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Vapor Pressures of the Methanes'
George T. Armstrong, F. G. Brickwedde, and R. B. Scott

Experimental measurements, not previously reported in detail, of the vapor pressure of
CH, and the differences in vapor pressures of CH; and the deuteromethanes below the normal

boiling point are presented.

of methane and the deuteromethanes is given.
ments and the previous literature the following best values are assigned to fixed points on the

VApor pressure curves.

boiling point of CHj is 111.67°

The triple points are: CH,, 87.50 mm, 90.66°;
90.41°; CH,D,, 82.0 mm, 90.17°; CHD;, 80.2 mm. 89.96°; CD4, 79.1 mm 89.79° K.
K; the critical point 45.6 atmospheres and 190.6° K. Equa-

A critical review of the literature relating to the vapor pressures

On the basis of the experimental measure-

CH3D, 84.5 mm,
The

tions and a table are given for the vapor pressure of CHy in the solid region, the liquid region
below the normal boiling point and the liquid region above the normal boiling point.
The ratios of the vapor pressures of the methanes are expressed by equations of the

form 7 log,, Pp/Pu=A—B/T.

tively: in the solid range CH;D,
CDy, 5.529, 410.5; in the liquid range,
3.969, 343.8; CDy, 5.159, 421.1.

nearly geometric progression with increasing deuterium substitution.

mixtures from ideal solutions are very small.

1. A Review of the Vapor Pressure of Meth-
ane and the Deuteromethanes

1.1. Methane

The vapor pressure of solid and liquid methane
has been determined in various temperature ranges
by many investigators, and, in addition, there have
been several summaries of the published data. S. F.
Pickering [1] 2 reviewed the literature relating to the
critical constants; Copson and Frolich [2] summarized
the vapor-pressure data available in 1929; and Stull
summarized the data in 1950 [3]. A series of best
values appeared in the International Critical Tables
[4]; Egloff [5] and Timmermans [6] surveyed the
literature in preparation for their reference books of
physical constants of hydrocarbons; and a table of
selected values for the vapor pressure below the
normal boiling point was given by Rossini and co-
workers in collaboration with the American Potlo-
leum Institute [7].  Other, less critical, surveys have
also been made. An important d('ﬁ(-ivn() u*m(umng
after the above summaries is that the excellent
API table of vapor pressures in the low-pressure
range is based to a considerable extent on data not
generally available.

In an attempt to remedy this deficiency this re-
view has been prepared in which the data from
various sources have been compared including those
described in section 2, previously unpublished, and
available to none of the previous reviewers except
perhaps Rossini. An attempt has been made to
find equations which fit well the best available data
and at the same time pass through selected best
values for the triple point, normal boiling point,
and critical point.

1 This research was supported in part by the”Atomic Energy Commission.
2 Figures in brackets indicate the literature references at.the end of this paper.
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D,

The constants A and B have the following values, respec-
1.260, 110.2; CH,D,,
CH;

The vapor-pressure ratios of the isotopic methanes form a

2.694, 222.2; CHDy,
129.5; CH,D,, 2.671,

4.452, 351.7;

1.328, 245.4; CHDs;,

Deviations of their

The vapor pressure of solid methane has been
measured by Hunter [8], Henning and Stock [9],
Karwat [10], Freeth and Verschoyle [11], Tichner
and Lossing [12] and by Brie kwedde and Scott of
the National Bureau of Standards (section 2 of this
paper). Determinations of the triple point as listed
in table 1 provide a fixed point through which an
equation for the data should pass. Of ‘the reported
determinations, the extensive data from Clusius’
laboratory appear to be best represented by the
values 90.67 +0.03° K and 87.4 +0.1 mm, which
were determined from a study of the m(‘ltmg tem-
perature as a function of pressure. The values
90.660 +0.005° K and 87.60 +0.10 mm. were fmmd
by Brickwedde and Scott with a carefully purified
sample. The best values of the triple point tempera-
ture and pressure appear to be 90.66 £0.01° K and
87.50 4+0.10 mm.

TasLe 1. Triple point of methane

Observer | Date Temperature Pressure ‘
e |
Olszewski [13] 1885 | 87.4 |
| Hunter [8]_______ 1906 90. 5 t0 91.2 |
Crommelin [14] 1912 90. 01 |
‘ Henning and Sto 1921 89.9 |
| Eucken and Karwat [1 » 1924 | 290.6 |
Clusius [16] .. 1929 9.6 | e [
Wiebe and Brevoort [1 1930 90.3 | -
Freeth and Verschoyle [1 1931 90. 70 b 87, 52-£0. 15
Fischer and Klemm [18]________ 90. 7 83.85
Kruis, Popp, and Clusius [19] 90. 6 87.5
Clusius, Popp, and Frank [20]__ 90. 62 | 87.5
Frank and Clusius [21] - _______ 1937 90. 6 | 87.4£0.05 ‘
Brickwedde and Scott (this re- | .

[D.OT: ) S S — | 1937 90. 660=0. 005 87.60=+0. 10
Clusius and Wiegand [22]_______| 1940 90. 6740. 03 87. A_t':t;(). 1
Stavely and Gupta [23] ... ____ 1949 | . 87. 75+0. 07

Selected values_ . ___________ s 90. 66 87.50

a Corrected by 0.1° K for change of temperature scale.
b Average of two values.



Of the various equations that have been proposed
the Antoine type equation given by Rossini et al.,
appears to give the most satisfactory fit to the data
from various sources.

This equation presents a compromise between the
NBS data and those of Freeth and Verschoyle and of
Karwat in the region from 80° K to the triple point,
at which point it represents a good average of the
pressures found by Brickwedde and Scott and by
Clusius and Wiegand. The equation is in excellent
agreement with the recent smoothed data of Tichner
and Lossing down to 0.01 mm. Below this it devi-
ates by as much as 10 percent from their data.

When eq (1a) given by Rossini

log,oP(mm)=7.69540—532.20/(T+1.84)  (1a)

is solved simultaneously with eq (2) for the liquid
state vapor pressure, these two equations give values
of 90.67° K and 87.7 mm for the triple point tem-
perature and pressure. In the original equations by
Rossini temperature is given in degrees C and for
the conversion to absolute temperature (7') the ice
point is taken as 273.16° K. As the value of the
pressure is higher than the reported values in general,
a very small adjustment was made in the equation
for the solid state vapor pressure to bring the triple
point pressure to 87.50 mm. The corresponding
temperature is 90.66° in agreement with the value
selected above. The revised equation for the vapor
pressure of solid methane is

The adjustment is so slight that it changes the value
of P at any given temperature by a maximum of
0.02 mm, which is well within the limits of error of
most of the data. Besides the achievement of con-
sistency at the triple point of CH, this adjustment
appears also to be justified by a greater consistency
in the vapor pressures of the deuteromethanes at
their triple points, as is shown later. The individual
vapor pressure measurements of various investigators
have been compared with eq (1b) and the deviations
are plotted in figure 1.

The vapor pressure of liquid methane in the range
below its normal boiling point has been represented
in the published literature (for example: references
[4, 24, 25]) most frequently by tables based on the
relatively few reported measurements of Henning
and Stock [9]. Data of Keyes, Taylor, and Smith
[26] lying 1 or 2 percent higher, but of equally good
internal consistency in this region, have generally
been disregarded. Besides these two sources of data
there are some early measurements of Hunter [8]
which appear to be of low accuracy. A few values
were obtained by Cragoe [27] in this region but were
never published. To these may be added the data
described in section 2, which are of high internal
precision and cover the range more thoroughly than
previous studies. Equation (2) published by Rossini
et al., appears to be based largely on the latter data.

logoP (mm)="7.69540—532.20/(T-+1.842). (1b) long(mm):6.61184—389.93/(T—7.16). (2)
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The normal boiling point calculated from this
equation is 111.67° K. Because this value is only
0.001° from the value found by Brickwedde and
Scott and within 0.01° of the mean of the values
reported by Henning and Stock, by Cragoe, and by
Keyes, Taylor, and Smith, it appears to be the best
value, with an estimated uncertainty of -+0.01° K.
The uncertainties listed here and later are estimates
of the limits within which the true value has a 50
percent probability of lying. Observed values are
shown for comparison in table 2. The deviations of
the measured data from eq (2) are shown in figure 1.
It will be seen that the equation agrees closely with
the data of Brickwedde and Scott and lies near that
of Henning and Stock at the center of the range. It
may be noted here that in addition to eq (1) and (2)
other equations of different functional form can be
made to fit the data with nearly as great precision,
as for instance those given in section 2.

