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TABLE VI 

H E A T S OF VAPORIZATION OF C2F5Cl 

MoI. wt. 154.477; O0C. = 273.16°K.; 1 cal. = 4.1833 int. 
joules 

Mean temp. AH, AH, real gas 
Vaporized, of vapor., T, 0K., 234.040K. 

mole 0K. cal. mole - 1 cal. mole ] 

0.019965 233.982 4649 4648 
.013234 234.032 4643 4643 
.021347 234.359 4624 4627 
.021094 234.365 4634 4637 

Av. 4639 ± 10 

Value calcd. from eq. 1 with T0 = 353.1° 
K., Po = 30.8 atm. Berthelot corrn. = 
—212 cal. mole""1 (Hq. vol. corrn. = 
- 2 4 cal. mole-1) 4634 

Value calcd. from eq. 1 and Martin data 
of state 4663 

furnished by Dr. J . J . Martin to be 79.28 ± 0.20 e.u. 
(The critical temperature is 353.10K. and the critical pres­
sure is 30.8 a tm.) The potential barrier hindering internal 
rotation which must be assumed to bring the entropy5 into 
agreement with a "spectroscopic" entropy calculated from 
the Raman and infrared7 is 5300 cal. mole - 1 . A doubtful 
Raman line at 75 cm. - 1 , which is possibly due to the 

(7) J. Rud Nielson, E. Y. Liany, R. M. Smith and D. C. Smith, J. 
Chem. Phys., 21, 383 (1953). 

The unusual hydrogen-bonded dimer which 
acetic acid forms has made it the subject of nu­
merous investigations. Several of these investi­
gations have been concerned with the measure­
ment of vapor densities2-4 and the derivation of 
the stability of the dimer, and perhaps higher poly­
mers, in the vapor phase. To these may be added 
measurements of the infrared spectra of the asso­
ciated and unassociated molecules,6 low tempera­
ture heat capacity measurements,6 and determina-

(1) Department of Chemistry, Harvard University, Cambridge, 
Mass. 

(2) (a) F. M. MacDougall, T H I S JOURNAL, 58, 2585 (1936); (b) 
H. L. Ritter and J. H. Simons, ibid., 67, 757 (1945). 

(3) E. W. Johnson and L. K. Nash, ibid., 72, 547 (1950). 
(4) M. D. Taylor, ibid., 73, 315 (1951). 
(5) R. C Herman and R. Hofstadter, / . Chem. Phys., 6, 534 (1938). 
(6) G. S. Parks, K. K. Kelley and H. M. Huffman, T H I S JOURNAL, 

Bl, 1969 (1929). 

hindered rotation, has been observed by Professor R. C. 
Taylor.8 This corresponds to a barrier of 4500 cal. mole - 1 . 
The entropy at 234.040K. calculated on this basis is 79.47 
e.u. The entropy at 298.160K. calculated from the spectro­
scopic data using the barrier of 4500 cal. mole - 1 as derived 
from the Raman line at 75 c m . - 1 is 85.47 e.u. We prefer 
this value to that calculated on the basis of the empirical 
barrier of 5300 cal. mole - 1 , because assuming the assign­
ment of the 75 c m . - 1 to the torsion to be valid, any errors 
in the calorimetric data are avoided. 
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tion of the molecular structures by electron dif­
fraction.7 The resulting data are usually sufficient 
to establish the vibrational assignment and thermo­
dynamic properties of a molecule. In this case, 
however, because of the complexity of the vapor 
state, and also the question of residual entropy, the 
problem has not been satisfactorily solved.8 

In this paper there is reported the vapor heat 
capacity of acetic acid over a range of temperature 
and pressure. It is found that this physical prop­
erty is very sensitive to the concentrations of the 
molecular species present in the vapor and to the 
equilibria existing between them. In fact, one is 
able to eliminate those results obtained from vapor 
density measurements which propose the presence of 

(7) J. Karle and L. O. Brockway, ibid., 66, 574 (1944). 
(8) See, however, J. O. Halford, J. Chem. Phys., 9, 859 (1941); 10, 

582 (1942). 
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The Vibrational Spectrum, Associative and Thermodynamic Properties of Acetic Acid 
Vapor 

BY WILLIAM WELTNER, JR.1 

RECEIVED MARCH 11, 1955 

The infrared spectrum of acetic acid vapor (CH3COOH and CH3COOD) has been measured down to 300 c m . - 1 at 25 and 
175°, and vibrational assignments are made for both the monomer and hydrogen-bonded dimer molecules. Two bands ap­
pearing at low frequencies at the higher temperature are attributed to the O-H out-of-plane bending in the cis and trans 
forms of the monomer. The heat capacity of the vapor has been measured between 95 and 270° and at pressures of ap­
proximately 1A, 2A and 1 atm. The major contribution to the heat capacity at the lower temperatures in this region is 
that due to absorption of heat for the dissociation of dimer molecules. It is found, contrary to most other work, that only 
monomer and dimer molecules (no higher polymers) are present, and the derived dissociation constants are approximately in 
agreement with those determined by Taylor from low pressure vapor density measurements. At 100° the heat content 
and entropy change in the dissociation of one mole of dimer are 15.05 cal./mole and 36.3 cal./mole deg., respectively. The 
potential barrier hindering internal rotation of the CH3 group is found to be 2500 ± 700 cal./mole. The thermodynamic 
properties of the two molecular species are tabulated, but only an inconclusive comparison of the experimental and calcu­
lated entropies at 25° can be made, because accurate values of the heat of vaporization at that temperature and of the energy 
difference between cis and trans isomers in the monomer are lacking. 
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trimers or tetramers in the vapor in addition to the 
monomer and dimer. These findings, in conjunc­
tion with infrared measurements down to 300 
cm - 1 , have made it possible to evaluate the in­
dividual properties of the monomer and hydrogen-
bonded dimer and to determine more accurately the 
equilibrium constant of the association. 

Experimental 
Mate r i a l s .—CP. benzene was distilled from freshly cut 

sodium through an all-glass column.9 Only the middle cut 
was used. 

The CH3COOH was supplied by Dr. Winslow Caughey 
and had been purified by him in the following manner. 
Reagent grade acetic acid was refluxed for several hours 
under prepurified nitrogen and then distilled through a 
three-foot glass-bead packed column. The first and last 
quarters of the distillate were discarded. By use of the 
Karl Fischer method the resulting acetic acid was found to 
contain less than 0 . 1 % water. 

The CH3COOD was prepared from acetic anhydride and 
D2O. The C P . acetic anhydride (98.4%) used was fur­
ther purified by recovery of the middle portion in a simple 
distillation under vacuum. An excess was added to about 
12 g. of D2O (under dry nitrogen), refluxed for six 
hours and distilled. The 50-ml. portion taken off boiled 
from 115 to 121°. This was then distilled through an all-
glass column9 and the melting points of the first two cuts 
determined. The first cut, melting between 15.6 and 15.9°, 
was used in the infrared measurements. Moisture was ex­
cluded during all of the preparative operations. 

