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I n t r o d u c t i o n

Early attempts to explain phenomena as
sociated with some solutions* such as electrical 
conductance, were handicaped "by the overemphasis 
of the Arrhenius theory as well as by a lack of 
data concerning non-aqueous solutions. However 
the Debye-HUckel theory of interionic attraction 
inspired such widespread study of many different 
solvents that today we have some understanding 
of the behavior of dilute aqueous solutions and 
of some extremely dilute non-aqueous solutions.1 *

Another theory which caused renewed act
ivity in such work was the Br^nsted theory of acids 
and bases. According*to this theory an acid may 
be defined as a substance which possesses an active 
proton and a base as a substance which is capable 
of accepting a proton. This theory led to the con
sideration of non-aqueous solutions in which the 
electrometric and conductrimetric methods of meas
uring acid strengths failed to yield results which

1. if.H.Getman and i. Daniels, Outlines of
Theoretical Chemistry, 2nd. edition, 381, (1937).
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would "be applicable, as was pointed out by Chester- 
man2 and Hall and Werner.3

A method which seems to he a particularly 
apt way of measuring aoid or base strength is one 
which depends on the Br^nsted concept of acids and 
bases or more accurately on the Lewis concept. In 
view of this definition, wherein a base is consid
ered as a substance containing an atom with an un
shared pair of electrons which can react with a 
proton, a measure of the tendency of a substance to 
accept a proton from a given acid would be a meas
ure of the basicity of that substance. In short 
the measure of the hydrogen bonding power of a 
solvent is a measure of its basic strength.

One very effective method of measuring the 
ability of hydrogen to form a bridge between the 
solvent and the solute is that of infrared spect
roscopy, as shown by Wulf and coworkers.4 In this

2. D.B.Chesterman, Journal of the Chemical 
Society, 906, (1955).

5. W.JP.Hall and T.H.Werner, Journal of the 
American Chemical Society, 50, 2567, (1928)• 4

4. G.Gilbert, O.E.Wulf, S.B.Hendrick, and 
U. Liddel, Ibid.58, 248, (1956).
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method it is assumed that the magnitude of the 
shift in the vibrational band of the acid is de
termined by the magnitude of the attraction of the 
base for the proton. The hydrogen bonding can 
therefore be detected by a perturbation of the vib
rational frequency of the proton as shown by a 
shift of the infrared absorption band to longer wave 
lengths. Using this method Gordy and Stanford^ 
have investigated the effect of over seventy liq
uids on the OD band of heavy methyl alcohol. Other 
publications by GordyS Gordy and Martin?,and Williams5 6 7 8 
have listed the effect of some organic liquids on 
hydrogen chloride vibrational band. The results 
obtained by these methods are in excellent agree
ment with those obtained from data on the solubility 
of the haloforms in many of the same solvents as

5. W. Gordy and 5. Stanford, The Journal 
of Chemical Physics, 8, 170-177, (1940).

6. W. Gordy, Ibid.. 9, 215, (1941).
7. W. Gordy and P.C.Martin, Ibid., 7, 99,

(1939).
8. W. Williams, Physical Beviews, 50, 

719-722, (1936).
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shown "by Zellhoefer and coworkers.9»10 The amount 
of perturbation brought about in the OD band sug
gests that abnormal solubility depends to a large 
extent on the ability of the solvent to donate 
electrons.

Another method of determining the basicity 
of such solvents was pointed out by Hodebush and 
Ewart,9 10 11 and consists in the measurement of the 
vapor pressure of a volatile acid solute. The 
general applicability of this method, which can 
be used for nearly all types of liquid solvents, 
makes it much more useful than are the electrometric 
or oonductrimetric measurements.

Solubilities abnormal to the law of Baoult 
may be interpreted either in terms of a solvent- 
solute reaction or in terms of the association of 
the liquid. Considering the first case and using

9. G.E.Zellhoefer, Industrial and Engi
neering Chemistry. 29, 548, (1937).

10. G. E. Zellhoefer, M.J.Copley, and C.S. 
Martin, Journal of the American Chemical Society. 
60, 1337-1343, (1938). Ibid.. 60. 2714, (1938)

11. W.H. Hodebush and R.H. Ewart, Journal 
of the American Chemical Society. 54, 419, (±932).
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hydrogen chloride as the solute O'Brien and co- 
workers12 13 have shown that in relatively aprotic 
solvents we obtain an un-ionized complex as a 
reaction product according to the equation

S -b HC1 = S->HC1, (l)
where S represents the solvent molecule, and the 
S-*HC1 the un-ionized complex. F cee this type of 
solvent the solubility is low and Henry's law 

p=km  (2)
is followed, where p is the partial pressure of 
the hydrogen chloride, m is the molality of the 
aoid and k is a proportionality constant. In 
these solutions the solubility is abnormally high 
because of solvation and the deviation from the 
law of Eaoult is negative.

