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The “best values” of the parameters in the vapor-
pressure equations of solid and liquid nickel and the heat
of vaporization of nickel are statistically deduced on the
basis of all available data. Corrected estimates of the
heat of vaporization of NiO(s) and heats of dissociation
of NiO(g) and Ni>(g) are obtained. “Best values” of
maximum ionization cross sections useful in
thermodynamic mass spectrometry are also reported.

There have been a number of determinations of the
vapor pressures and the heats of vaporization of solid
and liquid nickel (3, 9, 16, 22, 28-37). The range of
values of these properties was rather large; therefore, a
new determination of the heat of vaporization of solid
nickel was undertaken, and these results were combined
with the available data in the literature to obtain a “best
value” of the heat of vaporization and vapor pressures by
a statistical treatment. The critical evaluation of the avail-
able data was especially desirable since there appeared
to be sufficient data in the literature to complete the fol-
lowing thermodynamic cycle, thus lending consistency to
the values of the individual heats of reaction.

Ni(s) + '202(g) — NiO(s)
NiO(s) — NiO(g)
NiO(g) — Ni(g) + O(g)
0(g) — %02(g)
Ni(g) — Ni(s)

in the process of examining and reducing the data in
the literature, new estimates of values of the heats of dis-
sociation of NiO(g) and Nix(g) were obtained by correct-
ing the available data. Furthermore, during the examina-
tion of the mass-spectrometric techniques involved in
one of the vapor-pressure determinations, best values of
the ionization cross sections of the species H, O, Ni, Ag,
and O, were deduced. These were then used to correct
the available mass-spectrometric data on the pressure of
the gaseous species generated by NiO(s) (9).

Experimental Methods and Results

The method used in determining the vapor pressure of
nickel solid was the Langmuir (23) technique. The appa-
ratus used is depicted in Figure 1 and consisted of an RF
coil powered by a Sealometic Electronics inductance fur-
nace Model 2000-20 kW operated at a frequency of 3
MHz. The coil, which was used to heat a cylindrical sam-
ple to a given temperature, was made of five turns of
Ya-in. copper tubing and was 5.75-cm i.d. and 4.5-cm
long.

The furnace was contained in a bell jar 15.25-cm i.d.
X 28-cm high. The specimen was suspended inside the
coil by means of 0.0127 cm in diameter tungsten wire,
which was looped around the sample to form a harness.
The two ends of the wire were hooked to an inconel wire
7.6 cm above the specimen, and the inconel wire, in
turn, was hooked to a nylon thread hanging from the end
of the electro-balance beam. The enclosure containing
the balance and sample was evacuated to 105 torr.

To whom correspondence should be addressed.

[Throughout this paper, torr = (101.325/760) kPa; atm
= 101.325 kPa; calyp, = 4.184 J; eV = 96487 J mol T,
cm~' = 11,927 J mol~; T = K; A = 10-8 ¢cm; inch =
2.54 cm; minute = 60 sec; R(calgnh, mol~7 K~").] The
bell jar which formed the sample chamber was surround-
ed by a water jacket to cool it and to remove condens-
able gases. The same water system cooled the induction
furnace and RF coil.

The weight of the sample was measured by a vacuum
electro-balance (Cahn-type RH) which was monitored by
a Hewlett-Packard Model 419A dc null voltmeter in con-
junction with a Brown (Model 153) single-point recorder.

The specimen was a nickel cylinder 1.27-cm diam X
1.60-cm long of 99.95% purity supplied by the Gallend
Schlesinger Chemical Co. The sample had a black body
hole 0.159-cm i.d. X 0.635-cm deep. The temperature
was obtained by means of an optical pyrometer which
was calibrated against an NBS standard strip lamp at
several temperatures between 1173 and 1873K (IPTS
1948). A calibration curve was obtained for the experi-
mental arrangement used by placing a standard lamp in
situ of the sample (Figure 1); corrections thus were
made for radiant intensity losses owing to absorption and
length of path between sample and pyrometer. The tem-
perature calibration had a mean deviation of £2.6K over
the temperature range.

The sample was outgassed at 1673K for 15 min before
heating to the desired temperature. The sample was then
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Figure 1. Experimental arrangement for determining rate of
weight loss of nickel samples. (a) Vacuum gage, (b) microbai-
ance, (c) microbalance readout, (d) sample suspension, (e)
rubber bushing, (f) mirror, (g) optical pyrometer, (h) water
jacket, (i) bell jar, (j) specimen, (k) induction coil, (I) power
leads, (m) to vacuum pumps
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maintained at temperature until the weight loss rate be-
came constant. The sample was weighed, then heated at
temperature for a period of time to give an adequate
weight loss. The weight loss in all the cases used in de-
termining the final value of the heat of vaporization was
large enough to limit the weighing error to 1% without
significantly changing the surface area. The time at tem-
perature was also large enough to minimize errors in the
weight loss during the heating up and cooling down time
periods. In the treatment of the data, the following rela-
tion was used to determine the vapor pressure from the
mass loss rate per unit area (23).

(P/atm) = 2.255 X 10~ 2(m/gcm~2sec™ ")
(M'2M/gmol=")~ "2  (6)

The heat of vaporization by the ‘“second-law’” method
is obtained from the least-squares slope of the In P vs.
T—1 curve. The slope is assumed to be constant over the
range, which implies that [Acp/caly mol~! K= 1] is zero.
Therefore, the only point at which the heat of reaction is
correct is at the mean inverse temperature. There are
systematic errors in the heat of vaporization in assuming
that the slope is constant over the whole temperature
range; these errors will be discussed in conjunction with
the statistical analysis given below. The data used to ob-
tain a least-squares slope are given in Table | under ref.
36. The value of AH,°(Ni, s — v) = 115.8 £ 5.6 kcal¢n
mol ! was obtained from AH°(Ni, s — v, 1501) = 114.0
+ 5.5 kcaltn mol~' by utilizing the enthalpy tables of
Hultgren et al. (74).

The “third-law” values of AH°(Ni, s — v, 298) were
obtained from the following relation between the vapor
pressure for reaction five and ‘‘free-energy functions”
whose values are given by Hultgren et al. (74).

A{—[G° — H°(298)]:T~", (s = Vv}{ + RiInP (atm) =
AH®1(298), (s =)} - T~ (7)

The values of AH°(298) were used to determine AHq° by
use of enthalpy tables (74). The correction was equal to
(—0.49 kcalyn, mol~'); Table |i gives the values of
AH®(298) obtained in conjunction with the vapor pres-
sures for Rutner and Haury shown in Table |. The points
which were omitted in the final determination varied more
than 2-rms deviations from the mean value of AH®(298).
"The criteria for discarding data and discussion of errors are
given below.