Gaseous Flow Calorimeter.—The calorimeter and glass 
vaporizer were constructed along the lines of previous de­
signs.10 Actually, two calorimeters were constructed; 
one contained Kovar-glass seals which were replaced by 
tungsten-glass seals in the later model since acetic acid at­
tacked the Kovar. The performance of the calorimeter 
used in the acetic acid determinations was checked by mak­
ing two runs on benzene at 113.6 and 207.8° under 1 a tm. 
pressure. The heat capacities of benzene were found to be 
26.65 and 32.35 cal./mole/deg., which agree satisfactorily 
with the most recent values of the group at the Bureau of 
Mines which are 26.62 and 32.43 at these temperatures.11 

The heat of vaporization of benzene under 1 a tm. pres­
sure was found to be 7339 ± 5 cal./mole from seven meas-

T E M P E R A T U R E CC.) 

Fig. 1.—Experimental heat capacity of acetic acid vapor 
at 1A, Vs and 1 atm. pressure. Calculated heat capacities 
of the monomer and hydrogen-bonded dimer in the ideal gas 
state are also shown for comparison. 

(9) F. Todd, lnd. Eng. Chem., Anal. Ed., 17, 175 (1945). 
(10) G. Waddington, S. S. Todd and H. M. Huffman, T H I S JOURNAL, 

69, 22 (1947); W. Weltner, Jr., and K. S. Pitzer, ibid., 73, 2020 (1951). 
(11) Private communication of G. Waddington. See an earlier 

paper by D. W. Scott, G. Waddington, J. C. Smith and H. M. Huff­
man, / . Chem. Phys., 15, 565 (1947) 

urements. This agrees well with the most recent value of 
7340 cal./mole determined at the Bureau of Mines." 

The 13 ohm nichrome heating coil used for the vaporiza­
tion of acetic acid was enclosed in a coiled length of 6 mm. 
Pyrex glass tubing with tungsten seals at each end. The 
space between the wire and the glass was filled with magne­
sium oxide powder to aid in conduction of heat. The glass 
tubing was then wrapped with glass cord to promote boiling. 
The tungsten leads to this heater were also glass covered to 
several inches above the boiling liquid surface. 

Vapor Heat Capacity of C H 3 C O O H . - T h e heat capacity 
of acetic acid was measured over a temperature range of 
95 to 270° at pressures of 249, 507 and 760 mm. To pre­
vent possible contamination of the acetic acid, a fresh sample 
was placed in the vaporizer for each point measured. The 
values obtained are given in Table I . The estimated un­
certainty in these values is ± 0 . 5 % . This is higher than 
usually associated with such measurements, but the devia­
tions from a straight line when the apparent heat capacity 
was plotted versus the inverse rate of flow were also larger 
than usual due to variations in the rate of boiling. A plot 
of these values of the heat capacity at all but the highest 
and lowest temperatures is shown in Fig. 1. 

H E A T CAPACITY 

T, 0K. 

368.4 
396.4 
397.5 
399.1 
399.2 
419.0 
420.1 
421.8 
435.8 
436.0 
443.7 
470.4 
470.9 
479.7 
509.2 
540.0 

TABLE I 

( C A L . / M O L E 

VAPOR 

DEC. ) OF 

249 507 

71.8 

87.3 
77.4 

62.5 

33.7 
28.1 
25.7 

78.3 

79.5 

81.7 

73.5 

48.1 

ACETIC ACID 

72.2 

79.4 

72.7 

54.9 

Heats of vaporization were measured at the temperatures 
prevailing during the vaporization at the three pressures 
used. The mean values are given in Table I I , along with 
maximum deviations from these values. Four measure­
ments of the heat of vaporization were made at 249 mm., 
eight at 507 mm. and sixteen at 760 mm. 

TABLE II 

HEATS OF VAPORIZATION* ( C A L . / M O L E ) OF ACETIC ACID 

/, 0 C. 

85.4 
105.8 
118.5 
140 

P 
(mm.) 

249 
507 
760 

1414 

This 
research 

5629 
5654 
5663 

Max. 
dev. 

8 
10 
11 

Ramsay 
and 

Young12 

5597 
5648 
5656 
5622 

I .CT . 

5680? 
5760? 
5810 ± 3 % 
5670 

Infrared Absorption Measurements.—The procedure was 
essentially that described by Herman and Hofstadter5 ex­
cept that a model 112 (converted from Model 12B) Perkin-
Elmer single-beam, double-pass spectrometer was used. 
Measurements were made using both a sodium chloride and 
a cesium bromide prism with a vapor cell of length 7.3 cm. 
The cell was contained in an oven equipped with the ap­
propriate window material and the temperature of the vapor 
ranged from 25 to 175°. Clear glyptal worked satisfac­
torily for sealing the windows to the cell if baked long 
enough prior to evacuation and filling. The liquid sample 
was condensed in a side arm (protruding from the oven) and 
the cell sealed off under vacuum. In order to decrease the 
intensity of the water and carbon dioxide bands in the so-
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Fig. 3.—(Top curve) infrared spectra of acetic acid vapor at approximately 175° and 18 mm. pressure. Solid line indicates 
spectrum of CH3COOD, dashed line that of CH3COOH. 
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Fig. 4.—Infrared spectra of CH3COOH vapor. Monomer spectrum indicated by solid line, dimer by dashed line. 

dium chloride region, air was passed through silica gel and 
ascarite and then through the instrument. 

The region from 600 to 650 c m . - 1 was not adequately 
covered in several of these measurements because of an 

TABLE II I 

INFRARED BANDS BETWEEN 280 AND 620 C M . " 1 

C H J C O O H 
!igh temp. Low temp. 

513 W 

536 m 

556 w 
572 w 

478 s 
509 w 
513 w 
534 w 
546 w 
556 w 
572 w 

? 

CHaCOOD 
High temp. Low temp. 

405 W 

421 m 
437 w 

514 w 
535 m 
546 m 
556 w 
572 w 
593 vw 

426 w 

449 w 
471 s 

534 vw 
546 w 
556 w 
574 w 
597 m 

601 vw 

unforeseen difficulty in the use of the instrument. Also, 
a KBr prism was not available for this work. 

The resulting spectra in the CsBr region are shown in 
Figs. 2 and 3 and the bands appearing there are listed in 
Table I I I . The high temperature spectra were determined 
with the vapor heated to 175° and pressure of about 18 mm. 
The dimer spectra, containing a small amount of monomer, 
were determined at a vapor temperature of 25°, vapor 
pressure = 16 mm. As is usual, the letters, s, m, w, vw 
stand for strong, medium, weak and very weak intensity 
bands. 

The spectra of CH3COOH and CH3COOD at 25 and 175° 
were re-examined5 in the sodium chloride region in order to 
scrutinize more closely several of the important bands of the 
dimer and monomer molecules. The region from 1140 to 
640 c m . - 1 (9 to 12 M) is shown in Fig. 4 for CH3COOH at 
both temperatures. This was the only portion of the 3 to 
15 ^ region in which significant additions were made to the 
spectra already existing in the literature. Table IV con­
tains a list of the bands found in this region. 

Heat of Vaporization 
The variation of the heat of vaporization, as 

given in Table II, can be seen to be abnormally 
small over the temperature range of measurement. 
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TABLE IV 

INFRARED BANDS BETWEEN 640 AND 1140 C M . - 1 

CHaCOOH 
High temp. Low temp. 

