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The equilibrium pressures of hydrogen chloride and methylamine above solid methylammonium chloride have been de-

termined from O to 40° from cell measurements in anhydrous alcohol.

The free energies and entropies of dissociation of

solid methylammonium chloride and the absolute entropies of methylamine have been determined over the same range.
The entropies of methylamine thus determined have been compared with the ones determined from AF°® and AH® and from

the spectroscopic data.

cently found from the microwave spectrum and not inconsistent with the calorimetric value.

methvlammonium chloride at 0°K. has been confirmed.

Introduction

The entropy of methylamine has been deter-
mined from heat capacity data and the third law
of thermodynamics.® The value obtained by the
third law at the normal boiling point is about 0.5
e.u. below that calculated from the spectroscopic
data using the observed product of moments and
an observed infra-red band to get the barrier hin-
dering internal rotation.* This could be attributed
to lack of equilibrium in the third law values or to a
wrong assignment of the infrared band at 270 cm. !
to the rotation. The former is possible because
hysteresis was observed in the solid. It was de-
cided to attempt to get a value for the entropy of
methylamine by measuring the entropy difference
in the reaction.

CH:NH:Cl(s) = CHsNHa(g) + HCI(g) (A)

The general method of doing this from cell measure-
ments has already been outlined.> The present pa-
per presents the details of the measurements and
results leading to a barrier hindering internal ro-
tation in methylamine of 1900 cal. mole—! whereas
the band at 270 cm.~! corresponds to 1520 cal.
mole~!, The choice between them will be dis-
cussed later.

Experimental

Preliminary Considerations.—The electromotive force
of the cell

Ha(g), CH:NHa(g), CH,NH;Cl(s), HgCl(s) Hg(s)

in absolute ethyl alcohol together with the partial pressures
of methylamine and hydrogen over the alcohol will yield
the partial pressure of hydrogen chloride since the auxiliary
data are available. An accuracy of 0.2 mv. in the cell meas-
urements and 1%, in measuring the partial pressure of the
methylamine were necessary, since each of these corre-
sponds to about 5 cal. in AF. Values of AS can then be oh-
tained from temperature coefficients over a 40° range to a
probable accuracy of between 0.1 and 0.2 e.u., provided
that the auxiliary thermodynamic data are equally good.
The difficulties encountered due to impurities in the alcohol
have already been mentioned.?

Materials.—The methylamine was prepared by the
method previously described.? It was bubbled into the
alcohol to make a stock solution. The methylammonium

(1) Publication of the Cryogenic Laboratory, No. 74.

(2) Carried out under Contract N6 onr-269 T. O. III of the Office
of Naval Research. Submitted in partial fulfillment of the require-
ments for the PhD degree by Frank L. Gittler.

(3) J. G. Aston. C. W. Siller and G. H. Messerly, Tuis JournNaL, §9,
1744 (1937).

(4) J. G. Aston and Paul M. Doty, J. Chem. Phys., 8, 743 (1840).

(3) J. G. Aston, K. H. Hu and F. L. Gittler, THIS JOURNAL,
76, 4492 (1954).

The barrier hindering internal rotation is 1900 = 400 cal. mole ™! in agreement with the value re-

The ordered arrangement of

chloride was prepared from pure methylamine as outlined
before.$

The spiral oxide—silver electrolytic silver chloride elec-
trodes were prepared by the method of Harned.”

The alcohol was prepared by first distilling from sodium
and ethyl phthalate to which had been added silver nitrate
and finally distilling from dry silver oxide. All materials
were transferred and solutions made up in a dry-box in a
nitrogen atmosphere. The hydrogen was prepared electro-
Iytically and had less than 0.02 mole per cent. of other
gases in it, as determined by thermal conductivity.

The hydrogen electrodes were of 0.6 mm. dia. platinum
wire, 5 cm, long coiled in a spiral and prepared by the
method that Ellis® used on platinum foil.

The Cell and Electromotive Force Measurements.—The
silver silver—chloride electrode chamber was about 13 cm.
long. The chamber containing the hydrogen electrode was
filled with the alcoholic solution of methylamine saturated
with methvlammonium chloride and excess methylammo-
nium chloride added. Electrodes were sealed in by ground
joints. The connecting arm had a sealed-in fritted disc
as separator.

The chamber containing the silver silver—chloride elec-
trode was then filled with the same alcoholic solution of meth-
ylamine saturated with methylammonium chloride so that
after excess methylammonium chloride and dry silver chlo-
ride had been added its final level was slightly lower than
that in the hydrogen electrode chamber.

The hydrogen gas first passed through concentrated sul-
furic acid and then over activated alumina and finally
through a solution of methylamine saturated with methyl-
ammonium chloride identical with that in both chambers of
the cell. The total volume of this solution in the presat-
urator was about 35 cc., and that in the cell about 200 cc.
The hydrogen entered the cell through a fritted disc.

