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The Heat Capacity and Entropy, Heats of Fusion and Vaporization and the Vapor
Pressure of Dimethylamine

By J. G. AstoN, M. L. EmpiNorF AND W. S. FORSTER

Comparison of the entropy of methylamine ob-
tained from thermal data and the third law of
thermodynamics with that from molecular data
assuming free rotation has shown a discrepancy of
1.6 e. u. From this it may be inferred that a po-
tential of 3000 cal. hinders the internal rotation of
the methyl group.! Similar comparisons for
tetramethylmethane!? and ethane? yielded dis-
crepancies which were interpreted by Kemp and
Pitzer to indicate potentials of 4400 cal.* and
3150 cal.,® fespectively. Similarly propane has
been shown to have a potential of 3300 cal.
hindering internal rotation.®? It would thus ap-
pear that the potential is increased slightly by
additional substitution of rotating groups on the
central carbon atom.

In the present paper it is shown that in di-
methylamine the potential has become 3460 cal.
hindering the rotation of each methyl group.

Preparation and Purification of Dimethylamine.—The
ditnethylamine was prepared from nitrosodimethylani-
line,% since by this method the product is reasonably free
froni other ainines.

Dimethylaniline purified by fractional distillation was
treated with sodium nitrite and hydrochloric acid. The
p-nitrosodimethylaniline hydrochloride was not purified
further, but was dried and then decomposed by the addi-
tion of a saturated solution of sodium hydroxide. The
amine was absorbed in concentrated hydrochloric acid, and
the hydrochloride, obtained by evaporation, decomposed
by saturated aqueous sodium hydroxide. The amine was
condensed in glass bulbs cooled in a dry ice—acetone mix-
ture and dried with metallic potassium.

In order to remove ammonia the amine was passed over
yellow mercuric oxide,” and finally dried with metallic
potassiuin.

The amine was twice distilled at 675 mm. pressure
through the laboratory low temperature fractionating
column® and the final middle fraction used for the calori-
metric measurentents. 1t contained 0.011 mole per cent.
of impurity as estimated from the melting point range and
prentelting heat capacities.
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(6) Baeyer and Caro, Ber., 7, 810 and 983 (1874).

(7) Francois, Compt. rend., 144, 567 (1907).

{8) To be described in a forthcoming publication.

The Heat Capacity Measurements.—The ap-
paratus, methods, temperature scale and accu-
racy were as described already.® Calorimeter B
(adiabatic) was used with the resistance ther-
mometers R-200 (platinum-rhodium) and R-102
(constantan).

One calorie (15°) was taken equal to 4.1852
absolute joules and one international joule to
1.00041 absolute joules. In correcting for ma-
terial vaporized into the filling line, the vapor
pressure measurements described later were used.
The density of the liquid was taken to be dy =
0.6804 — 0.0009886¢. The molal heat capaci-
ties are listed in Table I and graphed in Fig. 1.

The Vapor Pressure Measurements.—The
measurements were made as already described.!?
In view of the high purity of the sample, except
for the lowest pressures, the accuracy is deter-
mined solely by the temperature. The results
for the liquid are given in Table II. Column 1
gives the absolute temperature as read by the
resistance thermometer. Column 3 gives the dif-
ference between the observed pressure and that
calculated from equation- (1)

1010 P, = —2460.100/T — 8.63900 log,eT + 7.60550 X
107°T —3.51389 X 10757 4 5.32410 X 10787% + 32.26370

1
and column 4, the temperature difference corre-
sponding to this pressure difference.

The first eleven observations were made with
the calorimeter full of material. These results
were used in deriving equation (1). The last two
measurements were made on the material left iu
the calorimeter after one-half of the sample had
been distilled out for the heat of vaporization meas-
urements. These results show that the boiling
point range was negligible.

The Melting Point.—The equilibrium tem-
perature of the pure sample was observed over a
period of nine hours, with several fractions of the
material melted, as estimated from the heat in-
put. The results are given in Table III. From
these results and the heat of fusion, the impurity

(9) Astonand Eidinoff, THis JoURNAL, 61, 1533 (1939).
(10) Jaeger, Z. anorg. allgem. Chem., 101, 868 (1917).



J. G. AstoN, M. L. EIDINOFF AND W. S. FORSTER Vol. 61

TaABLE I

MoLAL HEAT CAPACITY OF DIMETHYLAMINE

Molecular weight 45.085.
0.66388 mole.

T, °K.

14.
18.
21.
23.
26.
.83
33.
37.
42.
46.
49.
53.
.83

64.

69.

74.

80.

85.

90.

90.

95.

99.
104.
108.
113.
118.
123.
128.
133.
137.
142.¢
146.
147.6
151.
152.
156.
157.
161.
162.
166.
167.
171.
176.
180.
184.
190.
195.
200.
205.
210.
215.
220.
224.
229.
234.
240.
245.