TarLe 2. Normal boiling point of methane

‘ Date |

Observer Temperature
J °K
Olszewski [13]___________ _____________________ 1885 | 109.2
Hunter [8]__.________ - —-| 1906 110. 2
Henning and Stock [9].____ - 1921 111.79

Keyes, Taylor, and Smith [26 1922 | 111.55
C.S.Cragoe [27]. ... __________ 1919 111. 58
Brickwedde and Scott (section 2) 1937 111. 6694-0. 010

Selected value.___________________ ! oo | 11L6740.01

In the pressure region above one atmosphere there
are extensive but widely divergent data. Certainvery
early data such as those of Wroblewski [28] and of
Olszewski [13] may be disregarded as lacking suf-
ficient precision when compared with later data.
There remain the data of Cardoso [29], Cragoe [27],
Keyes, Taylor, and Smith [26], Eucken and Berger
[30], Volova [31], and Bloomer and Parent [32].
These also differ widely among themselves. The
paper of Eucken and Berger, for example, does not
include any description of apparatus or technique
and is reported in such a way as to leave the impres-
sion that the data are of only moderate accuracy.
The scatter of the points is quite bad particularly
at the lower temperatures. The data of Cardoso
covering a limited temperature range are of a precision
comparable with that of Keyes and of Cragoe, but
differ from theirs by about 2 percent. Keyes and
coworkers suggested that an error of 0.56° in
Cardoso’s temperature scale would account for the
discrepancy, but as was pointed out by Pickering
the line of argument leads to a temperature change,
which if properly applied, widens the error instead
of closing it.

The correction suggested by Keyes involved the
use by Cardoso of the melting point of toluene as a
calibration point for his thermometers, and a change
in the accepted value of the melting point which
occurred after Cardoso’s measurements were pub-
lished. Cardoso used —94.5° C for this temperature.
The thermometers used by Keyes were also used to
measure the melting point of toluene [33], —95.7° C
being found. It might be pointed out that if this
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argument were extended to the present and the best
value accepted for the melting point of toluene,
—94.991° C as found by Rossini et al. [21], then it
appears (if the purity of the toluene and the tech-
nique of determining melting points are assumed to
be sufficiently good in the early investigations) that
the true temperature scale must be somewhere
between that used by Cardoso and that used by
Keyes. The assumption concerning the purity of
the toluene is of doubtful validity. Assuming it
to be true for the purpose of discussion, Cardoso’s
pressure measurements belong to lower true temper-
atures than he recorded. This results in raising the
vapor pressure values for a particular true tempera-
ture. Similarly, Keyes’ pressure measurements be-
long to higher true temperatures than he recorded,
or the vapor pressure for a particular true tem-
perature should be lower. This would widen the
gap existing between the data by an amount cor-
responding to 1.2° at the critical point. Adding this
to the existing difference of about 0.5°, the difference
in the data come to about 1.7° C near the critical
point, or for a given temperature to about 5 percent
in pressure. Examination of the several melting
points recorded by Keyes and coworkers [33] sug-
gests the possibility of a consistent error of 0.6° to
0.8° in his temperature scale in the region from
—112° to —95° C.

The observed ecritical point pressure should be
independent of temperature scales. Here we find
that Cardoso measured a value 0.46 atm. lower than
that of Keyes. The difference can be due either to
a difference in the purity of the CH, used, or to cali-
bration errors in the pressure scale. In this respect
the calibrated steel tape used by Keyes for measure-
ment of mercury column height seems definitely
superior to the gas volume technique used by
Cardoso.

In addition to the published data for methane,
some vapor pressure measurements were made by
Cragoe [27] i 1919, which were never published.
These show an undesirable amount of scatter, but
in general tend to fit the data of Keyes, Taylor, and
Smith. Cragoe also tabulated values above 1 atm.
for the International Critical Tables which are based
primarily on his own data and that of Keyes.

Volova [31] in a study of phase equilibria in
methane-ethylene mixtures reported values for the
vapor pressure of CHy for which he claimed an
accuracy of 0.2° in temperature. The values for
pressure which he gives lie within this limit of eq (3)
and much closer to the data of Keyes and of Cragoe
than to any other data.

Tasre 3. Critical point of methane
—_— -
Observer Date |Temperature| Pressure
°K atm
Dewar [34] . _______________ 1884 173.7 47.6
‘Wroblewski [28]. . _| 1884 199.7 56. 8
Olszewski [13]- - _. __| 1885 191. 4 54.9
Cardoso [29]. .- _______________ --| 1915 190. 31 45. 60
Keyes, Taylor, and Smith [26]_ | 1922 191. 06 46. 06
Bennewitz and Andreev [35]___ - 1929 190. 7 45.7
Bloomer and Parent [32] ____ --| 1952 190. 55 45.47
Selected values__ - - _____|..__l___ 190. 6 45.6




TaBLE 4. Vapor pressure of methane

T° K logi P P(mm)a JHETC logn P P(mm)a
Solid Liquid
51 b7. 62387 0.0042 121 3.18910 1545. 6
52 7.81093 . 0065 122 3.21914 1656. 3
53 7.99116 . 0098 123 3. 24865 1772.8
54 8.16494 . 0146 124 3.27766 1895.2 |
55 8.33261 .0215 125 3.30618 2023. 9
56 8. 49448 .0313 126 3.33422 2158. 9
57 8.65084 . 0448 127 3.36179 2300. 3
58 8.80199 | . 0634 128 3. 38802 2448. 6
59 8.94816 | . 0887 129 3.41561 2603.8 |
60 9.08960 | L1229 130 3. 44187 2766.1 |
61 9.22655 | L1685 131 3.46771 2035. 7
62 9.35920 | 2287 132 3.49316 3112.9
63 9.48776 | 3074 133 3. 51821 3297. 6
64 | 9.61242 | .410 134 3. 54287 3490. 3
65 | 9.73335 | 541 135 3.56717 3691.3 |
66 | 9.85071 | 709 136 3.59111 3900.4 |
67 | 9.96466 | .922 137 3. 61469 4118.0
68 0.07534 1.189 138 3.63793 4344. 4
69 18290 1. 524 139 3. 66083 4579. 6
70 | 28747 1.939 140 3. 68341 4824.0
71 38017 | 2.450 141 3.70567 | 5077.8 |
72 | 48811 3.077 142 3.72762 | 5341.0
73 . 58441 3.841 143 3.74927 5614. 0
74 .67817 4.766 | 144 3.77063 5897. 0
75 . 76950 5.88 145 3.79170 | 6190.1 |
76 (85847 | 7.22 146 3.81248 6493.5 |
77 .94519 | 8.81 147 3. 83300 6807.7 |
) 1.02973 10.71 || 148 3.85325 | 7132.7
9 111218 | 12,95 || 149 3.87325 | 7469.8
80 1.19262 | 1558 | 150 3.89208 | 7816.0
81 1.27112 | 18.67 | 151 I 3.91247 [ 8174.7
82 1.34774 22,27 | 152 | 3.93173 | 8545.3
83 1. 42256 26. 46 153 3.95074 | 89288
84 1. 49563 31.31 154 3.96953 9322. 4
| 8 1.56702 | 36.90 155 3. 98809 | 9729.5
|86 1.63679 | 43.33 [ 156 4.00642 10149
| 87 1.70499 50.70 | 157 4.02456 10582
L8 1L.77166 | 59.11 | 158 4. 04248 11028
| 89 1.83687 68. 69 [l 159 4.06019 11487
[9 | 1.90066 79. 55 | 160 4.07771 11959
— N | 161 | 4.09502 12446
Liquid 162 | 4.11215 | 12946
. 163 | 4.12909 | 13461
‘ 164 | 414385 | 13991 |
{91 | 196095 | 9140 || 165 4.16242 | 14535
92 2.01578 | 103.70 166 | 4 17882 15094
| 93 2.06932 117.31 || 167 | 4.19506 | 15670 \
94 2.12163 132.32 || 168 4.21112 16260 ‘
95 2.17275 148. 85 | 169 | 4.22702 | 16866 \
{ 96 2.22271 | 167.00 [ 170 | 4.24276 | 17489
| o7 2.27157 186. 88 [
|98 2.31935 208. 62 [ 171 | 425834 18128
|99 2.36609 232. 32 | 172 4.27376 18782
| 100 2.41182 | 258.12 || 13| 4.28903 | 19455
[ 174 | 4.30415 | 20144
| 101 2. 45658 286. 14 175 4.31913 20851
| 102 2. 50039 316. 51 176 4.33396 21575
103 2. 54329 349.38 177 4. 34866 22318
| 104 2. 58530 384.85 [| 178 4.36321 | 23078 |
| 105 2. 62646 423.12 | 179 4.37764 | 23859 ‘
| 106 2. 66678 464. 28 180 4.39192 24656
| 107 2.70629 508. 50
108 2.74502 555.93 181 4. 40608 25473
109 2.78299 606.73 182 4.42011 26310
110 2.82022 661. 01 [l 183 4.43402 27161
‘ 184 4. 44780 28041
111 2.85674 | 719.02 185 4. 46145 | 28937
112 2.80261 | 780.92 186 | 4.47499 | 29853
113 2.92814 | 847.50 187 | 4.48842 | 30791
114 2.96294 | 918.20 188 4.50172 | 31748
115 2.99707 | 993.28 [l 189 4. 51491 32727
116 3.03057 | 1072.9 [l 19 4.52799 33728
117 3.06340 ‘ 1157.3
118 3.09572 1246.6 | ‘
119 | 3.12741 1340.9 [ | |
120 | 3.15853 1446. 6 { i [
| I

2The ﬁ}lal figures in the values of P(mm) in general are not significant.
b Logarithms have been increased by 10 where necessary to avoid negative
characteristics.