The cell vessel and presaturator were immersed in a ther-
mostat whose temperature was held constant to 0.005° as
read on a platinum resistance thermometer. All the con-
necting lines were of glass or specially treated rubber tubing.
The lines leaving the cell were wrapped with heaters to
avoid condensation.

The electromotive force was read on a calibrated Leeds
and Northrup type K-2 potentiometer with a galvanometer
having a sensitivity of 1.3 microvolts per mm. The un-
saturated Weston standard cell was frequently checked
against the laboratory group of saturated Weston standard
cells. The instrument was also used in conjunction with
a 10 ohm standard resistor to read the platinum resistance
thermometer with a current of about 1 milliamp. All of the
hydrogen and silver-silver chloride electrodes were tested
before and after use in aqueous hydrogen chloride, by com-
paring the electromotive force of pairs against values com-
puted from the data of Harned and Ehlers.”"® The value
of the average of all pairs was 0.3 millivolt’ lower than the
values of Harned and Ehlers™ but the average deviation
from the mean of the sixty-one pairs used was 0.08 millivolt.

Cells were made to come to equilibrium from the high side
as well as the low by electrolysis. In all cases the agree-
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ment was within a few tenths of a millivolt. Any cell was
constant to a few tenths of a millivolt for days after the
equilibrium period of less than one hr. Two hydrogen
electrodes and two silver chloride electrodes were used in
each cell.

The Pressures of Hydrogen and Methylamine.—The hy-
drogen leaving the cell was passed first through a weighed
sulfuric acid absorber and then through two weighed finely
divided alumina absorbers. The sulfuric acid absorber
contained 10 cc. of standard 0.2 N acid. Between the ad-
sorbers and the cell was a differential manometer which, in
conjunction with a mercury barometer allowed the pressure
of hydrogen at the electrode to be read to about 0.1 mm. of
mercury. After weighing all absorbers, the sulfuric acid
bulb was back titrated with 0.1 N sodium hydroxide to de-
termine the excess acid using a micro-buret readable to 0.002
cc. and an indicator consisting of an alcoholic mixture of
methyl red and methylene blue. The end-point was good
to 0.005 cc. of 0.1 N sodium hydroxide. Thus the estima-
tion of the amount of amine was accurate to about 0.1%.
The volume of hydrogen passed (about 1.5 1.) was meas-
ured to 0.5% by a calibrated wet test meter.

The total increase in weight of the absorbers gave the
amount of alcohol plus amine coming over with the hydro-
gen. With the number of moles of amine known, all the
partial pressures cotild then be calculated.

Results

The electromotive force of the cell together with
FE° in abs. volts for the cell

Ha(g), HCI(g), AgCl(s) Ag(s)

gives at once the partial pressure of HCI in atmos-
pheres. In the calculation RTF~! In 10 was
taken equal to 0.059156 abs. volt eqt.”! at 25°
(2908.16°K.). The value of £° used was —0.1508
abs. volt® at 25°. This was directly measured
using hydrogen chloride in acetic acid water mix-
tures, as discussed in the next paper. From this and
the entropies, values of E° were deduced at the
other temperatures.’

The values of pressures of methylamine hydrogen
and hydrogen chloride are given in Table I along
with the reciprocal of the equilibrium constant and
the standard free energy of reaction A. The de-
fined calorie was taken equal to 4.18G74 abs. joules
and R equal to 1.98719 cal. deg.~'mole~!. From
the free energv data, equation 1 was deduced by
the method of least squares

AF° = —4 3880252 X 104 — 7.1602640 X 10 T +
33078870 X 10872 (1)

The last column of Table I gives the values of AF°
deduced from this equation. The root mean square
deviation of AF° from the equation is 13 cal. The
maximum deviation is 25 cal. at 301.16°K. The
standard deviation of the constants in equation 1
is 12 cal. for the constant term and 0.13 cal. deg.™!
for the linear term.

Combining the value of AF® at 298,16°K. with
the value of AH® at 208.16° for this reaction, the
value of AS® can be obtained and thus the value of
S° for methylamine. Table II tabulates the data
used along with references and the derived values
of AS of reaction A and the entropy of methylamine.
The errors given are the so called “'standard errors
of estimate.” The calculation of the entropies of
methylamine by differentiation of equation 1 is
summarized in Table III for temperatures given in

0y J.G. Aston and V. .. Gittler, THrs JourNar, 77, 3173 (1955).
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TaBLE [
THe FFrRie ENErcY oF Reaction (A) at CerraiN TEM-

PERATURES
0°C. = 273.16°K., 1 cal. = 4.18671 abs. joules.
(1/K)
PCH3NHz, PHc,® X 10-13 AF°, cal

