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THE VAPOR PRESSURE AND HEAT OF VAPORI-
’ ZATION OF NON-ASSOCIATED LIQUIDS.

F. 8. Morriver, Trurvors Westeyan UNIvVERSITY

. In the application of physico-chemical principles to in-
dustrial and manufacturing processes, few questions are
of more frequent occurrence than those dealing with dis-
tillation problems. The questions take a variety of
forms, but most of them may. be answered when the
vapor pressures of the substances involved are known.
Occasionally the desired information may be found in,
or calcylated directly, from data given in the literature.
More commonly this is not the case, and it is then neces-
sary either to make the measurements directly or to re-
sort to some method of caleulation of the required data.
Many expressions have been developed for caleulating
vapor presgsures and heats of vaporization, probably the
most useful of which is that obtained from the integra-
~tion of the Clausius-Clapeyron equation. Assuming the
~gas laws to apply and also assuming that the heat of
vaporization is a constant throughout the desired range,
and introducing common logarithms, there is obtained
the expression: ” '

in which P is the vapor pressure and T is the absolute
temperature at which P is measured. C is an integra-
tion constant, the value of which depends upon the units
used. '

Equation (1) indicates that if the common logarithm
of the vapor pressure be plotted against the reciprocal
of the absolute temperature, a straight line should re-
sult. In view of the rather bold assumptions concerning
the applicability of the gas laws and the constancy of the
. latent heat of vaporization, it is quite remarkable how
- closely experimental data may be represented by this

linear equation throughout relatively wide ranges of
temperature. : '

In equation (1) the term L/4.58 represents the slope
of the log P vs 1/T vapor pressure curve. The integra-
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tion comstant, C, is the value which log P would have
when the temperature is some hypothetical maximum.
Numerically, the value of C, assuming the pressure to
be measured in mm. of mercury, varies from about 4.2 for
helium to about 11.2 for tungsten. The exact value for
any substance may be caleulated when the latent heat and
the boiling point at some particular pressure are known.
The integration constant may be eliminated if the vapor
pressures at two different temperatures are known.
Equation (1) may then be transformed into:
log P,—1logP, AlogP —L

== =———=8lope =8 ...t i (2)

/T,—1/Ty A (UT) 458 , . -

Thus it is evident that if the slope of the logarithmic
vapor pressure curve be determined, the molecular latent
heat of vaporization may be calculated, or vice versa.

Having shown that there is a simple expression for
vapor pressures involving only two constants, the ques-
tion naturally arises, Can these constants be evaluated
from existing data? Since the slope of the straight line .
vapor pressure equation is directly related to the latent
~heat of vaporization (equation 2), and since the heat of

vaporization is closely related to the normal boiling point
as shown by the well known rules of Trouton®, Nernst’®
and Bingham?, it is probable that the slope, S, is a func-
tion of the normal boiling point, a constant which is
known for many liquids. '

In order to show the nature of this funetion we shall
make use of the data collected in Table I. The data
from which this table was constructed have been taken
mainly from the Landolt und Boernstein, ‘‘Physickalisch
Chemisch Tabellen’’ and the French Tables. - For the
vapor pressures of the metals, the most recent deter-
minations of Ruff and Bergdahl' and of Langmuir® have
been consulted as well. The vapor pressures of tungsten
~ and platinum have not been directly determined above
the melting point. Langmuir has determined the subli--
‘mation pressures, however, throughout wide ranges of
temperatures. The values here given for the vapor pres-
sures of these two metals have been caleulated from the
thermodynamic relations existing between the vapor
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pressure and the heats of vaporization, of sublimation
and of fusion, in accordance with the principles dis-
cussed in a later section of this paper. The latent heat
of fusion of tungsten is not known, but it may be shown
that for most metals the molecular latent heat of fusion,
expressed in small calories, is about 2.6 times the abso—
lute melting temperature. The values used for making
the calculatlons for these two substances are,