~ 6 5 0 S 
680 m 

866 w 
900 m" 

944 s 

996 m 1014 m 
1082 w 1066 w 

" Shoulder on strong 944 cm. 

CHaCOOD 
High temp. Low temp. 

680 W 
706 w ? 

950 m 
/971 m 
\977 
1010 w 
1050 w 

-» band. '-

701 m 
857 w 

893 w'' 
(917 m 
\938 

1010 in 
1070 m 

' Slight shoulder 

This is explained by the fact tha t the heat of va­
porization reaches a flat maximum in the region 
of the normal boiling point as indicated by the 
values given in columns 5 and 6 which were taken 
from the work of Ramsay and Young12 and the 
International Critical Tables.13 The values given 
by Ramsay and Young were corrected to the 
presently accurate physical constants.14 The 
values measured here are in good agreement with 
Ramsay and Young a t the two higher temperatures 
bu t not at 85.4°. These authors did not measure 
the heat of vaporization but derived it from the 
exact Clapeyron equation by use of their measured 
vapor pressures, vapor densities and liquid den­
sities. The sensitivity of the heat of vaporization 
to slight errors in the measured vapor pressures is 
well known, so t ha t any discrepancy here is prob­
ably at t r ibutable to tha t cause. 

Vibrational Assignments 
The infrared spectrum of acetic acid vapor has 

been measured by Herman and Hofstadter5 and 
Giguere and Olmos15 in the sodium chloride region, 
and tha t of the liquid by Hadzi and Sheppard.16 

Herman and Hofstadter have also determined the 
spectra of CD 3COOH and CD3COOD.1 7 The 
Raman spectrum has been measured by a large 
number of workers,18 and the Raman of CH 3COOD 
and CD 3COOD has been determined by Angus, 
Leckie and Wilson.19 These measurements, to­
gether with those reported here for the region of 
the spectrum below 600 cm. - 1 , allow a rather 
definite assignment to be made for both the 

(12) W. Ramsay and S. Young, / . Chem. SoC, 49, 790 (1886). 
(13) "International Clitical Tables." Vol. V, McGraw-Hill Book 

Co., Inc., New York, N. Y., 1929, p. 138. 
(14) F. D. Rossini, F. T. Guekei, Jr., H. L. Johnston, L. Pauling, 

and G, W. Vinal, THIS JOURNAL, 74, 2699 (1952). 
(15) P, A. Gigueie and A. W. Olmos, Can, J. Chem., 30, 821 (1952). 
(16) D. Hadzi and K. Sheppaid, Proc. Roy. Sue. (London), A216, 

247 (1953). 
(17) R. C. Herman and R. Hofstadter, J. Chem. Phys., 7, 460 

(1939). 
(18) See P. Koteswaram, Z. Physik, 110, 118 (1 938), for a bibliogra­

phy of most of the workers. Others are: J. T. Edsall, J. Chem. Phys , 
4, 1 (1936); K. W. F. Kohlrauseh, F. Koppl and A. Pongratz, Z. 
physik. Chem., B21, 242 (1933); R. M. BeIi and M. A. Jeppesen. J. 
Chem. Phys., 2, 711 (1934); J. T. Edsall and E. B. Wilson, Jr., ibid., 
6, 124 (1938). 

(19) W. R. Angus. A. H. Leekie and C. Wilson, Pi-oc. Roy. Soc. 
(Loudon), A155, 183 (1936). 

monomer and dimer molecules. There are some 
doubtful frequencies, but for thermodynamic pur­
poses the assignments should be quite satisfactory. 

Acetic Acid Monomer.—The molecule has, at 
most, only a plane of symmetry and therefore 
only two symmetry species, A ' and A". Since the 
Raman spectra are of the liquid they are not of 
much aid in choosing the vibrational modes due to 
the monomer except where bands might be ex­
pected to undergo only a small change when the 
dimer is formed. The assignment, not including 
the CH3 torsional frequency of A" symmetry type, 
is given in Table V. The deuterated derivatives 
are also included in the table to aid in checking the 
assignment. The Teller-Redlich product rule is 
of no real help here, however, because so many of 
the low frequencies are not accurately known. 
All of the Raman lines are taken from the work of 
Angus, el a/.,19 since they also made measurements 
on the deuterated acids. An " R " following a band 
indicates tha t it was taken from the Raman spec­
trum. 

Sym. 

TABLE V 

TiONAL A S S I G N M E N T O F A C E T I C 

Motion 
C-C-O bending 
CHa rocking 
C-C stretching 
CHs sym. bending 
CH3 unsym. bending 
C = O stretch 

C-O stretch 

CHs sym. stretching 
CHj unsym. stretchin 
O-C-O bending 

O-H bending 

O-H stretch 
CH3 unsym. bending 
CHs rocking 
CHs unsym. stretch 
O-H bending trans 

cis 
C-O bending 

CHs-
COOH 

564 
1184 

996 
1381 
1403 
1770 

/1184 
(1281 
2935 R 

g 3027 R 
680 

/1184 
\ 1284 

3546 
1431 R 
1082 
2983 R 

538 
650 
536 

CHi-
COOD 

564 
1184 

974 
1383 
1403 
1770 
1284 

2940 R 
3021 R 

680 
950 

2653 
1434 R 
1050 
2980 R 

421 
546 
535 

ACID 
C D I -

COOH 
? 

820 
926 

1065 
1065 
1760 

/1335 
(1217 

(2111) 
2225 
(645) 

/1335 
/1217 
3640 
1060 

790 
(2183) 

? 
? 
? 

MONOMER 
C D I -

COOD 
? 

812 
925 

1060 
1060 
1760 
1280 

2111 R 
2237 R 

645 
1000 

2660 
1060 

785 
2183 R 

? 

? 
? 

The only motions requiring explanation are the 
C-O stretching and bending vibrations, the C - C - O 
bending, the two O-H bending modes, and perhaps 
the rocking motion at 1184 cm. - 1 . In spite of the 
peculiar behavior in the region of the 1184 and 
1284 cm." 1 bands when the spectra of CH3COOH 
and CH 3COOD are compared, an examination of 
CD 3COOD and CH 3COOD must lead to the con­
clusion that K C - O ) ^ 1280 cm.- 1 . An accidental 
degeneracy is evident in CD3COOH at this fre­
quency due to the interaction of the O-H inplane 
bending and the C-O stretching modes, and this 
same interaction would be expected in CH3COOH. 
However, the behavior in progressing from CH3-
COOD to CH3COOH in this region is not clear and 
may possibly be due to the presence of cis and 
trans forms of the acid which would be expected 
to have different O-H in-plane bending frequencies. 
The 1184 c m . - 1 band in CH3COOD must be at­
tr ibuted to a CH3 rocking motion since the O-D 
motions are now at lower frequencies. 

The past work on acetaldehyde20 and nitrous 
(20) K. S. Pitzer and W. Weltner, Jr., THIS JOURNAL. 71, 2842 

(1949). 
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Sym. Motion 

C-C-O bending 
CH3 rocking 
C-C stretching 
CH3 sym. bend 
CH3 unsym. bend 
C = O stretch 

C - O stretch 

CH3 sym. str. 
CH3 unsym. str. 
O - C - 0 bend 

O-H bend (i.p.) 