T, 1038 PHz, 11 (PH:PHCt/ Caled

°K. atm. atm. atin, PcH3NHe) "t Yound eq. 1 -
276,16 0.8440 0.9336 3.627 19060 24383 24363
276.16 .8990 9336 5.637 19060 24382 24363
276.16 .8090 . 0334 A.0653 19060 24380 24363
276.16 8990 9336 5. 646 19060 24381 24363
276,16 9271 10343 5.628 19060 24366 24363
276,16 L0271 L9343 5.637 19060 24365 24363
276.16 .9271 . 9343 5.6a3 19060 24363 24363
276.16 .9271 0343 5,644 19060 24363 24363
282.16  2.076 . 9364 14.29 3521 23923 23945
282. 14 2.076 9364 14.32 3521 23022 23945
282.16  2.076 L9364 14.28 3521 23924 23924
282.16  2.076 .9364 14,14 3521 23930 2392+
205.16 2.723 . 9032 323.5 114.5 2303+ 23039
205.16 2,723 .9032 3225 114.5 23036 23039
295.16  2.723 9032 317.9 114.5 23043 23039
205.16 2.723 9032 319.0 114.5 23042 23039
208.16  4.150 . 8927 434.9 54,26 22844 22831
298 .16 4.150 L8927 439.6 Ad.26 22837 22831
208.16  +.150 . 8927 443, 2 3426 22828 22831
298 .14 4,130 .8927 4428 5426 22833 22831
301.16  3.222 L8866 1206 26.81 22597 22622
301.16 3.222 L8366 1188 26.81 22617 22622
301.16 3.222 L8866 1168 26.81 22607 22622
301.16 3222 L8866 11093 26.81 22608 22622
308.16  4.071 L8636 18443 4.990 22144 22135
308.16 4.071 .8636 1828 4.990 22147 22135
308.16 4.071 .8636 4775 +.990 22153 22135
308.16 4.071 L8636 4884 4.990 22140 22135
313.16  8.633 (8474 T147 1.604 21792 21788
313.16  8.633 L84TE 7200 1.604 21788 21788

2 Calculated from E° — E = RTF~'In (Pucd/ Pas).

TaBLE II
CALCULATION OF THE ENTROPY OF METHVLAMINE AT 208.16°
K. FROM AF°® AND AF°®
Value Ref.
43,616 = 54

AH?® reaction,” cal. 6 (see note a)

S° of HCI, e.u. 41.62 £ 0 10
S° CH3yNH;Cl, et 35,13 &= 0.05 fs
AF® (reaction A), cal. 22,831 + 12

AS°® (reaction A), e 69.71 £ 0.18

S° CH3;NH,, e.u. 58.22 £ 0.18

« To obtain this value the value in ref. 6 has been modified
by using the barrier later derived in this paper to bring the
value of heat of vaporization of methylamine to 298.16°K ,
also one experimental value of the heat of vaporization of
methvlamine was discarded before taking an average.

TABLE TII
TuE ENTROPY OF METHYLAMINE DERIVED FROM REACTION
(A)
SCCHINH:,
(spect.}
S° Re- e,
action S°CHsNH: V =
7, (slope), SCCHNHsC{, S°HC(,  (exp.). 1520cal. AHS%,
°K. el e., e, e.u. mole 1 cal.
276.16 89.74 31.48 44.090 57.13 57.42 43,550
282.16 69.70 31.94 44.25 57.39 57.70 43,553
295.16 69 .61 32 .91 44 .55 57.97 B5K8.23 43,549
208.16 69.50 33.13 44.62 58.10 58.35 43,539
301.16 69.57 33.55 44.68 58.24 58.48 43,564
308.16 69.53 33.85 44.85 58.53 HB.76 43,541
313.16 89 .40  34.21 44.96 5H58.74 58.96 43,532

Av., 13,550 £ 8
Trom A gy is 43,721
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col. 1. Column 2 gives the values of AS® calculated
by differentiating equation 1. The error as esti-
mated from the standard error in the linear coef-
ficient of equation 1 is 0.13 e.u. Columns 3 and 4
give values of the entropies of methylammonium
chloride and hydrogen chloride obtained, respec-
tively, by integrating the measured heat capacities
for methylammonium chloride and from the tables
of Giauque and Overstreet.!® Column 5 gives the
experimental values of the entropy of methylamine
derived from these values.

