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Heat Content of Sodium Borohydride and of
Potassium Borohydride from O° to 400° C

Thomas B. Douglas and Ann W. Harman

The heat content of sodium borohydride, NaBH,, and of potassium borohydride,
KBHy, was measured, relative to that at 0° C, at 50-degree intervals from 0° to 400° C.
The so-called ‘‘drop’” method was used with a precision Bunsen ice calorimeter and a silver-

core furnace.

Preliminary tests showed that spontaneous decomposition of these com-
pounds is very slow at temperatures up to 400° C.

Measurements were made on two samples

of each compound, those of sodium borohydride having been obtained from different sources.
Smoothed values of the heat-content function, heat capacity, entropy, and the Gibbs free-

energy funection were derived from the data.

These values were increased by 0.5 percent

to correct for the presence of an estimated 1 percent of the corresponding metaborate in each

sample.

The heat capacity of sodium borohydride inereases monotonically with tempera-

ture in the range investigated; that of potassium borohydride passes through a point of in-
flection, which suggests that there may be a broad second-order transition in the neighbor-

hood of room temperature.

1. Introduction

There has been a wide interest for many years in
the unusual properties and possible uses of com-
pounds between boron and hydrogen, and a great
many of them have been prepared and studied.
More recently, chemical methods have been devised
for preparing metallic borohydrides, which contain
the monovalent group BH;. The borohydrides of
the alkali metals are much more stable than the
known hydrides of boron, dissolving in water at
room temperature with but slow decomposition, and
resisting spontaneous decomposition in the dry state
up to temperatures of several hundred degrees C.
Since X-ray patterns indicate a crystal Jattice of
metallic and borohydride ions, it appears that the
velative stability of these compounds can be attrib-
ited directly to the high coulomb energy char-
weterizing such typical ionic salts.

In recent years a number of investigators have
neasured some of the fundamental thermodynamic
properties of the borohydrides of the alkali metals.!
The work reported in this paper contributes to this
general program. The heat content of the boro-
hydrides of sodium and potassium was measured
from 0° C up to temperatures where decomposition
begins, and from these values other important thermo-
dynamic properties were derived.

2. Samples

The heat-content measurements were on two
samples of NaBH, and two of KBH,. Each sample
was in the form of fine white crystals, and was used
as received without further purification, except for
preliminary heating and evacuation as described
later. It appears that purification of these com-
pounds, to a high degree (e. g., to a purity of 99.9
weight percent), is difficult with present techniques.

I References to such work are given later in this paper.
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This fact may be due to slight solvolysis of the salts
when in solution, with subsequent decomposition of
the free acid, for it has been reported that increasing
the pH of the solution increases the stability of the
salt.

One of the samples of NaBH, hereafter designated
as No. 1, was obtained from Metal Hydrides Inec.,
Beverly, Mass., who reported it to have a purity in
excess of 99 percent. This sample was received in a
glass-stoppered bottle, and was so kept until used.
The other sample, designated as No. 2, was obtained
from another source. Its suppliers had recrystallized
it twice from liquid ammonia. Their subsequent
analyses indicated the following percentages of the
theoretical: Potassium, 99.9 percent; boron, 99.9
percent; and hydrogen, 99.4 percent. (The hydro-
gen reported was that obtained by hydrolysis.)
tHowever, considermng the limitations of reliability of
the analytical methods used, they believed that the
purity of this sample (No. 2) could not be more
precisely stated than as “safely above 99 percent”.
The sample was received in a sealed glass ampule,
which was not opened until very shortly before the
sample was used.

Both ‘“samples” of the KBH,, distinguished
subsequently as No. 1 and No. 2, were really speci-
mens of the same sample, but specimens on which
heat-content measurements were made 2 months
apart. This “stock” sample was obtained from
Metal Hydrides Inc., who had found it to contain
0.1 percent by weight of chlorine and 99.6 percent
of the theoretical hydrogen (the latter figure resulting
from gasometric analysis). On this basis they
believed the sample to have a purity of approximately
99.5 percent. The sample was kept in a vacuum
desiccator until very shortly before the heat-content
measurements were begun.