Assuming that equation (1) is correct and 
that the unreacted acid follows Haoult's law we 
can calculate the equilibrium constant and hence 
the extent of the acid base reaction according to 
the equation,1®

12. S.J.O'Brien, C.I.Kenny and H.A. Zeurcher, Ibid., 61,2504, (1939).
13. S.J. O'Brien, C.I.Kenny and E.A.Zeurcher, loe. oit.
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Ka = (f0-ms)/ kms , (3)
where f0 is the fugaoity of the pure liquid hydro
gen ohloride at 25°C., k is the Henry law constant 
and ms is the number of moles of solvent per lOOOg. 
Secondly for those solvents in which the complex 
formed dissociates into ions the reaction may he 
written

S + H01 = StfN-Cl' (4)
where Sis the solvent and SH+ is the solvated pro
ton. The dissociation constant may he calculated 
from the equation,-1-4

Z 4 = f 0/msk'2 , f5)

where k'2 is the proportionality constant of the 
equation of the form,

p^ = k'mjf (6)
where ¡f is the activity coefficient of hydrogen 
chloride.

There is an apparent discrepancy between 
the conclusions concerning the basicity of chloro
benzene as derived from solubility measurements1  ̂14 15

14. S.J.O'Brien, C.l.Kenny and E.A. Zeurcher, 
Loo, cit.

15. S.J.O'Brien and J.B.Byrne, Ibid..
62, 2064, (1940)•-
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and. from infrared absorption studies,16 Although 
these discrepancies may he explained in terms of 
sterio hindrance or solvent association it is 
difficult to understand -why we obtain more intense 
absorption in a solvent in which complex formation 
is hindered than in those in which it is not*

On the other hand a comparison17 of the 
molal solubilities with the position of the hydro
gen chloride absorption band from solutions of 
hydrogen chloride in several solvents indicates 
that in some cases solubility data and infrared 
absorption data are in accord and probably can be 
taken as an index of the basic character of the 
radical,

O'Brien18 has calculated the entropy and 
heats of solutions for some of the solutions of 
hydrogen chloride* If the negative logarithm

16. D.Williams, Physical Reviews. 50,
719, (1936).

17. S.J.O'Brien and C.ls Kenny, Journal
of the American Chemical 3ociety. 62, 119Î", (1940).

18. S.J. O'Brien, Unpublished. <
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of the mol fraction solubility of hydrogen chloride 
is plotted against the reciprocal of the absolute 
temperature a straight line is obtained ■whose 
equation will have the form,

- log la A(l/T) + B, (?)
corresponding to the general straight line equation,

y= mx + b, (8)
where m is the slope of the line and b is the y- 
intercept. JProm thermodynamics we have the 
equation,

A? s  AH -TAS, (9)
where AS is the change in free energy, AH the heat 
of solution, T the absolute temperature and AS the 
entropy of solution as well as the equation,

- 2.303 ST log U »AJP (10)
where 2.303, H, T, H, and 41* have their usual 
significance.

If we now equate equations (9) and (10)
i

and divide through by the factor 2.303 ST we ob
tain the equation,

- log li - (AH/2.303 fi) (1/T)
-(AS/2.303 S). (11)
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The slope of the line is given "by JH/2.303 R and 
the intercept by -AS/2»303

This relationship, although probably not 
valid over long ranges of temperature, seems to 
hold with sufficient accuracy for our purposes, 
sinoe for such ranges of temperature both AH and 
AS may be assumed to be constant.

It was further pointed out by O'Brien19 
that if the position of the hydrogen chloride in
frared vibrational band is plotted against the 
negative entropy of solution another straight line 
relationship is indicated. There is however a 
considerable region for which data had not been 
obtained as is shown in the graph (Fig, II).

The object of these experiments was there
fore to provide the missing data and see if it 
would confirm or disprove this relationship.

19. S.J.O'Brien, Loc. cit



Experimental

Materials; Solvents; The anisole and 
diohloroethyl ether used were Eastman Go, 

products of good quality. The anisole was further 
purified "by drying over sodium for about an month 
and then distilled in an all pyrex apparatus us
ing special precautions to avoid contamination with 
moisture. The ^^diohloroethyl ether was dried over 
calcium chloride for several months and then dis
tilled using the same precautionary measures.

Solutions of hydrogen chloride; The hydro
gen chloride solutions were prepared by saturating
the cooled solvents with hydrogen chloride gas in

*

an all pyrex apparatus. The hydrogen chloride was 
prepared by dropping C.P. grade sulfuric acid upon 
analytical reagent quality potassium chloride. The 
gas so generated was then dried by passing it 
through a magnesium perchlorate drying tower before 
being introduced into the solvents.