Statistical Evaluation of Available Data on Vapor
Pressure of Nickel

The “best values’ of the heat of vaporization of solid
and liquid nickel and the parameters in the vapor-pres-
sure equations over a limited temperature range

in P(atm) = A+ BT (8)

were determined by statistically weighing the available
heats of vaporization and vapor pressures (3, 9, 76, 22,
28-31) and our data, Table 1.

The first step in the evaluation process was an exami-
nation of the available information given by each author
on the experimental techniques used. In the examination,
cognizance was taken of methods of temperature mea-
surements; condition of samples; weight-loss determina-
tion; consistencies between second- and third-law values
of the heats of vaporization; and external consistencies
of heats of vaporization.

In evaluating the significance of the consistencies be-
tween second- and third-law values of the heats of vapor-
ization, in general, the “third-law” heats of vaporization
are more consistent with external data than “second-law”
heats of vaporization, and the individual deviations in
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“third-law” heats of vaporization are generally smaller
than those of the second law. There is one obvious rea-
son for this when it is noted that the percentage errors in
AT can be much larger than those in the absolute value
of T. Furthermore, in the use of the third-law method, the
errors in the term (T In P) tend to cancel since In P ~
—T7-' and (7 In P) is approximately constant for small
changes in temperature.

The experimental technique of Rutner and Haury has
been discussed above in the Experimental section. The
lack of consistency between the second- and third-law
values of the heats of vaporization have also been dis-
cussed above. '

The data of Nesmeyanov and Tik-Mang (29-37) were
evaluated but not utilized because the vapor pressures
which were determined by measuring the weight-loss rate

Table I. Reported Vapor Pressures of Nickel Considered in
Determining Best Values of AH,°; A, B (Equation 8)
by Second- and Third-Law Methods

K P, atm T, K P, atm T, K P, atm

Johnston and

Rutner and Haury (36) Marshall (16) Langmuir (23)¢

1393%.c  8.00 X 10—® 1583 4.63 X 10~7 1318 3.20 X 10-*
1345¢ 9.82 X 10~ 1308 5.€1X 10~ 1409 6.67 X 1078
1610 5.55 X 10~7 1307 6.00 X 107 1532 4.34 X 10-7
1546 8.27 X 10~% 1397 7.24x 10—® 1544 5.07 X 10~
1447 5.02 X 108 1397c 8.16 X 10—° 1604c 4.38 X 10~
1563 4,69 x 107 1387 5.70 X 10°*
1558 2.49 X 107 1415 1.09 X 10~® Nesmeyanov and
1562 1.62 X 1077 1465 3.72 X 1078 Tik-Mang (29-31)4
1658 3.21 X 10¢ 1507 9.92Xx 10—® 1525 1.54 x 10~
1648 8.18 X 107 1576 4.53 X 10-7 1483 6.08 X 10~
1277% 5.38 X 10— 1578 4.55 X 10—7 1478 6.17 x 10~®
1428 2.81 x 10— 1397® 8.16 X 10—® 1443 3.07 X 10-%
1403 2.62 X 10~° 1466® 4.33 X 107® 1439 2.69 X 10~F
1373 6.78 X 10~ 1401 1.29 X 108
1363 1.15X 10~® Grimley etal. ()¢ 1411 1.40 X 10—
1433 2.99 x 10¢ 1575 2.71 X 107 1365 4.84 X 10—
1523 5.63 X 108 1596® 4.47 X 10—7 1320 2.15X 10-¢
1488 2.67 X 10~% 1606 5.44 X 107 1550¢ 2.27 X 10—
1458 1.33x 10~® 1624 8.50 X 107 1371® 4.65 x 10~®
1613 4.17 x 10—% 1625 8.50 X 10-7
1613 4,51 X 1077 1630 9.44 X 1077 Morris et al. (28)/
1593 3.66 X 107 1646 1.39x 107% 1895 5.09 x 10~
1563 1.13x 1077 1651 1.53 X 10—¢ 1894 5.08 X 10~%
1543 1.19 X 1077 1657 1.69 X 10—¢ 1885 4.37 X 10-%
1353 4.35 X 107® 1659 1.71X 10~ 1816 1.68 X 10—
1483 3.42x 107® 1673 2.18 X 10~® 1876 4.03 X 108
1233%c 3,42 X 10710 1673 2.25 X 10~¢ 1868 3.47 X 10~%
1513t 3,88 X 107 1679 2.51 X 10~¢ 1853 2.91 X 10-®
1684 2.80 X 10—¢ 1848 2.68 X 107®
Bryce (3)¢ 1679 2.50 X 10~¢ 1842 2.51 X 106
1273 3.22x 107 1684 2.82 X 10~¢ 1839 2.34Xx 10°%
1252 1.29 x 10-1¢ 1707 4.12X 10~¢ 1836 2.30 X 10°%
1423 1.84x 107 1709 4.31x10-% 1828 1.99 X 10—
1391 4.86 X 10— 1587c 4.42 X 1077 1848 2.66 X 10-%
1341 1.45 X 10—* 1860 3.20 X 10-®
1324 1.38 X 10~* 1821 1.79 X 10-®
1299 9.88 x 10— 1862¢ 3.37 X 108

Data points were omitted whose deviations were greater than
2 ¢ (rms deviation) from second-law and third-law best values.
s Not used in composite third-law determinations. ? Eliminated
from second-law individual determination. ¢ Eliminated from
third-law individual determination. ¢ Not used in final composite
determinations. ¢ These data have been corrected for errors in
cross sections. / Liquid-phase vaporization corrected for heat
of fusion. Not used to determine best value of A by second or
third law. ¢ All points reported included.



from a Knudsen cell were 103 times larger than those
previously and subsequently reported; thus, the second-
and third-law values of the constant to A and B in Equa-
tion 5 were different markedly from the best composite
values. (See Table IV, for example.)

