf. Hildebrand and Scott®r427,

In the calculation of 6", AH-values from the last column in Table 7 are used;

these values will be discussed below. It is seen that for each solvent, 4’ is
less than 6". ¢’’’ is finally calculated from

2z . Z._-H—'(D 2—.RT

g =) Aok (8)

where ,? is the dipole contribution to the energy of vaporization. In this
equation we again have used AH-values from the last column in Table 7.
In the calculation of w,? (cal/mole) the following equations given by Bottcher 18
are used:

475sz e—1 n} +2

2 4
SM 2&+ny 3

Wy

42-2.39.10- (9)

(e—1)(e—n})

nd +2)

where d is density, M molecular weight, N' Avogadros number, ¢ dielectric
constant, np refraction index and yx dipole moment for the solvent. For the
values for e and u used, see Table 8. For non-associated solvents these two
equations give nearly the same value for w,2. The results are given in Table 5,
where it is seen that equation (9) gives slightly higher or lower values than
equation (10). This can be considered as a criterion that the polar liquids
in question — with the exception of acetone — are not considerably associated;
for associated liquids, equation (9) results in distinctly lower values than equa-
tion (10). For acetone we thus calculate w,2 about 22 9, less from equation (9)
than from (10). Since the two sets of values for w,? give nearly the same result
for 6’"" we have only given &’’’ calculated by means of equation (10) in Table 5.

o= BT (10)
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" Table 5. Solubility parameters(8) at 25°C.

ml’ cal /ml 61 61; P 14
Solvent eq. (9)  eq. (10) oq. (6)® eq. (6)D)  eq. (8)
Toluene 0.13 0.11 8.9 9.1 9.1
Chloroform 3.4 3.7 9.05 9.25 9.0
1,2-Dibromoethane 2.7 2.9 10.4 10.5 10.3
Chlorobenzene 3.8 3.6 9.55 9.6 9.4
n-Propyl acetate 4.0 4.0 8.4 8.7 8.45
Aniline 5.4 5.3 11.2 11.55 11.3
Methyl acetate 8.6 7.9 9.0 9.5 9.1
Pyridine 17.1 15.6 10.35 10.7 9.95
Benzyl cyanide 21.0 18.5 10.85 11.25 9 10.49
Acetone 29.6 37.9 9.3 9.65 7.45
Propionitrile 54.9 50.8 10.6 11.0 9 8.44d)
Nitrobenzene 36.6 41.3 11.1 11.55 9.6

a) using AH from equation (7)

b) » » » last column in Table (7)

¢) calculated from the estimated value AH = 15.2 kcal/mole at 25°C.
d) » » » » » AH = 8.59 » » 26°C.

As described above, we need values of the heat of vaporization for the
solvents at 25°C. For toluene, chloroform and pyridine only calorimetric
values at 25°C are found in the literature (cf. Table 7) while for most of the
solvents values were given at the boiling point.

Several of the calorimetric values at the boiling points — summarized
in Table 6 — show considerable disagreement. To check these values, the
heat of vaporization is calculated from Clapeyrons formula, partly from
values of the pressure dependence of the boiling points (column 3), partly
from the temperature dependence of the vapour pressures (column 4). Devia-
tions from ideal gas behavior were calculated from Berthelot’s equation

9 PT, T2
P.V = RT [1 + i%Pc,_,,(l—s Tf)] , (11)

where P, and 7T, is critical pressure and temperature, respectively. These
corrections amounted to 2.7—3.7 %.
. The heat of vaporization were also calculated from Hildebrand’s empirical
equation 6427
AH? = 17.0 T + 0.009 T2 (12)

where T, is the boiling point in absolute temperature. This equation, which
is only valid for non-polar liquids, gives too low values for polar liquids. The
heats of vaporization for the liquids in question — with the exception of
nitrobenzene — are only between 2 and 10 9, higher than calculated from
equation (12). We thus see that the boiling points include to a high degree the
effect of the dipole attraction. No vapour pressure data for nitrobenzene allow-
ing a calculation of the heat of vaporization at the boiling point (210.8° C)
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was found in the literature. The calorimetric value, 7.94 kcal/mole, is consid-
ered to be much too low, since it is 2.4 keal lower than that calculated from
equation (12). The most satisfactory heats of vaporization are given in the
last column of the table. For benzyl cyanide we found no data allowing a
calculation of 4H at the boiling point. '
These heats of vaporization have been recalculated to 25° C (see Table 7)
by means of Kirchhoff’s law