O-H stretch 
CH3 unsym. bend 
CH3 rocking 
CH3 unsym. str. 
O-H bending 
C-O bending 

TABLE VI 

VIBRATIONAL ASSIGNMENT OF THE ACETIC ACID DIMER 

C H . C O O H 
I.R. Raman 

478 454 
1066 1112 ? 
(928) 898 
1371 1359 

1431 
1739 1683 

(IS ™ 
l m n 2935 
j 3 0 3 0 3027 

623 
/1424 1 0 „ 
\1294 1 2 ° ° 

2990 3193 ? 
1431 

1014 1016 
2983 

944 
509 ? 

CH8COOD 
I. R. Raman 

471 434 
1070 1094 
928 856 

1321 
1434 

1725 1655 

1340 

\ono n 2940 
/ 3 0 3 ° 3021 

601 598 

1070 

2260 
1434 

1010 1014 
2986 

701 
450 ? 

CDiCOOD 
I.R. Raman 

827 
926 

1046 
1075 
1740 

1360 

J2326 

645 

1046 

2299 
1075 
782 

2326 
690d 

411 

800 
1025 
1093 
1657 

1330 ? 

2111 
2237 

580 

1025 ? 

2275 
1093 

713 ? 
2183 

580 

C D J C O O H 
I R . 

820° 
(926)' 
1053° 
1075° 
1730 

/1408 
\1285 

J2326 

/1408 
\1285 

3106 
1075' 
802 

2326 
939 

° Weak band taken from Herman and Hofstadter's spectrum.17 b 939 (v.s.) hides the true value. c These bands do not 
appear in trichloroacetic acid spectrum,16 therefore attributed to CD3. d A shoulder on Herman and Hofstadter's curve.17 

acid21 was of aid in making the remainder of the as­
signment. The 650 cm."1 band is only approxi­
mate since, as mentioned above, this region of the 
spectrum was not properly covered. However, 
the high frequency side of what looks like a strong 
band may be seen at 660 cm. - 1 in Fig. 4. Further 
work in this region, using a potassium bromide 
prism, should establish its exact position and in­
tensity. Assuming its existence established, then 
the O-H out-of-plane bending motions are quite 
clearly analogous to those in the cis and trans 
forms of HONO and correspondingly directed 
O-H groups in the plane of the carboxyl group 
seems quite certain. The anharmonicity of this 
vibration is large as may be seen when the O-D 
and O-H frequencies are compared. The isolated 
O-D bending at 421 cm. - 1 is interesting since its 
envelope shows clearly the P, Q and R branches 
of a type C band. The further identification of 
these bendings as belonging specifically to cis or 
to trans cannot be made, but it seems likely that 
the cis form has the higher frequency 

The so-called "C-O bending" mode is considered 
the most doubtful frequency.22 In acetone this 
vibration occurs at 390 cm. - 1 but in acetic acid it 
must be assumed to lie much higher since no bands 
were found in the infrared between 300 and 513 
cm. -1. 536 cm. - 1 was chosen as the Q branch 
of this band, which is also not affected by deutera-
tion. The C-C-O bend is also expected to occur 
near 550 cm.-1.20 The CH3 torsion is treated be­
low as a hindered internal rotation with a three­
fold potential barrier. 

Acetic Acid Dimer.—The dimer is of C2n sym­
metry and has 42 vibrational modes. If the two 
monomers making up the dimer were tightly 
coupled then each fundamental of the monomer 

(21) L. H. Jones, R. M. Badger and G. E. Moore, / . Chcm. Phys., 
19, 1599 (1951). 

(22) The writer would like to thank Professor Gordon M. Barrow 
for an enlightening discussion of this phase of the assignment. 

would be split such that each mode of original sym­
metry A' or A" would yield two bands of different 
symmetry: A' —»• Ag and Bu, A" -*• Au and Bg. 
The Ag and Bg vibrations are Raman active, and 
the Au and Bu are infrared active. Besides these, 
there are six extra modes due to "intermolecular" 
vibrations which are of low frequency and have 
not been observed or, if observed, have not been 
identified as such. Of these six, two are Ag, 
two are Au, one is Bg and one is Bu. 

One finds, upon comparing the infrared and 
Raman spectra of the dimer, that there is essen­
tially no splitting so that only a weak coupling is 
occurring, as might be expected in a hydrogen-
bonded ring. Of course, the O-H vibrations are 
considerably changed from those in the monomer. 
The vibrational assignment, excluding the two 
CH3 torsions and the six low frequency intermolecu­
lar modes, is given in Table VI where the A', A" 
symmetry notation is retained. 

It is believed that the two strong bands in 
(CH3COOH)2 in the neighborhood of 1300 cm."1 

are again due to the Fermi resonance of the O-H 
in-plane bending and the C-O stretching vibra­
tions. The unperturbed C-O mode occurs at 
about 1340 cm. - 1 as may be seen most clearly by 
examination of the spectra of (CD3COOD)2

17 and 
liquid trichloroacetic acid.16 The strong band at 
about 1430 cm.-1 in (CH3COOD)2 is partially at­
tributable to CH3 bending motions, but since these 
are not expected to be very strong, the intensity of 
the band is puzzling. It could be due to the pres­
ence of the O-H acid, but there is no other evidence 
for the existence of this impurity. The C-C 
stretch occurs at 928 in (CH3COOD)2 but is 
strongly overlaid by the O-H out-of-plane bending 
at 944 cm. - 1 in the completely protonated com­
pound. The C-O bending is again a doubtful 
frequency and no support can be given to the 
questionable values assigned except that they lie 

file:///1294
file:///1285
file:///1285
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in a reasonable region of the spectrum. The po­
tential barrier hindering internal rotation of each 
CH3 in the dimer is assumed the same as t ha t in 
the monomer and is determined from the measured 
heat capacity of the vapor. 

Since the six intermolecular frequencies are not 
known exactly, the approximate values of Slutsky 
and Bauer23 have been used in order to calculate the 
contribution of these modes to the vibrational heat 
capacity. The frequencies calculated bv these two 
authors are 332, 215, 165, 143, 114 and 35 cm.- 1 . 
They will make a total contribution of almost 6J? 
to the heat capacity, and in this range the heat 
capacity contributions are quite insensitive to small 
errors in frequency. Later on, it will be shown tha t 
these frequencies are not completely compatible 
with the entropy of the dimer and tha t a better set 
of frequencies for thermodynamic purposes would 
be 276, 178, 165, 119, 95 and 29 cm.- 1 . However, 
this change has very little effect upon the calcu­
lated heat capacities. 

I t is interesting to note the effect of dimeriza-
tion upon the O-H bending frequencies. The in-
plane O-H bending mode has risen from about 
1230 to 1360 c m . - 1 while the out-of-plane bending 
has risen from about 590 to 940 c m . - ' . This be­
havior is qualitatively what one would expect and 
may be compared with the well known decrease in 
the O-H stretching frequency when a hydrogen 
bond is formed. 