Johnston and Marshall (76) determined the vapor pres-
sure of nickel by a free vaporization or Langmuir tech-
nigue. They determined the temperature by sighting on a
black body hole in a sample which was doughnut
shaped. They made brightness intensity corrections for
the absorption of radiation by the windows. The shape of
the sample introduced an error owing to condensation of
material on the inside surface of the doughnut hole; a
correction was made for this error. The weight loss was
determined by the use of a sensitive balance. Although
the authors claim an error of 5% in the pressures mea-
sured, the data require some interpretation since there
appears to be an uncertainty in the area of the condensa-
tion surface. The data presented involved an error of
5% in the weighing and +5K in the temperature. The
error in the pressure is not necessarily the same as the
error in the weighing, since the weight-loss rate may be
significantly affected by errors in corrections made for re-
condensation on the sample.

Langmuir et al. (22) reported measurements of the
vapor pressure by a free evaporation from a nickel fila-
ment. The temperature was measured with a pyrometer
and an emissivity of 0.36 was assumed for the nickel at
temperature. This assumption ied to an error in the deter-
mination of the temperature. There was another error
owing to determination of the length of wire at tempera-
ture. Although estimates on the limits of these errors
could be determined, the data herein fall out of the statis-
tical limits which were set for use of the data in obtaining

Table I, Third-Law Values AH®° (Ni, s — v, 298) Obtained by
Rutner and Haury (36)

1, K) AH® (298), caly, mol =1
1345 102.92
1428 106.16
1546 97.75¢
1447 99.25
1558 101.72
1562 103.33
1563 100.06
1610 102.46
1648 104.17
1658 99.65
1363 103.86
1353 105.74
1433 106.37
1483 102.83
1543 102.46
1523 104.00
1488 103.86
1458 103.84
1613 103.57
1613 103.34
1593 102.74
1563 104.50
1403 105.17
1373 106.03
1393 100.72%
1233 97.09e%
1277 99.36°
1513 97,5300

e Eliminated from second-law determination of AHe°. ? Elim-
inated from third-law determination of AH¢°.

the best values of the heats of vaporization and vapor
pressures by the third-law method and, therefore, were
omitted from these determinations.

Morris et al. (28) measured the vapor pressures of lig-
uid nickel by a gas transport method utilizing an inert
gas, helium, as the transport gas. The metal vapor was
condensed onto the inner surface of the gas outlet tube.
The gas flow rates were determined by a wet gas meter.
The temperature was controlled to £5K and was deter-
mined by means of an optical pyrometer. Corrections for
absorption of the radiation by the windows were made. A
colorimetric method was used to determine the weight of
nickel deposited by the gas stream. The possible errors
in the spectroscopic determination of the nickel carried
by the gas were not evaluated. The error in the volume of
the gas gives a proportional percentage error in the vapor
pressure. The probable error in the gas volume was less
than 1%.

Bryce (3) determined the vapor pressure of nickel by
the vaporization of a filament by use of a target to catch
the nickel vapor. The nickel condensed on the target was
determined by a chemical technique. No further data are
available on the technique.

Grimley et al. (9) determined the vapor pressure of
nicke! during the course of a mass-spectrometric investi-
gation of the vaporization behavior of nickel oxide by
combining the Knudsen cell effusion technique with a
mass spectrometer. The temperature was determined by
sighting on black body holes in the Knudsen cell. There
was some evidence that a reaction took place in the
Knudsen cell which was made from aluminum oxide.
There is no evidence that this reaction affected the mea-
sured vapor pressure or the observed heat of vaporization
of nickel.

Grimley et al. (9) used incorrect ionization cross sec-
tions for the ionization of the molecular and atomic
species involved. The error in the ionization cross section
of silver, the calibrating substance, introduced an error in
the geometric factor defining the number of atoms which
are in the volume defined by the electron beam. The
error in the relative ionization cross section of Ni(g) and
Ag(g) caused an error in the observed vapor pressure of
Ni(s). The reported vapor pressures of Ni(s) were correct-
ed by us by use of the following relation:

In [o2(Ni) /1 (Ni) ][0 (Ag) /02(Ag) ] =
In [P1(Ni) /P2(ND)] (9)

where o is the ionization cross section of the species in
brackets, and P is the pressure of the species. The sub-
script 1 refers to the original data of Grimley et al. and
subscript 2 refers to the corrected values. The resulting
correction was P, (Ni) = 0.78 P{(Ni).

‘‘Best Value” Obtained by “Second Law’ of AHy°; A and
B tor Equation 8

In the '"second-law™ treatments of the experimental
data, the data from each laboratory, /, were fitted by a
least-squares method to Equation 8. In Equation 8, B =
[AH°(D])-R™", and AH°(T) is the heat of vaporization at
the mean inverse temperature: T = [n;7'ZT;=7]-",
where T; is the temperature of the jth data point, and n;
are the number of data points reported by the ith labora-
tory.

All reported pressures having a deviation from the cal-
culated values of the pressure which were greater than 2
o (o = rms deviation) were eliminated from the originally
reported data in determining the least-squares value of
the slope.
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After having determined the least-squares value of the
individua! AH;°(T,), these quantities were then used to
determine the individual (AHo°); by use of the enthalpy
tables of Hultgren et al. (74). These tables round off to
identical values to the second decimal place with other
available tables (718, 37, 417). The list of data used is
given in Table [.

Before applying the “least-squares” treatment to the
data of the individual laboratories, the data were exam-
ined for signs of “‘systematic errors” or “nonrandom er-
rors” by arranging the deviations of the pressures in as-
cending order and plotting the deviations on probability
paper. In all cases, the data formed several groupings,
each of which could be fitted with a straight line. The de-
viations of the plots from a single straight line were not
limited to the end points, thus indicating that the errors
were “‘nonrandom’’ (25).

The “best values” of the parameters A and B of Equa-
tion 8 for each individual set of data were determined by
successively eliminating data points whose deviations
between the measured values of the pressure and calcu-
lated values were greater than 2 ¢ (rms deviation). In
some cases more than one recalculation was necessary,
thus further indicating a lack of statistical homogeneity in
the data. (Refer to Table 111.)

The composite "“best values” of A and B were obtained
by utilizing the statistical treatment described in ref. 26 to
determine the applicable weighing factors in averaging
the individual values of (AHy®); derived by the least-
squares treatment. The treatment is an attempt to weigh
the effect of deviations between each laboratory’s “best
values” and that of the deviations in the “within the indi-
vidual laboratory” resuits. In applying the technique (26),
it is necessary to note that the statistical number of de-
grees of freedom for each laboratory is (n; — 2) in deter-
mining the best value of the slope. Ali other gquantities
and the procedures required for the determination of the
composite best values of B and A for Equation 8 are
given in ref. 26 (Table I).