Ty
AHDS — AHY + f AcydT (13)
298 !
Table 6. Heats of vaporization (AH ) at the boiling point, kcal/mole.
Cale. by us from
Solvent Calorimetric values " Y Chosen
3 dr*? vapour value
dp | pressures eq(12)
Toluene 7.70* 7.83* 7.99% 7.964 8.00 7.85 | 8.00
Chloroform 6.97% 7.02¢ 7.09¢ 7.087 7.01 6.69 | 7.01
1,2-Dibromoethane| 8.69¢ 8.23% 8.51¢ 8.65 8.35 | 8.69
Chlorobenzene 8.734 8.54¢ 8.46 | 8.5510 8.36 | 8.54
n-Propyl acetate 7.89' 8.20¢ 8.21 8.15° 8.4913| 8.20 7.63 | 8.20
Aniline 9.711210.20410.60'510.60¢ 10.43 |10.5417 9.66 | 10.4
Methyl acetate 6.96' 7.26¢ 7.18!2 7,281 7.36 | 7.291 6.59 | 7.28
Pyridine 8.49¢ 8.4818 8.93 | 8.4110 8.54% 7.97 | 8.48
Acetone 7.09¢ 7.27% 7.2722 7.12 | 7.09% 7.14% 6.57 | 7.14
Propionitrile 8.05 | 7.79% 7.84% 7.53 | 7.84
Nitrobenzene 7.9413 12.35 10.33 | 12.3
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23. Beckmann, E. und Faust, O. Z. physik. Chem. 89 (1914) 235.

24, Zmaczynski, A. J. chim. phys. 27 (1930) 503.

25. Dreisbach, R. R. and Shrader, S. A. Ing. Eng. Chem. 41 (1949) 2879.

26. Heim, G. Bull. soc. chim. Belges 42 (1933) 461 (cited from Timmermans 27).
27. Timmermans, J. Physico-Chemical Constanst of Pure Organic Compounds, Amsterdam 1950.
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where Ac, is the difference between the molal heat capacity of the liquid
and the vapour. Considering Ac, to be independent of the temperature as a
first approximation we get from equations (7), (12) and (13)

de, ~10 + 0,011 T, (14)

Even if equation (14) can give Ac, with an accuracy of 10—20 9%, only,
the error in the calculated value of AH at 25° C is estimated to be few percent.
The agreement with the heats of vaporization calculated from vapour pressures
(column 4) is satisfactory.

Heats of vaporization at 25°C have also been calculated from equation
(7) (see Table 7) , and in the last column of this table we have chosen such
values of the heat of vaporization, which we believe are most reliable. These
values — with the exception of the value for nitrobenzene — are estimated
to be reliable to within 2—3 9,. The calorimetric values for toluene and
pyridine are in accordance with the values in column 3 and 4, while the calori-
metric value for chloroform is estimated to be too high.

Table 7. Heats of vaporization (AH ) at 25° C, kcal/mole.

Calorimetric Calculated by us from Chosen}
Solvent values value
eq(13) vapour pressures eq(7)

Toluene 9.07* 9.21| 9.12¢ 9.09] 9.12
Chloroform 7.97 (20°)2 7.650| 7.405 7.48¢ 7.107 7.21| 7.48
1,2-Dibromoethane 10.30{10.15 9.92( 10.1
Chlorobenzene 10.08| 9.99¢ 9.93| 10.0
n-Propyl acetate 9.27| 9.33° 8.74| 9.33
Aniline 12.8 [12.7910 12,8411 12.08] 12.8
Methyl acetate 7.72| 7.811 7.05| 7.81
Pyridine 9.71 (20°) 9.76| 9.8413 9.28/ 9.84
Acetone 7.656| 7.5014 7,391 7,751 7.45% 7.02] 7.6
Nitrobenzene 15.1 |14.3%7 13.20| 14.3