29

58

32
13
01
83
72

50
52
02
17
72
84

32
80
79
07
64
00

AT, °K,
(approx.) Cp
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28.996

29.457

29.898
30.287
30.650
30.932
31.222
31.484
31.648
31.842
31.977
32.109
32.202

0°C. = 273.16°K, Sample:

Series
no.
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III
II
111
II
III
II
111
11
111
11
II
II

v
v
v
v
v
v
v
w
v
v
v
v
v

250.80 5.0 32.236 v
255.83 5.1 32.331 v
260.81 4.9 32.373 v
265.83 4.8 32.469 v
270.74 4.8 32.527 v
275.55 4.7 32.639 v
280.45 4.6 32.603 v
280.04 Boiling point
TaBLE 11

VAPOR PRESSURES OF L1QUID DIMETHYLAMINE

0°C. = 273.16°K. Boiling point = 280.04°K, (g for
State College = 980.124 (“I. C. T.”)).

Press. (obsd.- AT (caled.-
Press. obsd., caled., 1) obsd., 1)
T, °K. int, mm. int. mm. °K.
201.387 4.86 +0.002 +0.022
213.802 14.69 — .009 — .038
222.078 28.35 — .018 — .034
232,137 58.32 — .014 — .018
242.078 110.58 + .010 + .008
249.630 172.13 + .024 + .013
256.449 249.54 + .033 + .013
262,977 348.06 + .033 + .010
270.182 491.22 + .026 + .006
275.934 636.50 — .008 — .001
279.960 757.37 .000 .000
After distilling off half sample

277.680 686.45 - .37 — 012
280.018 758.62 — .53 — .017

present was found to be 0.011 mole per cent. as-
suming no solid solution. After correcting for
this impurity, the melting point of pure dimethyl-
amine is 180.97 = 0.05°K.

Previous data on the boiling point and melting
point of dimethylamine are listed in Table IV.

TABLE 111

MELTING POINT OF DIMETHYLAMINE
0°C. = 273.16°K.

% T, °K. T, °K.
melted R-200 Thermocouple $-9

3 180.885 180.890
6 180.908 180.912
12 180.922 180.929
23 180.934 180.936
46 180.936 180.943
70 180.938 180.953
70° 180.936 180.953
93 180.941 180.960
100 180.941 180.960

° This observation was taken one hour after the previous
one,

Heat of Fusion and Vaporization.—The
method has been described before.?® The re-
sults are summarized in Tables V and VI.

During the first four vaporizations listed in
the table, the pressure was held constant by hav-
ing the condensation bulb immersed in a cryostat
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Fig. 1.—Molal heat capacity of dimethylamine.
TABLE IV TABLE VI
MELTING AND BoIiLING PoINT TEMPERATURES OF Di- HEAT OF VAPORIZATION OF DIMETHYLAMINE
METHYLAMINE Mol. wt., 45.085; boiling point, 280.04°K.
M. p., °C. B.p., °C. Observer Total AH ideal
M input CpdT at 280.04 AH real
7.2 Berthoud!! (1917) Moles temgfu:)f l:zﬁl.l/ ‘fcaf’./ 2 cal./ at 28rOe.04
7.1-7.2 Hofmann!? (1889) vaporized vapn., °’K. mole mole mole cal./mole
_ . 1s 0.04270° 278.71 7176 849 6352  6302¢
93.0 7.0 Simon and Huter (1935) " 11919 279.17 6821 473 6381 6331
—96.0 Timmermans and Mataar 12539 278.95 6682 328 6383 6333
(1921) .11252 278.72 6812 480 8377 6327
—92.9 7.0 Wiberg and Sutterlin’® Average of last three 6330 = 3
(1935) 0.10845 273.46 6757 313 6369 8319 = 8
—92.19 6.88 This research | * Due to the small sample a large error can arise from the
(180.97°K.) (280.04°K.) uncertainty in the correction for the vapor in the lines.

consisting of a well stirred benzene-benzene ice
mixture with excess water. The benzene (East-
man thiophene-free) was purified by several crys-
tallizations. In this way a bath was obtained
whose temperature was constant and reproducible

TABLE V

HEeAT oF FUsiON oF DIMETHYLAMINE
Mol. wt., 45.085; 0.66388 mole; melting point, 180.97°K.

Corr. heat Pre-
Temp, interval, input, prdT, melting, AH,
°K. cal./mole cal./mole cal./mole cal./mole
174.871-185.932 1751.9 332.8 0.6 1419.7
174.774~184.736 1711.9 292.2 .5 1420.2
172.079-185.489 1806.6 386.5 .3 1420.4

Mean 1420.1 = 0.5

(11) Berthoud, J. chim. phys., 18, 3 (1917).

(12) Hofmann, Ber., 22, 702 (1889).