The composite “best value” of the heat of vaporization
of nickel solid, which was obtained by utilizing the statis-
tical method of ref. 15 was: AHp°(Ni, s — v) = 102.9 +
4.2 (kcalgp mol =),

It was also of interest to obtain the value of B for a
given temperature range so that Equation 8 could be
used to calculate vapor pressures. Since the data utilized
cover the temperature range 1273-1709K, a value of B at
the midpoint of this range was calculated. Note that there
is a difference in specifying the average temperature for

Table Ill. Quantities Used in Determining Composite
Second-Law ‘‘Best Value'’ of AH,°; and B and A
(Equation 8) for Vaporization of Solid Nickel

No. of
data AH®,
points, Kcali Variance,? Variance,?
Ref ng mol~t a2 [AH°) A ai® (A)
¢ 24 115.83 31.36 27.861 3.389
9 18 112.36 1.56 26.735 0.144
16 10 102.21 0.34 24.092 0.0433
3 7 93.99 58.69 21.354 8.451
22 5 89.36 48.16 20,955 5.688
28 15 103.10 1.12 d d

@ Number of data points after elimination of those deviating
more than 2 ¢ (rms deviation) reported by laboratory i. ¢ Statis-
tical degrees of freedom equal (n; — 2) for each determination.
¢ See Experimental section. ¢ Liquid nickel, this value not used
in averaging.

22 Journal of Chemical and Engineering Data, Vol. 19, No. 1, 1974

the range, 1491K, as the midpoint, and the average tem-
perature that is derived from the reduction of a set of
data by the least-squares technique. The value of
B(1491) = AH°(1491)-R~' was obtained by using the
enthalpy tables (70) to correct AH® to AH®°(1491) =
101.1 + 4.3 kcalg, mol — 1.

There is a maximum error of 0.65 kcalt, over the tem-
perature range introduced by assuming that AH® is con-
stant over the range. The error of 0.65 kcaltp is the sys-
tematic error at the end points of the range; to a good
approximation, the average total error over the range
may be estimated as +4.6 kcal. Therefore, the average
“second-law"” value AH° (1273-1709K) is given as 101.1
+ 4.6 kcalyy mol~', and the value of B = 50884 +
2466K over the temperature range.

An estimate of the intercept A was also made by use
of the same statistical treatment which was used in de-
riving the value of B. In deriving the value A, however, the
data of Morris et al. (28) were omitted since these data
refer to the liquid vaporization. Furthermore, since the
parameters in Equation 8 must relate to a temperature
range which does not involve a discontinuity in the pa-
rameters, such as caused by a phase change, two values
of A and B were calculated which can be used to calcu-
late the vapor pressure over the whole temperature range
for which data are available.

The “best values” from the second-law determinations
for A and B for both the solid and liquid ranges are given
in Equations 10-13.

For the reaction

Ni(s) — Ni(g) AH°(1491) = 101.1 £ 4.3 kcaltp, mol ~!
(10)

and the vapor pressure over the temperature range
1273-1709K is:

in P(Ni, s,atm) = 17.63 = 1.39 — (50884 £ 2466)-T~'
(11)
For reaction:

Ni(1) — Ni(g) AH°(1855) = 95.91 % 1.06 kcalty mol~"
(12)

there is only one value of AH® which was obtained from
data in ref. 8. These data were statistically treated to
eliminate pressure data points which deviated more than
2 o (rms deviation) from the calculated values. This
treatment yielded the following values of A = 15.589 and
B = 48271K. These values compare with the values of A
= 15.681 and B = 48432K reported in ref. 8. The best
“second-law’’ equation for the vapor pressure of liquid
nickel in the temperature range 1816-1895K is:

in P (Ni, |, atm) = 15.59 & 0.29 — (48271 % 533).T~'
(13)

In subsequent discussions covering the third-law “best
values,” relations between A and the free-energy func-
tions will be discussed.

Third-Law Determinations of Best Values of B, A, and
AHMy°

Third-law determinations of the ‘“best values” of the
quantities B, A, and AHy° can be made by utilizing the
expressions for the free-energy functions and the values
of these functions given in ref. 74 and the data reported
in ref.-3, 9, 16, 22, and 28-31. The data in ref. 29-31
were omitted because they were inconsistent with other
data, as noted above. The data in ref. 22 were also omit-
ted because the value of AHy° obtained from this set of



data deviated by more than 2 ¢ from the average AH,°
obtained by simply statistically weighing the values of
each set of data by the number of data points reported by
each laboratory.

This statistical test is crude, since it assumes that the
data are statistically homogeneous, but it is useful in set-
ting an upper limit to the variance of the sets of data to
be used in subsequent statistical averaging. The reason
that only an upper bound of the variance was used in de-
termining what data to consider or retain within the indi-
vidual sets and the composite data was due to the fact
that the data were statistically too inhomogeneous to
treat by the x? test which utilizes both upper and lower
bound.

To compare the equation for In P in the temperature
range 1273-1709K with that obtained by means of the
“second law” as noted above, it is necessary to compare
equations for In P used to obtain “third-law" values of
AH° with that used to obtain the "‘second-law" values of
this quantity. In the use of the second law, the slope of
the line In P vs. T~ is equated to the quantity [AH®
(7’)]-F?, where T is the temperature corresponding to the
mean inverse temperature as noted above. The equation
used to obtain the value of AH°(298) by the third law is
as follows:

RinP(atm) = > _(—1)*([—(G° = H° (298))T~ '] —
os (H° (298))T~ 1)  (14)

In Equation 14, n equals 0 for the functions correspond-
ing to products of the reaction and equals 1 for those
corresponding to reactants. The summation is taken of
the thermodynamic function of gas and solid. To convert
Equation 14 to the “second-law” form or to Equation 8,
the quantity Zgs (=1)(H() — H°(298))-T~', must
be subtracted from and added to the righthand side of
the equation, resulting in Equation 15;

RInP =3 (-1*—(G°—H (T |- _
9 (AH(TH T (15)

As will be shown, the quantity [(G® — H°(298)).T~ '] is
almost constant over the temperature range of interest so
that its average can be taken as the constant A, which is
given by Equation 16 when the pressure is expressed as
P(atm)

A=Y (=1)*[—(G° — H° (208)) (RT) ] +

gs
(RT)“fT > (=1)nc, (calen K= T mol ~")dT (16)
298

9.5

In Equation 16, the specific heat, cp, is a function of
temperature. The slope B is given by
:
B =—-AH°(298)-R~' — R 2 (=NrepdT {(17)
298 gs

All third-law data were reduced by using the values of the
free-energy function given in ref. 74.