Assuming that at some stage during their purifica-
tion these borohydrides were nearly 100-percent
pure, contamination by the atmosphere very likely
occurred by conversion of some of the borohydride
to borates. It appears that whatever borate is thus
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formed would maintain the 1:1 atomic ratio of alkali
metal and boron characterizing the parent boro-
hydride. Such a borate might be a metaborate or,
before an opportunity for dehydration, more likely
an orthoborate (such as KH,BO,;-H,0). All such
borates other than the metaborate are known to de-
hydrate to form the corresponding metaborate at the
higher temperatures of the present work, and at
lower temperatures they would be expected to
possess heat capacities which are approximately
additive combinations of the heat capacities of the
constituent metaborate and chemically bound water.
For these reasons it seems simpler to interpret the
analyses of the samples as though the somewhat
impure sample consisted wholly of borohydride,
metaborate, and water. Letting M represent either
Na or K, decomposition by water or oxygen could
then be formulated by the following reactions:

MBH,+2H,0=MBO,-+4H,, (1)
MBH,+20,=MBO,+2H,0. (2)

(In time, the water formed according to eq (2) might
react with additional borohydride according to
eq (1).)

Several months after the completion of the thermal
measurements reported in this paper, specimens of
the unused portions of the stock samples were
analyzed in the Chemistry Division of the Bureau.
The analytical procedures were as follows.

Hydrogen FEvolved. A sample of 0.5 to 1.0 g was
transferred to a gas-evolution flask and dissolved in
50 ml of water. Twenty milliliters of 1:1 hydrochloric
acid was then slowly added dropwise. The hydrogen
gas generated was swept by nitrogen through a con-
denser and an absorber containing Ascarite (sodium
hydroxide on asbestos) and anhydrous magnesium
perchlorate. The dry hydrogen was then burned in a
combustion tube packed with copper oxide heated
to 700° C, the water formed being absorbed in a
weighed absorption tube containing anhydrone.
Each such determination required about 4 hr. The
accuracy of the method was tested by using standard
melting-point aluminum (NBS standard sample
44d). The hydrogen evolved in four such analyses
of aluminum corresponded to 99.80,99.62,99.69, and
99.66 percent of aluminum respectively. Spectro-
graphic analysis had shown the aluminum to contain
0.1 percent of impurities, but the content of oxygen,
carbon, and nitrogen was not known.

Boron. Either an aliquot portion of the solution
of borohydride used in the preceding procedure or
a new sample of 0.25 ¢ was used. After the solution
had been adjusted in pH to the methyl-red endpoint,
it was treated with mannitol and then titrated with
0.1N NaOH to the phenolphthalein endpoint. The
titration was continued until further addition of
mannitol no longer destroyed the pink color.

Alkali Metal, Volumetrically. A 0.25-g sample was
dissolved in water, treated with a few drops of
methyl-red indicator, and titrated with 0.1N HCIL.

Alkalt Metal, Gravimetrically. After decomposi-
tion of the borohydride with strong acid, the solution
was evaporated with sulfuric acid. After evapora-
tion of the boric acid and ignition of the residue,
the alkali metal was weighed as sulfate.

The foregoing procedures were tested on potassium
borohydride using an extra sample on which no heat-
content measurements were made. The results are
given in table 1. Each value in the third column
was calculated with the assumption that the partic-
ular element determined was present only in the form
of KBH,. Of these values, the last three, resulting
from the analyses for boron and potassium, agree
closely among themselves but are all appreciably
higher than the first value, which resulted from the
amount of hydrogen evolved. Averaging the last
three values and assuming that the sample contained
only KBH,, KBO,, and H,0, it is calculated that the
weight percentages of these components were re-
spectively 98.8, 0.8, and 0.4.

TasLE 1. Test of analytical methods on an extra sample of

potassium borohydride

|

| No. of de- Mean result| Average
termina- | as weight | deviation

| tions i % KBHj ‘ from mean

Element determined

Hydrogen (evolution) ______________ 3 98.79 0.10
| Boron (by titration)__._____________ 6 99.28 | .07
Potassium (by titration)___._________ 3 99.36 | .09
Potassium (gravimetrically) ..~ 4 99. 30 .09

The methods for determining hydrogen evolved
and boron present were extended to unused portions
of the samples on which heat-content measurements
had been made, duplicate determinations being made
in each case. The mean results, calculated as per-
centages of borohydride, metaborate, and water, are
given in table 2. The KBH, stock sample analyzed
was the source of both heat-content samples No. 1
and No. 2 of this substance, and it will be noted that
three sets of results are given for this material. The
first set was obtained on a specimen protected from
the atmosphere, and the second and third sets were
obtained on two specimens which had deliberately
been exposed to the laboratory atmosphere for 5 and
20 days respectively, just preceding analysis.