Acetic Acid (Hypothetical) Trimer and Tetra-
mer.—For the purpose of calculating the contribu­
tion of these species, if they are present, to the 
heat capacity of the vapor, it is necessary to know 
their approximate vibrational assignments. One 
may assume tha t the coupling between monomeric 
units is again weak, as in the dimer, and tha t each 
monomer in the polymer contributes its charac­
teristic frequencies unchanged. The additional 
intermolecular modes (12 in the trimer, 18 in the 
tetramer) may then be taken to be quite low as in 
the dimer and thus contributing almost V2R and 
ISi? to the heat capacity per mole of trimer or 
tetramer. Since the contribution of these higher 
polymers to the heat capacity is small, these as­
sumptions are justified. The CH 3 torsional modes 
are again assumed to have the same hindering po­
tential barrier as in the monomer. 

Molecular Species in the Vapor 

Vapor density measurements on acetic acid 
have been made by a large number of workers but 
the only ones which will be considered here are the 
three more recent determinations by Johnson and 
Nash (J and N),3-'24 Ri t ter and Simons (R and S)2 

and Taylor (T).4 In the order given, these authors 
worked at progressively lower pressures and in ap­
proximately the same temperature range. The 
heat of dissociation of the dimer in these deter­
minations shows a trend in the same direction, be­
ing 13.S, 14.5 and 15.3 kcal./inole, respectively. 

(23) L. Slutsky and S. H. Bauer, Tins JOURNAL, 75, 270 (195S). 
The similar earlier work of J. O. llalford, J. Cheni. Phys., 14, 39S 
(1946) also should be mentioned. 

(24) There is also recent work by J. Moreillo and A. Pcrez-Masia, 
yludl. real soc. esptin. fis. y qitim., 48B, 031 (19.32), which agiees with 
the results of Johnson and X;ish. 

Johnson and Nash found it necessary to specify 
the presence of a trimer in the vapor in addition 
to a dimer in order to account for their experimen­
tal results and Rit ter and Simons proposed a 
tetramer. Taylor 's values, at a lower pressure, 
required only a monomer-dimer equilibrium. 

One may calculate the heat capacity of acetic 
acid considering the composition of the \ apor to be 
determined by the concentrations of the various 
species determined by the equilibrium constants 
of each of the three sets of authors. The heat 
capacity per formula weight of acetic acid vapor 
(60.052 g.) is given by 
Cp = re M Cu + UDC-D + HTCT — &Hz(dnv/dT)/2 + 

(AH3 - 3AH2/2)(dnT/dT) (1) 

where wM, Kn, » T and CM, CD, C T are the number 
of moles and heat capacities of monomer, dimer 
and trimer, AII2 is the heat of association of mono­
mers to dimers, AJJ3 the heat of association of 
monomers to trimers. If tetramers are the higher 
polymer assumed present, then reT and C T in this 
equation stand for the number of moles and heat 
capacity of tetramer. (AH3 — 3 AJJ2/2) must then 
be replaced in the last term by (AIh — 2 AII2) 
where AJJ4 is the heat of association of monomers 
to tetramers. A more detailed discussion of the 
algebra involved in calculating C5 from eq. 1 is 
given in an appendix to this paper. 

In order to determine CM, C D and CT, and thereby 
also AJJ2 and AS2 as functions of the temperature 
(temperature variation of AJJ3, A53 and AJJ4, 
ASi was neglected), the vibrational assignments of 
the previous section were utilized. A mean fre­
quency was used for the O-H bending fundamental 
which was different for the cis and trans forms of 
the monomer. The potential barrier hindering 
internal rotation of the CH3 group remains an un­
known, it being assumed the same in all molecules. 
However, the contribution of this internal rotation 
to the heat capacity then depends only on the re­
duced moment of inertia25 of the CH3 group in 
each of the molecular species. Using Karle and 
Brockway's7 structures for the monomer and dimer 
(with the O - C - 0 angle taken as 130° in both) 
the reduced moments are very nearly the same, be­
ing 4.98 and 5.13 X 10~4<> g. cm.2/molecule, respec­
tively. Therefore, if the contribution of this de­
gree of freedom to the heat capacity of the mono­
mer is Ci, the contribution of two methyl groups in 
the dimer will be very close to 2 C1. This means 
that , in calculating the ACP of the monomer-dimer 
association reaction as a function of temperature, 
the internal rotation contribution to each species 
need not be known. Also, the CH3 internal ro­
tation contribution of all the species to the total 
heat capacity as given in eq. 1 will be «MCJ + 
«D(2C;) + « T ( 3 C I ) = Ci; since H M + 2nn + 3« T 

= 1 if the heat capacity is tha t for one formula 
weight of acid. The contribution of the CH 3 tor­
sion would be expected to lie somewhere between 
about 1 and 2 cal./mole deg. depending upon the 
height of the barrier hindering internal rotation. 
Also, for a given barrier, C; will vary by only about 
10% over the temperature range of observation, 
being lower a t the higher temperatures. 

(2.V K. S. Pitzer and W. D. Gwinn, J. Chrti'. C/iv..., 10, 428 (1942) 
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Briefly, then, the procedure is to use eq. 1 with 
CM, etc., calculated from the vibrational assign­
ments given above, excluding internal rotation of 
the CH3 groups. ACP for the monomer-dimer as­
sociation may also be calculated and used to ac­
count for the temperature variation of the values 
of AiJ2 and AS2 given by each of the three authors. 
The internal rotation may then be obtained by 
difference as is usually done. 

The calculated heat capacity is quite sensitive 
to the thermodynamic constants of the monomer-
dimer reaction, so that, as mentioned above, it was 
necessary to take account of the temperature de­
pendence of AJJ2 and AS2. For example, at 145.8° 
and 0.328 atm. the calculated heat capacity, as­
suming AH2 and AS2 as constant, is 2.2% higher 
than that calculated allowing variation of these 
functions with temperature. This example uti­
lized Taylor's4 equilibrium constant. 

The Cp of the monomer-dimer association over 
the temperature range of 300 to 540°K. is found 
to be (in cal./deg./mole of dimer) 

ACp = 2.22 + 0.00328T - 0.185 X 10-5Z^ (2) 

Use was made of eq. 2 with the values of AJZ2 and 
AS2 (at the average temperature over which each 
set of vapor density measurements was made) and 
K2, Kz (or Ki) given by each author and CT given by 

CT (trimer) = 3(CM - 7.95) + 7.95 + 12i?(0.95) 
or 

CT (tetramer) = 4(CM - 7.95) + 7.95 + 18^(0.95) 

The factor 0.95 in these equations approximately 
accounts for the fact that the intermolecular fre­
quencies do not contribute R to the heat capacity. 
Cp in eq. 1 may then be calculated excluding CH3 
torsion contributions. Table VII gives the results 
at two extremes of experimental conditions. Ro­
man numeral I stands for the terms — AH2{bnu/ 
57")/2; II is either (AJJ3 - 3AJJ2/2)(d«T/c)r) 
for J and N or (AJJ4 - 2AH2){bnT/bT) for R and S. 

TABLE VII 

CONTRIBUTIONS ( C A L . / M O L E D E C . ) TO THE H E A T CAPACITY 

OF ACETIC ACID (EXCLUDING CH3 TORSION) AS CALCULATED 

FROM THE EQUILIBRIUM CONSTANTS OF T H R E E SETS OF 

AUTHORS 
CaIc. Cp 
excl. CHj 

Author «MC.M MDCD KTCT I II tors. 

