
A similar analysis of the data given by Gopal and Husain 
(6) for the solubility of these six salts in formamide 
has been carried out. The constants in Equation 1 were 
determined by the method of least squares and the heat of 
solution a t  25” C. determined in the same way as that  used 
above for N-methyl formamide solutions. The results are 
shown in Table 111. Again i t  can be seen that the heats 
of solution are very small. I t  must be pointed out, however, 
that  there is not good agreement between the results 
calculated here and those obtained by a direct calorimetric 
method by Mishchenko and Sukhotim (13) in formamide in 
those cases where comparison is possible. However, this 
lack of agreement may result from our assumption that  
the activity coefficient does not change with temperature. 
The  results in both cases indicate that  the heats of solution 
are quite small. 
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Table I l l .  Constants in Equation 1 for the Solubilities as a 
Function of Temperature for Salts in Formamide 

Calculated from data given by Gopal and Husain (6). Heats of 
solution were calculated from the solubility data assuming that the 

activity coefficient does not vary with temperature. 

H* - H’x~, 
salt A B mSScalcd Kcal. / Mole 2951 
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Vapor Pressure of liquid Methanol at l o w  Temperatures 

GEORGE A. MILLER 
Georgia Institute of Technology, Atlanta, Ga.  

The vapor pressure of liquid CH30H was measured near the melting point. The 
results were used in a third law calculation to test the consistency of various thermo- 
dynamic data for the liquid and vapor. The most apparent uncertainty lies in the 
equation of state of the vapor. 

F R O M  X-RAY diffraction studies of crystalline methanol 
at low temperatures ( 1 1 ,  18) it is known that  there is no 
residual entropy from random hydrogen bonding such as 
occurs in the related case of ice. However, the spectroscopic 
entropy value was not brought into reasonable agreement 
with the calorimetric value until i t  was first shown that  
methanol vapor is exceedingly nonideal (29). Even then 
the problem was compounded by the presence of a transi- 
tion in the solid inconveniently close to the melting point, 

by some remaining uncertainty in the value of the barrier 
to  internal rotation, and by the fact that  not all of the 
normal frequencies could be identified from the vibrational 
spectrum. Recent work has surmounted these difficulties. 
Thus, the heat capacity of the solid and liquid has been 
remeasured with considerable care (2), the  barrier to 
internal rotation is accurately known from the microwave 
spectrum (7 ) ,  and the vibrational assignment has been all 
but settled through normal coordinate analyses ( 3 ,  12, 20). 
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Also, the equation of state has been redetermined (IO). 
The  thermodynamic functions of the liquid and the 
hypothetical ideal vapor are now known, therefore, to a 
high degree of accuracy below the boiling point. Because 
of the difficulties associated with the determination of the 
equation of state, the same cannot be assumed for the 
real vapor, even at moderate pressures. 

The vapor pressure of liquid methanol near the melting 
point was measured in this laboratory. The  results were 
combined with the well-established values above 10 mm. 
of Hg ( I )  in a third law calculation. I n  another third 
law calculation heat of vaporization data  were used to 
obtain the difference between the spectroscopic and calori- 
metric entropies. Although the internal consistency proved 
to  be good in these calculations, some uncertainty was 
indeed apparent in the real gas correction terms. 

EXPERIMENTAL 

The vapor pressure of methanol was measured a t  seven 
temperatures with a Knudsen gage and procedure described 
earlier (14).  The accuracy of the gage as a manometer 
was estimated a t  1 3 % .  The  scatter in the vapor pressure 
data  was *6% when based on the thermodynamic analysis 
presented in Table I and resulted mainly from momentary 
adsorption or desorption of methanol vapor inside the gage 
caused by small temperature fluctuations of the gage 
heater. Of particular importance was the fact that  the 
gage had been calibrated against the known vapor pressures 
of ice, benzene and carbon tetrachloride a t  low tempera- 
tures. The  vapor pressures of these three substances 
could be accurately extrapolated from room temperature 
(13). In  this way the usual calibration against a McLeod 
gage was avoided. Recent studies show tha t  results using 
the McLeod gage are subject to serious errors. This is 
probably due to the pumping action of mercury vapor 
streaming into the isolating cold t rap (6, 14, 1 7 ) .  