Osborne, N. 8. and Ginnings, D. C. J. Research Natl. Bur. Standards 39 (1947) 453.
Swietoslawski, W. and Bartoszewicz, E. Bull. intern. acad. polon. sci. A 1931 336.
Hieber, W. and Woerner, A. Z. Elecktrochem. 40 (1934) 252.
Pitzer, K. 8. and Scott, D. W. J. Am. Chem. Soc. 65 (1943) 803.
Radulescu, D. and Alexa, M. Bul. Chim. Soc. Romane Chim. 20 A (1938) 89.
Zmaczynski, A. J. chim. phys. 27 (1930) 503.
Beckmann, E. and Liesche, O. Z. physik. Chem. 89 (1914) 235.
Young, 8., Sci. Proc. Roy. Dublin Soec. 12 (1910) 374.
. Young, S. Ibid. 12 (1910) 436.
10. Garrick, F. J. Trans. Faraday Soc. 23 (1927) 560 (extrapolated value).
11. Ramsay, W. and Young, S. J. Chem. Soc. 47 (1885) 42 (extrapolated value).
12. Young, S. and Thomas, G. L. J. Chem. Soc. 63 (1893) 451.
13. van der Meulen, P. A. and Mann, T. J. Am. Chem. Soc. 53 (1931) 451.
14. Felsing, W. A. and Durban, S. A. J. Am. Chem. Soc. 48 (1926) 2895.
15. Roland, M. Bull. soc. chim. Belges 37 (1928) 117.
16. Schmidt, G. C. Z. physik. Chem. 121 (1926) 221.
17. Kahlbaum, W. A. Z. physik. Chem. 26 (1898) 576 (extrapolated value).
7 and 17 are cited from Timmermans (cf. Table 6, Ref.%).
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Fig. 2. The dielectric constants (€ ) of polar liguids plotted against the dipole moments (p ).
1. toluene, 2. chloroform, 3. 1,2-dibromoethane, 4. chlorobenzene, 5. n-propyl acetate, 6. aniline,
7. methyl acetate, 8. pyridine, 9. benzyl cyanide, 10. acetone, 11. propionitrile, and

12. mitrobenzene.

The values of dielectric constants and dipole moments for the solvents used in this
work are given in Table 8 columns 2 and 5, respectively. To get reliable values for the
dielectric constants we plotted values given in the literature against the temperature;
the temperature coefficients are given in the table. de/d¢ as a whole increases with in-
creasing values of e&. The values of x in column 5 for eleven of the solvents were obtained
from measurements in benzene; the value for 1,2-dibromoethane originates from a measure-
ment in gas phase. Moreover we have reproduced the lowest and highest stated value of
p for each of the solvents, values which include measurements both in gas phase and in
non-polar solvents.

ON ASSOCIATION IN THE SOLVENTS

In this section we wish to estimate the extent of agsociation of the solvents.

Pauling ' has given the following criterion for association in liquids.
If the dielectric constants are plotted against the dipole moments, for non-
associated liquids the points lie close to a simple curve, while the points for
associated liquids lie above the curve. The points for the present solvents
are shown in Fig. 2 together with points for the associated solvents methanol,
ethanol and propanol. Since the point for acetone is placed distinctly over
the curve, this solvent is considered to be associated. We get a confirmation
of this estimate by regarding Yamamura’s % freezing point measurements for
mixtures of acetone and benzene. '

Yamamura’s measurements have been compared (Fig. 3) with the freezing
points for solutions of carbon tetrachloride, carbon disulphide, cyclohexane and
nitrobenzene in benzene (data from Int. Crit. Tables). The experimental freezing
point lowering is plotted against the mole percent of the solute. The curve
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Fig. 3. Freezing point depression of benzene solutions. Solutes: 1. carbon tetrachloride,
2. carbon disulphide, 3. cyclohexane and 4. nitrobenzene.