At 124.3° and 1 atm., Cp (obsd.) = 72.2 

J and X 5.07 12.04 1.48 42.70 0.91 62.2 
R and S 4.67 12.28 1.69 42.46 - 0 . 5 3 60.6 
T 5.53 12.96 . . 52.54 . . . . 71.0 

At 266.8° and 0.328 atm., CP (obsd.) = 25.7 
J and X 21.54 0.37 0.00 2.37 0.00 24.3 
R and S 21.67 0.23 0.00 1.61 0.00 23.5 
T 21.67 0.23 . . 1.77 . . . . 23.7 

Two things are to be noted from Table VII. The 
large contribution of term I to the total heat ca­
pacity at the lower temperature and, secondly, 
the large divergence of the observed heat capaci­
ties from those calculated using Johnson and 
Nash's or Ritter and Simon's constants. This 
divergence is more extensively examined in Table 
VIII where only Johnson and Nash's constants are 

used. The third column of this table gives the 
mole fraction of monomer present and the last 
column A = Cp(obsd.) — CP(calcd.). A corre­
sponding table could also be presented utilizing 
Ritter and Simon's equilibrium constants and 
yielding almost the same behavior of A. Taylor's 
constants give much better agreement as may be 
seen from Table IX. A here goes through a mini­
mum at intermediate values of NM. but is not 
greater than about 2 cal./mole deg. over the whole 
range. Assuming only monomer-dimer equilib­
rium, one finds that a fit can be made over the com­
plete range of experimental conditions by adjust­
ing AiJ2 and AS2. Thus if Taylor's values for these 
quantities are lowered by about 1.5%, the A's ap­
proach a constant value at all experimental tem­
peratures and pressures (see Table X to be dis­
cussed below). 

TABLE VIII 

HEAT CAPACITY OF ACETIC ACID VAPOR 

(Calculated Using Johnson and Nash's Association Con­
stants) 

t ( 0 C.) 

266.8 
145.8 
162.8 
148.6 
123.2 
124.3 

Pres. 
(atm.) 
0.328 
0.328 
0.667 
1.000 
0.667 
1.000 

A M 

0.992 
.796 
.786 
.635 
.522 
.460 

Calcd. 
(excl. CHi 

tors.) 

24.3 
71.2 
68.3 
71.9 
68.1 
62.2 

Obsd. 

25.7 
77.4 
73.5 
79.4 
78.3 
72.2 

A 

1.4 
6.2 
5.2 
7.5 

10.2 
10.0 

TABLE IX 

H E A T CAPACITY OF ACETIC ACID VAPOR 

(Using Association Constant of Taylor) 

t (0C.) 

266.8 
145.8 
162.8 
148.6 
123.2 
124.3 

Pres. 
(atm.) 

0.328 
0.328 
0.667 
1.000 
0.667 
1.000 

iVM 

0.995 
.818 
.818 
.670 
.542 
.483 

Calcd. 
(excl. CHs 

tors.) 

23.4 
77.7 
73.4 
79.8 
77.6 
71.0 

Obsd. 

25.7 
77.4 
73.5 
79.4 
78.3 
72.2 

A 

2.3 
- 0 . 3 

0.1 
- 0 . 4 

0.7 
1.2 

The important conclusion one reaches from the 
above calculations is that essential agreement may 
be obtained with the observed heat capacities over 
a wide range of conditions if only a monomer-dimer 
equilibrium is assumed to occur in the vapor. This 
does not exclude the possibility that a set of 
equilibrium constants for monomer-dimer plus 
higher polymer might exist which would also repro­
duce the measured heat capacities. However, 
since reasonable agreement26 with Taylor's thermo­
dynamic constants is obtained and since the low 
pressure range covered by this author was most 
likely to yield correct monomer-dimer constants, 
the evidence points quite strongly toward the ex­
clusion of hydrogen-bonded higher polymers in the 
vapor over the range of pressure and temperature of 
this research. 

(26) Professor Nash has pointed out that Taylor has neglected any 
corrections for adsorption in this work. If such a correction is neces­
sary, it is to be noted that Taylor's constants would be shifted in a 
direction such as to agree more closely with those found in this re­
search. 
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I t should perhaps also be noted tha t Coolidge27 

had reached these same conclusions for formic acid 
from vapor density work over the temperature 
range of 10 to 156° and pressure range of about 3 
to 1100 mm. 

The Monomer-Dimer Association Reaction 

The variation of AH2 and AS2 of the monomer-
dimer equilibrium may be carried out until an al­
most constant difference between the calculated 
and observed heat capacities is obtained. This 
difference is then at t r ibuted to the CHs torsions, 
and from it the potential barrier hindering internal 
rotation of the CH 3 group, assumed the same in the 
monomer and dimer, may be calculated. This 
barrier height will be strongly dependent upon the 
accuracy of the experimental heat capacities at the 
highest temperatures since the calculated values a t 
these temperatures are insensitive, as one might 
expect, to the monomer-dimer reaction constants. 
This may be seen by reference to the lower par t of 
Table VTI where even the very large differences 
in the constants of the three sets of authors yield 
A's of 1.4, 2.2 and 2.0 cal./mole deg. There is not 
a very large variation even in this extreme case. 
Thus, because the potential barrier is not really 
evaluated from da ta over a wide range of tempera­
ture, it is considered accurate to ±700 cal./mole. 

A barrier height of 2500 cal./mole and the 
following values of AH2, AS2 and K2 for the reac­
tion 

2Monomer = Dimer 

yield heat capacities in agreement with the experi­
mental ones to within the estimated error at almost 
all points. This is shown in Table X under the 
columns entitled "perfect gases." 

AH2 (cal./mole) = -16 ,075 + 2.22T + 0.00164T2 -

6.17 X 10~7 T3 (2a) 

AS2 (cal./mole deg.) = -50.542 + 5.112 log T + 
0.00328T - 9.26 X 10"7 T2 (2b) 

log K1 (atm."1) = -11.53093 + ' M S J I ? + 

1.11716 log T + 3.582 X 10^ 4 T - 6.75 X IC)-8T2 (2c) 

These equations give a t 100° (mean temperature 
of Taylor 's work) : AH2 = —15.050 kcal./mole and 
AS2 = —36.30 cal./mole deg. as compared to 
AH2 = - 1 5 . 2 7 0 kcal. /mole and AS2 = - 3 6 . 8 4 
cal./mole deg. given by Taylor. T h e uncertainty 
in the AH2 of this research is estimated as about 
±0 .05 kcal./mole and in AS2 as about ± 0 . 1 cal. / 
mole deg. 

Gas Imperfection.—In order to account for this 
small effect upon the heat capacity, but corre­
spondingly large effect upon the vapor densities, 
the second virial coefficients of the monomer and 
dimer have been arbitrarily assumed to be given 
by the Berthelot equation. The equation of state 
of the monomer was thus specified by taking the 
critical temperature and pressure in Berthelot 's 
equation as those for acetic acid (Tc = 321.6°, 
Pc — 57.2 a tm.) . The dimer was assumed to be­
have similarly to isobutyl acetate which has the 
critical constants, Tc = 288°, Pc = 31 atm. Then 

(27) A. S. Coolidge, T H I S JOI-RNAI., 50, 2HKi (1!12S). 