It will immediately be evident from table 2 that
these analyses, which were carried out after the heat-
content measurements, indicate decidedly less boro-
hydride content than the analyses that preceded the

TABLE 2. Analyses of borohydride samples after the heat-
content measurements
Stock samples l Borohydride \ Metaborate Water |
S = ,,1 _._v - ,7‘4‘ —
| Weight 7, Weight 9, Weight %,
NaBHjy, sample No. 1_______ | 92.6 5.3 O8]
NaBHy, sample No. 2_______ | 98. 60 1.18 0.22
KBHy, unexposed . ________ [ 98. 36 1. 58 .06
| KBHj, exposed 5 days .| 98. 02 | 2.17 | —.19
| KBHjy, exposed 20 days.______ | 97.78 - | o
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heat-content measurements and which were referred
to at the beginning of this section. The slow de-
composition of potassium borohydride in contact
with moist air also is evident. An attempt is made
later (section 4) to estimate the chemical composition
of the samples at the times when the heat-content
measurements were made, so that appropriate cor-
rections to the observed heat-content values may be
applied.

3. Preliminary Tests of Chemical Stability
at High Temperatures

It was desirable to extend the heat-content meas-
urements to temperatures as high as possible without
incurring sufficient chemical decomposition to in-
ralidate the thermal values. In such cases it is
obviously important to know mnot only the initial
purity of the samples but also any significant change
in the degree of purity resulting from decomposition
during the measurements through exposure of the
samples to high temperatures.

Some qualitative information about the boro-
hydrides of sodium and potassium is available in the
literature. It has been reported [1],* for example,
that when potassium borohydride of 98.8-percent
purity was heated in a fused silica tube in vacuum,
decomposition commenced at about 500° C with the
evolution of hydrogen and the simultaneous distilla-
tion of potassium. Others have reported that sodium
borohydride decomposed only very slowly below its
melting point (about 500° C), with formation of free
boron and free sodium, but that at the melting point
the liquid evolved hydrogen rapidly.

The present authors tested small specimens (each
weighing approximately 1 g) of their samples of
these two compounds in open containers in a furnace
constantly being swept out with pure helium, con-
trolling temperature and time of exposure and ob
serving changes in weight and appearance after each
test. Sometimes there were small gains in weight,
amounting to a few hundredths of 1 percent, which
naturally would mask any small losses in weight that
might have occurred simultaneously. The gains in
weight that occurred during heating at the higher
temperatures were probably due to absorption of
traces of oxygen or water vapor from the furnace
atmosphere. Sometimes a loss in weight that oc-
curred only on heating to a temperature of several
hundred degrees C was followed by a comparable gain
in weight (up to 0.1%) during standing overnight in
a desiccator. This may be explained if owing to
hydrolysis the dried specimens actually contained
small amounts of the corresponding metal hydroxides,
which are hygroscopic.

The weight changes mentioned above will next be
described quantitatively in the case of first, sodium
borohydride, then potassium borohydride.  Im-
mediately following the discussion of the behavior of
each substance in the tests of a small specimen, will
be given a description of the preliminary conditioning
of the heat-content specimens of that substance,

2 Figures in brackets indicate the literature references at the end of this paper.
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with the weight changes then observed.

The test specimen of sodium borohydride, sample
No. 1, lost 0.5 percent of its weight in 35 min at
350° C; in a subsequent 35 min at 400° C the same
specimen showed no further significant change in
weight, but became somewhat gray. In view of this
behavior, the specimens whose heat contents were to
be measured were first subjected to preliminary
heating to establish approximately constant weight.
Sample No. 1 lost 0.1 percent in weight during several
hours of drying in vacuum at 80° C, no more during
several hours while being similarly treated at 130° C,
and an additional 0.2 percent during 30 min of drying
at 200° and 50 min at 350° C. Sample No. 2, when
first heated for 30 min at 300° C, lost 0.3 percent in
weight, but a repetition of this heating produced no
further sensible weight change.

The preliminary tests on a small specimen of the
stock sample of potassium borohydride, with inter-
mediate cooling and weighing, showed the following
consecutive results: The only sensible weight change
was a 0.2-percent loss during the initial heating,
which was for 40 min at 300° C; there was still no
change in appearance of the specimen after 35 min
at 350° C; after 50 min at 400° C, some sintering was
noted; then 50 min at 450° C led to a dirty-gray
appearance; and a subsequent heating for 10 min at
500° C produced somewhat further darkening. The
only preliminary treatment of the specimens whose
heat contents were to be measured was the heating
of each in vacuum at 85° C for several hours, with a
weight loss of less than 0.05 percent. During the
subsequent heat-content measurements, each speci-
men gradually underwent further losses in weight
totaling about 0.1 percent.

It may be pointed out that these specimens of the
two borohydrides initially underwent appreciable
weight losses, but no comparable losses in subsequent
heatings even at higher temperatures. Barring con-
ceivable catalytic behavior of volatile contaminants
initially removed, it would thus seem that the initial
loss was not through any sensible, spontanecous
decomposition of the nominal compound, or else
comparable or even more rapid weight losses would
have continued to occur. The losses found are
assumed to have occurred through the removal of
water. Whether this loss of water was more likely
by simple evaporation or by chemical reaction with
borohydride is discussed in section 4.

