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Chapter I*

Introduction*

ii'rom previous work done In this laboratory, 
the direct measurements of the partial pressure of 
hydrogen chloride from its solutions which corre
spond with the law of nenry have been made*- in the 
solvents listed in Table I. These are arranged in 
the order of increasing Henry law constants.

Table I.
Henry Law Constants for 

Hydrogen Chloride Solutions at 25°.
k 1/k

m-nitrotoluene 1.65 0,607
o-nitrotoluene 1.77 0.565
nitrobenzene 1.77® 0.565
benzene 2.04 0.491
fluorobenzene 3.02 0.331
chlorobenzene 4.30 0.228
n-hexane 5.3 0.18
bromobenzene 5.40 0.185
iodobenzene 8.58 0.116

a. S, J, O’Brien, Unpublished studies
from this laboratory. 

Since 1/k is a measure of the extent of the reaction
HC1 (g. ) *• S s S— HCl (S represents solvent molecules)

1* S. J, O’Brien, C, L. Kenny, R. A. Zuereher, 
Journal of the American Chemical Society, LSI, 1939, 
2504; 3 «"JV à * Brien ’and u.' L. Kenny,' 'Tournai of the 
American Chemical Society, LSII, 1940, HOT;' W  <j 
6 *Brien and j , R. Byrne , Joumai of the American 
Chemical Society. LSII, iWff,.SOS’S.
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the above solvents ere also arranged, in the order of 
decreasing relative basicities»

It has been pointed out2 that the shift of the 
hydrogen chloride infrared absorption band from 3.46 ¡a 
is generally a measure of the order of basicities, 
Using more recent values3 for A h the relationship 
between ¿sh and l/k is indicated in Table II,

Table II*
A Comparison of A h with l/k *

solvent l/k*1
nitrobenzene 0.22 0.565
m-nitrotoluene 0.24 0.607
o-nitrotoluene 0.24 0.565
ethyl acetate 0.42 5*7
diethyl ether 0.62 6.0

a, S. 3, O’Brien and C, L. Kenny, loc
c it•| 110©•

The inverted order of m-nitrotoluene and o-nitro- 
toluene might be due to experimental error, Gordy 
concluded4 that these large shifts indicate that 
hydrogen bonds were formed between the chlorine and 
the oxygen of the solvent: *0— EC1, That there is

2, S. 3. O ’Brien and 0. L. Kenny, loc, cit,,
1190,

3, W, Gordy, The Journal of Chemical.Ehvaica. 
IX, 1941, 218.

4. Ibid, 219
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a chemical reaction between solvent and solute seem®
to b© confirmed by studies on the heats of reaction5 6 7
and by studies on the solubility of inert gases in

6water and organic solvents .
The partial pressure of hydrogen chloride

from some ether solutions have been measured at ve.r-
7ious temperatures in this laboratory * These measure

ments were used to calculate the heat and entropy of 
solution* It was found that when the changes in 
entropy which occur when hydrogen chloride is dissolved 
in benzene, chlorobenzene, nitrobenzene, anisole, or 

-dichlorodiethyl ether are plotted against the 
positions of the absorption band of hydrogen chloride 
in these solutions, a straight line relationship is
the result. The equation for this relationship was

»

found to be
» Q*10z>3 ♦ 2 *10 (1)

5. D. B. Macleod. Transactions of the faradav 
Society, iOXI, 1935, 746.

6. D, D, Kiev, Transactions of the Faraday 
jd o filety , XDCV, 1939, 1281.

7. S. 2, O’Brien, Unpublished studies from 
this laboratory; B, Gray,.HafiliBjg ¥hggjs, Creighton 
University, 1941.
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where is the shift in microns from the i onomolee- 
ular MCI band in the gaseous state and A  S is the 
differential entropy of solution* That is,AS * 
BBo1.“ sg* where 5soi. is the partial aolal entropy 
of the solute in solution and sg. is the entropy of 
the solute in the pure gaseous state. It would be 
of interest then to determine whether or not this 
rule can he extended to phenetole, diphenyl ether 
and n-butyl phenyl ether solutions. The author also 
thought it would be interesting to test the hypothesis 
that the heat of solution of hydrogen chloride is 
approximately constant in all ethers, as seems to be 
indicated by the results obtained in ether, yiyo'-dl- 
chlorodiethyl ether and anisole solution#* 8

8. Ibid,



Chapter II,

Experimental Part.

