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Enthalpy of Formation of Nickel Difluoride
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The energy of formation of nickel difluoride was measured by direct combination
of the elements in a bomb calorimeter. From these measurements, the standard
enthalpy of formation AHf%s15 (NiF;,¢) was —157.2 +0.4 keal. per mole.

IN VIEW OF the widespread use of nickel in research
and technology related to fluorine, including fluorine bomb
calorimetry, a determination of the energetics of the nickel-
fluorine reaction appeared desirable. The previously
accepted value (20) of the enthalpy of formation of nickel
fluoride, —159.5 kcal. per mole, was derived from studies
of chemical equilibria at elevated temperatures; the present
authors’ estimate of the uncertainty of this value is +3
kcal. per mole. In the present work, a more accurate value
was obtained by direct combination of the elements in
a bomb calorimeter. A valuable by-product of this investiga-
tion was the development of a fluorine combustion technique
suitable for substances which exhibit a degree of passivity
toward fluorine.

EXPERIMENTAL

Materials. High-purity Nivac nickel, produced by the
Crucible Steel Co., was rolled to foil about 0.1 mm. thick.
This material was supplied by R. L. Jarry, who has reported
(13) kinetics of its reaction with fluorine. The foil, although
self supporting, was soft enough to be perforated, folded,
and cut into disks, strips, and wire. Chemical and spectro-
chemical analysis showed the following significant
impurities (in p.p.m.): N, 58; C, 36; O, 20; and H, 2.
The Ni was preconditioned by exposure to fluorine; the
typical weight gain was 0.08 mg. per gram.

The fluorine was purified by distillation (23). Its impurity
content was less than 0.1%.

Anhydrous nickel fluoride, obtained from the City Chem-
ical Corp., contained about 1% of oxygen as determined
by the KBrF; method (6). Repeated autoclaving with chlo-
rine trifluoride at 3G0°C. under autogenous pressure
effectively removed the oxygen impurity.

Apparatus and Procedures. The calorimeter and calorime-
tric procedures have been described earlier (7). The bomb,
designated Ni-4B, with an internal volume of 0.365 liter,
was lined with nickel fluoride in a manner similar to that
described for magnesium combustions (22). After a number
of trials, the following arrangement overcame the problems
of obtaining ignition and sustaining combustion. The edge
nf a circular, perforated nickel foil was folded to form
a basket which was filled with strips of nickel and suspended
from a post by a nickel wire. In addition, three or four
circular pieces of nickel foil, whose diameter was slightly
larger than the inside diameter of the nickel fluoride liner,
were stacked under the basket about 1 cm. apart. The
bomb was evacuated and charged with 15 to 25 atm. of
fluorine. Electrical ignition of a cadmium wire-and-foil fuse
initiated the combustion. (Cadmium was chosen for the
fuse material because x-ray investigations of heated syn-
thetic NiF-CdF; mixtures disclosed no significant
interaction.) The burning proceeded in several steps as
the strips, basket, and stacked foils ignited successively.
This arrangement tended to minimize the amount of molten
nickel that dropped onto the nickel fluoride liner, melted
it, and submerged.
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Postcombustion Analysis. Unreacted nickel, which typically
amounted to 50% of the introduced sample, was mostly
in the form of beads imbedded in the liner. Its presence
was readily detected by the color and glassy appearance
of the nickel fluoride which had solidified around the molten
droplets. These portions of the liner were finely ground,
and the unreacted nickel was then mechanically and mag-
netically separated and weighed. Small amounts of nickel
fluoride on the surface of, or occluded in, the beads were
determined by chemical analysis (9, 18) for fluoride. The
amount of reacted nickel was determined by difference.
The combustion product, NiF., was identified by its x-ray
diffraction pattern.

Analysis was made also of the postcombustion gases,
which typically contained more than 99% fluorine. After
combustion, the bomb gases were discharged into an analyti-
cal train where fluorine was removed by reaction with mer-
cury; the residual gases were then transferred by a Toepler
pump into a gas buret where the total amount was deter-
mined. The relative amounts of the component gases were
determined subsequently by mass spectrometry and by gas
chromatography.

In each series of fluorine bomb calorimetric combustions
in which compressed fluoride powder has been used to
support the sample or line the bomb, the investigators
have been plagued with interpretation of the fact that
oxygen is liberated during the combustion experiment. In
this investigation, additional evidence was sought which
would indicate that, if the fluoride powder is pretreated
by high-temperature, high-pressure autoclaving with
anhydrous HF and/or ClF; to minimize the oxygen content
of the powder, then a thermal correction is not required
for liberation of oxygen during the combustion. Experiments
8, 9, and 11 were performed in such a manner that the
fluoride liner in the bomb was not exposed to air: between
experiments the bomb was opened only in a helium-filled
glovebox.