M.Pt.  Ht. of Ht. of Ht. of

(Abs.)  sublimation fusion vaporization
Tungsten ............... 3540 210,400 9200 201,200
Platinum ............... 2028 123,500 5300 118,200

Under column 3, Table I, are recorded the slopes of the
log P vs 1/T curves which have been determined from
the experimental curves plotted on large scale coordinate
paper. Now it is very evident that there is a gradual
change in the slopes of the log P vs. 1/T curves as one
passes from the substances having low normal boiling
~points to those having higher boiling points. This
change is observed readily when the experimental slopes
are plotted against the normal boiling points for these
substances. The points on this plot lie very close to a
line which may be represented by the equation:
2

S==— 684 4877 T 4 0005 T — 1 .tveeetirt e iiteeiiinennn. (3)
; ! b

In this equation S is the calculated slope and T, the ab-
solute boiling point of the substance under normal pres-
sure.

Under (4), Table 1, are given the slopes of the log -
P vs. 1/T curves calculated from equation (3), and in
column 5 the differences between the observed and cal-
culated slopes are recorded. It is quite evident, except
at the very lowest temperatures where negative results
are obtained, that this equatmn expresses the slope with
a high degree of precision. Applied to the high boiling
metals, the equation expresses the true slope with re-
markable accuracy, the variations being both positive and
negative. Indeed it may be said, that at all temperatures
above 20° Abs., equation (3) expresses the true slope of
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TABLE. T,

(1) (2) (3)
Substance Th Sobs
Helium,.......oo0viuenn 4,3
Hydrogen - vv.ovvvvunnenn 20.2
Nitrogen ....... hakamg 77.3 314
Oxygen ...... Vieneaesue 90.1 380
Methane ............. we. o 108.8 440
Phosphine .......... cee. 1875 800
Hydrogen chloride ...... 190.0 900
Hydrogen bromide ...... 205.90 920

" Hydrogen sulphide .,.... 211.5 1000
Hydrogen iodide ........ 284.0 1150
Chlorine .......covvuuunn 240.0 1080
Ethyl chloride....... v... 285.6 1310
Boron trichloride ........ 291.2 1320
Isopentane ............ oo 301.0 1400
Hther ...vceeedieinnenns 308.0 1450
N-pentane ......oisve... 308.8 1470
Carbon disulphide. ... L. 319.0 1450
Silicon tetrachlor........ 329.8 1580
Diisopropyl «veoeviininnn 380.5 1580
Bromine .....ov000 vee.. 331.6 1610
Chloroform .....eevevans 333.2 1620
N--hexXane ....ouoveeeeennn 341.6 1660
Phosphorous Trichlor.... 346.2 1690
Carbon tetrachlor ........ 850.7 1660
Benzole .....viiiiniaann 353.3 1720
Hexamethylene ......... 353.5 1720
Flourbenzole ............ 358.0 1750
N-heptane . 1800
Diisobutyl . 1890
Toluole 3 X 1880
Stannic chloride . . 1890
N-octane . 1970
Chlorbenzole 405.0 1980
Propylene bromide 414.0 2050
Brombenzole 428.5 2120
Trimethylene brom 437.4 2190
Benrzoic aldehyde 451.3 2320
Todobenzole 461.0 2250
Benzonitrile ... 463.6 2300
Benzoyl chlorid 470.1 2380
Nitrobenzole 485.0 2440
Naphthalene 491.0 2460
Chlornaphthalene 532.3 2675
Acenaphthene 550.5 2780

~Bromnaphthalene . 554.0 2800
Phthalic anhydride. . 556.5 2825
Fluorene ........ . '570.5 2930
Phenanthrene 611.0 3090
Anthracene 615.0 3120
Carbazol 624.0 3170
Mercury 630.0 3070
Sulphur 720.0 3700
Cadmium 1067 5750
Zinc . 1198 6880
Antimony 1600 9000
Bismuth 1780 10100
Lead 1830 10200
Silver 2218 13150
Tin 2545 16600
Copper 2600 17000
Gold ... 2885 18600
Platinum 4270 25800
Tungsten 5280 44000
Water L ...... 373.0 2160
HEthyl alcohol 351.4 2170
Phenol ... 454 .4 2520
Acetic acid 392.2 2200
Aniline .... 456.9 2510
Acetophenone 474.5 2550

TAB

......
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(8)
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the log P vs 1/T curves for normal liquids with a degree
of precision approaching that often found in the record-
ed experimental results.