An estimate of the error in the tabulated free-energy
functions is limited to assuming that the error is that re-
ported by Kelly (78) for enthalpies in this temperature
range. This error is 0.3%. However, additional errors in A
arise owing to the fact that the quantity g
[(=1)7(G° — H°(298)}-T~'] is not a constant over the
temperature range. The error owing to the variation of
this quantity has been evaluated by finding its mean
value for all determinations used, and evaluating the
mean deviation; to this deviation was added the estimat-

ed average error resulting from assuming that AA®(T
equals AH°(T) over the whole temperature range.

The mean value of A for the temperature range of in-
terest to us is that at the temperature T = 1535K, which
is the inverse mean temperature. This method of ob-
taining the mean temperature is consistent with the
method of averaging the free-energy functions, which are
weighed by the quantity T='. The error arising in the use
of the average free-energy function over the temperature
range 1250-1710K is not random but can be expressed
as a maximum limit of the error at the end points of the
range.

The maximum error over the range including the 0.3%
error in the free-energy functions-is 1.5%, and the aver-
age deviation is 0.7%. !f it is wrongly assumed that the
errors are random and the rms deviation is calculated,
then an estimated error of 0.8% is obtained. The above is
a statement of errors which arise in the use of the aver-
age value of A = 16.87 at T = 1535K. The value of
AH®°(1535) = 99.5 + 0.6 kcalyph, mol~', and B = 50060
+ 500K. The best value AHy° = 10t.5 £ 0.6 kcalm
mol ~'. This value of AHq° is more reliabie than the “sec-
ond-law” value of 102.9 £ 4.2 kcalinh mol~', even though
they are nearly equal. The near equality appears to be
fortuitous when one considers the range of the values of
AH°(298) used in the two determinations.

The best ““third-law equation’ for the vapor pressure of
solid nickel in the temperature range 1250-1710K utiliz-
ing the data in Table 1V is as follows:

tn P(Ni, s,atm) = 16.87 £ 0.35 — (50600 £ 500K)(7T)~'
(18)

The third-law parameters of Equation 8 can aiso be de-
termined for liquid nickel from the limited amount of data
available (28). In the temperature range 1816-1895K,
the third-law equation for the vapor pressure of liquid
nickel is given by:

in P(Ni, I,atm) = 15.35 £ 0.05 — (47775 £ 210)(T) '
{(19)

Since there are differences between the statistical
treatments of data reported herein and that reported by
Mandei and Paule (26, 33), a discussion of these differ-
ences is in order. The differences in the statistical treat-
ments arise from the fact that the data available on the
vapor pressure of nickel lack statistical homogeneity;
thus, a composite value of the second- and third-law
heats of vaporization could not be generated by simply
treating all the data as a single set of data and obtaining
a "best value.” '

Table IV. Third-Law Values of AH:° Used to Calculate
‘“‘Best Third-Law Values” for Ni(s) — Ni(g)

AHo®, kealy, Variance,
Ref ni® mol -1 ¢ (AR®)
b 25 102.63 4.368
9 16 101.29 0.0169
16 12 100.74 0.04
3 7 100.28 0.7056
28 16 102.12 0.0049
29-31¢ 10 73.60 0.4356
21¢ 5 96.76 2.103
Best value 101.45 0.38

%n;, Nnumber of determinations used after eliminating those
with deviation >2 ¢. * Experimental section and ref. 36. < Not
used in determining final value of AHo°.
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The treatment which was used takes into account the
nonhomogeneity of the data by statistically weighing the
results of the individual laboratories which were used in
generating an over all ‘best value.” The statistical test
used for rejecting data in this paper is a deviation of the
observed data of more than 2 ¢ (rms deviation). Paule
and Mandel (33) used an F test which, in essence, put
limits on the probability between 0.975 and 0.025 on the
validity of the data they used. Although a 2 o error limit
does not take into account the number of degrees of
freedom for each curve in setting error limits, it does give
a convenient limit to the maximum deviation to be toler-
ated which has been used by other authors (6, 8).

The probability for the value of t (deviation/g) > 2 (8)
was between 5 and 15% with a large proportion of the
cases being between 5 and 10%. Therefore, in general,
this validity limit is not inconsistent with the other statisti-
cal treatments that were done. With continued elimina-
tion of data points whose deviations are greater than 2 o,
there is a reduction in the number of statistical degrees
of freedom and the probability that a given value will fall
outside of the 2 ¢ limit changes. By definition, the homo-
geneity of a given set of data (a measure of self-consis-
tency) is measured by values of t = (deviation/g).

Heat of Vaporization of NiO(s)

To complete the cycle, the value of the heat of vapor-
ization of NiO(s) was required. The only available infor-
mation on the heat of vaporization and the partial pres-
sure of NiO(g) is that reported by Grimley et al. (9) and
Johnston and Marshall (76). Johnston and Marshall (76)
determined the vapor pressure of NiO(s) by determining
the weight loss of an oxide coated sampie of nickel. They
noted that there was difficulty in accounting for the frac-
tion of weight loss owing to nickel. Therefore, these data
were disregarded.

The data of Grimley et al. (9) were obtained by use of
a mass spectrometer, and as noted above, corrections
are required to the vapor pressures reported owing to er-
rors in cross sections of the species involved and errors
in the thermodynamic functions used for the species
NiO(g).

The errors in the cross sections resulted in the fol-
lowing corrections: the observed vapor pressure, P1(NiO)
X 0.64 = P,(NiO), where P, is the corrected pressure.

Since the best vaiue for the heat of vaporization was
that obtained by the third-law method, estimates of the
free-energy functions of NiO(g) were required. The rela-
tions used for calculating the free-energy functions were
those given in the JANAF Tables (75). These relations
are the same as those given by Herzberg (77) (Chapter
V, Equations V, 79, and V, 83) and all preceding applica-
ble relations in this chapter. The values and estimated er-
rors of the required quantities which were used are given
in Table V.

in evaluating the electronic partition function, it was
necessary to determine the nature of electronic ground
state of NiO. in previous reported guesses of the ground
state configuration, Johnston and Marshall (76) consid-
ered the effect of the degengracy, which they equated to
the multiplicity, on the value of AHy° for Reaction 2. Al-
though they favored designating the ground state as 32 -,
they noted the differences between the value of AHy°(q
= 1) and the values of AHo°(q # 1), where q is the
degeneracy of the grqund state. The differences were as
follows: [AH°(q = 3) — AH°(g = 1)] = 3266 calin
mol~" and [AHs°(g = 10) — AHp°(g = 1)] = 6846 calyy
mol ~ 1.