Table I .  Heat of Sublimation of Methanol 
at Absolute Zero Based on Vapor Pressure 

T ,  K. 

175.04 
175.58 
176.46 
177.12 
178.11 
179.05 
180.25 

190 
200 
210 
220 

210 
220 

260 
280 
300 
320 
340 
360 
380' 

Cal. / Mole 
-RT In f / P  AHa 

This Work 
0 
0 
0 
0 
0 
0 
0 

0 
0 

0 

Klumb and Luckert 

Mundel 

10900 
10910 
10924 
10901 
10910 
10901 
10882 

11020 
10975 
10926 
10874 

0 10874 
0 10887 

API Tables 
2: 2* 10903 
4: 

15, 

40, 

9, 

26, 

59, 

~ 

5 
9 
16 
28 
42 
63 

io896 
10892 
10890 
10887 
10882 
10878 

"This column based on equation of state of Weltner and Pitzer. 
'This column based on equation of state of Kretschmer and Wiebe. 
'The vapor pressure at this temperature is 4.324 atm. 

Correction for thermal transpiration between sample and 
gage was made with an approximate form of the Weber 
equation (15)  using the parameters, d = 3 mm., and 

Reagent grade anhydrous methanol was used. The 
sample was placed in the vacuum system over calcium 
hydride to  remove the last traces of water and then 
distilled directly into the measuring system. The  measured 
vapor pressures were: 

y = 173P2. 

T,  K. P(Microns) 
175.04 1.27 
175.58 1.37 
176.46 1.51 
177.12 1.80 
178.11 2.05 
179.05 2.43 
180.25 3.08 

CALCULATIONS 

The heat of sublimation a t  absolute zero, AH;, was 
calculated from the vapor pressure with the relation: 

-RT In P - RT In f / P  = A ( @  - HE) + AH;  (1) 

Independent values of  AH^ (hereafter marked with a prime) 
were obtained from calorimetric values of the heat of 
vaporization through the relation: 

L + ( H a  - H,) = A(Ho - HE) + AH;' (2) 

( H o - H , ) = i P  [ T  ( g ) P - V ] d P  

Finally, comparison of the spectroscopic and calorimetric 
entropies was made with the relation: 

AH: - AH;' 
T So(spec.) - SO(ca1or.) = 

Values of the thermodynamic functions of the ideal gas 
were taken from a previous tabulation (8). These values 
fell nicely between those based on the two latest vibrational 
assignments (3, 12). Thus, a t  380"K., the two latest 
assignments yielded the values, ( H o  - H8) = 3639 and 
3653 cal. /mole, respectively, whereas the value used here 
was 3644. The corresponding spread for (Go - H8) was 
only 4 cal./mole a t  380" K.  TQ obtain values of the thermo- 
dynamic functions of the liquid above 320°K., i t  was 
necessary to extrapolate the heat capacity data (2) with 
the aid of earlier measurements (4 ,  5 ) .  Some extrapolated 
values of the heat capacity in cal./mole O C. were: 340" K., 
21.96; 360°K., 23.49; and 380"K., 25.15. Values of L 
were taken from the extensive calorimetric determinations 
between 0" and 130" C. (4 ) .  

The vapor pressure above 260" K. was calculated from 
the Antoine equation ( I ) ,  log P(mm.  of Hg) = 8.07246 
- 1574.99/(T - 34.29). Two sets of vapor pressure data 
in the moderately low pressure range have been reported 
(9, 16). These were included in the calculations involving 
Equation 1, which have been summarized in Table I .  
A rapid change in AH; with respect to temperature indi- 
cated that  one of the sets (9) was probably in error. The 
vapor pressure data presented in this paper led to an 
average value, AH; = 10904 =t 8 cal./mole. A slight drift 
in  AH^ was discernable a t  temperatures where the real 
gas correction term was significant. 