marked “ideal” is drawn using the cryoscopic constant for benzene (5.1°). It is
seen from equation (1) that the departure from ideality for molecules with molal
volumes not too different from that of benzene is given by

I_fz 2
2.303 RT (8,—0,)

Using solubility parameters from Hildebrand and Scott & appendix 1 e
calculate the following values of this term:

carbon tetrachloride 0.026
carbon disulphide 0.028
cyclohexane 0.080

These numbers are in accordance with the experimental fact that the
deviation from ideality is smallest for carbon tetrachloride and largest for
cyclohexane. Using 4, = 9.25, for acetone we get the value 0.011, s.e. the
ourve for acetone is expected to lie near the curve for carbon tetrachloride.
The much higher position cannot be explained from the polarity of acetone,
cf. the position of the curve for the more polar nitrobenzene. An explanation
would be to assume association in acetone. The curve for propanol dissolved
in- benzene is shown for comparison.

Finally some older criterions for association in liquids shall be mentioned.

Walden 2 has investigated the connection between the surface tension
(0) and internal pressure (K) for many liquids at their boiling point. The

Acta Chem. Scand. 8 (1954) No. 8
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internal pressure was calculated from the heat of vaporization. Both the values
of ¢ and K give information on the forces of attraction in the liquids. Walden
put forward the following empirical rules:

1) The ratio between the surface tension at the boiling point. and the
critical pressure (p;) for normal” liquids is nearly constant (o/p; ~ 0.45,
lying between 0.42 and 0.47) '

2) The ratio between the internal pressure at the boiling point and the
critical pressure for “normal” liquids is nearly constant (K/px ~ 34, lying
between 32 and 35).

For “associated” liquids he found o/p; less than 0.42 and K/p; greater than
35. Such ratios have been reproduced for several of the solvents in Table 8,
and using Walden’s rules, it is seen that only acetone behaves abnormally.
It should be emphazised that the departure from ideal behavior decreases
with increasing temperature and that Walden’s rules only give information
on possible association at the boiling point of the liquid.

Eo6twos 2 has given the following relation between surface tension, molal volume
(V) and temperature (z):
G-V = A—fp -t

Table 8. Some constants for the twelve polar solvents.

de Eo6twos | Values at the
Solvent e 25°C — p-limits 12 412 | constant |boiling point for
de ke | olpr  Kipk
Toluene 2.37*  0.005 0.34—0.39 0.39 2.2 0.44 33
Chloroform 4.77*  0.018 1.15—1.18 1.18 2.1 '
1,2-Dibromoethane 4.702 0.008 0.79—1.10 1.10 2.2
Chlorobenzene 5.61®* 0.016 1.55—1.70 1.57 2.2 0.45 34
n-Propyl acetate 5.6¢ (0.02) 1.78—1.96 1.78 2.3 0.472) 348)
Aniline 6.86°  0.023 1.48—1.75 1.51 2.1 0.45 34
Methyl acetate 6.68¢  0.030 1.74—1.78 1.78 2.2
Pyridine 12.27 0.029 2.10—-2.26 2.26 2.3
Benzyl cyanide 18.88 0.064 3.47—3.56 3.47 2.2
Acetone 20.9° 0.10 2.71—2.85. 2.76 1.9 0.39b) 41b)
Propionitrile 26.310 0.13 3.56—4.03 3.56 1.6 0.43
Nitrobenzene 34.91 0.18 3.93—4.30 3.93 2.2

Williams, J. W. and Krchma, I. J. J. Am. Chem. Soc. 48 (1927) 1888.

. Sayce, L. A. and Briscoe, H. V. A. J. Chem. Soc. 1926 2626.

. Williams, J. W. and Krchma, I. J. J. Am. Chem. Soc. 49 (1927) 1676.

Loéwe, K. F. Ann. Physik u. Chemie (NF) 66 (1898) 394 (extrapolated value).
Estermann, J. Z. physik. Chem. B 3 (1929) 422 (interpolated value).