Johnston and Marshall (76) also estimated the intera-
tomic distance as 1.65 X 1078 cm, which led to a value

24 Journal of Chemical and Engineering Data, Vol. 19, No. 1, 1974

of the rotational constant B = 0.50 cm~'. This value dif-
fers significantly from that reported by Huldt and Lager-
quest (0.41 cm~") (13). They (16) also estimated the
electronic ground state vibrational frequency as 700
cm~' as compared to 615 cm " observed by Maliet and
Rosen (24). Brewer and Chandraschrakaraish (2) re-
ported a set of free-energy functions for NiO(g) based on
the assumption that NiQ was ionic and that Ni2+ species
determined the electronic degeneracy. They aiso estimat-
ed other spectroscopic constants. The data reported in
this set of tables were used by Grimley et al. (9).

In view of the uncertainty in the electronic ground
state of the NiO(g), an attempt was made in our calcula-
tions to estimate the extent of the ionic character of the
NiO(g) molecule. This is most easily done by the use of
the relation for ionicity given by Pauling (34). The ionic-
ity, A, is measured by the following relation

A = %D°(02) + %De°(Niz) — Do°(NiO) (20)

where D° is the dissociation energy. The value Dg°(03)
used in this relation is 66.5 kcalinh, mol~' and is equal to
dissociation energy of two single (0—OQ) bonds. The heat
of dissociation used for the Ni; molecule is that obtained
from our correction (36) of Kant’s (77) data, which is
discussed below, and is given by Do°[Niz(g)] = 61 kealin
mol ~'. The value of Dy°[NiO(g)] = 85 kcaliy mol~—7 (9)
used in this estimate was that available before we had
enough data to complete the cycie shown in Equations
1-5. Upon completion of our calculation, the value ob-
tained was D,°[NiO(g)] = 92.7 kcalgn, mo!~'. The value
of Dg°[NiO(g)] = 85 kcaly, mol~" yields a value of A =
21 kcalgy, mol~ ', The value of Dg°[NiO(g)] = 92.7 kcaln
mol~7 yields a value of A = 13 kcalip, mot~1. Thus, the
ionicity is small; therefore, the molecule NiO(g) is proba-
bly covalent.

Further evidence that the molecule NiO(g) is not ionic
is based on the large difference between the electron af-

Table V. Free-Energy Functions of NiO(g) — [G° — H,°][T] !

Elec-
Rotation + tronic,®
transla-  Vibration,® caly,
tion,e caly, caly, mol =t mol~! Total, calin
T, K mol—t K—1 K~1 K-1 mol~t K~!
100 36.66 0.00 0 36.66
200 43.48 0.02 43,50
298.16 46.24 0.11 46.35
300 46.30 0.12 46,42
400 48.30 0.23 48.53
500 49.85 0.37 50.22
600 51.12 0.52 51.64
700 52.19 0.66 52.85
800 53.12 0.80 53.92
900 53.94 0.93 54.87
1000 54,67 1.06 55.73
1100 55.33 1.18 56.51
1200 55.94 1.29 57.23
1300 56.50 1.40 57.90
1400 57.01 1.51 58.52
1500 57.49 1.61 59.10
1600 57.94 1.70 59.64
1700 58.36 1.79 60.15
1800 58.76 1.88 60.64
1900 59.13 1.96 61.09
2000 59.49 2.05 61.54

s Electronic levels: V.1 = 12725 and 16447 cm ™! (24). Rotationa!
constant 8 = 0.41 = 0.02 (13). ? Vibrational frequency « = 615
cm—1(24).



finity £(O) of the O atom for two electrons to form [02~]
and ionization potential of Ni, I(Ni) atom to form [Ni2*].
The sum of the first two ionization potentials of Ni is
[7.61 + 18.2 = 25.81 eV] (40), and the sum of the elec-
tron affinities of O atom to form (02~) is [1.465 + zero
= 1,465 eV] (1, 42). The difference between these two
sums is then 24.34 eV, which is too large to form a sta-

Table VI. Corrected Pressures of NiO (g) Data (3) and Third-
Law Heats of Vaporization: NiO(s) — NiO(g)*

T, K P, atm AHe®, kcal mol~—!
1575 28.59 x 101 125.35
1587 56.92 x 1010 124.09
1596 53.46 x 10— 124.97
1606 8.52 X 10~ 124,22
1624 10.90 x 10—° 124.76
1625 11.35 x 10—¢ 124.70
1630 13.91 x 10—® 124.40
1646 20.70 X 10— 125,16
1651 23.53 x 10—® 124.20
1657 24.68 x 10—° 124.32
1659 28.52 x 10~ 124.14
1673 37.82 x 10— 124.20
1673 36.22 x 10—* 124.35
1679 4?2.18 X 10-° 124.30
1679 46.86 X 10° 123.93
1634 45,26 X 10~° 124,38
1684 47.62 X 10-® 124.21
1707 7.69 x 108 124.20
1709 51.92 x 10—* 125.68*

s Pressures = 0.641 X pressures reported in ref. 9. % Omitted
trom final determination of AH° deviation >2 ¢ (rms deviation.)

Table VII. Data Used to Calculate D° by Means of Equation
1(7)

Definition and term Value

~, product of ionization cross
section and electron multiplier
efficiency [v(Nix)]{v(Ni)] ! 1a
M, molecular weight
M;, atomic weight of monomer,
i.e., Ni
Q.1 electronic partition function
Qe1 (Niy), dimer 1b
Qe1 (Ni), atomes 9 4+ 7 exp — [1917]{r]~!
+5 exp — [3191]{1]!
+7 exp — [2948]{r] !
+5 exp — [1267][r} !
+3 exp — [2466][T]*
+5 exp — [4909][r]*
2.30 A=/

58.71 g mol~!

r, Radius of diatomic molecule

Q.,2¢ vibration partition function
vibrational partition function of
(Niz)

Constant in Equation 1 (17)