TABLE X 

A COMPARISON OP THE CALCULATED AND EXPERIMENTAL 

HEAT CAPACITY" OF ACETIC ACID VAPOR ( C A L . / M O L E 

T 
( 0 K.) 

368.4 
396.4 
397.5 
399.1 
399.2 
419.0 
420.1 
421.8 
435.8 
436.0 
443.7 
470.4 
470.9 
479.7 
509.2 
540.0 

"A = 

Pres. 
(atm.) 

C). 328 
0.667 
1.000 
0.667 
0.328 
0.328 
0.667 
1.000 
0.328 
0.667 
1.000 
0.667 
1.000 
0.328 
0.328 
0.328 

Cp (obsd.) 

DEG.) 
Perfect gases 

Cp 
(calcd.) A 

71.9 
78.0 
71.7 
79,3 
87.4 
78,1 
81.8 
80.0 
62.5 
74.0 
73.4 
48.1 
54.5 
33.6 
27.5 
25.5 

- cP 

- 0 . 1 
.3 
.5 
.2 

- .1 
— . 7 
- .1 
- .6 

.0 
— .5 
- .7 

.0 

.4 

.1 

.6 

.2 

(calcd.); 

Imperfect ga 
Cp Cp 

(imp.) (calcd.) 

0.10 
.16 
.25 
.16 
.08 
.07 
.14 
.22 
.07 
.14 
.21 
.12 
.17 
.05 
.05 
.04 

72.0 
78.2 
72.0 
79.5 
87.5 
78.2 
81.9 
80.2 
62.6 
74.1 
73.6 
48.2 
54.7 
33.7 
27.5 
25.6 

ses 

A 

- 0 . 2 
.1 
2 

.0 
- .2 
- .8 
- .2 
- .8 
- .1 
- .6 
- .9 
- .1 

2 
.0 
.6 
.1 

Cp (obsd.) is from Table 

the second virial coefficients for the monomer and 
dimer, respectively, are given by 

BMM = 60.0 (1 - 2.12 X 106/T2) cc./mole 

SDD = 104.4 (1 - 1.89 X K)6ZT2) cc./mole 

Assuming tha t the equation of state of the mixture 
may be written28 

PV = (MM + HD)-RT + (KM H11M + nDBm>)P (3) 

the contribution of gas imperfection to the heat 
capacity is 
Cp(imp.) = nM(l.85 X 107P/T3) + 

H D ( 2 . 8 7 X 10 !T/T3) (4) 

The results of the application of eq. 4 are given in 
column 5 of Table X. The correction is, as ex­
pected, quite small. 

The vapor density may be calculated from eq. 3 
and compared with t ha t determined from the 
equations of other authors. For example, a t the 
arbitrary temperature and pressure of 397.5°K. 
and 1 atm., the equations of Rit ter and Simons 
yield a vapor density of 3.001 g./l., Johnson and 
Nash 's equations give 2.908, and the above rela­
tion gives 2.875, where about 3 % is due to gas im­
perfection. 

Thermodynamic Properties of the Monomer and 
Dimer 

From the foregoing vibrational assignments, the 
molecular structures, and the CH 3 barrier of 2500 
cal./mole, the entropy change in the monomer-
dimer equilibrium at 100° can be calculated and 
compared with the value of —36.3 determined from 
the heat capacity measurements. Here, however, 
the unknown proportion of cis and trans isomers in 
the monomeric vapor is of importance, which was 
not the case in the heat capacity calculations. The 
energy difference between these isomers in formic 
acid has been approximately determined by 

(28) See, for example, R. Fowlei and E. A. Guggenheim, "Statistical 
Thermodynamics," Camblidge University Press, Xew York, N. Y.. 
l!14r). p 297. 
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Mariner and Bleakney,29 and Williams.30 If it 
may be assumed that the isomers are similar in the 
two acids, which seems very likely, a value of AE 
= 1500 cal./mole may be taken as a rough aver­
age from their measurements. This energy dif­
ference and the Boltzmann equation yield an en­
tropy of mixing of 0.85 cal./mole deg. for each mole 
of monomer, and AS2 becomes —39.8 cal./mole 
deg. at 100°. 

The calculated entropy is very sensitive to the 
values of the low frequencies (whereas the heat 
capacity is not) and the intermolecular frequencies 
of the dimer taken from the approximate calcula­
tions of Slutsky and Bauer are undoubtedly the 
cause of the major portion of the 3.5 e.u. discrep­
ancy. (Of course, any error in the assignment of 
the C-O bending frequency would also be reflected 
here.) In order to correct this error, some or all 
of the six frequencies must be lowered a sufficient 
amount so that the entropy of the dimer is in­
creased by 1.8 e.u. This may be done by adjust­
ing Slutsky and Bauer's force constants, and we 
have chosen arbitrarily to decrease the two force 
constants determining the five bending frequencies. 
I t is found that lowering each force constant by 31 
per cent, will raise the entropy of the dimer by the 
prescribed amount. The five intermolecular modes 
which were formerly at 332, 215, 143, 114 and 35 
cm.-1 now lie at 276, 178, 119, 95 and 29 cm.-1, 
respectively. 

The thermodynamic functions (to the harmonic 
oscillator-rigid rotator approximation) of the 
monomer and dimer may now be calculated over 
the temperature range of 298.16° to 1500°K.; 
the results are given in Tables XI and XII. The 
entropy of mixing of cis and trans forms in the 
monomer (assuming that AE = 1500 cal./mole) 
varies from 0.62 e.u. at 298.160K. up to R In 2 at 
about 1000°K. The heat and free energy of for­
mation are obtained from the heat of combustion 
of liquid acetic acid,31 the heat of vaporization at 
25° (see the next section entitled "Experimental 
Entropy") and the corresponding functions for 
water and carbon dioxide.32 The thermodynamic 
functions for hydrogen, graphite and oxygen were 
also taken from the API tables. The concentra­
tions of monomer and dimer, and AH* at 25° were 
also necessary: wM = 0.0959, « D = 0.4520, AiJ2 
= —15.28 kcal./mole of dimer. The accuracy of 
the monomer functions is considered to be better 
than those of the dimer for the various reasons dis­
cussed above. AH0 of the monomer-dimer re­
action calculated by use of these tables is found 
to vary considerably, probably because of inac­
curacies in the dimer functions. The second deci­
mal place throughout the tables is carried only to 
aid the user to maintain higher accuracy when values 
at intermediate temperatures are considered. The 
heat and free energy of formation are uncertain to 
several tenths of a kcal./mole for the monomer and 

(29) T. Mariner and W. Bleakney, Phys. Rev., 72, 792 (1947). 
(30) V. Z. Williams, / . Chem. Phys., 15, 243 (1947). 
(31) "International Critical Tables," Vol. V, McGraw-Hill Book 

Co., Inc., New York, N. Y., 1929, p. 165. An average value of 208.3 
kcal./mole was used here. 

(32) "Selected Values of Properties of Hydrocarbons," American 
Petroleum Institute Project 44, National Bureau of Standards. 

probably uncertain to several kcal./mole for the 
dimer. 

TABLE XI 

THERMODYNAMIC PROPERTIES OF ACETIC ACID MONOMER 

(Cal. /Mole Deg.) and (Kcal./Mole) 

J ( 0 K.) 