RESULTS

Eleven calorimetric combustions were performed;
incomplete analysis invalidated two experiments and one
additional value was rejected because of excessive deviation
from the mean. The results of the remaining experiments,
summarized in Table I, are expressed in terms of the defined
calorie equal to (exactly) 4.184 absolute joules. Item 1,
the mass of nickel burned, was obtained by correcting the
mass of the Ni sample for the amount fluorinated during
the preconditioning in fluorine and correction for the amount
of Ni recovered after the experiment. Also listed is the
amount of Ni burned, expressed as % of sample introduced
into the bomb. For the calculation of item 3, €(Calor.)
was taken to be 3423.00 += 0.23 cal. per degree from a
series of five benzoic acid calibration experiments which
immediately followed the nickel combustions. For calcula-
tion of item 4, the following values were used (calories
per degree per mole): C,—Ni, 6.23 (11); NiF,, 15.31 (3);
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Table I. Results of Nickel Combustion Experiments”

Combustion Number

1 2 3 4 6 8 9 11

1. m’, grams 1.0656; 1.1428, 1.4442, 1.9517, 2.3200, 1.0937; 0.9803, 0.9883,
(% burned) (42.3) (58.7) (48.3) (42.3) (53.4) (48.4) (47.6) (43.3)

2. At., degree 0.84698 0.94959 1.13080 1.51193 1.79807 0.85439 0.76163 0.77069
3. €(Calor.) (~AL), cal. -2899.2 -32505 -3870.7 51753 -6154.8 29246 -2607.2 -2638.1
4. AE ntentss cal. -102.5 -114.2 -1349 -178.0 -205.3 -92.5 -80.5 ~-77.9
5. ignition 1.8 2.4 2.4 2.4 3.4 2.3 2.6 2.3
6. AEg,, cal -1.3 -13 -15 -28 ~-3.0 -11 -14 -1.3
7. AE e, cal. 158.4 306.4 155.2 159.3 143.3 9.6 91.2 86.1
8. - AEc° /M, cal./gram -2667.7 -2674.9 —2665.4 ~2661.4 —2679.4 -2674.5 -2647.2 —2659.8
Mean AEc® /M (Sample) = -2666.3 cal./gram

Std. dev. of mean = 2.9 cal./gram
Impurity correction = —0.6 cal./gram
AEc | M(Niyc) = -2666.9 cal./gram

®The calculations and symbols are from reference (10) except that At. = ¢ -

the energy of the isothermal bomb process.

t; = Aleoy and items 3 + 4 + 5 = AE[gp,

CdF., 158 (21); and C.—F, 5.50 (5). The contents of
the bomb, in addition to the sample, fuse, and fluorine
were: 429.3 grams of nickel, in the form of liner, electrodes,
etc.; and varying amounts of nickel fluoride liner weighing
470.5, 466.8, 459.6, 446.5, 424.4, 390.8, 372.3, and 343.5
grams for the eight experiments as listed. Item 7, AE;,,,
was calculated from the amount of cadmium burned and
its energy of combustion in fluorine (21), —1483.9 cal. per
gram. Item 8, AEc°/M, is the sum of items 3 through
7 divided by m’. The impurity correction was made with
the assumption that oxygen was in the form of NiO and
the other impurities were dissolved in their elemental states
without significant heat effects. The reaction products were
assumed to be NiF;, O., N;, CF, and HF. The following
AHf° values were used (in kilocalories per mole): NiO,
-57.3 (1); HF, —64.8 (24); and CF,, —221 (24). An esti-
mated uncertainty of 0.1 cal. per gram in the impurity
correction includes allowances for variations in the analyses
and the assigned chemical states of the impurities.

The Student’s i-test failed to show a significant trend
in the results attributable to the variation in m’ or the
percentage burned.

The results of gas analysis showed that the oxygen concen-
tration changed from 0.05% before the combustion to 0.5%
after the combustion for experiments 1 through 6 when
the bomb was handled in air. In experiments 8 through
11, the bomb did not contact air and the oxygen concentra-
tion decreased to 0.1%. The difference in postcombustion
oxygen levels would represent a thermal effect of ~150

cal. if the liberated oxygen had been due to a fluorine-
oxide reaction. The fact that such a large thermal effect
is not observed strengthens the belief that the liberated
oxygen is due primarily to an oxygen-fluorine exchange
near the reaction zone.

The following standard thermal data were derived for
the reaction

Ni(c) + F2(g) — NiF(c) 1)

with the reactants and products in their standard states
at 25°C. (in kilocalories per mole): AEf° = -156.6; AHf°
= -157.2; and AGf° = -145.9. An uncertainty interval of
=+ 0.4, which equals twice the combined standard deviation
resulting from the scatter of AEc°/M values, calibration
data, and impurity corrections, was assigned to each of
the derived values. In the calculation, the atomic weight
of nickel was taken as 58.71 and the following entropies,
Sts, were used (in calories per degree per mole): Ni, 7.14
(16); F., 48.5 (16); and NiF., 17.6 (3).