4. Correction for Impurity

The immediate aim of the present work is to obtain
the best values of the relative heat content of the
pure borohydrides of sodium and potassium over the
temperature range covered by the thermal measure-
ments. As the precision of these measurements was
several times the errors that would be caused by
neglecting the presence of impurities in the samples
measured, these errors will be estimated and
corrected for.

[t is convenient to calculate first, the changes in
heat content per unit mass of sample as given by the
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thermal data, and then to estimate the corrections
corresponding to replacement of the impurities by
an equal mass of the nominal substance. This cor-
rection for each impurity is obviously proportional
to the weight percentage of the 1mpurity and,
approximately, to the difference between the average
specific heat (heat capacity per unit mass), of the
impurity and that of the nominal substance. The
results of the chemical analyses given in section 2,
and the interpretation of the mass changes sum-
marized in section 3, necessitate some arbitrariness
in deducing the compositions of the samples at the
times when their heat contents were measured.
Fortunately, however, fairly adequate values are
available for the specific heats of the minor com-
ponents (assumed to be water and NaBO, or KBO,,
as discussed in section 2).

The specific heats of the crystalline metaborates
were calculated from equations given by Kelley [2].
These equations,® giving the heat capacity (7, in cal
mole™! deg K~ at T°K, are:

NaBO,:(,=12.94-0:0122 7" (289°-1239°K), (3)
KBO,:C,=12.640.0126 7" (288°-1220°K). (4)

Also using the results on the borohydride samples
reported in this paper, it can readily be shown that
the heat content of the sample would be increased
by very mnearly 0.5 percent for each 1 percent of
metaborate, in the sample, that is replaced by the
same mass of the corresponding borohydride. This
is true for any temperature in the present range 0°
to 400° C, and in the case of either the sodium or the
potassium compound.

A value for the effective specific heat of chemically-
bound water near room temperature was obtained
from the calculated losses in heat capacity when a
number of salts are dehydrated [2], the mean value
found being 10 cal mole™ deg C~1.* This value cor-
responds to a specific heat for such water not far
from that of either sodium borohydride or potassium
borohydride. Only the potassium compound con-
tained an appreciable amount of water during any
of the heat-content measurements, and the amounts
present are believed to have been so small (not more
than 0.19;) as to make the corrections in heat content
for water negligible.

As described in section 3, the samples on which
heat-content measurements were made were first
heated to dry them. Each of the samples of sodium
borohydride thereby decreased in weight by 0.3 per-
cent, and the samples of potassium borohydride by
less than 0.05 percent (but by an additional 0.19
when they reached about 200° C during the heat-
content measurements). If these losses in weight
represent escape of water only, the effects on the

3 Although these equations are based on cld data, at least the equation for
NaBO; gives values in the range 0° to 400° C in approximate agreement with the
values additively predicted from more accurate results on other sodium oxysalts
and other borates.

4+ Insufficient data were found to justify assigning values at higher temperatures,
where the amounts of water left in the borohydride samples were usually negli-
gible anyhow.

heat content of the drying are small and can be
easily allowed for. It is conceivable, however, that
heating caused the reaction of eq (1) to occur and
that the mass loss was due largely to escape of
hydrogen, in which case the proper corrections to
the heat-content values would be many times as
great. However, the second alternative explanation,
while it cannot be proved to be entirely false, does
not fit the observed facts. It would require that the
sample contain, before being heated, about five
times as much water as the decrease in mass on
heating; also, the large amount of borate formed
would lower the specific heat of the sample by 1 per-
cent or more. Excepting the final analyses of
sodium borohydride sample No. 1, discussed below,
the water contents, roughly deduced from the chemi-
cal analyses, approximate these mass losses on
heating. Furthermore, as the data in the next sec-
tion will show, a repetition of heat-content measure-
ments on potassium borohydride sample No. 1 was
carried out at 150° and 200° C; these later values
were lower than before the loss of 0.1 percent in
weight (at 200° to 300° C) by 0.05 to 0.2 percent,
amounts which correspond approximately to a
simple escape of water vapor.

The analyses of the samples after the heat-
content measurements all show less borohydride
than thc analyses before (section 2), and interpola-
tions may be attempted to give estimates of the
compositions of the samples when their heat contents
were measured. In this way it may be reasonably
assumed that sodium borohydride sample No. 2 and
each of the samples of potassium borohydride should
be considered as consisting of 99 weight percent of
the nominal substance and 1 percent of the corre-
sponding metaborate.