0 
298.16 
300 
400 
600 
800 

1000 
1200 
1500 

Cp 

0 
15.90 
15.97 
19.52 
25.15 
29.08 
31.99 
34.14 
36.46 

S° 
0 

67.52 
67.63 
72.86 
82.17 
90.23 
97.08 

103.11 
110.95 

- ( F -
H\)/T 

0 
56.50 
56.58 
60.29 
66.19 
71.44 
75.92 
79.96 
85.35 

(H' -
Hl)/T 

0 
11.02 
11.05 
12.57 
15.98 
18.79 
21.16 
23.15 
25.59 

TABLE XII 

-AH0I 

101.20 
104.53 
104.55 
105.43 
106.54 
107.26 
107.61 
107.72 
107.60 

-AF", 

101.20 
75.41 
75.23 
65.10 
44.40 
23.82 

3.33 
- 1 6 . 9 1 
- 4 6 . 7 4 

THERMODYNAMIC PROPERTIES OF ACETIC ACID DIMER 

T(0K.) 

0 
298.16 
300 
400 
600 
800 

1000 
1200 
1500 

(Cal./Mole Deg.) and (Kcal./Mole) 

Cp 

0 
34.99 
35.13 
42.32 
53.89 
62.45 
68.06 
72.47 
77.11 

S» 

0 
96.44 
96.66 

107.76 
127.20 
143.90 
158.42 
171.25 
187.97 

- ( F o -
H ° ) / r 
0 

73.91 
74.05 
81.12 
93.33 

103.95 
113.40 
122.01 
133.57 

(H" -
Hl)ZT 
0 

22.53 
22.61 
26.64 
33.87 
39.95 
45.02 
49.24 
54.40 

- A H f 

217.74 
224.26 
224.29 
225.60 
227.29 
227.97 
227.88 
227.25 
225.73 

- A F ? 

217.74 
154.51 
154.06 
129.76 
80.71 
31.84 

- 1 6 . 4 5 
- 6 3 . 9 6 

- 1 3 3 . 8 6 

Experimental Entropy.—The entropy of liquid 
acetic acid at 25° has been measured by Parks, 
Kelley and Huffman6 as 38.2 cal./mole deg. It 
seems likely that there is no residual entropy in the 
solid at O0K. since the homolog of acetic acid, 
formic acid, exists as long chains in the solid33 at 
low temperatures and an analogous structure 
might be expected for the heavier acid. If the 
value for the liquid is combined8 with the heat of 
vaporization and association, the entropy of 
monomer and dimer vapor at this temperature can 
be determined. From eq. 2a AiJ2 = —15.28 kcal./ 
mole at 25°, but the heat of vaporization at this 
temperature is not accurately known. The value 
(corrected) of 5183 cal./mole given by Ramsay 
and Young12 yields an entropy of 67.6 cal./mole 
deg. for the monomer and 98.2 for the dimer. 
However, if Harford's8 equation for Ramsay and 
Young's vapor pressure measurements, which is of 
more nearly correct theoretical form, is used in con­
junction with Ramsay and Young's other data, the 
heat of vaporization becomes 4820 cal./mole at 
25°. Neither value can be considered very reli­
able. A value of 5000 cal./mole yields values of 
66.9 and 96.9 cal./mole deg. for the "experimental" 
entropies of the monomer and dimer, and this 
average value has been used in the previous section 
for the conversion of the heat of combustion of 
liquid acetic acid to that of vapor at 25°. In view 
of the uncertainty in this value and in the cis-trans 
energy difference in the monomer, a comparison 
of the theoretical and experimental entropies does 
not seem warranted. 

(33) F. Holtzberg, B. Post and I. Fankuchen, Acta Cryst., 6, 127 
(1953). 
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Conclusion 

One must conclude from this research tha t it is 
very probable t h a t acetic acid vapor is composed 
only of a mixture of monomer and hydrogen-bonded 
dimer molecules a t pressures up to one atmosphere 
and in the temperature range of 90 to 270°. I t 
is reassuring tha t the constants of the association 
reaction as determined by Taylor4 a t low pressures, 
where only the monomer-dimer equilibrium would 
be important , also come closest to those determined 
here. I t is unnecessary to point out the difficulty 
of making correct vapor density measurements on 
a substance such as acetic acid when the large 
number of varying heats of dimerization in the 
li terature at test so well to this fact. Since this is 
not the case with vapor heat capacities, one can 
feel quite confident of the results obtained here. 

A careful infrared investigation of the tempera­
ture variation of the intensities of cis and trans 
bands of the monomer should allow a more definite 
value of the energy difference between these iso­
mers to be obtained. An accurate determination 
of the heat of vaporization at 25° is also needed to 
make possible a more reliable comparison of cal­
culated and experimental entropies. 
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Appendix 

If only monomers and dimers are present then 

wM + 2nD = 1 (1) 
and 

K2 = OM + «D)«D/0°M)2.P 

where the superscript 0 indicates tha t no higher 
polymers are considered present and nQ

M, n\y are 
the number of moles of monomer and dimer. K1 

is the equilibrium constant for the monomer-dimer 

association reaction and P the pressure. Then 

n°„ = (4K2P + I ) - A (2) 

a n d 

(dnSi /dD = - 2(,H0U)K2PAH2ZRT1 (3) 

(d4>/dD = - (dn"M/dT)/2 

where AiJ2 is the change in heat content in the as­
sociation reaction. 

If tr imers are also present then three equations 
result 

W.M + 2 n D + 3m = 1 (4) 

K2 = (reM + nD + »T)»D/» 2 M-P (O) 

K3 = O M + KD + K T ) 2 » T / W M P 2 (6) 

Since » T is small, these equations may be solved 
for MM and m by successive approximations. 
Equation 5 is best written in terms of M M . Com­
bining eqs. 2, 4 and 5 

KM » T O M ) 2 + «?M[»!OM) 2 + (1 - 4rcT + 3KT)] 1 A 

(7) 

and eq. 6 may be written 
„T = 4.K3KMPV(I + KM - nT)2 (8) 

The start ing approximation may be made by ne­
glecting MT in the denominator on the right side and 
letting MM = « M -

Having found » M and MT, then MD, {^n-^fiiT), 
and (dw-r/dr) may be found from eq. 4 and the 
following 

( d » M / a r ) = ( d r c T / d r ) [ - 0 M ) 2 + ( " M ) 2 O T O M ) 2 -
2 + 3 K T ) / 0 M + K T O M ) 2 ) ] + ( d n M / d r ) [ - 2 K ° M K T + 

(KM + » T O M ) 2 ) / « M + «T(nM)V(»M + WTOM) 2)] 
(Zmt/bT) = mf(N - UT)INAH3ZRT1 + 

(dKM/c)r)(3iV/KM - I)] 
where 

Ar = KM + KD + «T 

If the expression for the total heat content is dif­
ferentiated and eq. 4 is also used, the heat capacity 
can be shown to be given by 
Cp = « M C M + KDCD + nTCj - AH2(dnM/i)T)/2 + 

(AH3 - 3AH2/2)(d nT/dT) 

If te tramers are present instead of trimers an 
analogous set of equations may be derived. 

CAMBRIDGE, M A S S . 