In column 6, Table 1, are given the molecular latent
heats of vapomzatmn of some of these liquids. These
results have been calorimetrically determined. Column 7
shows the values of the latent heats calculated as shown
in equation (2). These values have been obtained by
multiplying the observed slope (column 3) by 4.58. Col-
umn 8 shows the ratio of the calculated to the observed
latent heats. It will be observed that in all cases below
hydrogen the calculated result is larger than the ob-
served. This difference averages about 8%. This, then,
is equivalent to changing the constant 4.58 to 4.23. Ac-
cordingly, a.new empirical equation for calculating lat-
ent heats of vaporization may be developed by combining
equations (2) and (3) and usmg the constant 4.23 in-
stead of 4.58, viz.,

Ly==4.23 (— 68 4+ 4.877T» 4 .0006 T»*) .......... Verw e b v R aswaese (4)

In columns 9, 10, 11 and 12, Table I, are given, first,
the latent heats of vaporization caleculated from equation
(4), second, from Trouton’s® equation, Iy = 21.5 . Ty —
...... (5) third, from Bingham’s* equation, L,= (17 4
011 Th) Ty vevvnnnnnn (6) and fourth, from Nernst’s®
equation, s = (9.5". log Tp—.007 Tp) Th...vvvnn.. (7

Comparing the results obtained by these various equa-
tions with those obtained by direct measurement, it will
- be observed that at the very lowest temperatures,
Nernst’s equation gives the best results. At all other
temperatures, except for isolated cases, equation (4)
gives as good, if not better, results than any of the others.
At high temperatures it is very evident that equation (4)
gives much the best results. Nernst’s equation actually
goes through a maximum and finally to negative results.
The results obtained by Trouton’s rule are also much too
- low at high temperatures, while those from Bingham’s
equation are much too high.

Finally, Table I contains the values for the constant,
C, in equation (1). In column 13 are given the values of
the constant which should be used when the pressure is
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to be calculated in atmospheres. This constant is found
by dividing the observed slope of the log P vs 1/T curves
by the absolute boiling point. By adding the value of the
logarithm of 760, which is practically 2,881, to the num-
bers given in column 13 there is obtained the value of the
constant to be used in order to represent the vapor pres-
sure in mm. of mercury. These values are given in

column 14. This constant increases as the boiling point
of the substance in question increases. R

In order to show the limitations of this method of cal-
culating vapor pressures and heats of evaporation, there
are collected at the bottom of Table I the data for some
typical associated liquids. In general it may be said
that the simpler compounds containing hydroxyl, amino,
carbonyl and carboxyl groups and most molten salts will -
deviate more or less from the general rule for normal
liquids. For these classes of liquids there will be needed
at least two values of the vapor pressure or one value
of the vapor pressure and the latent heat of evaporation
in order to write the vapor pressure equation. It should
‘be noted also that the vapor pressures of the more
strongly associated substances may not be accurately
represented by the straight line equation except through
relatively narrow ranges of temperature.

Having given a simple expression for the vapor pres-
sure of liquids, the question may be asked, Can a similar
expression be derived for the sublimation pressure of
solids? Happily the answer is that a similar expression _
exists, and that for many substances the constants may
be empirically calculated from existing data.