A similar interpolation of the analyses on sodium
borohydride sample No. 1 would indicate several
times as much water as the total weight loss on
heating and enough NaBO, to give heat-content
values some 2-percent lower than those of sample
No. 2. Actually, sample No. 2 gave the lower heat-
content values, but by only 0.25 percent at 100° and
0.15 percent at 200° and 300° C (section 5). It is
believed that inferior preservation of sample No. 1
is responsible for the finding of so much impurity in
its final analysis, and that it too must have been
about 99-percent pure when its heat content was
measured.

In accordance with the foregoing conclusions, each
heat content of a borohydride sample plus container
observed in this work was increased by an amount
equal to 0.5 percent of the contribution due to the
sample. Any decrease of mass during a measure-
ment was assumed to represent a loss of water, and
was treated as though the mass of the specimen had
decreased by that amount. But when a mass in-
crease occurred, it was assumed to have occurred
entirely through conversion, by a trace of water vapor
or oxygen gas, of borohydride into metaborate by the
reaction of eq (1) or eq (2), or both. An additional
correction to the measured heat was applied ac-
cordingly.
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5. Measurement of Heat Content

The calorimetric apparatus and “drop” method
used have been described in detail in numerous re-
ports and papers from the Bureau, most recently in
a paper on the thermal properties of aluminum oxide
[3].  Briefly, the method is as follows. The speci-
men in a suitable container is suspended in a furnace
for a sufficient length of time to ensure its reaching
the known furnace temperature. It is then dropped
into a Bunsen ice calorimeter, which, by absorbing
a volume of mercury equivalent to the change in vol-
ume due to melting of ice, measures the heat evolved
by the sample and container in cooling to 0° C. A
similar measurement on the empty container at the
same furnace temperature provides correction for the
contribution of the container and for the heat lost dur-
ing the fall into the calorimeter, and enables a computa-
tion of the net change in heat content of the speci-
men alone. Repetition at a sufficient number of
furnace temperatures establishes the heat content as
a function of temperature.

The temperature of the furnace, adjusted to some
desired even value, was measured by an accurately
salibrated strain-free platinum-resistance thermome-
ter and was kept constant to +0.01 deg C. A silver
pipe, 10 in. long and of 1/2-in. wall thickness, to-
gether with end silver “guards,” reduced the tem-
perature gradients to negligible amounts, thereby
permitting the sample to assume the same tempera-
ture as that measured. That the time of the sample
in the furnace was adequate was established by de-
termining the relaxation time in a special drop run
after a time in the furnace deliberately too short to
give thermal equilibrium. The adequacy of the
times used was tested also by varying the times in
the furnace in each set of duplicate measurements so
as to detect any systematic time-dependence, which

mi.
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specimen container were filled with pure helium,
which flowed through during the measurements to
minimize not only the times required for reaching
thermal equilibrium but also the oxidation of speci-
men and container. A cylindrical vessel constructed
of the alloy 80 Ni—20 Cr, closed approximately but
not gas-tight by a serew lid of nickel, served to con-
tain the specimen.?> The inside surface of the con-
tainer had been thoroughly cleaned of oxide to pre-
vent oxidation of the borohydride specimens. The
container was evacuated and filled with helium just
before each introduction into the furnace, but with
air after each run in order to place the w (\1ghl on a
known and reproducible buoyancy basis.®

The corrected individual measurements of the heat
content of the empty container are recorded in abso-
lute joules in table 3. In terms of absolute amount
of heat, the agreement of the duplicate results at each
furnace temperature is typical of that usually obtain-
able with this apparatus in the absence of a material

5 There was no reason other than convenience for choosing this particular con-
tainer; preliminary tests had shown that it was not attacked by the specimens.
6 All weights were corrected to vacuum.