. Williams, J. W. and Krchma, I. J. J. Am. Chem. Soc. 49 (1927) 2412.

. Dobrosserdow, Dm. Chem. Zentr. 82: 1 (1911) 955 (interpolated value).

. Grimm, F. W. and Patrick, W. A. J. Am. Chem. Soc. 45 (1923) 2799 (extrapolated value).
Ulich, H. and Nespital, W. Z. physik. Chem. B 16 (1932) 229.

10. Moore, F. J. and Johns, I. B. J. Am. Chem. Soc. 63 (1941) 3336 (extra.pola.ted value).
11. Ball, A. O., J. Chem. Soc. 1930 570.

12. Landolt- Bomstem, Zahlenwerte und Funktionen. Vol. I. 3.

13. International Critical Tables.

a) pr = 32.9 atm.

b) pr = 47 atm.

© oI Tk o
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where A is a constant depending on the liquid in question. ke (E6twoés’ constant) was
found to be about 2.12 for many liquids. Values of kg for the twelve solvents have been
summarized in Table 8. It is seen that ke for propyl acetate and pyridine is somewhat
higher than 2.12, while k£ for acetone and propionitrile is lower than 2.12. Later on it has
been proved that ke even for ‘normal’ liquids is not a constant, but depends on the mole-
cular weight of the liquid, c¢f. Glasstone . Among the twelve solvents just acetone and
propionitrile have the lowest molecular weights, and therefore we are not able to draw any
conclusion on association in these two solvents. Neither did an examination of the tem-

rature dependence of ke enlighten the question: values of ke in many temperature
intervals between 0° and 100° C were calculated for the twelve solvents. In no case was
an essential increase of kg with increasing temperature found (cf. Glasstone ). For ace-
tone, aniline and pyridine we found an increase of about 10 %, for propyl acetate a decre-
ase of about 16 9%, while there was no clear variation in ke for the other solvents.

SUMMARY

1. The solubility of carbon dioxide expressed as the Bunsen absorption
coefficient is determined at 25° C in the following solvents: toluene 2.21, chloro-
form 3.58, 1,2-dibromoethane 2.00, chlorobenzene 2.17, normal propyl acetate
4.82, aniline 1.20, methyl acetate 6.43, pyridine 3.36, benzyl cyanide 2.05,
acetone 6.44, propionitrile 5.39 and nitrobenzene 2.20.

For carbon monoxide the following solubilities were determined at 25° C:
toluene 0.171, 1,2-dibromoethane 0.778, normal propyl acetate 0.227, aniline
0.0464, pyridine 0.107, benzyl cyanide 0.0694, propionitrile 0.199 and nitro-
benzene 0.0813.

These solubilities are compared with previous measurements in Table 2.

2. If the solubility of carbon dioxide is calculated from

—_ i V2 2
—log z; = —log xy + 3303 BT (6,—90,)

we get values less than the experimental ones. The difference between the
calculated and experimental values of —log 2, is shown to be approximately
proportional to the dipole moment of the solvent, cf. Fig. 1.

The solubilities of ozygen, carbon monoxide and nitrogen are calculated from
equation (1), and the same dependence of the dipole moments of the solvents
was found to be valid (cf. Fig. 1). The different slopes of the lines in this figure
are held to depend on the electronic polarization of the gases.

3. A comparison between calorimetric values of the heat of vaporization
for the solvents and values calculated from the temperature dependence of
the vapour pressure is given in Table 6 and 7.

4. Different criteria for association in liquids are discussed. Acetone is
the only one among the twelve solvents which is assumed to be associated (cf.
Figs. 2 and 3). It is shown that the solubility of the four gases in acetone can
be explained by assuming a mean molecular weight of acetone equal to 75.

We wish, to express our gratitude towards the chief of the la,bora.tofy, Professor Carl

Faurholt for the unfailing interest he has shown our work. Also we wish to thank Det
teknisk-videnskabelige Forskningsrdd, Copenhagen, for financial support.
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