The very recent work of Bloomer and Parent [32]
provides good confirmation of the data of Keyes in
the region between the boiling point and about 180°
K. Above that it tends to confirm the suggestion
that the true temperatures lie somewhere between

those of Keyes and Cardoso. Because it was re-
ceived after the selection of the values listed in table
4, it did not receive any weight in the establishment
of these values, though it appears to offer a distinct
improvement in the high pressure region. As was
noted by Timmermans the critical constants of
methane have been extremely uncertain considering
the importance of this substance. The values 190.6°
K and 45.2 atm satisfy eq (3). However, a better
value for the pressure on the basis of recent measure-
ments would be 45.6 atm. Table 3 lists measured
values of the critical pressure and temperature for
comparison. For purposes of interpolation the
vapor pressure equation of Keyes’' is unsatisfactory
in that it does not join well with the recent low
pressure data. Correction terms were added to the
Keyes equation which bring the equation close to the
values for pressure given in the International Critical
Tables, and at the same time cause the equation to
pass through the normal boiling point, 111.67°.
Equation (3), derived in this way, was used as a
basis for calculating deviations of experimental data
plotted in figure 1 in the range above 111.67°.

logioP(mm)=10.68631— 595.546/T—0.0348066 T
+0.00013338 7% —1.7869 X 107 7T%  (3)

Errors larger than 1 percent are unlikely in view of
the values reported by Volova, by Cragoe, and by
Bloomer and Parent.

As a summary of the vapor pressure of CH,,
values have been calculated at selected temperatures
with the use of eq (1b), (2), or (3) as appropriate,
and these values are shown in table 4.

1.2. Deuteromethanes

Aside from the studies made by Brickwedde and
Scott at the Bureau, which have been briefly reported
in a preliminary form [36] and which are described in
detail in section 2, the vapor pressure data on the
deuteromethanes are rather sparse. A boiling point
determination by Stedman [37] on a mixture of CH,
and CH;D indicated that the vapor pressure of
CH;D is higher and that it might boil 0.5° lower than
CH,. A number of measurements were made of the
triple point temperature and pressure of CH;D and
CDy in Clusius’ laboratory [19, 20, 22, 38] and in his
laboratory a series of determinations of the vapor
pressure of CH3;D was made over a very narrow
range [21]. In table 5 is shown a comparison of the
reported triple point temperatures and pressures.
There is very good agreement between the values
found at the Bureau, as calculated on the basis of
a recent analysis of the samples, and those reported
by Clusius and Wiegand which appear to be the most
reliable results from Clusius’ laboratory. 1In figure
2 are shown the vapor pressure data on the deutero-
methanes, plotted as the function 7 log ,Pp/Px
where Pp is the vapor pressure of the deuterium
compound and Py the vapor pressure of CH, at the
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TasLe 5. Triple point temperatures and pressures of the
deuteromethanes
CH;D CH:D;y CHD3 CDy
Observer —
ATa|APa»| AT | AP | AT | AP | AT | AP
Kruis, Popp, and Clusius
10 S SRR | AN | USRS | S [ SR | S| SRS 1. 46 8.6
Clusius, Popp, and Frank
20] 0.08 | 3.1 8.6
Clusius and Wiegand [22]..| .24 | 3.1 8.6
Clusius and Popp [38]-_ - 24 | 3.0 8.6
Brickwedde and Scott
(seetion 2)__.____________| .254| 2.98/0.492| 5.47/0.701(7.31 | .865 8.38
Selected best values__| .25 | 3.0 | .49 EE 1270 |7.3 | .87 | 8.4

aThe triple point temperature of the deuteromethane is 90.66—A7 °K, and
the triple point pressure of the deuteromethane is 87.50—AF mm.

Tasre 6.  Constants for the equations T log,Pp/Pu—A— BT

7'7,f;,‘ ==t = — A —— e iR - 7 == ,‘]

| Solid range Liquid range \

| |

Pure sutstance ‘ ——— = —| e (mm) |
} | 4 B | 4 B
e S B == . - |
| | |

i CH:D 1. 260 ! 1. 328 29.5 | =+0.015 |

CHyDy | 2,694 | | 2.671 | [ 017 |

| CHDy | 4 ‘ | 3969 ‘ 018

| CDy . | ‘ | 5159 . 009
|

same temperature. The experimental NBS values
are shown as circles; the area covered by the data of
Clusius and Wiegand on CH;D is shown by a dotted
rectangle. The spread of their data overlaps the
NBS data, though the average is higher. The large
spread represented by their data is probably a result
of measurement of absolute vapor pressures only,
with an accuracy of 0.1 mm. A considerably more
accurate measurement of the differences between the
methanes was achieved at the NBS by the use of
differential oil manometers.

Best values for the triple point temperatures and
pressures were selected by comparison of the values
given in table 5. For values of the vapor pressure
at other temperatures, in the absence of other data,
constants for eq (4) have been derived as deseribed
in section 2 on the basis of the NBS data alone,

T logyPp/Pe=—A—B/T 4)
using analysis 5 for the compositions of the samples.
The constants for CD, are derived on the bais of
measurements on sample 1 only.

The constants A and B derived in this manner are
shown in table 6. These constants differ slightly
from those previously reported [36] which were

~based on the use of the earlier less reliable analysis 4.
The mean deviations of the experimental points
from these equations are also shown, e being the
deviation of AP gy, in mm Hg. One source of
uncertainty whose effect is not indicated by the
deviations is the uncertainty of composition of the
samples. The good agreement between the cal-
culated values for the vapor pressure of CD,, based
upon measurements made on two samples of widely
differing composition, is an indication that the uncer-
tainty due to lack of knowledge of the composition
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Ficure Vapor pressures of the pure deuteromethanes.

of the CD, samples is very small. The greatest
uncertainty in  the vapor pressure difference
AP((.H3,,,CH4) 18 due to the lower Imit of detectability
of CH4 in the presence of CH;D by mass spectrom-
eter, which is approximately two percent. The com-
position induced uncertainties in the vapor pressure
differences AP cp,p,-cr, and AP cup, cn,) are some-
what greater. While this uncertainty is difficult to
assess, an estimate of an upper limit to it may be
obtained by comparing the constants found as the
results of several different attempts at analysis, and
shown in table 10 of section 2.

2. Experimental Determination of the Vapor
Pressures of Methane and the Deutero-
methanes

The experimental work on the measurement of the
vapor pressures was carried out in the years 1935 to
1938 by F. G. Brickwedde and R. B. Scott. After
the experiments were completed the samples of the
deuteromethanes were retained in storage. Because
new information for the interpretation of the ob-
servations became available, a new examination of



the samples was undertaken in 1952 and a reevalua-
tion of the data was carried out by G. T. Armstrong.

2.1. Preparation of the Methane

Six 4-liter samples of methane were prepared as
indicated by the following reactions

(1)

(2)
3)

2C0+2D2:(:_I_2_4+C()2
CCl,+4C,H;D +4Zn :C_Dj—irél(‘zH,,OZnCl
CHCl;+3C,H;0D +37Zn=CHD;+3C,H;0ZnCl

(4) CH,I,4-2C,H;0D+2Zn=CH,D,+2C,H;0Znl
(5) CH;Mgl+D,0=CH;D+DOMgl

(6) CClL+4C,H;OH +4Zn=CH,-+4C,H;0ZnCl.
All of these samples except (1) were prepared by Dr.
Kiyoshi Morikawa at Princeton University. Sample
1 was prepared by Weber at Columbia University.
The nonmethane impurities were removed from these
samples by fractional distillation in a small low-
temperature still. For this work the still was sur-
rounded by a liquid oxygen bath boiling at about 81
cm Hg. Two distillations were made on each
sample. From the original 4-liter sample a middle
fraction of 1.5 to 2 liters was collected in the first dis-
tillation and 300 to 500 em?® in the second distillation.,
Before and after the collection of the middle or
“pure” fraction of the second distillation, 200 c¢m?
fractions were collected. The vapor pressures of
these 200 em? fractions at their boiling points did not
differ from that of the middle fraction by as much as
0.1 mm Hg and the difference was usually much
smaller. This was regarded as evidence that im-
purities whose vapor pressures were very different
from that of methane were not present in significant
amounts in the “pure’” fraction.