Apparatus and Method.

The apparatus and method are almost identical 
with those employed by Saylor9 and in previous work10 
done in this laboratory, An isometric drawing of* the 
modified Saylor apparatus as used in this work is 
shown in Eigure 1. The method employed consists of 
the following steps:

1. Preparation of the hydrogen chloride solu
tions. The hydrogen chloride was generated in an all
glass apparatus using 0, P, potassium chloride and 
sulfuric acid. It was passed through anhydrous calcium 
chloride before entering the solvent. The solutions 
thus prepared were stored in glass stoppered flasks,

£• Preparation and standardization of the

9, J, H, Saylor, Journal of the American 
Chemical society. LIX, 1937, 1712.

10, A,. Schmelzle, ¿mstcite Thesis. Creighton 
University, 1938; P, Westfall. 'SsteWYhesIs. 
Creighton University, 1938; R, Euerch'e'r, mastexte 
Thesis. Creighton university, 1939; E, Bobaiek, 
«¡asters Thesis. Creighton University, 1940; J. Byrne, 
mastera Thesis. Creighton University, 1940; 1). Gray, 
Masters Thesis. Creighton University, 1941,
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sodium hydroxide solutions. Cari onate-free water was 
used in the preparation. The primary standards em
ployed were constant toiling hydrochloric acid and 
potassium acid phthalate as a check.

3. loading; and evacuating the apparatus. A 
few cubic centimeters of the solution viere poured into 
the solution bulb by means of © funnel. The arm was 
then connected to © suction pump and the apparatus 
evacuated to approximately 0.3 atmosphere*

4. louillbration of the system. The stopcock 
between the two bulbs was opened and the apparatus 
allowed to stand for approximately two days in a 
constant temperature water bath regulated to ¿0*02°.

5. Analysis of the two phases. Two samples
of the solution were poured out by means of a piece

»

of glass tubing placed in one of the openings of the 
solution bulb. The arm was placed in a beaker of 
distilled water and the stopcock opened to allow the 
water to be sucked into the vapor bulb. This bulb 
was then rinsed with distilled water three times, to 
assure complete absorption of the hydrogen chloride 
vapor. Methyl red was used as the indicator since 
it gives a distinguishable end point, Step B was 
repeated regularly to make certain that the normality
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of the sodium hydroxide solutions did not change too 
much.

6. Calculation of the no nr?,' law constant, 
k * p/m where p is given in atmospheres and m is the 
molality, p = nHT/F where n is the number of moles 
of hydrogen chloride in the vapor bulb whose volume 
is V. m s  1000n/(wQ - wHC1) where n is the number of 
moles of hydrogen chloride in a sample of solution 
whose weight is wg. is the weight of hydrogen
chloride in the same sample.

The partial pressure of hydrogen chloride 
from aqueous solution as observed are compared in 
Table III. with known values taken from "International 
Critical Tables"11. The observed data are taken

Table III.
»

The Partial Pressure of Hydrogen Chloride 
from Aqueous Solutions

at 50° at 40a
m p(mm.) P r a p(mm.) Pobs. I. C. T. obs. I. C . T

7.79 1.2 1.5 10.23 12.6 13 .7
9.48 3.8 4,0 12.07 49.8 48.910.24 8.7 7.1 12.96 83 85
11. SO 15.5 18.8 14,49 188 199
14.3 99.6 100 15.10 251 269
15.68 208 208 16.41 484 515

11* International critical Tables. McGrew 
nill Book Co., New ¥bri£'7'"S,V Y , i l l S u l ,
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from unpublished studies made in this laboratory. 
(See footnote 7.) Assuming the I. C . T, values to 
be the true values, the relative mean error of the 
partial pressures was found to be -0.1;;« at 30° and 
•5% at 40°, The latter value corresponds with a 
relative mean error of *8% in the mole fraction 
solubilities.