Calculations with Equation 2 (Table 11), in which the 
real gas term, Ho - H,, was quite large, yielded a clear 
temperature dependence in AH;' with the result that  the 
entropy test (Table 111) depended rather strongly on the 
choice of temperature. I t  seems likely that the equation 
of state of the vapor is the weakest link here, since the 
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Table 11. Heat of Sublimation of Methanol a t  Absolute Zero 
Based on Calorimetric Heats of Vaporization 

Cal./Mole 

Table IV. Heat of Sublimation of Methanol a t  Absolute Zero 
Recalculated with Adjusted Equation of State 

Cal. / Mole 
T ,  K .  W - H p  AH8 ' 
280 78: 58' 10859: 10839' 
300 146, ll1 10896, 10861 
320 219. 188 10911. 10880 
340 322; 306 10932; 10916 
360 407, 423 10911, 10927 
380 527, 578 10901, 10952 

"This column based on equation of state of Weltner and Pitzer. 
*This column based on equation of state of Kretschmer and Wiebe. 

Table Ill. Comparison of Spectroscopic and Calorimetric 
Entropies of Ideal Gaseous Methanol 

So(spec.) - So(calor.), 
T , o K .  Cal./ Mole C. 
280 
300 
320 

0.13; 0.20' 
-0.01, 0.10 
-0.07, 0.03 

340 -0.13, -0.09 
360 -0.08, -0.13 
380 -0.06, -0.19 

"'See footnotes to Tables I ,  11. 
~~ 

error in the real gas term can be sharply dependent on 
temperature in a manner difficult to  predict, while errors 
in the entropies of the liquid and ideal vapor will cumulate 
slowly with increasing temperature. Thus, although it 
might be anticipated that  the entropy check should be 
best a t  280"K., the lowest temperature of comparison, 
since the real gas term is smallest, the equation of state 
is least reliable a t  this temperature, being based as  it is 
on data at higher temperatures. 

Using the dimer-tetramer model for the vapor (10, 19) 
i t  was possible to improve the third law calculations by 
choosing the following constants: 

2 CH30H-(CH30H),, AH* = -4470 cal./mole, 
ASz = -19.00 cal./mole c. 

4 CHIOH+(CHJOH)~,  AH^ = -30060, ASr = -102.8 

This is shown in Table IV. The  specific equations em- 
ployed were: 

Not included here is the small, positive, temperature 
independent part of the second virial coefficient, which is 
stated to be about 90 cc./mole (10, 19), and which would 
contribute -9 cal./mole to  each of the real gas terms a t  
380"K., -5 cal./mole at 360°K., and a negligible amount 
at lower temperature. I t  is probably too severe a burden 
on the rest of the data used in the third law calculations 

T , " K .  - R T l n f l P  AH8 H " - H p  AH8 ' 
2w 3 10904 . . .  . . .  -___. ... --- 
280 7 10899 124 10905 
300 14 10897 155 10905 
320 24 10899 208 10900 
340 40 lo900 294 10904 
360 59 10900 390 10894 
380 87 10904 523 10897 

to expect that  this adjusted equation of state is accurate. 
Rather, an improved equation of state for methanol vapor 
must come from more direct methods. 

NOMENCLATURE 

f =  
G =  
H =  
L =  
P =  
R =  
s =  
T =  
v =  

fugacity of vapor at  saturation pressure 
molar Gibbs free energy 
molar enthalpy 
molar heat of vaporization 
vapor pressure 
gas constant, 1.98726 cal./mole O K. 
molar entropy 
absolute temperature 
molar volume of vapor 
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