Standard Solutions; Sodium hydroxide sol
utions of a suitable normality were prepared by
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diluting a 15 H. carbonate free solution of sodium 
hydroxide. This solution was then standardized 
hy titrating against the primary standard, constant 
boiling hydrochloric acid.

Apparatus and Procedure» The apparatus 
used was a modification of that used hy Saylor.^® 
Since the procedure has been fully described in a 
number of places 21*22,23 further details need 
not be given. 20 21 22 23

20. J.H.Saylor, Ibid.. 59, 1712, (1937).
21. A. Schmelzle, Master’s Thesis, The Creighton University, (1939).
22. B.Westfall, Master’s Thesis, The 

Creighton University, ,(1938). -
23. B Zeurcher, Master's Thesis, The 

Creighton University, (1939).

t



Hesuits

The experimental data are summarized in the 
Tables I to VII in which the first column gives the 
molality of the solution, the second the partial 
pressure of the hydrogen chloride, expressed in 
millimeters of mercury and the third the Henry’s 
law constant, p/m, which is expressed in atmospheres 
per mole per 1000 g. At the end of each table is 
also given the mol fraction solubility of hydrogen 
ohloride at one atmosphere which is obtained from 
the equation,

U2 = n^/im^ ms) (12)
where Ug ±s the mol fraction solubility, m2 is 
the molality of the solutions as obtained from 
the mean Henry's law constant, in which it is 
assumed that the law is valid up to the pressure 
of one atmosphere, and ms is the number of moles 
of solvent per 1000 g.
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The Partial Pressure of Hydrogen Chloride above its

Table I

Solution in diehloroethyl Ether at
m p(mm) k

0.2021 122 0.798
0.1683 103 0.806
0.1980 116 0.775
0.1820 109 0.788
0.7940 533 0.884
0.4810 278 0.785
0.3050 186 0.803
0.0903 53 0.775
0.4190 273 0.745

Mean = 0.80 -  02

U2= 0.149
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Dhe Partisi Pressure of Hydrogen Chloride ab ove ita
Dable II

Solution in (3̂  dichloroethyl Ether
m p fmm) k

0.5560 401.0 0.95
0.5505 413.0 0.98
0.5380 378.0 0.93
0.5710 418.0 0.96
0.5080 215.0 0.92
0.1030 68.3 0.87
0.1256 83.9 0.88
0.5180 363.0 0.92
0.5020 365.0 0.96
0.1414 * 93.9 0.88
0.1653 123.7 0.99
0.0673 45.5 0.89
0.0754 124.0 0.94
0.0572 38.1 0.88
0.0758 54.3 0.94
0.0091 6.6 0.95
0.0067 4.3 0.84

Mean - 0.92 - 04
H2 =■ 0.152
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The Partial Pressure of Hydrogen Chloride above its 
Solutions in ^'diohloroethyl Ether at 30° C.

Table III

m p (mm) k
0.343 260.0 1.00
0.366 283.0 1.02
0.0224 17.2 1.00
0.0292 25.6 1.15

Mean —1.04 i
H2 .= 0.122

Table IV
The Partial Pressure of Hydrogen Chloride above its 

Solution in ^'diehloroethyl Ether at 40°C.
m p (mm) k

0.291 307.0 1.37
0.265 307.0 1.52
0.165 160.0 1.28
0.166 177.0 1.41
0.0711 70.9 1.37

Mean = 1.33 ± 08 

*2 = 0.093
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The Partial Pressure of Hydrogen Chloride above its

Table Y

Soluti ons in Anisole at 20° C.
m p (mm) k

0.0926 66.7 0.948
0.1090 82.7 0.993
0.1000 70.7 0.930
0.0378 30.3 1.050

Mean

N2

Table VI

= 0.97± 04 
- 0.101

Partial Pressure of Hydrogen* Chloride above its
Solutions in Anisole at 30° C.
m p (mm) k

0.0208 17.7 1.120
0.0329 31.7 1.270
0.0596 32.7 1.118
0.0727 66.1 1.210
0.0324 38.8 1.410

Mean = 1.20 t 05
0.083
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The Partial Pressure of Hydrogen Chloride above its

Table VII

Solution in Anisole at .oo5
m p (mm) k

0.187 187.0 1.32
0.170 180.0 1.39
0.179 216.0 1.59
0.066 83.7 1.67
0.0887 98.8 1.46
0.0463 61.8 1.56
0.103 140.1 1.79
0.0735 82.3 1.48
0.0929 106.0 1.61

Mean - 1.54 2 05
%  = 0.066
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Pig. I Plot of the reciprocal of the absolute 
temperature against the negative logarithm of the 
mole fraction of hydrogen chloride.
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.Figure II. Plot of the position of the infra
red vibrational band of hydrogen chloride against 
the entropy of solution.