Materials

The phenetole, diphenyl ether and n-butyl
phenyl ether used were Kastman Kodak Co. products.
They were dried over sodium and then redistilled
until they gave no further reaction with 3odium.
The boiling points of the liquids so treated are as
follows: pheneuole f 169° and n-butyl phenyl ether

»
209°. The melting point of the diphenyl ether was
26.49°.



Chapter III

Results.

Results are given in Table IV. m is the 
molality, p is the partial pressure of hydrogen chlor
ide In mm. of mercury and k equals p/m where p Is 
given in atmospheres.

Table IV.
The Partial Treasure of Hydrogen Chloride from its 
Solutions in Phenetole, Diphenyl Ether and n-Butyl

Phenyl Ether.
m p k

I, In Phenetole at 25°.
0.0695 56.9 1.11
.1135 100 1*15
.1 1 7  107 1.20
.257 239 1.22

I'.l7 j. 0 . 0 4

II, In Phenetole at 30°.
0,124 128 1.56
.138 132 1.26
.175 166 1.25
.3.95 184 1*26

1.28 t 0.04
III, In Phenetole at 35°.

0.0387 41.4 1.41
.119 130 1.44
.149 156 1.58
.199 ' 210 1.59

1.4T t 0,02
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Table IV continued.
m P k

IV. In Diphenyl Ether at 25°.
0.0234 58.5 3.28
.0380 100 3.46
.0419 101 3.25
.0421 107 3.54

33s * 0.07
V. In Diphenyl Ether at 35°.

0.0447 134 3.94
.0667 204 3,95

* 7̂§ïï
VI. In n-Butyl Phenyl Ether at 25°.

0.191 217 1.49
.210 221 1.41

1745
VII. In n-uutyl * henyl Ether at .30°,

0.0533 63.5 1.56
,0570 68.9 1.59
.0729 89.5 X « 61
• 308 * 408 1.74

1.62 * 0.07
VIII. In n«Butyl Phenyl Ether at 35°.

0.106 141 1.75
.106 146 1.81
.114 154 1.78
.163 226 1.83

T 3 3 i 0.031
The results obtained for diphenyl ether at

50° and 35° and for n-butyl phenyl ether at 25° 
possessed such large mean deviations that only the 
data which were in agreement with the data for these 
solutions at other temperatures are included*
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Mole fraction solubilities at a partial pres 
sure of one atmosphere are compiled in Table V.

Table V,
Mole Fraction Solubilities Calculated 

from Vapor Pressure Measurements.
solvent H25 N30 H55

Phenetole 0,095 0.087 0,080
Diphenyl Ether 0,049 0.041
n-Butyl Phenyl Ether 0.094 0.085 0.077



Chapter IV,

Discussion,

ffrom Table IV, values of 1/k for phenetole, 
diphenyl ether and n-butyl phenyl ether solutions 
at £5° were calculated to be 0.854, 0.500, and
0.689 respectively. The shifts in the hydrogen chlor
ide bend ere 0.54 for phenetole, 0.£1 for diphenyl 
ether, and 0.58 for n-butyl phenyl etherP- from 
these values it can be readily seen that phenetole 
and n-butyl phenyl ether fit in between o-nitrotoluene 
and ethyl acetate and that the diphenyl ether precedes 
nitrobenzene in Table II. However it should be noted 
that in the order of an increasing A m  » 1/k values 
increase for phenetole and n-butyl phenyl ether.
That this inverted order is due to experimental error 
does not seem likely. A better rule for predicting 
solubilities seems to be had in equation (1) mentioned 
ih the Introduction, viz,:

Ap = 0.10^3 ■* £.10
Substituting the values of A/u , a s  was found to be 
-17.6 for phenetole, -18.9 for diphenyl ether, and

11, W, Gordy, loc. cit.. £18.