Another sample of CH; was obtained by the frac-
tional distillation of some relatively pure methane
purchased from the Linde Air Products Co. This
sample, 1,900 cm?, was used in all the vapor pressure
work. The vapor pressure of this sample differed by
less than 0.1 mm Hg from the vapor pressures of the
200 em® samples collected immediately before and
after it during the distillation. The vapor pressure
of this material differed from that of the synthetic
CH, sample listed above by less than 0.1 mm Hg.

2.2. Apparatus

The vapor pressure of CH, and the differences be-
tween the vapor pressures of the heavy methanes and
CH, were measured by means of the vapor pressure
apparatus shown in figure 3. The copper block F,
containing three cavities into which the methane
samples were condensed, hangs in an evacuated
vessel, D, which is surrounded by a bath of liquid air
in the Dewar flask, I. The insulating vacuum in
vessel D is produced by a vacuum pump at A. The
thin-walled copper-nickel tubes, C, connect the
cavities to the differential oil-manometer, J. One of
the tubes also connects to the absolute mercury
manometer, K. The temperature of the block is
given by the small platinum resistance thermometer,
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G

FiGure 3.

Differential vapor pressure apparatus.

A%V, Vacuum pump connections; B, filling tubes; C, thin-wall cunnqcting
tubes; D, evacuated vessel; E, thermal shield; F, copper block; G, platinum
resistance thermometer; H, constant temperature bath enclosure; I, Dewar
flask; J, differential oil manometer; K, absolute mercury manometer.

G. This thermometer is one of the standards which
has been compared with the gas thermometer [39] be-
tween 10° and 90° K. Above 90° K the Interna-
tional Temperature Scale calibration was used. The
temperature of the block is maintained uniform and
constant by controlling the temperature of the
thermal shield, E, which is equipped with electrical
heaters and differential thermocouples. The tem-
perature drift of the block was less than 0.0001 deg
per minute. To guard against cold spots on the
tubes, C, they were wound with an electrical heater
from a point at the top of the shield to a point above
the level of the bath. A differential thermocouple,
placed just below the lower end of the heater, was
kept slightly warmer than the block.

The lowest temperatures, down to 54° K, were ob-
tained by reducing the pressure in vessel H, contain-
ing the liquid air bath, by means of a large vacuum
pump connected at V. Hydrogen at a few milli-
meters pressure was let into the insulating vacuum
space while cooling the apparatus. It was found
necessary, when working at the lower temperatures,
to leave a little hydrogen in the insulating vacuum
space to conduct away the heat flowing down the
copper-nickel tubes. The various samples were
introduced into the apparatus through the tubes B.
Connections not shown in the diagram made pos-
sible the thorough evacuation of all the apparatus,
so that the samples were not contaminated. A mer-
cury displacement pump was employed in admitting
and removing the samples.



The vapor pressure readings were taken on mirror
scales supported against the backs of the ma-
nometers. These scales could be read to 0.1 mm.
The absolute mercury manometer, K, gave the vapor
pressure of CHy; the differential o1l manometer J
measured the vapor pressure difference, heavy
methane minus CH,. The oil in J is a diffusion
pump oil having a very low vapor pressure and is
chemically stable when heated to drive out dis-
solved gases. As an extra precaution against con-
tamination of the liquid methane, while in the vapor
pressure apparatus, by oil vapor, traps surrounded
by solid CO, were placed in the lines leading from
the block to the manometers.

2.3. Vapor Pressure-Temperature Relations for CH,

The vapor pressure of CH; was measured in the
temperature range 54° to 112° K. If was found
that the observations could be represented by the
following equations *

CHy(solid) : temperature range 54° to 90.66° K

logoP (mm Hg)=6.7838—477.46) T+
0.00469 7T

(5)

CHy(liquid) : temperature range 90.66° to K 112°

log;o”(mm Hg)=7.55073—
483.22)T—0.0030686 7. (6)
The temperatures recorded on the International
Temperature Scale were converted to degrees Kelvin
using 77=273.16° K. The deviations of the obser-
vations from the equations are shown in figure 4.
These deviations may be considered as representing
the errors in the measurement of vapor pressure since
the precision of the resistance thermometer readings
was such that the expected resultant scattering would
be only 0.06 mm Hg at the boiling point of CH, and
much less at lower temperatures. Constant errors
resulting from inaccuracy of the temperature scale,
should be considered separately. The temperatures

3 These equations deviate no more than 0.1 mm from eq (1) and (2) in section
1, although different in form.

4 This oxygen was prepared by the thermal decomposition of thoroughly out-
gassed potassium permanganate. Its vapor pressure was compared with that
of a sample prepared by the electrolytic dissociation of a carefully purified solution
of barium hydroxide, Shepherd, Weaver, and Pickering, J. Research NBS 22,
301 (1939) RP1182. There was no significant difference in the vapor pressures
of the two samples; less than 0.1 mm Hg.
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Ficure 4. Deviations (obs-cale) of CHy vapor pressure measure-

ments from eq (5) and (6).
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given should be very reliable in the region near 90°
K since the resistance thermometer, while in the
apparatus, was calibrated at the boiling point of
oxygen. Pure oxygen* was condensed into the vapor
pressure apparatus and vapor pressure-resistance
readings were taken in the neighborhood of the oxy-
gen boiling point. Later calibrations of the resist-
ance thermometer in the apparatus customarily used
for oxygen boiling point calibrations on the Inter-
national Temperature Scale, gave results which
agreed to 0.005 deg with the calibration in the
methane apparatus.

A reasonable value for the uncertainty at tem-
peratures near 90° K is +0.005°. At 111.6° K the
estimated uncertainty is +0.010° K which corre-
sponds to an error in vapor pressure of <+ 0.6 mm Hg.
At temperatures considerably below 90° K the un-
certainty increases to 4-0.02° but this is of no con-
sequence since dP/dT is so small that the over-all
accuracy is limited by errors in the measurement of
vapor pressure. The uncertainties in temperature
given above do not take into account any error in
the accepted value of the oxygen boiling point,
which is taken to be 90.19° K or —182.97° C. Like-
wise, above the oxygen boiling point no consideration
was given the possible deviations of the International
Temperature Scale from the thermodynamic scale.

2.4. Vapor Pressure Difference (CH,D,_,—CH,)

The differences between the vapor pressures of the
five samples of heavy methane and that of C'H, were
investigated in the range of temperatures 54° to 112°

K. The data are represented in the graphs, figure 5.
24
2
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F1aure 5. " Vapor pressures of impure deuteromethane samples.
The insert is an enlargement of the low pressure range.



The deviations of the observed points from the
smooth curves average less than 0.01 mm Hg. It will
be noted that there are large differences between the
values obtained for the two samples of CD,. A
logical explanation of this discrepancy is that none
of the samples were pure, but consisted of mixtures
of the several isotopic modifications of methane.

2.5. Triple Point Pressures and Temperatures

The triple point pressures of the methanes were
measured in the following manner: The sample was
condensed into a spherical pyrex bulb of about 10
cm? volume at the end of a tube 30 ¢cm long, 5 mm
inside diameter. This tube communicated with a
mercury manometer. The sample was frozen with
liquid air, then the liquid air flask was lowered until
the vapor pressure started rising slowly. When the
triple point was reached, the pressure would remain
constant. The flat part of these pressure halts
lasted from 2 to 5 min, during which time the pressure
was constant to the accuracy with which the manom-
eter could be read. The first line of table 7 gives
the observed triple point pressures and temperatures.

TasLe 7. Triple point temperatures and pressures of the
deuteromethanes on the basis of several analyses *

AT is the difference 7cry minus Tdeuteromethane and AP is the difference Pcr,
minus Pgeuteromethane.  TCH, 18 90.660°; Pcn, is 87.50 mm.

CH:3D | CH.D, ‘ CHD3 CDyb
Designation 77"7\7771""’ R e
AT | AP | AT | AP | a7 | aP | a7 | aP
- ‘,,,, [ SR | AR (S S
Measured val- | |
| 2.68 | 0.460 | 5.1 0 606 | 6.43 | 0.849 | 8.7
3.36 | .509 | 5. h’) 656 | 6.87 | .865 | 8.58
268 | .483 | 5.36 | .687 | 7.17 | .867 | 8.39
2.98 | .509 | 5.70 | .711 | 7.38 | .834 | 8.37
2. 98 .492 | 5.47 .701 | 7.31 i .865 | 8.38
I I I

a Values of AP(mm) are significant to the nearest 10th mm Hg.
b Calculated from measurements made on sample 1.