Tasre 3. Individual heat-content measurements on the empty

container

Furnace Measured Furnace Measured Furnace | Measured |
tempera- heat tempera- heat tempera- heat |
ture ture ture
°C abs j ° ¢ abs j e abs j
- [ . [ 1,331.3 . 2,491. 5 |
& { 2 | 1,330.5 || 4% 24805 |
f P [ 1,614.0 E 2,789.4 |
100 \ 300 1 1.614.3 500 ' 789, 0
K ] 780.7 i [ 1,902.2
e | Zs7 || 30 119024
c [ 1,053.4 [ 2,192.6
| {
<y 1 1,054.5 || 400 L 21934
TaBrLe 4. Individual heat-content measurements on sodium
borohydride-+- coniainer
|
Relative heat content of NaBHjy, |
Fur- Corrected H:—H¢°c
nace Time |
tem- | in fur- |
pera- nace \lmph Mean Observed |
| ture, t “+container | Individ- @ observed minus
ual run for set calculated, |
eq (5) |
Sample No. 1 (2.5715 g)a
°C min mg abs j g1 abs j g1 abs j g1
350 { o2 =t i } 904. 4 —0.4
. [ 4 Ny 1 . o
50 L 35 4.6 7 } 113.9 .3
wo |3 jj: 4 : l } 233.8 0
. [ 45 LA 1 } e :
150 1\ 30 +1.4 1,705.0 859. 4 +.8
‘ | 30 +1.8 2,311.6 | y 3y
2000 1 4o +2.0 2,309, 6 } 488.7 t.4
s |{ 30 NI | 6232 e fd
: it |
a0 ({5 ! b 7616 +.1 |
. |
30 +6.1 |
400 { 1 5 }L 053.0 +.5
30
Sample No. 2 (3.4104 g)b
c [ 30 +0. 4 4,207.6 760. 4 _— i |
300 1 40 +.8 4 207.6 76 760. 4 1.0 “
30 +.8 1, 309. 5 33. & PO n
100 { 10 +1.0 1.300. 8 } 233.3 —0.6
C 30 +1.3 2,718. 1 | ‘
200 { 40 +1.6 2. 718.5 \ } 488.0 -2

« Sample No. 1 was obtained from Metal Hydrides, Inc.
b Sample No. 2 was obtained from an uul(']u ndent source.

undergoing chemical or physical change with time.
According to table 3, the deviation from the mean of
two (lupll ates aver: wv(l 0.4 j, with a maximum of
1.0 j. It may be noted that these variations seem
to be independent of furnace temperature.

The results of the individual measurements on con-
tainer with sample are given, in chronological order
for each of the four samples, in table 4 for sodium
borohydride and in table 5 for potassium boro-
hydride. The third column of each table indicates
the change in the mass of specimen plus container as
compared with the mass before the heat-content
measurements were begun. These changes were due
almost entirely to changes in the mass of the specimen
itself, as discussed in section 4. The values in the
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TaBLE 5. Individual heat-content measurements on potassium
borohydride+- container
‘ Relative heat content of KBHj,
Fur- Corrected H:—H°c |
nace Time | Massin | measured | __ |
tem- | in fur- | excess of heat, | ‘
pera- nace original sample | Mean | Observed
ture, ¢ ~+container | Individ- |observed | minus |
i ual run for set ‘ calculated, |
| | | eq®) |
| ! |
Sample No. 1 (3.4892 g)= |
| | ‘ i . . |
S min myg abs j | absjg~t | absjg! ‘ abs j g1
35 +0.1 564.3 | 89.3 [
50 { 35 e 563.0 88.9 } 89.1 0.2
30 .0 b 182.1 o .
100 { - ntd " e 1} 182.0 +.2
30 -1 gy A o :
o {8 g X 275.8 ‘} bt ||l
30 —1.6 ; 369. 1 . ‘ o |
200 { 0 | —24 '8 | 3688 \} gl =
30 | =27 2,948.9 | 463.7 w} o Q
20 3 —2.8 | 2.9497 ‘ 4639 |f 463.8 | o
30 -1.3 3,577.4 (562. 6)b |
300 40 +0.3 3,568.4 | 560.1 b 559.9 +.2
35 +.1 3,567.0 | 559.7 |
30 +.1 1,741.7 275. 4 A
1o % 44| rm0s | 2151 ‘} 25.8 | -0
c 30 +.7 2,340.7 368. 8 g _
200 { 10 +.7 | 23405 ‘ 368. 7 ‘} a8 | &
y 30 +.5 4,198.5 658. 1 } - |
=50 { 40 il £197.9 | 657.9 ! G | s
30 +.2 4.845.1 | 760.1 - -
ALY { 35 0 | 4844 | 7599 |f 700 +3 |
| | | |
SO Ol I P ‘
Sample No. 2 (3.3794 g)a |
|
| ) - .
40 ‘ +0.2 ‘ 1.127.5 ‘ 181. 5 181. 5 .
wo 30 0| 11273 181, 4 1} 0.2 |
If 40 | —42 | 4.759.4 759.4 || 759.3 | |
400 1{ 45 | —37 | 47884 759, 1 } i & |
30 —2.8 1,127. 4 181. 5 181. 4 5 |
100 { 10 J —2.2 | L1210 | 1814 } -3

a Samples 1 and 2 were actually specimens of the same sample, obtained from
Metal Hydrides, Inc.
b Discarded because of poor precision.

fourth column have been corrected to the basis of the
fixed mass of pure compound given in the heading.
Each value in the fifth column was obtained by sub-
tracting from the corresponding “gross’ value in the
fourth column the mean value for the empty con-
tainer (table 3) and then dividing by the mass of
sample. The “calculated” values of heat content
referred to in the last column of tables 4 and 5 are
the final smoothed values derived as described in
section 6.