(13) Simon and Huter, Z. Elekirochem., 41, 28 (1935).

(14) Timmermans and Mataar, Bull. soc. chim. Belg., 30, 213
(1921).

(15) Wiberg and Sutterlin, Z. Elekirochem., 41, 15 (1935).

This result was therefore excluded from the average.

Calculated at one atmosphere from equation (1) and
thermodynamics; Berthelot correction = 190 cal. 6408
cal.

to within 0.03°. As a check on the accuracy of
the vaporization method, a well stirred water—ice
cryostat was used in the fifth vaporization.

In order to compare the heats of vaporization
at the freezing point of benzene with that near
the ice point, all were calculated for the ideal gas
at the boiling point. In this calculation the dif-
ference in heat content between the real and ideal
gas was calculated using the modified Berthelot
equation of state. The heat capacity of the ideal
gas was obtained by correcting the gaseous heat
capacity data of Felsing and Jesson!® to the ideal
gas state using the modified Bertholet equation of

(16) Felsing and Jesson, THis JoURNAL, 58, 4418 (1933).
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state. Column 5 of Table VI gives these ideal
heats of vaporization. Column 6 gives the heats
of vaporization of the real gas at the boiling point.

The heat of vaporization also has been cal-
culated from equation (1) and thermodynamics
using the modified Berthelot equation with 7, =
437.8°K. and P, = 52.39.1

Considering the accuracy of the measured
heats of vaporization, the comparison indicates
that the modified Berthelot equation gives vol-
umes that are too large by almost 359, of the re-
duction from the perfect gas law. A similar re-
sult has been noted also for methylamine.! This
would make one doubtful of the correction for
the pressure effect in calculating the heat of vapor-
ization at the boiling point from that at 0°. For
this reason the error at the boiling point is esti-
mated = 6 instead of = 3 for this determination;
it is thus consistent with the rest.

The Entropy from the Thermal Data.—The
calculation is summarized in Table VII. The cor-
rection for gas imperfection is based on the
modified Berthelot equation of state and is prob-
ably in error accordingly.

TABLE VII

THE ENTROPY OF DIMETHYLAMINE
Mol. wt., 45.085

E. u./mole

0-14.79°K. Debye function hvm/k = 124

(three degrees of freedom) 0.264
14.79-180.97°K. graphical 19.777
Fusion 1420.1/180.97 7.847
180.97-280.04°K. graphical 13.662
Vaporization 6330/280.04 22.604
Entropy of actual gas at boiling point 64.154
Correction for gas imperfection 0.122
Entropy of ideal gas at boiling point 64.28 = 0.05
Entropy of ideal gas at 298.16°K. 65.24 = .05
Entropy of liquid at 298.16°K. 43.58 = .05

For completeness the entropy of the super-
heated liquid has been estimated at 298.16°K.
by a linear extrapolation of our heat capacity
curve. The entropy of the ideal gas has been cal-
culated at 298.16°K. from the heat capacity data
of Felsing and Jesson.!®

The Entropy from Molecular Data,—The CN
distance was taken to be 1.46A..,Y the C-N—C and
H-N-C angles as 108°06’, the N-H distance as
1.016 A.017 and the C-H distance as 1.11 A. As
usual the tetrahedral angle was assumed for the
carbon bonds.

(17) Bauer, TH1S JOURNAL, 60, 524 (1938).
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By trial it was found that three potential bar-
riers of 3460 calories hindering the rotation of
each methyl group give an entropy in agreement
with the calorimetric data. Using the method of
Pitzert the rotational and translational entropy
is given by equation 2.

St+r = 22.8750 lognT — 4.5750 logioPaim. +

10.1907 — 2(S¢ — Sassocar. (2)
A symmetry number of three was used for each
methyl group. For evaluating (S; — S) the re-
duced moment of the methyl group was found to
be 5.0 X 10~%.

The following frequency assignment was made
on the basis of the Raman data and discussion of
Edsall®
W(m)cms, 2906; “(o)cm 2803; *3(m)om 1450

18(e)cm, 1479; vrwu, 3339; Sirnm, 1137; Smwm, 1189
diwen ~ Smon ~ dsmen ~ dimen ~ 1080; »(m)ryr, 930

v(o)ryr, 1082; drxr, 415
The subscripts refer to the following assumed
vibrating systems: CHj, methyl group internally;
RNH, hydrogen on nitrogen; HCN, variation of
angle of CH bonds relative to CN bond; RNR,
‘“three atom system’ composed of two methyl
groups and one NH group. Except for this, the
nomenclature is that used in the previous paper.!