2.6. Analysis of the Sample

Analysis of the deuteromethane samples in the
mass spectrometer at Columbia University by Pro-
fessor H. C. Urey and Dr. Marvin Fox revealed that
the samples were indeed not pure. It was impossible
to make a reliable analysis at that time because no
mass spectrometer pattelns of pure deuteromethanes
were available for comparison. However an analysis
was made based on assumptions regarding the mode
of formation of ions of various masses. In the inter-
vening years patterns for the deuteromethanes have
been made in several laboratories and use has been
made of these studies in determining more accurately
the compositions of the samples. The various anal-
yses that have been made are described below. The
compositions found as the result of each analysis are
listed in table 8.

Analysis 1. This analysis, based on patterns made
at Columbia University by Professor Urey and Dr.
Marvin Fox, was made entne]y by a study of the
abundance ratios of the various masses observed,
without calibration patterns. The key to this
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TasLE 8.  Compositions of the deuteromethane samples
!
| Component
| Sample Analysis
i CHy CH;D | CH:D; | CHD3 CDy
[ CH3;D.______. i 0.1074 0.8926 | ----- | -—---
| 2 | Lo | |
[ 3 | 1L00 | . |
| 4(5) e 100 s S s
| CH:Dz______ 1 0115 1917 | 0.7968 | _____
| 2 | 076 924 Trace
| 3 e .102 895 0.004
4 060 . 108 . 785 . 046
5 | . 135 . 860 . 005
(CHEEDEY — 1 L0013 0309 . 2567 o (il R
2 S - . 335 . 6562 .013
3 . 024 022 . 283 . 658 013
4 . 005 . 107 . 217 . 587 . 024
5 .08 053 . 288 . 626 .013
CD4(2-3) .- 1 . 0001 . 0044 . 0551 . 3055 6349
2 | - 058 . 023 . 299 . 618
S R . 040 . 055 .291 . 614
(2-2)____- IS e . 037 048 .275 . 638
(2-3)= 4(5) | .- . 038 050 . 285 . 626
@4y | | - L039 053 295 613
CDy(1) . ) e .018 . 0696 . 9284
3 . . 020 . 061 2919
| 4(5) | - 008 | ... . 068 . 924
‘ 1

* Values for sample 2-3 are interpolated as the mean of samples 2-2 and 2-4.

analysis was the presence in the CD, patterns of mass
19. Assuming equal sensitivities for the parent
masses of CHD; and CD,, the CHD,:CD, ratio was
calculated from the amplitude ratio of mass 19 to
mass 20. The purity of the deuterium used in the
synthesis was estimated from this ratio to be 89.26
percent, and from this purity, the proportions of the
remaining mixed deuteromethanes were estimated
in the CD, sample as well as the proportions of all
the components in the other samples. This method
was not thought to be very satisfactory because
slight variations in its application to the various
samples gave different compositions. The compo-
sitions of the CD, samples thus determined were the
most reliable, because the ratio of the two principal
components was obtained with only the single
assumption of equal ionization sensitivities.

Analysis 2. The mass patterns obtained in 1937
were reinterpreted, using calibration patterns de-
termived by Mohler and Dibeler [40] for reference.
This interpretation was subject to one error whose
magunitude could rot accurately be estimated: the
original patterns were obtained on a Nier type mass
spectromotor while the reference patterns were ob-
tained on a Consolidated Engineering Corporation
instrument. The principal vew feature revealed by
this analysis was a much bigher purity for the CH,D
than had been previously supposed. Ivstead of
containing over 10 percent CH, it was found to con-
tain, little or no CH,. The CH,D, and CHD; com-
positions were also rather sharply affected ; however,
little confidence could be placed in the results for
these two compounds because of the complexity of
the patterns. The amounts of the major compo-
nents of the CD, samples were changed but little,
though more CH;D was indicated to be present in
sample 2 than at first estimated.



Analysis 3. The study of the deuteromethanes
made by Schissler, Thompson, and Turkevich [41]
on a Nier type mass spectrometer became available;
and this was used also for interpretation of the origi-
nal 1937 patterns. This analysis confirmed the high
purity of the CH;D sample suggested by analysis 2,
and gave compositions for the CD, samples in reason-
able agreement with analyses 1 and 2. However,
the composition of the CH,D, and CHD; samples
were not in good agreement with either analysis 1
or 2, and this fact suggested the desirability of mak-
ing a new analysis of the original specimens of meth-
ane.

Analysis 4. The original samples were reanalyzed
using the National Bureau of Standards Consolidated
Engineering Company mass spectrometer. The
material used in the previous analysis of the CD,
sample 2, fraction 3, from the final purification dis-
tillation, was no longer available. However, the
neighboring fractions 2 and 4 were analyzed, and
their compositions are shown in table 8 as samples
2-2 and 2-4. The differences are apparently due to
the slight separation that occurred in the distillation.
The composition of fraction 3 was taken as the aver-
age of fractions 2 and 4. The composition thus
found does not differ by more than 1 percent in any
component from analysis 3. The CH,D, and CHD.,
samples showed only a general correpondence to any
of the preceding analyses, differences ranging as high
as 11 percent. This analysis is subject to two criti-
cisms: the analyses were not accompanied by cali-
bration patterns, and the samples had been standing
in glass bulbs closed by stopcocks for approximately
15 years and might have changed in composition.
In each of the samples was found more or less nitrogen,
which presumably entered by leakage of air.  Oxygen
was absent, apparently having been absorbed by
the stopcock grease. The validity of the present
analyses for the samples as studied i the vapor
pressure work can be argued from the almost exact
agreement of analysis 4 of the CD, samples 2-2 and
2-4 with analysis 3, and also from the fact that the
(D, content of the CHD, did not show any increase
over the years. The analyses of the CH;D, and
CHD, samples were still considered to be unsatis-
factory because the materials used in the previous
studies of the mass spectra were of rather low purity.

Analysis 5. Samples of pure CH,D, and CHD;,
prepared by D. H. Rank of Pennsylvania State Col-
lege became available for making mass spectrometer
studies in 1953. Because these were much better
samples than had been previously used for compari-
son, and because it became possible to make a cali-
bration pattern at the same time an analysis was
made, the first objection to analysis 4 could be
removed. A final analysis of the CH,D, and CHD,
was made using the Rank samples for comparison.
The new analyses are closer to analysis 3 than to any
other, and no component differs by more than 4
percent from that given in analysis 3. Analysis 5
must be considered to be the most reliable on account
of the way it was made, though still subject to some
possibility that the samples have altered in the long
period since the vapor pressure work was done.
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2.7. Treatment of the Vapor Pressure Data

With the information given by the analyses con-
cerning the compositions of the various samples whose
properties were measured, it is possible to calculate
the properties of the pure materials. In order to do
this it is necessary, in the absence of contrary in-
formation, to assume the solutions to be ideal. In
this circumstance an observed property, linear in
the mole fractions of the components, will be given
i terms of the corresponding properties of the pure
components and their mole fractions by equations of
the following type

AP(I):"(1)0H3DAPOCH3D+n(l)CHgngAPOCH202+

n(l)CHD3APoCHD3+7) (1 )CD4APOCD4-

The number in parenthesis refers to the sample
under consideration and the subscript compound
refers to the component, n is the mole fraction and
in this instance AP and AP° are respectively the
difference of the vapor pressure of the sample and of
the pure component from the vapor pressure of CH,.
A total of six simultaneous equations of this type
were found for the six samples on which analyses
and vapor pressure studies were made. Using the
mole fractions given by analysis 5 these equations
were solved four at a time for the values of AP° for
lt,lul\ various components. The solutions are given
elow

(a) AI)O(‘,H:‘I) =AP(CH;D).

(b) Al)oCHgl)z

—().1;';7A/’((‘H;;I)) +1.166AF
(CH,D,)—0.009A7(CHD,)
+0.001AP(CD,).

((') A[’Oc]ll):l. —0.01 QAI)((‘H;I)) # ()5-%8.5[)
(CH,D,) -+ 1.6024P (CHD,)

—0.023AP(CDy,).

(d) AP°cp,(1) —0.008AP(CH,D) +0.040AP
(CH,D,)—0.118AP(CHD,)

+1.084AP(CD,).

(e) AP°qp,(2—3)=—0.043AP(CH;D)+-0.153AP
(CH:D,) —0.735AP(CHD;)
+1.613AP(CD,).

(f) AP°cp,(2—4)=—0.045AP(CH,D)+0.160AP
(CH,D,)—0.776 AP(CHD)
+1.648AP(CD,).

In applying eq (b) and (¢) the CD,sample data
required for the evaluation of AP° are those obtained
from sample 1 which, on account of its greater
purity, was used in deriving the equations. In eq
(d, e, f) the CD, sample data to be used is indicated
in parenthesis.