-17.2 for n-butyl phenyl ether. These values of 
A S v/hen substituted into the equation from thermo
dynamics :

log K a -AH/4.576T ♦ AS/4.576 (2)
give the value of AH, K being equal to Mg in the
reaction dealt with here:

HC1 {g. 1 atmos.) * HC1 (sat. sol.J
The differential heats of solution as calculated
from the mole fraction solubilities at 25° given
in Table V were found to be -5.84 kcal. for phene-
tole, -3.84 kcal. for diphenyl ether, and -3.75 kcal,
for n-butyl phenyl ether. These values as compared
with -3,84 kcal, for ether, -3.80 kcal. for /S/S-di-
chlorodiethyl ether, and -3.80 kcal. for anisole12
indicate that the differential heats of solution

»

of hydro on chloride in ethers are practically the 
same.

The mole fraction solubilities at 30° and 
35° were calculated by means of:

log »8 * 841/T - 3,84 for phenetole, ,
log Mg * 839/P - 4,13 for diphenyl ether, 
log Mg * 814/T - 3.75 for n-butyl phenyl ether.

12, S. J, O’Brien, Unpublished studies from 
this laboratory; D, Gray, loc. cit.



14

These equations were obtained by substituting the 
calculated values of AH and AS in equation (2). The 
solubilities so calculated are compared in Table VI 
with the observed values taken from Table V*

Table VI,
I. Mole Fraction Solubilities at 30° 

(Observed and Calculated)
Solvent Hobs. N calc
phenetole 0,087 0.085
diphenyl ether ’***-*-*■ 0.044
n-butyl phenyl ether 0.085 0.085

II, Mole Fraction Solubilities at 35°
Solvent ^ohs . Hcalc
phenetole 0.080 0,077
diphenyl ether 0.041 0.039
n-butyo phenyl ether 0.077 0.076

Bearing in mind the relative mean error for
the mole fraction solubilities is or less, the
true values may be obtained by dividing the by
numbers from 1,08 to 1,00, An excellent agreement

/
was found between the true values of mole fraction 
solubility and Hea^c # and thus it appears the Ap-AS 
relationship does wont for the data available.

In Table VII a comparison is made of heats 
of solution calculated by means of the van’t Hoff
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equation in its integreted fora:

with those obtained above from solubility data com
bined with spectroscopic data.

Table Til.
Differential Heats of Solution

A H a h
Solvent (A/w-AS (van’t Hoff

equa t ion,) equat ion.)
phenetole —3*84 kcal* —3*1 kcal.
diphenyl ether -3.84 -3 . 0
n-butyl phenyl ether -3,72 -3 , 5

Thus for the mole fraction solubilities of Table Y 
taken two at a time, the overage calculated differ
ential heat of solution is -3,1 * 0.1 kcal, for 
phenetole, -2,9 kcal,* for diphenyl ether, and -3.5 4 
0.1 kcal, for n-butyl phenyl ether. The agreement 
here is not exceptionally good but it should be noted 
that for a small change in the value of the mole 
fraction solubilities, a large change occurs in the 
A n  value, It is believed then that this comparison 
does offer a satisfactory check to the A H  values 
calculated by means of the equation.



Chapter V

Summary

A suggested method employable in predicting 
solubilities of hydrogen chloride at various temper
atures consists of the following steps:

1, Calculate A S  by means of equation (1):
Ap- 0*10/NS * 2.10, obtaining the value of Â . from 
infrared absorption data.

2. Measure the mole fraction solubility at 
one temperature.

5. Calculate A H  by means of equation (2): 
log Ng = - AH/4.576T * AS/4.576,

4. M2 at other temperatures for which H
can be assumed to be constant may then be calculated

»
by means of equation (2).

When the solubility of hydrogen chloride in 
an ether is not known, a method for its approximation 
is made up of the following steps:

1. Calculate AS as in Step 1 above,
2. Assuming a  H to be equal to -3.8 keel, in 

the temperature range of 25° to 35°, calculate Mg by 
equation (2). For the data available these methods 
seem to be valid.
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