Discussion

The results show that Henry's law is obeyed 
and that the deviation from the law of Baoult is 
negative as might be expected from the position of 
the infrared vibrational band of the hydrogen 
chloride solutions of these ethers. As indicated 
by the positions of the absorption bands of 3.88^ 
and 3.80ju respectively for ^^dichlordethyl ether 
and anisole solutions24 the solubility of hydrogen 
chloride is greater in the former than in the latter 
solvent.

If the negative logarithm of the mol frac
tion solubility at one atmosphere is plotted a- 
gainst the reciprocal, of the absolute temperature 
we get a straight line as shown in the graph (Pig. I). 
Making use of equation (11) which was developed 
earlier we can obtain the heat of solution from the 
slope of the line and the entropy of solution from 
its intercept. O'Brien2*5 using this relationship 
for solutions of hydrogen chloride in a number of

24. W. Gordy, Loc. cit.
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liquids obtained the straight line shown in the 
graph (Fig. II) in which the position of the 
hydrogen chloride infrared band is plotted against 
the negative entropy of solution. The points 
shown on the graph are from absorption bands of 
hydrogen chloride ini (l) benzene, (2) bromo- 
benzene, (3) chlorobenzene, (4) carbon tetrachloride, 
(5) nitrobenzene, and (6) diethyl ether.

As can be seen there are no points on the 
graph which lie between the points for nitrobenzene 
and for diethyl ether. To make sure this is a 
straight line it was necessary to obtain some data 
which would fill in this gap. From the position
of the absorption bands of hydrogen chloride sol-

*

utions with these ethers it is apparent that the 
points for these solutions shotild fit in on the 
line in this region.

It would of course be possible to calculate 
the heat and entropy of solutions for |9f3dichloro- 
ethyl ether and anisole from the graph (Fig. I) us
ing equation (11). However equally good confir
mation may be obtained if the entropy is taken from
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the graph at the point corresponding to the posi
tion of the absorption hand of the hydrogen chloride 
dissolved in the particular ether under consider
ation. This value together with one value of the 
mol fraction solubility at one atmosphere is sub
stituted in the well known equation from thermodynam
ics,

2.SOS BT log.N - AH - TAS, 
and the value of the heat of solution can be ob
tained for each ether. If we then use this heat of 
solution and the entropy of solution obtained from 
the graph we should be able to calculate the mol 
fraction solubility at any other temperature if the
indicated relationship is correct.

*

The results obtained by using this method 
are shown in the tables VIII and 12 in which the 
temperature is given in the first column, the mol 
fraction solubility of the hydrogen chloride at 
one atmosphere, as measured by the partial pressure 
studies, in the second, the mol fraction solubilities, 
as calculated by the above method, in the third, and 
the percent difference between the experimental and 
the calculated solubilities in the last. The agree-
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Table Vili
The Solubility of |3 p'di ohloro ethyl Ether

Temperature Ng ( exp. ) Ng (calo.) % dlf
20° 0.149
25° 0.132 0.132 0.00
30° 0.122 0.127 4.20
40° 0.093 0.097 4.30

Table 12

The Solubility of Anisóle

Temperature
20°

Hg(exp.) 
0.101

XTg (calc.) % dif.

30° 0.083 0.081 2.40

if5“ O o 0.066 0.065 1.50
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ment between the experimental and calculated val
ues offers very good evidence that these points 
lie on the line and give added confirmation to the 
validity of this relationship.

It was also observed that the heats of 
solution for all the ethers was about 3850 cal
ories per mole. It may be just a coincidence, but 
with the data on hand the mol fraction solubility 
of hydrogen chloride from its solution in any ether 
may apparently be calculated if we obtain the heat 
of solution by calorimetric methods and the entropy 
of solution from the wave length of the hydrogen 
chloride vibrational band. There is also the 
possibility that this* relationship may hold for other 
types of solvents. Sufficient evidence to justify 
this conclusion has not so far been obtained and the 
possibility is merely mentioned as one worthy of 
further investigation.



Summary

1. Measurements are reported for the 
partial pressure of hydrogen chloride above its 
solutions in (bp diohloroethyl ether at 20°, 25°
SO0 and 40° C. and frome its solutions in anisole 
at 20°, 30° and 40° C.

2« A method of calculating the heat and
/entropy of solution from these vapor pressure meas

urements was demonstrated.
3. Confirmation of the theory that there 

is a straight line relationship between the entropy 
of solution and the position of the hydrogen 
chloride vibrational band was offered.
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