It is necessary to know the values of the vapor
pressures of all the samples at the same temperatures
in order to use eq (a-f). Advantage was taken of the



TasLe 9-A.*= CH;D TasLe 9-C. CHD;
Pcry AP(obs) AP° logwPp/Pu | TlogwPp/Pr T Pcuy AP(obs) AP° logwPp/Pr | T loguwPp/Pu 1T
Solid range Solid range
39.39 —0.024 —0. 024 —0.00027 —0.023 0.011706 2.29 —0.032 —0.032 —0.0061 —0.43 0.014149
60. 08 +.023 +.023 —+.00017 +.015 .011348 4.99 —.044 —. 058 —. 0050 —.37 . 013475
76. 06 +.071 +.071 —+. 00040 —+. 036 .011149 20.01 +.014 -+.040 . 0009 +.072 . 012283
3.85 —.025 —. 025 —. 00281 —.205 . 013699 31.81 +.150 +.214 —+. 00242 +.246 . 011888
8.20 —.033 —. 033 —. 00175 —.130 . 013047 53.92 +.451 +.599 —+. 00482 +.421 . 011440
15.71 —. 060 —. 060 —. 00165 —.132 . 012490 79.25 +.844 —+1.091 —+. 00598 +.538 .011114
24.18 —.057 —. 057 —. 00104 —. 086 .012121 2 8 N | e
40.95 —. 044 —. 044 —. 00046 —.039 .011673 | 6. 55 —.044 —.054 —. 0036 —.27 013240
70. 26 +.048 +. 048 —+. 00030 +.027 .011216 | 10. 04 —.025 —.026 —. 0011 —. 086 012873
7.88 —. 057 —. 057 —. 00314 —.237 .013081 | 24. 39 +.090 +.130 ~+. 00231 +.191 012113
12.41 —. 051 —. 051 —. 00179 —.142 .012691 | 41. 28 +.288 +. 386 —+. 00406 +.348 . 011666
22. 56 —. 060 —. 060 —. 00115 —. 094 . 012180 67.75 +.670 -+.870 —+.00558 +. 496 . 011247
22. 96 —. 060 —. 060 —. 00113 —.093 . 012165
40. 62 —. 038 —. 038 —. 00041 —.035 . 011680
81.11 +.073 +.073 . 00038 +.034 . 011095 Liquid range
84. 52 +.088 +.088 4. 00045 +.041 . 011064
784.20 11.887 14. 66 —+0. 00804 0.901 0. 008924
Liquid range 86. 7 . 300 .46 . 00230 .208 . 011039
129. 90 .678 .99 . 00330 . 310 . 010656
189. 77 1.456 1.95 . 00443 .431 010294
147.12 —0.142 —0. 142 —0. 000421 —0. 0400 0. 010537 334.41 3.677 4.67 . 00602 St 009750
260. 26 +.192 +.192 —+. 000321 +.0321 . 009991 493.13 6. 405 8.01 . 00699 747 009375
454.20 +1.002 +1.002 —+. 000958 +.1013 . 009455 692. 31 10.122 12. 52 00778 . 860 009046
117. 58 —.185 —.185 —. 000681 —. 0633 . 010751 88. 96 .221 .39 00191 .173 011016
163.91 —. 095 —. 095 —. 000252 —. 0242 . 010434 136. 85 .745 1.08 00341 L322 010605
372.03 +. 682 +-. 682 —+. 000794 +.0823 . 009648 240.79 2.191 2.86 00513 .510 010066
493.18 +1.231 +1. 231 —+. 001084 +. 1156 . 009375 607. 75 8. 427 10. 50 00744 .812 009172
627. 92 —+1.954 —+1.954 —+. 001349 +.1476 . 009141 103. 44 . 348 .57 00239 .220 010872
774. 54 —+2.720 -+2.720 -+. 001522 +.1703 . 008937 153. 49 . 964 1.34 00380 . 362 010497
90. 54 —. 221 —.221 —. 001058 —. 0962 . 010999 245. 53 2.244 2.92 00514 .512 010047
202.02 =+.000 =+. 000 5 . 0000 . 010234 408. 98 4.944 6.21 00654 .685 . 009556
398.15 +.720 +.720 —+. 000785 +.0819 . 009582 560. 24 7.672 9.55 00734 . 794 . 009251
581.80 +1. 606 -+1. 606 —+.001197 +.1299 . 009215
770. 34 +2.683 -+2.683 —+. 001509 +.1688 . 008942
a In tables 9A-9F the values for Pcrs are significant to the nearest tenth of a mm TasLe 9-D. CDy (sample 1)
Hg. The values for A P(obs) and A P° are significant to the nearest hundredth
mm Hg. The derived quantities longp/PH0 and T logioPp/Pr have generally
the same number of significant figures as AP°. Pcrs A P(obs) AP logwPp/Pr | TloguwPp/Pu 1T
Solid range
Tasre 9-B. CH,;D,
7.07 —+0.003 -+0.011 +-0.0007 -+0.05 0.013175
10. 60 —+.095 +.105 —+.0043 +.34 . 012827
Pcri AP(obs) B logiwPp/Pu | T logiwPp/Pxu 1T 20. 56 +.294 +.312 —+. 00654 +. 534 012259
27.00 —+.417 +. 442 —+. 00705 +. 586 012027
37.95 +.730 -+. 766 —+. 00868 -+.740 011737
Solid range 56. 68 +1.228 -+1.283 —+.00973 +. 854 011397
67.36 +1. 545 —+1.611 +.01026 +.912 011252
2.06 —.019 —.018 —. 0038 —. 267 014240
2.29 —0.0042 —0. 296 0. 014149 2.89 —. 016 —.014 —. 0021 —.151 013947
4.99 —. 0027 —. 200 . 013475 3.36 —.013 —. 011 —. 0014 —.10 013816
20.01 —. 00046 —. 038 . 012283 5.04 —+. 006 +.012 ~+-.0010 +.07 013466
31.81 . 00052 +.044 . 011888 9.25 +.0057 —+. 066 ~+.0031 —+.24 012944
53.92 +.00175 +.153 . 011440 18.18 +.234 . 250 —+. 00593 . 480 012364
79.25 —+. 00247 +.222 .011114 38.05 +.710 +. 746 -+. 00843 +.718 .011735
S 2 | | | I | 77.33 +1.838 +1.911 ~+. 01060 +.954 . 011135
6. 55 —. 0025 —. 189 . 013240
10.04 —. 0023 —.179 . 012873
24. 39 . 00002 +.002 . 012113 Liquid range
41. 68 —+.00121 +.104 . 011666
67.75 +.00218 +.194 . 011247
737.80 20. 636 21.314 0.01236 1.376 0. 008984
738.02 20. 629 21. 307 01235 1.375 . 008984
Liquid range 768.25 21. 656 22. 364 01246 1. 392 008945
90. 65 —1.150 1.219 00580 . 528 010998
104. 54 1. 462 1. 544 6 . 585 . 010862
784.20 +7.104 +7.75 -+0. 00429 0. 481 0. 008924 135. 63 2. 207 2. 321 00737 . 693 . 010615
86.78 —. 001 +.01 —+. 00004 +. 004 011039 168. 33 3.044 3.181 00813 .782 .010408
129. 90 +.142 +.18 . 00061 4. 057 010656 237.88 4.922 5.120 00925 .918 .010078
189.77 +.578 +. 67 +.00152 +.148 010294 289.08 6.415 6. 660 00988 . 999 . 009890
334.41 —+1.918 —+2.13 +. 00277 . 284 009750 348. 56 8.183 8.482 01045 1.076 . 009710
493.13 +3.615 +3.98 —+. 00350 +.374 009375 413. 30 10.162 10. 524 01092 1.143 . 009546
692. 31 +5.979 —+6. 54 . 00410 +. 453 009046 485.23 12.411 12.843 01135 1. 209 009391
88. 96 —. 095 —.09 —. 00043 —. 039 011016 564. 61 14. 991 15. 502 01177 1.272 . 009244
136. 85 +.177 +.23 ~+.00073 +. 069 010605 652. 72 17. 819 18.416 01208 1. 326 009103
240.79 +.998 —+1.13 . 00203 +.202 010066 124. 58 1. 926 2.025 00699 . 654 010696
607.75 -+4.901 +5.38 —+. 00384 +.418 009172 190. 59 3.630 3.787 00854 . 831 010290
103. 44 —.035 —.02 —. 00009 —. 008 010872 276.97 6. 036 6. 269 00973 .978 009931
153.49 -+. 300 —+. 36 . 00100 -+.095 010497 393.97 9. 545 9. 888 01076 1.121 009592
245.53 +1.034 +1.17 —+. 00207 . 206 010047 575.05 15. 309 15.821 01178 1. 276 . 009226
408. 98 +2.693 +2.98 . 00316 —+.331 009556 765.71 21. 590 22. 306 01247 1.393 . 008948
560. 24 —+4. 425 +4.86 -+.00376 +. 407 009251 776.90 21. 950 22.676 01249 1. 396 . 008934
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TasLE 9-E. CD; (sample 2-3)