For some temperatures, two mean values of net
heat content are listed in the sixth column of table
5. If both these values were exactly correct, they
would naturally be the same. Their small disagree-
ment was discussed in section 4. Potassium boro-
hydride sample No. 2, though really a specimen of
the same stock sample as sample No. 1 but measured
2 months later, gave mean values of heat content
lower than those of sample No. 1 by 0.3 percent at
100° and 0.1 percent at 400° C. The consistent de-
crease with time of values for potassium borohydride
indicates that, to at least the extent of these rather
small discrepancies, the corrections for changing
degree of purity (incorporated in the values of table
5) are not completely adequate.

298.15° to

6. Thermodynamic Functions,

700° K

The observed values of heat content for each com-
pound were smoothed by using them to derive the
coefficients of an empirical equation giving the rela-
tive heat content as a function of temperature. For
each substance equal weight was given to the aver-
age of the mean values for each furnace temperature
given in the sixth column of table 4 or 5.7 For each
substance, a form of equation was so chosen that the
deviations between calculated and mean observed
values (shown in the last column of table 4 or 5) are
comparable in magnitude to the differences between
the individual values from duplicate runs at the
same temperature.® With the heat content at t° C
in excess of that at 0° C expressed in absolute joules
per gram, the equations obtained for the crystalline
salts from 0° to 400° C are as follows

NaBH;:

H,— Hype=2.4384t+8.083 (10~ )¢

—133.0 logy, [(1+273.15)/273.15]. (5)

KBH,:

H,— Hypo—4.0898t—2.9030(10~%)#
+2.641(107)£*—1,482.7 logy, [(t+273.15)/273.15].

(6)

Equations (5) and (6) were then converted to the
form most commonly used in chemical thermody-
namics by expressing the heat content relative to
that at 0° K, in calories per mole, with the temper-
ature in deg K.* From the resulting equations the
common thermodynamic functions (at the standard
thermodynamic pressure of 1 atm) were derived
using the following relations.

(H°—H3)|T=(H°+Hs.15)/ T+ (H3s.15—H5) /T,
1)

CZZ(I(H"—HS)/(IT, (8)

§°— 815+ f (C3IT)T, ©)

— (F°—HY)/T=8°— (H°—H)/T,  (10)

where (, is heat capacity at constant pressure, S is
entropy, /' is Gibbs free energy, and the subscript
“0" refers to 0° K. Equation (10) permits the cal-

7 Except that the two mean values given in table 5 for sample No, 2 at 100° C
were each given half weight.

8 The logarithmic terms and those in ¢ and #2 were introduced because they
have been found to account closely for the relative heat content at these tem-
peratures of a number of crystalline solids devoid of apparent transitions [3].
In the case of potassium borohydride, an equation containing also a term in # °
was first derived. However, the resulting equation gave values almost identical
with those of eq (6).

9 Taking one defined calorie=4.1840 abs j, 0° C=273.15° K,and the molecular
weights of NaBH; and KBH. as 37.843 and 53.952, respectively [4].
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culation of the free energy of formation of the com-
pound at various temperatures when its heat of for-
mation and its absolute entropy at some one tem-
perature are both known, provided that the corre-
sponding thermodynamic functions of the free ele-
ments also have been evaluated. The heat of for-
mation of sodium borohvdride has been measured
[5], but no corresponding value for the potassium
compound was found in the literature.

Values for the constants in eq (7) and (9) were
selected from the work of other investigators.
Although the low-temperature heat capacity of
sodium borohydride had been measured earlier [6],
the work of Johnston and Hallett [7] appears to be
more comprehensive and more accurate, leading to
the values of (Hju.;—FH;) and Sig.s adopted
here, 3,889.5 and 24.26 respectively.’ In the case
of potassium borohydride, the values adopted for
the same constants, 3,948.8 and 25.48 respectively,
were obtained in preliminary measurements at the
Bureau [8].

The thermodynamic functions derived in the
foregoing manner are as follows (in cal mole " deg
K-' at T°K and for the temperature range 298° to
700°K)."