[1-— exp— (467.7)(1)1]*
3.2771; 2.8247

2 Value given in ref. 17. ® This value of Q. (Ni;) = 1 is obtained
by assuming that the ground state of (Niy) is =. This differs
from the assumption in ref. 17. The choice of the Z/(gs) is
based on the possible electronic configurations of Ni, (72b).
¢ Ref. 17 has a typographical error in this expression. ¢ The elec-
tronic levels (cm™!) and their degeneracies of the nickel atom
which contribute to the partition function are as follows: 0.0
(9), 204.8 (7), 879.8 (5), 1332.2 (7), 1713.1 (3), 2216.5 (5), 3409.9 (5)
(27). ¢ The vibrational frequency of Ni; was assumed to be 325
cm™L The value was obtained by taking 1.25 X Debye frequency
of the solid as in ref. 17. / Sum of covalent radii. Atomic radius
Ni = 1.154 A (34p).

bie ionic species. Furthermore, in examining the possible
stability of [NitO~] molecules, we find that ditferences
between the first ionization potential of Ni which equals
7.61 eV and the electron affinity of O to form [O~] which
is 1.465 eV, equals 6.145 eV. This difference is still too
large to form a stable ionic molecular species. As an ex-
ample of a stable molecular-ionic species, we note the
molecule [Na*tCl~], for which the difference [I(Na) -
E(ChY] =1.4eV (712).

The above evidence led to the assumption that NiO(g)
was a stable covalent molecule of ground electronic
state 'Z. The other spectroscopic data for this molecule
are given in Table V. The corrected values of the partial
pressure of NiO(g) and the heats of vaporization by the
third-law method are given in Table VI. The free-energy
functions of NiO(s), which were used in obtaining
AHqy® by the third-law method, were those reported by
Wickes and Block (47) corrected to (O/K) by subtracting
the enthalpy difference [H°(298.15) — Hy°] = 1609.58
caltn mol~ 1, This difference was determined by using the
heat capacity data in ref. 27. The best value of the heat

.of vaporization as per Reaction 2 is AH,° = 124.4 + 0.4

kcaltn, mol~"', disregarding unknown systematic errors,
compares with the value AH° = 1295 * 5 kcali,
mol~", previously reported (9).

Another enthalpy difference required in the cycle is
that of Reaction 1 which is the heat of formation of NiQO.
The best value available for this quantity is that obtained
in ref. 19 which is AHf° = 56.67 + 0.13 kcaliy, mol — 1.
The mass-spectrometric data of ref. 3, corrected by us
for errors in the cross sections by muitiplying the re-
ported pressures of O, by a factor of 1.25, [1.25 P,(03)
= P,(07)], gives a third-law value of AHf° = 57.4 £ 0.3
kcaltn, mol~'. The values of AH® for Equations 1, 2, 4,
and 5 can now be added to obtain a value for the disso-
ciation energy of NiO(g). The resuit is Dy°[NiO(g)] =
92.7 £ 0.9 kcalyy mol~'. The error in D° is determined
from the rms of sums of the squares of the percentage
errors of each of the quantities in the cycle. Previously
reported values of Dg°[NiO(g)] are 86.5 (9), 87.0 (38)
kcaltn mot—1, and <4.2 eV (73) (96.6 kcalyn, mol 7).

Evaluation of Heat of Dissociation of Ni,

In the course of the work reported here, we required a
value of the Dy°[Niz(g)}] to determine the ionicity of the
NiO(g) molecule. A value of 53.3 kcalin, mol~' was re-
ported by Kant (77); however, examination of Kant’s data
reveaied several errors. For example, there was an error
in determining the ratios of the expected isotopic abun-
dance of the species Niy¥/, where i/ and j represent the
various isotopes of nickel. This error does not a priori in-
validate the reported ionic current ratios in the mass
spectrometer; however, it does throw some doubt on the
efficacy of the experimental method. A discussion of
these errors is given in ref. 36.

In contrast, the error in assigning an electronic config-
uration to the ground state of the Niy(g) molecule and an
error in the equation used to determine Dg°[Ni2(g)]
does change the value of D° significantly. An examina-
tion of the possible electronic configurations of Niy by the
method described by Herzberg (72b) leads one to the as-
sumption that for a homonuclear diatomic molecule, such
as Nip, the most probable ground state is 'Z which gives
a degeneracy of one instead of an average of 2.45 as
used by Kant (17).

There was also an error in the expression for the rela-
tion between the dissociation energy and pressure used
by Kant (Equation 1 (77)]. The constant in Equation 1
should be 3.2771 instead of 2.8247. This egquation was
originally proposed by Drowart and Honig (7). Table VII
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gives the data used in obtaining our values of D° After
making corrections to Kant's data, a value of Dy°[Niz(g)]
= 61.7 £ 0.6 kcalynh mol~" is obtained disregarding un-
known systematic errors instead of Kant's reported value
53.3 kcal¢p mol — 1.

Evaluation of lonization Cross Sections

In the above discussion, we have noted that the abso-
lute and relative ionization cross sections used by Grim-
ley et al. (9) differed significantly from those obtained
from presently available data. We examined the available
information on cross sections and performed an analysis
to determine the best available values. An extensive re-
port on the available ionization cross sections is given by
Kieffer and Dunn (20). Keeping in mind that the relative
cross sections which are often used are those calculated
by Oetvos and Stevenson (32) and that these in principle
refer to the maximum value of the ionization cross sec-
tion, we corrected the relative ionization cross sections
(Table VIII), and we propose that these values are the
best available data. A detailed description of the critical
method used in arriving at these values is given in ref.
36.

The following relation is commonly used to determine
the ionization cross section at an electron energy other
than that of the maximum (70).

a(V)
o(V, m)

V= (V, A)
v, m = (V. A) (21)

In the above expression, a(V, cm?) is the cross section
at the voltage V, (V, A) is the appearance potential of
the ion in question, and (V, m) is the potential at which
the ionization cross section is a maximum. This relation
was used to obtain values of ionization cross sections in
Table VIt at energies other than of the maximum cross
section.