TasLe 9-F. CDy (sample 2-4)

Pcry AP(obs) AP° logwPp/Pu | TlogwPp/Pu YT Pcrs AP(obs) AP® logwPp/Px | T logwPp/Pa 1T
Solid range Solid range—Series I
2. 54 —0.016 —0.001 —0.00017 —0.012 0. 014059 11.70 +0.032 +0.102 +0. 00378 -+0.297 0.012742
4.97 —.015 +.013 +.0011 +.082 . 013478 11.93 +.057 +.128 -+.00463 +. 364 012725
11.85 —+. 066 +.129 +-.0051 +.40 . 012731 27.06 +.323 +-. 478 ~+.00760 +.632 012025
s | ke | e | Toows | Fog | conm 6o64 | +rir0 | Juf | Tows | ele | omsis
52.33 +.862 | +1.127 +.00925 +.807 -011465 76.41 ++}I (5)(1)8 -:}: 930 iﬁ g{l)ggi 4L 76 :8};‘;%%2
52. 57 —+. 900 +1.166 4. 00951 +.830 . 011461 4.66 . 006 . 036 5 =+ v
75.46 +1.497 -+1.890 +.01075 -+.964 . 011156 10.06 +.051 +.112 —+. 00481 +.374 .012872
5.36 —.013 +.019 -+.00153 +.114 . 013413 22.45 +. 253 . 382 -+.00733 +.602 012184
1.52 | +.063 | +.123 | 00461 4361 1012755 40.56 | +.651 | -+.873 | -.00023 +.790 1011681
23. 89 -+.278 +.399 ~+.00719 +. 592 . 012131 59.76 +1.099 +1. 425 +. 01024 +.902 .011353
41.41 +. 646 +.855 -+. 00887 -+. 760 . 011664 13.25 +.107 —+.186 . 00606 —+-. 480 .012635
77.69 +1. 562 -+1.970 -+.01088 +.976 .011131 33.40 —+. 487 +. 674 . 00867 +.732 .011846
49.99 ~+. 861 +1.134 +. 00973 +.846 . 011504
— 80.35 | +1.304 | +1.789 | 00957 +.862 2011104
JAquld range
Solid range—Series 1T
114. 53 1. 333 1.798 0.00676 0.627 0.010775
99. 52 1. 042 1. 437 . 00623 .571 . 010909
148.11 2.026 2.661 .00773 .734 . 010530 2.54 —0.012 —0.002 —0. 0003 —0.021 0.014059
212. 25 3.475 4.425 . 00896 . 881 . 010187 4.97 —. 006 +. 026 +. 0022 -+.163 .013478
300. 87 5.653 7.043 .01005 1.020 . 009852 11.85 +.075 +. 146 . 00531 . 417 012731
409. 34 8.498 10. 44 .01093 1.143 . 009555 22.80 . 262 +.393 +. 00742 ~+. 610 .012171
554. 25 12. 490 15.19 .01175 1. 267 . 009262 39.00 +. 603 4. 816 —+. 00899 -+.767 011714
768. 66 18. 681 22. 51 .01253 1. 400 . 008944 52.33 +. 881 +1. 166 +. 00957 ~+.835 . 011465
765. 31 18. 551 22.37 .01251 1.398 . 008948 52. 57 +-.919 +1. 204 -+. 00983 -+.858 . 011461
135. 81 1.757 2.33 .00738 . 695 . 010613 75.46 +1.497 +1.912 ~+. 01086 —+.973 2011156
240. 51 4.144 5.23 00934 927 . 010067 5.36 =010 +.024 . 00191 +. 142 013413
378. 50 7.603 9.38 01064 1.104 . 009631 11062 +.074 +.143 +. 00535 +.419 .012755
642.16 14. 993 18.17 01212 1.329 . 009119 23.89 +.295 +.433 +. 00780 +. 643 .012131
88.73 . 836 1.19 00577 . 523 .011018 41.41 ~+. 657 -+. 883 . 00915 +.784 . 011664
Eg% g; é ;‘ég i ?g 00736 693 . 010622 77.69 —+1. 568 +1. 998 +.01103 —+. 991 .011131
223, 8 7 y 00914 902 2010136
293. 74 5. 460 6. 81 00994 1. 006 . 009875
B Liquid range—Series I
114. 53 +1. 328 +1.81 0. 00681 +0. (:):;(2) 0. 8{8(1;(7;(5)
99. 52 1.037 1.45 . 00628 . 576 5 90¢
fact that in each of these equations the contribu- 2925 | 2480 | 18 - 00006 "9 o087
tions of all but one of the samples to the final value 300.87 5.630 7.08 - 01009 1.024 - 009852
. 5 409. 34 8. 466 10. 52 . 01102 1.153 . 009555
are relatively small. The vapor pressure differences 554.25 | 12.448 | 15.28 L0181 1.275 0002632
) e 768. 6¢ 18.612 22. 65 . 01266 1.415 5 4
AP were plotted for each sample as a function of 76531 | 18479 | 2250 01259 1407 008948
1/T. Values were taken from these graphs at 12 135.81 1.763 2.36 -00748 - 705 -010613
o S . o 240. 51 4.133 5.28 . 00943 . 937 . 010067
fixed points. The term (AP°—AP) was then calcu- 37850 | 7.630 | 9.51 £01078 1119 -000631
lated for each sample at these 12 fixed points on the - I B ooy L T
basis of the relations (a-f) and were plotted against 134.57 1.735 2.33 - 00746 -702 -010622
. . . 223.83 3.735 4.79 . 00921 . 909 . 010136
1/T. From the resulting graphs interpolated values 203.74 5.447 6. 87 £ 01003 1.016 -009875
of AP°—AP were selected corresponding to each
experimental point and when added to the experi- Liquid range—Series I1
mental value of AP gave a value of AP°. The results o -
of these calculations are shown in tables 9A-9F. B N L 74 L I L
By use of the cocfcients found in eq (a0 the | | BE GE | GE G pm o
triple point temperatures an 672.21 15. 761 19.27 . 01228 1.353 - 009075
p p p d preSSuI'eS Of t:he pure 782.22 18.939 23.04 . 01260 1,411 . 008927
components were calculated and are shown in terms 92.60 -923 1.30 £ 00605 ~551 1010977
1 1 6 s 159.09 2.263 2.98 . 00806 770 . 010462
of their differences from CH,. The line drawn in 238, 00 5300 | 6.70 - 00999 1,010 009893
figure 6 passes through the values thus determined in DL S L= e
ta_ble 7. In this calculation it was assumed that the 04,19 To41 1.32 £ 00604 -5 1010961
’mpll(? pom}; tem_peratl}rehand pressure of each sample St | R e e e
are linear functions of t i 157.68 2.223 2.93 . 00799 763 .010471
© trlple p01nt temper{ttu.res 90.67 . 893 1.26 . 00603 548 . 010998
and pressures of the pure components. By similar 186. 04 2.863 3.72 £ 00860 [ -ouosts
1 1 1 380. 32 7.673 9. 55 01077 ) .
calculations the triple points qf the pure components el | 18562 | 2260 01254 1403 " 008941
had been calculated on the basis of the other analyses.

The short vertical lines in figure 6 indicate the
spread resulting from the various analyses.

Three different functional relations were tried in an
attempt to fit the data to equations. A plot of
logioP’n/ Py against 1/7 gives a definitely curved line
in each case in the liquid range. A plot of
T'logyPn/ P against 1/T" gave a very nearly straight
line for each liquid. A calculation of constants for
the equation log,oP’n/Prn=A—B/T+ CT did not give

346376—55——4

a perceptibly better fit, and as it involves an addi-
tional constant was abandoned in favor of the two
constant eq (4).

Tloglopn/PH:A—B/T. (4)
In the solid range the scatter of the points did not

permit a satisfactory choice between the log,Pp/Px
plot or the 7" log,.Pp/Px against 1/7'; but the latter
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Ficure 6. Triple points of the deuteromethanes.

was chosen in harmony with the choice for the
liquid range.