The Thermodynamic Functions of Methylamine
from Spectroscopic Data.—The following distances
and angles were used: CN, 1.48 A.; NH, 1.01 A ;
H, 1.093 A.; HCH, 109°26; HNH, 108°; HCN,
109°26; HNC, 108°. From these the principal
moments [, [, and I; deduced were, respectively,
3.68 X 10-%°, 3.84 X 10—%® and 0.817 X 1073 g.
cm.? and the reduced moment for the internal rota-
tion!! was 1.06 X 109 g. ecm.% In computing the
thermodynamic functions for the internal rotation
Pitzer's method!! was used with the tables of Pitzer
and Gwinn!? taking the symmetry number as unity
for the external rotation and three for the internal
rotation, Take the spectroscopic band at 270
em.~! 13 a5 due to the hindered rotation, by use of
the formula I

n Vo (2)

v = o

27 2T ved

Vo is found to be 1538 cal. mole~! and this barrier
was first used in the calculations. Using the spec-
troscopic assignment* of the infrared data of Owens
and Barker!® and the standard formula for the
translational and rotational entropy, the calcula-
tion of the thermodynamic quantities was com-
pleted. The value for the entropy of methylamine
thus computed at 298.16°K. is 58.35 e.u. which
agrees with the value found in Table IT within the
standard error of estimate. Column 6 of Table III
gives the necessary values of the entropy, calcu-
lated from spectroscopic data, for comparison with
the values from the temperature coefficient. Here
the agreement is within the maximum error but not
within the standard error.

Another way of comparing the results is to use
the spectroscopic and molecular data for methyl-
amine with the barrier of 1520 cal. mole~! to calcu-
late values of (F° — E°)/T. By combining these
with the values for hydrogen chloride!®!4 and meth-
ylammonium chloride, obtained by integration us-
ing the heat capacity data,® values of A(F°® — E°/
T) are obtained. These values together with AF°®/
T values deduced from the results of Table IT yield
values of AH; which are tabulated in the last col-
umn of Table III. There is no meaningful trend
in the values. For completeness a value of AHY,
calculated from the value of AH® at 298.16 from

(10) W. F. Giauque and Roy Overstreet, THis JOURNAL, 84, 1738
(1952).

(11) K. S. Pitzer, J. Chem. Phys., 14, 230 (1946).

(12) K. S. Pitzer and W. D, Gwinn, ibid., 10, 428 (1842),

(13) Ralph G. Owens and E. F. Barker. ibid., 8, 220 (1940),

(14) R. H, Sherman and W. F. Giauque, THrs JournNaL, 78, 2007
(1953).
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Table IT and A(H® — Ey) values obtained similarly
to those of A(F° — E°)/T, is given at the foot of the
Table. The agreement is well within the standard
error. Essential agreement of the entropy and bet-
ter consistency in the AHy values is obtained with
a barrier of about 1900 cal. mole. Table IV sum-

TaBLE IV

THE SPECTROSCOPIC ENTROPIES OF METHYLAMINE BASED ON
A BARRIER oF 1900 CaL, Morg !

SICHINH: SOCHNH2,

T. exp. (slope), (spect.), AT %,
°K. eu, = 0.13 e.u. cal. mole”
276.16 57.13 57.23 43,515
282.16 57.39 57.50 43,515
205.16 57.97 58.03 43,506
208.16 58.10 58.15 43,516
301.16 58.24 58.28 43,509
308.16 58.53 58.55 43,494
313.16 58.74 58.76 43,481
Av, 43,505

From A]‘Iozgg,m 43,469 =+ 5_!_a

@ This error is based on the experimental error in AH °gs.16
and in AS from the equilibrium data.

marizes the values of the entropy at the same tem-
peratures as Table ITT (col. 1) calculated with a bar-
rier of 1900 cal, mole™! (col. 2). The agreement
with the experimental ones (col. 3) is greatly im-
proved. In the last column of this table are given
the values of AH{ calculated on the same basis.
The consistency of the AH{ values is, of course, not
impaired for this small change in barrier nor is the
agreement with AHy calculated from the value of
AH® at 298.16 (foot of col. 4).

Conclusion.—While the probable error in the
value of 1900 cal. mole—} is about %300 cal. mole !,
thus making possible a value agreeing with the
barrier of 1520 cal. mole—! which comes from the
spectroscopic line, it gives a value of the entropy at
the normal boiling point (266.84°K.) of 56.83 e.u.,
using the value of [, I, and I; calculated from the
bond distances. This is in closer agreement with
the calorimetric value of 56.42 % 0.3 eu. If the
value of Iy, I, and I3 of Aston and Doty* (derived
from the spectroscopic data) be used the spectro-
scopic entropy at 266.84°K. is 56.74 e.u. which
agrees with the experimental value within the
claimed error of 0.3. This error was due to hys-
teresis in the solid heat capacities. Thus it is rea-
sonable to assume that by reasonably slow cooling
no randomness is left in solid methylamine at 0°K.

However, just recently microwave data have
given values of the barrier between 1800 and 1940
cal. mole—! 1¥a.b 50 that there now seems little doubt
that the barrier is about 1900 cal. mole~1,

It is to be noted that the zero point entropy of
methylammonium chloride has been taken as zero
in agreement with the X-ray results of Lipscomb. ¢
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