Summary

The best available value of the change in enthalpy of
Reaction 5 was determined by statistically treating our
experimental value in combination with other data in the
literature. The literature values of the enthalpy changes

Table VII|. lonization Cross Sections

Cross Exptl
section cross
Electron Cross section, rel, ¢(O  section
Species  energy,eV ¢ X 10*8/cm? + S)be rel
H 57.5¢ 0.68¢ =+ 0.02¢ 1 1
0 87.8o/ 1.56/ + 0.06 3.29 2.29
0, 123.0¢¢ 2.80° + 0,112 6.58 4,12
Ag 7200 4,637 + 1,0 34.8 6.83
Ag 50 4,489 4= 1,00
Ag 60 4,500 &= 1.0%
Ni 60 4,101 & 1.0+
Ni (70)d 4,19+ 1.0 24.4

e Estimate of random error. ® Ref. 32, < Maximum. ¢ Ref. 20
(p 18, Figure 17). The total ionization cross section was used for
these calculations because the electron energy which is used
in mass-spectrometric studies may vary from 10-70 eV, but it is
often limited to 20 eV. Dissociation of O, can be neglected at this
energy. In cases where the electron energy is greater than 20
eV, corrections in O, current should be made for the dissocia-
tion of 0; (20, p 43). ¢ Ref. 20 (p 11, Figure 3). / Ref. 20 (p 12, Figure
6), data of Rothe and Fite, ¢ Ref. 5 (Figure 2). » Estimate of total
error.  Combination of data (4, 5, and 35). 7 Estimated.
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of Reactions 2 and 3 have been corrected utilizing more
recent spectroscopic data and ionization cross sections.
The thermodynamic cycle depicted by Reactions 1-5
yielded a value of Dy°(NiQ) = 92.7 kcaliyh mol~' when
closed.

{1) Ni(s) + %02(g) — NiO(s)
AHte® = —56.67 % 0.13 kcalen mol—?
(2) NiO(s) = NiO(g) AH,® = 124.4 % 0.4 kcaln mol =

(8) NiO(g) — Ni(g) + O(g)
AHy® = 92.7 + 0.9 kcalth mol~*

(4) O(g) = %202(g)
AHo® = —58.969 % 0.005 kcaltn mol ™

(5) Ni(g) —Ni(s) AH¢® = —101.5 % 0.6 kcalgnh mol~*

“Best” vapor-pressure equations based on third-law
values of the parameters were determined for both solid
and liquid nickel. The liquid nickel vapor-pressure equa-
tion in the literature required a small correction.

In P(Ni, s, atm) = 16.87 £ 0.35 — (50600 &£ 500) (T~ 1)
between 1250 and 1710K

In P(Ni, |, atm) = 15.35 £ 0.05 — (47775 £ 210) (T~ )
between 1816 and 1895K

Corrected estimated value of the heat of dissociation:
Do°[Niz(g)] = 61.7 & 0.6 kcalgn mol ™1,

The best value of the maximum (m) ionization cross
section of various species required in mass-spectrometric
determinations of pressures are as follows at the voltages
noted.

o(H,57.5/V, m) = 0.68 £ 0.02 X 10~ 6 cm?
6(0,87.8/V, m) =156%0.06 X 10~ '8 cm?
a(0z, 123/V, m) =280 £0.11 X 10~ ¢ cm?

o(Ag,72/V, m) =463+ 1.0 X 1078 cm?

a(Ni,70/V, m) = 4.19 £ 1.0 X 10~ "6 ¢cm?
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Liquid and Vapor Densities of Aluminum Bromide

David S. Olson, Fred C. Kibler, Jr., David W. Seegmiller, Armand A. Fannin, Jr., and Lowell A. King'
Frank J. Seiler Research Laboratory (Air Force Systems Command) and Department of Chemistry,

United States Air Force Academy, Colo. 80840

The orthobaric liquid and vapor densities of aluminum
bromide were measured from 92° to 319°C. The method
simultaneously yielded the liquid and vapor densities for
each (arbitrary) experimental temperature. The
experimental precision was +0.0025 g/cm?, which
corresponds to 0.1% of the liquid densities, and ranged
from 6 to 100% ot the vapor densities over the
temperature range covered. A single empirical equation
was derived which was symmetrical about the rectilinear
diameter and which represented both liquid and vapor
densities.

As part of a program for the investigation of certain
low-melting, molten salt electrolytes for high energy den-
sity batteries, we needed to know the densities of alumi-
num bromide liquid and vapor. Many of the physical
properties of aluminum bromide have been collected in a
review by Boston (2). Biitz and Voight (7) earlier had
measured a few liquid densities from 100° to 265°C, Zhu-
raviev (10) measured liquid densities from 170° to 450°C,
and Johnson et al. (4) determined liquid and vapor densi-
ties in the temperature ranges 101-490°C and 270-
488°C, respectively. We were interested primarily in the
densities near the melting point, which was reported to
be 97.5°C (9).

Experimental

Aluminum bromide was synthesized by dropping Mal-
linckrodt analytical reagent Br, onto J. T. Baker purified
granular aluminum contained in a flask in which a slight
positive pressure of dry Ar was maintained. After the syn-
thesis was complete, AlBr; was distilled out of the reac-
tion flask into a clean container. The distillate crystals
were transferred (inside a glove box) to an ampul which

' To whom correspondence should be addressed.

was then evacuated and sealed, and a further purification
carried out by growing crystals from the vapor phase.
This latter process was done in a manner analogous to
the method we formerly used for AIC!3 (8).

Orthobaric liquid and vapor densities were simuita-
neously determined from 363 measurements made sub-
stantially as we reported earlier for our work with alumi-
num chloride (5, 7). Thirteen sealed borosilicate glass
dilatometric tubes were used. These each consisted of
two bulbs connected by a calibrated, graduated capiliary.
The tubes were held vertically, such that liguid AiBr3
filed the lower bulb and extended into the graduated
capillary. The upper part of the capillary and the upper
bulb contained AlBr3 vapor.

The filled bulbs were immersed in a moiten salt bath,
and at each different temperature the distance from the
bottom of the AIBr; meniscus to an arrow etched on the
capillary was measured with the aid of a cathetometer.
From this measurement and the tube calibration data, the
liguid volume was calculated.

The dilatometric tubes were identical in general size
and design to those described in ref. 5. They were cali-
- brated in the same manner employed for tubes A, B, C,
and D of that report. Meniscus corrections and thermal
expansion corrections, the molten salt bath, and the bath
temperature control were also as described therin. Bath
temperature was determined by measuring the resistance
of a 4-wire platinum resistance element (Electric Ther-
mometers Trinity, Inc., Bridgeport, Conn. 06604) (100 Q
nominal) calibrated against the platinum Air Force Refer-
ence Standard Thermometer which we used earlier (7).

Tube calibration data are given in Tables | and Il. The
distances from AlBr3 menisci to the arrows etched on the
capillaries are shown in Table [II. Without using unduly
large capillaries (or small bulbs), it was not possible for a
single tube to span the entire temperature range of inter-
est. We divided the 13 tubes into five groups covering
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