One fixed point was used in establishing the equa-
tion for the solid state vapor pressure data. This
point was determined in such a way as to make the
discontinuity between the liquid and solid state
equations for 7 log,Pp/Pyx consistent with the vapor
pressure equations for solid and liquid CH,. This
was done by extrapolating eq (2) for liquid CH, to
the triple point of the deuteromethane and calcu-
lating at this point log; Py (liquid) from eq (2) and
log;,Pu(solid) from equation (1b). The term
Tllog;,Px(liquid) —log;, Py (solid)] was used to repre-
sent thc discontinuity at the triple point of the
deuteromethane. It was added to the value of
T log, Pp/Pu(liquid) at that temperature to give the
value of 7' log,(Pp/Pu(solid) at the same tempera-
ture, and this value was used to define the limit of
the solid state equation. It may be noted at this
point that the revision of the denominator constant
of the Antoine equation for solid CH, has a significant
effect in this calculation, as shown in the following
tabulation

—— |

TlogioPu(liquid) — log;, Py (SOlld)]

Source of function

CH;D | CH,D, CHD:; | CDy ’

Equation (la)______ 0. 157 | 0.291 | 0.407 } 0. 500 ‘
Equation (1b) (re- . 145 . 280 . 396 . 489 i
vised). l |
Estimated from data_| . 147 . 276 .392 | . 487 |
B |

In every case the revised equation gives a value
for the discontinuity that is more nearly consistent
with the experimental points than does the unrevised
equation.

S0

Table 10 gives a complete list of the constants for
eq (4) fitting the data calculated on the basis of the
various analyses. In the last column e represents
the mean deviation in millimeters of mercury of the
data from the equations. The deviations were
calculated for equations resulting from analysis 1.
With the exception of the CD,, they should be
approximately the same for the other analyses.
The mean deviation, +0.027 mm, of the CD, data
shown for analysis 1 1s the deviation of the data of all
the CD; samples from the equation fitted to the
average of all. However, much of this represents
systematic differences between the samples, as
sample 1 data lie consistently below the sample 2
data. In the final treatment of the data based on
analysis 5 the equation was derived to fit only the
data from sample 1. For this sample the mean
deviation was 0.009 mm. The constants listed in
table 10 show clearly the differences resulting from
the different compositions attributed to the samples.

TaBLE 10. Constants for the equation T log\yPp/Pa=A— B|T
Solid range Liquid range
Analysis Methane e (mm)
As Bs AL BL
CH;D 1.424 | 124.7 | 1.481 | 144.5 | +0.015
1 CH,;D, 2.842 | 234.2 | 2.781 | 254.6 | ==.017
-------- CHD; 4,152 | 320.3 | 3.773 | 328.5 | =+.018
CD; (all) 5.135 | 374.8 | 5136 | 419.1 | =.027
CH:D | oo oo | i e |
9 CHyD: | | ||
>>>>>>>>>> CHD;
CDy | | e
CH;D | | ... 1.324 | 129.2 | ...
3 CH,D: | | .- 2.632 | 242.6 | .
""""""""" CHD; oo | 3.942 | 343.4 | ______
CDy@l) | oo | -onee 5206 | 425.1| _____.
CH;D 1.259 | 110.2 | 1.3275 | 129.5 | ______
4 CH;D» 2,390 | 195.7 | 2.742 | 253.5 | _____.
>>>>>>>>>> CHDj; 4,576 | 361.7 | 4.101 | 355
l CDy (all) 4915 | 355.3 | 5138 | 419 |
CDy (1) 5357 1396 | .| | .
CH;D 1.260 | 110.2 | 1.328 | 129.5 | ...
= CH;D; 2,694 | 222.2 | 2.671 | 245.4 | ______
(W2eaascsaas CHD; 4,452 | 351.7 | 3.969 | 343.8 | _____
| CD; (1) 5.529 | 410.5 | 5159 | 421.1 | =.009
L

A further check on the internal consistency of the
data was made in the following way. Using the triple
point pressures and temperatures of the four deuter-
omethanes shown in table 7, the function 7' log;,Pp/
Py for the solid at this pressure was calculated and
compared with the value taken as a fixed point in the
derivation of the solid deuteromethane equations.
The values found are compared below.

T lOngD/PH
Sample .
| From triple Frofrgreg)tll?dt ol
‘ point data deuteromethane
CDy_ .. 0. 95 0. 958
CHDs .. __ . 54 . 543
CH;Dp_ - __ 24 . 230
CH:D___._._________ .07 . 041




The agreement is good. Only in the case of CH;D
is an appreciable error observable. If the triple
point of CH;D were 84.45 mm instead of 84.52 mm
the values for 7 log,,Pp/Py would be in agreement.
This difference in triple point pressure could be ac-
counted for in either of two ways, (1) there may be a
2 percent impurity of CH, in the CH;D sample,
which is not an unlikely possibility, or (2) an error
of 0.07 mm was made in reading the triple point
pressure.

2.8. Discussion of the Vapor Pressure

The vapor pressure ratios Pp/Py show certain
regularities of behavior which are worthy of mention.
The substitution of each successive protium atom by
a deuterium atom causes a nearly constant change in
the constants A and B. A slight but consistent
deviation from a linear increase of A and B occurs
as may be seen by reference to figure 7. It has been
postulated as a working approximation in estimating
the vapor pressure of the middle member of a series
of increasingly deuterium substituted compounds,
such as the waters, that the vapor pressure of the
middle member (HDO) is a geometric mean of the
vapor pressures of the extreme members (H,O and
D,0).  Within the limits of experimental error the
few determinations on HDO support this hypothesis,
and a theoretical justification has been presented
[42]. In the case of the methanes a similar hypothesis
would require that the ratios Pp/Py should form a
geometric progression. This would require A and B
to form a linear series. The nonlinearity of the
constant A indicates that deviations from a geo-
metric progression do exist though they are small.
The deviations from a geometric progression are also
evident in the fact that the ratios Pp/Py are not
unity at exactly the same temperatures; but the
temperatures at which this ratio is unity are suc-
cessively lower the more highly deuterium substituted
is the methane. The melting points also form a
nearly linear series as may be seen in figure 6. The
deviation from linearity appears to be real, though
slight.

Because of the form of the equations representing
the vapor pressure ratios, it appears that from the
temperatures at which measurements were carried
out up to the eritical point the vapor pressure of the
deuterium compound will always be greater. If the
same form of vapor pressure relation is applicable
throughout the liquid range then it appears that the
vapor pressure ratios will have maxima at or below
the critical points. 'The maximum vapor pressure
ratios indicated by the equations range from 1.009
in the case of CH,;D—CH, to 1.037 in the case of
CD,—CH..

2.9. Ideality of the Solutions of Isotopic Isomers of
Methane

In view of the complexity of the two mixtures which
were used as CD, samples in the work of Brickwedde
and Scott, and the difficulty of obtaining an accurate
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Ficure 7. Constants of the equations T log,yPp/Pa=A—B/T.
analysis, it appears that only the roughest estimates
can be made of the magnitude of deviations from
ideality which they exhibit. Two estimates have
been made.

One estimate has been made of the deviations
from ideality to be expected if the deuteromethanes
form regular solutions, according to Hildebrand’s
criterion, that is, have ideal entropy of mixing. For
this type of solution the activity of a component 1
is given by eq (7).

RTlog, a,=RT log, X,+ V ¢i[(AH,/V)V?—
(AH,/ V)] (7)
where AH/V is the latent heat of vaporization per
cubic centimeter, ¢ is the volume fraction and V
the molar volume of a pure component. Using the
following experimental values the activity coefficient
of CH;D in its 10 percent solution in CH, was calcu-
lated to be 1.000058. This calculation places the
possibility of finding deviations from ideality of this
type beyond experimental precision.

| Sample AH[21] V(22]
cal cm3

CH. . 2,036 33. 63
CH,D 2. 050 32. 4

Another extremely rough estimate of the deviations
from ideality in the solutions rich in CD, has been
made by comparison of the vapor pressure of CD,



calculated from samples 1 and 2-4. It will be noted
that sample 2-4 gives values always higher than
sample 1. This suggests that sample 2, which con-
tained more admixed CHD; had a vapor pressure
higher than it would have had if the solution were
ideal. If we consider the vapor pressure of pure
CD, to be that calculated from the purer sample 1,
then v, the activity coefficient of CDy in sample 2, is
given by Pcp, (sample 2-4 calculation) =yPcp, (sam-
ple 1 calculation). The value of v thus calculated
averages about 1.00028 in the liquid range, and does
not vary much with temperature. In the solid range
it increases from 1.0008 near the triple point to
1.0035 at 77°. These values appear to represent the
activity coefficient of CD; in a solution of about 70
percent CD, as compared with its activity coefficient
in a solution of about 92 percent CDy, the assumption
being made that the vapor pressure measurements
are not systematically wrong for either of these
samples.

The relative volatilities of the deuteromethanes
with respect to CH, have been calculated at the nor-
mal boiling point of CH,; they are: CH3D, 1.0035;
CH,D,, 1.010; CHD,, 1.019; CD,, 1.029.
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