The four HCN f{reqencies due to the angular
oscillation of the hydrogen atoms of each methyl
group, as a whole were taken as 1080 by considera-
tion of the heat capacity results of Felsing and
Jesson on the gas.'* To the heat capacity con-
tributions of all the rest of the vibrations was
added 3R cal. for the rotation and translation
of the rigid’ molecule. The contribution of the
two rotating methyl groups was then added. An-
ticipating, the latter was obtained directly from
Pitzer's tables* on the basis of three potential
barriers of 3460 cal. hindering the rotation of
each methyl group. The value thus obtained
was increased by R plus a correction to the real
gas state calculated assuming the modified
Berthelot equation of state. The difference be-
tween this and the C,’s of the gas is due to the four
HCN frequencies. About 1080 cm.~! gave the
best fit with the experimental data as can be
seenn from Table VIII which compares the ex-
perimental values (col. 2) with those calculated
using these frequencies (col. 3).

If the free rotation of methyl groups is as-
sumed, the four frequencies to fit the heat capa-
city data best are somewhat lower than 720

(18) Edsall, J. Chem. Phys., 8, 225 (1937).
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TasLE VIII
Hear CaraciTiEs oF DIMETHYLAMINE (Perfect Gas)

Cp caled, Cp caled.

Temp., Cp Obsd.18 (V = 3460) (V = 0)
°K. cal./deg./mole cal. /deg./mole cal. /deg./mole

283.2 15.80 16.30 16.03
285.2 15.97 14.40 16. 14
208 .2 16.62 16.89 16.62
313.2 18.03 17.47 17.20
323.2 18.66 17.85 17.59

cm. ! as can be seen from Table VIII, col. 4, which
is calculated on the basis of this frequency and
zero potential hindering the rotation of the
methyl groups.

In the case of methylamine! the four similar
frequencies, due to the angular oscillation of the
methyl and amino groups, were calculated in a
similar manner, assuming free rotation, to be
768 cm. 1,

The discrepancy between the experimeuntal en-
tropy and that calculated from the molecular data,
assuming free rotation, was then 1.64 e. u. This
indicated about 3000 cal. for the potential of the
three barriers hindering rotation. If the four
frequencies from the heat capacities are now cal-
culated, assuming such barriers with a reduced
moment of 2.0 X 10—% for the rotation, the fre-
quency is found to be 915 cm.~!. Using this to
calculate the entropy from molecular data on the
basis of 3000 cal. barriers gives a value in agree-
ment with experiment.

The figures 915 and 1080 cm.™?, respectively,
for these angular oscillations of the groups of hy-
drogen atoms in methylamine and dimethylamine
seem to accord better with theoretical estimates
for them than those calculated on the basis of
free rotation.

Table IX summarizes the calculation of the
entropy data assuming three 3460 cal. potential
barriers hindering the rotation of each methyl

TABLE IX

CoMPARISON OF CALORIMETRIC AND SPECTROSCOPIC EN-
TROPIES OF DIMETHYLAMINE AT ONE ATMOSPHERE AND

280.04°K.
E. u./mole
I Translational and rotational, (V = 3460) 63.00
II Vibrational (*ucy = 1080) 0.20
IIT1 Vibrational (other modes) 1.10
IV Total (less nuclear spin) 64.30
V'  Experimental 64 .28

For 8460 cal. potentials 2(S- — .5) = 3.17
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group and the above frequency assignment. The
agreement between the calculated and observed
is a restult of the empirical calculation of the po-
tential.

The translational aud rotational entropy assum-
ing free rotation is given by equation 3
St +r = 22.8750 logieT" — 4.5750 log;oP + 9.9977 (3)

This together with a vibrational entropy cal-
culated using the above frequencies gives a re-
sult 3.03 e. u. higher than the calorimetric en-
tropy at the boiling point. If, for consistency,
720 cm. ™! be used for the four {requencies ¢y
this discrepancy is increased further by about
0.7 e. u.
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Summary

1. The heat capacity of dimethylamine has
been determined from 11.8°K. to the boiling
point.

2. The melting point of dimethylamine is
180.97°K. (—92.19°) and the boiling point is
280.04°K. (6.88°).

3. The heats of fusion and vaporization of
dimethylamine are, respectively, 1420.1 = 0.5
and 6330 = 3 cal./mole.

4. The vapor pressure of liquid dimethylamine
over the range 201°K. to the boiling point is given
by the equation: logi/Prnm = —2460.100/T —
8.63900 logyT + 7.60550 X 10737 — 3.51389 X
107372 + 5.32410 X 107873 4 32.26370.

5. The molal entropy of the ideal gas cal-
culated from the experimental data at the boiling
point is 64.28 = 0.05 e. u.

6. To bring the value calculated from mo-
lecular data into agreement with the experimental
value requires a potential of 3460 cal. hindering
the internal rotation of each methy! group.

7. The molal entropies of the superheated
liquid at 298.16°K. and ideal gas at 298.16°K.
and one atmosphere are, respectively, 43.58 = 0.05
and 65.24 = 0.05 e. u.
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