DISCUSSION

Table II presents a comparison of the calorimetrically
obtained value of AHf3%s(NiF.) with previously determined
values, all of which were derived from high-temperature
equilibrium studies by the transpiration method. In the
data of Jellinek and Rudat (I4) for reaction 1 of Table
II, the concentration of the HF in H, was dependent on
the fiow rate. To interpret their data, Jellinek and Rudat

Table II. Derived Enthalpies of Formation of NiF;

No. Reaction
1. H; + NiF; — Ni + 2 HF*
2. H:0 + NiF; — NiO + 2HF*
3. NiCl; + 2 HF — NiF; + 2 HCF
4. Ni + F, — NiF*

*(14). *(4). “(8). *This work.

AH f3s(NiF2)

Temperature, ° K.  AHxs Kcal Keal./Mole

573, 673, 30.0, 30.0, -160

723, 773, 30.3, 30.3,

773, 823, 29.1, 28.7, -155

873, 923, 28.8, 29.3,

973 28.8

4717, 520, 3.1, 3.0, -156

589, 623, 2.9, 29,

684, 735, 2.8, 2.6,

801, 830, 2.6, 2.5

298 -157.2 -157.2
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extrapolated the concentration to zero flow rate. Because
this is no longer considered sound practice (17, 19), the
result is suspect. Domange (4) calculated the data for
reaction 2 by the same method; however, on re-examination
of the data the authors find an apparent “plateau region”
at flow rates of approximately 10 ml. per minute.
Recalculation of the data that apply in this region leads
to the value given in the table. The data of Hood and
Woyski (8) for reaction 3 were obtained in a plateau region,
and the equilibrium was approached from both directions;
nevertheless, the present authors’ calculation of the heats
of reaction by the third-law method shows a small but
distinct trend. For these calculations, free energy functions
for the gases were taken from the JANAF Tables (12)
and those for solids, except NiF,, from Kelley’s compilation
(15). The free energy functions for NiF; were calculated
from the extraploated low-temperature heat capacity data
according to Catalano and Stout (3). The auxiliary AHf°
values used for calculating AHf3s(NiF:) are (in kilocalories
per mole): NiCl,, -73.04 (2); H.0, -57.8 (24); and HCI,
-22.1 (24).

CONCLUSION

For the reasons given above, the authors believe that
the earlier values of AHf%s(NiF.) based on equilibria data
are suspect and that their value, based on the direct combus-
tion of nickel in fluorine, is preferable. In spite of the
difficulties of burning nickel in fluorine and incomplete com-
bustions, the precision obtained is acceptable.

Recent solid-state e.m.f. measurements (Lofgren, N. L.,
Mclver, E. J., U. K. Atomic Energy Establishment, Rept.
AERE-R-5169, 1966) on the cell Mg, MgFjCaFyNiF,,
Ni, in combination with the value AHf%s (MgF», ¢) = —268.7
kcal. per mole (22), yielded sthe values AHf%(NiF;c) =
—156.7-or —-157.6 kcal. per mole, respectively, depending
on whether the calculations were made by the second-
or third-law methods. The latter values are in excellent
agreement with the value reported.
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Thermochemistry of Cobaltous Hydroxide

L. M. GEDANSKY, G. L. BERTRAND, and L. G. HEPLER

Department of Chemistry, Carnegie Institute of Technology, Pittsburgh, Pa.

The heat of solution and heat of precipitation of Co{OH):(pink) were determined
calorimetrically. Combination of the calorimetric data with appropriate heats of forma-
tion yield AHP = —129.4 keal. per mole for Co(OH):(pink). This AHP was combined
with AGf = —110.0 keal. per mole for Co{OH);(pink) from solubility data to yield
S5s = 22.3 cal. per degree per mole for Co(OH)(pink).

ALTHOUGH there are many solubility data for the
slightly soluble hydroxides of the transition elements, there
are very few reliable heats of formation or entropies availa-
ble for these important compounds. This investigation was
undertaken to remedy this lack of information for Co(OH).,
and also to acquire data that may be useful guides in
estimating thermochemical properties of other hydroxides.

Bichowsky and Rossini (2) listed AH? = -131.5 kcal.
per mole and, more recently, Rossini et al. (10) have listed
AH7 = —131.2 keal. per mole for Co(OH).. Both of these
values are based on the heats of precipitation determined
calorimetrically by Thomsen. Latimer (8) cited AH} =
—-129.3 kcal. per mole, apparently on the basis of an
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estimated entropy and AH} derived from a solubility pro-
duct. All of these values (and our values cited later) depend
on the thermochemical properties assigned to Co™ or some
compound of Co(II).

The authors have investigated the thermochemical prop-
erties of Co(OH); by way of calorimetric determination
of both heats of precipitation and heats of solution in
acid.

EXPERIMENTAL

The calorimeter (9) consists of a Dewar vessel suspended
in a brass can submerged in a water bath maintained at
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