It has been shown that in the expression,
B e O R 4 ..(8)

the constants C and S may be calculated for normal
liquids from the boiling point alone. In any case they
may be calculated from two simultanecous values for log
P and T. Now it may be shown that there is an exactly
similar expression for sublimation pressure, viz., ‘

BT o O L 9)
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ture T, and Cs and Ss are constants having'the same

significance as in ¢quation (8). o _
The constant S is related to the heat of sublimation

by the expression,

SEmmLs /458 1ee sttt e .. (10)

Now the latent heat of sublimation is equal to the sum
of the heats of fusion and of vaporization, or,

Le=Ls+ Ly civvvunen. T (11)

FEquation (4) furnishes a method for calculating L,
leaving then only the latent heat of fusion to be obtained.
A careful search has revealed the fact that there are
relatively very few reliable measurements of the latent
heat of fusion recorded in the literature, and almost no
data are available for substances melting below 0°. Sev-
eral empirical rules for calculating the latent heat of
fusion have been proposed. Probably the simplest and
most generally useful is that proposed by Walden®, by
which the molecular latent heat of fusion is equal to the
absolute melting point times a constant, or,

Lf=TmK L I R AT BRI A S A N (12)

Walden has shown that the constant K has a value
“equal to about 13.5 for many organic compounds. This
value is, however, too high for many classes of substances
After considering all of the available data upon the latent
heats of fusion, we have concluded that the following
tentative values for Walden’s constant may be used for
caleulating the latent heats of fusion of these classes of
substances here represented.

No. of

sub- ) - Av.
stances Mean deviation

) investi- value of from

~ Substance. gated. Li/Tn=K. mean.

MetalS +vveevererrrsrnanncoren 18 - 2.6 0.3

Aromatic Hydrocarbons......... 10 - 12.8 0.5

Halogen Compounds............ 15 13.5° 0.5

Nitro Compounds 6 13.5 0.1

Nitro Halides ...... e eseneaiee 6 13.5 0.5

Amino Compounds ........ 7 11.0 1.4

Aromatic Hydroxy Substances... 5 6.9 0.3
Aromatic Acids, Anhydrides and

‘ 7 12.1 1.0

Ketones «..ovevereavesannss
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There is insufficient data to indicate what would be the
value of this constant for mixed derivitives, but in gen-
eral, it may be said that the higher the molecular weight
and the higher the melting point, the larger will the con-
stant tend to become in any of the series of compounds
investigated. : : :

Assuming, then, that Ls, the latent heat of sublimation,
is known or may be caleulated from equations (11) and
(12) there still remains the constant Cs to be determined.
This is accomplished readily when it is remembered that, -
at the melting point, the vapor pressure is equal to the
sublimation pressure. Hence,

Cg'—-SS/Tm:C—-S/Tm ......................................... (13)

from which Cs may be calculated.

It should be remembered that there is an independent
method of calculating the latent heat of fusion of solids
from their solubilities and freezing point lowering. In
order for this method to yield accurate results, however, -
the substance chosen as solvent must be one which will
form a thermodynamically ideal mixture, or, otherwise
there must be introduced a factor which will correct for
the non-ideality of the given mixture. In a recent paper
‘the Author” has described a method for determining this
factor, and hence for finding the latent heat of fusion,
for several classes of organic substances. Tt is probable
that the principles there discussed would apply to other
classes of compounds as well, but at present there is too
little data to enable one to make a comparison.

In conclusion, it may be said that, from the prineiples
outlined above, it should be possible to determine the
vapor pressures, the sublimation pressures and the heats
of vaporization, of sublimation and of fusion for normal
substances when only the freezing point and normal boil-
ing points are known. '

SUMMARY

Empirical methods for evaluating the constants in the
Vapor pressure and sublimation pressure equations, log
P=0C—S,/T and log P = C.—8, /T have been given
and their significance discussed. E
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An empirieal method for calculating the latent heat of
vaporization of normal liquids has been given which
gives very good results for liquids boiling from about 20° -
Abs. up to those boiling at the highest temperature so far
investigated. ‘

(1)
(2)
(3)
(4)
(5)
(6)
(7)
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