NaBH,:

(H°—H3) | T=18.0607+7.3108(10~*) T
—1,202.94(1/ Dlog,, T+831.4/T, (11)
(2=18.061+0.014622 7—522/T, (12)

S°=41.586 logy,y 7T+0.0146227T+522/T
—84.754, (13)

— (F°—H{) | T=41.586 logs, T+1,202.9(1/T) log:T
17 311 (10~} 7—3800/T— 102 815, (14)

KBH,:
(H°—H3)/T=80.8100—0.0653403 T+ 3.4055 (10~5) T*

—19,119.18(1/T) log,o T+32,070.2/T, (15)
(2 =80.810—0.130681 7-+1.0217 (10~ 7*
s (16)

§°=186.072 log;, T—0.1306817+5.108(10~%) T2
+8,303/7—428.371, (17)

— (F°—H3})/T=186.072logy, T+19,119.2(1/T) log,, T
—0.065340T+1.703(10-%) T?—23,767/T

—509.181. (18)

10 These values are based on a molecular weight of 37.843.

11 Though the heat content was actually measured relative to 273°K, its tem-
perature derivative has increased uncertainty near the end of the range of
measurement and it therefore seems better to limit the derived thermodynamic
functions to temperatures of 298°K and above.

Values of the thermodynamic functions calculated
for even temperatures from eq (11) to (18) are given
in tables 6 and 7.

TaBrLe 6. Thermodynamic functions of sodium borohydride *

s : . | /re—mg
| ge | — 0
e &)
r ‘
\

cal deg! ’

j Temper- H°—H}
ature T

cal deg~! cal deg!

mole™!

cal deg—!
°K mole~! |
208. 15 13. 045b |
| 300 13. 093 ‘
320 13. 581
340 . 035
360 . 460
| 380 . 860
400
420
440
| 460
480
500
520
540
560
580
600
620
640
660
| 680
‘ 700

mole!

|
| mole—1
| 24.26 b

24.39

19,

a Molecular weight =37.843.
bTaken from reference [7].

TaBLe 7. Thermodynamic functions of potassium borohydride ®

| | N
Temper- | HE—H§ Co <f [ Fe—H§
ature | T » | | = e
— Tl AT
| cal deg—! cal deg! [ cal deg—! | cal deg! |
°K mole! mole! | mole-! | mole~! ‘
1 298.15 13. 244 23. 08 25.48 b
300 3. 305 ‘ 23.12 25. 62 | ‘
320 : [ '
340 1
360 ‘ |
380 [ [
400 | |
420 ‘
| 440 |
| 460 ‘ [
| 480
500 \ | |
520 |
540 ‘
560 |
580 \ |
600 | 18.7 | |
620 19. 006 \ ‘
640 1 ‘
660 19. 4
| 680 ; 19. 6 ‘
700 | 19. 865 |

a Molecular weight=>53.952.
bTaken from reference [8].

7. Discussion of Results

Although the thermal measurements reported in
this paper are of relative heat content, it is more
informative to examine the resulting values of heat
apacity.  These are shown for the two compounds
in figure 1. The curves represent the smooth values
calculated from eq (12) and (16). The points may
be considered the unsmoothed values, as each one
represents the difference between the mean values of
heat content for two adjacent furnace temperatures
as given in the sixth column of table 4 or 5.1

12 The points so computed were corrected for the curvature of the smooth

curves, but the largest such correction amounted to only 0.2 percent of the heat
capacity.
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Ficure 1. Heat capacity of sodium borohydride and potas-
stum borohydride, as determined by the drop method.

O, NaBH4, mean observed; [J, KBHj4, mean observed;—, NaBHjy, smoothed;
— —, KBHy, smoothed.

It will be noted that in the temperature range in-
vestigated, the heat capacity of sodium borohydride
increases with temperature in the usual manner ob-
served for many ecrystalline solids. On the other
hand, the heat-capacity-temperature curve of po-
tassium borohydride shows a distinet point of in-
flection, which suggests the existence of a broad
second-order transition of some sort in the neighbor-
hood of room temperature.

The authors’ smoothed values of heat capacity may
be compared with the results of other investigators.
The present measurements on sodium borohydride
overlap those of Johnston and Hallett [7] from 277°
to 301° K. The agreement in mean heat capacity
over this temperature range is almost perfect, but
their value at 298° K is about 0.25-percent higher.
The less precise values for sodium borohydride of
Boodman, Stegeman, and Mason [6] are somewhat
lower in this temperature range than those of John-
ston and Hallett. Davis, Mason, and Stegeman [5]
obtained a value of 0.55 4-0.01 cal ¢! deg C~! for
the mean heat capacity between 273° and 298° K;;
this is 2-percent higher than the authors’ correspond-
ing value. In the case of potassium borohydride,

Furukawa et al. [8], who use an adiabatic calorimeter
to make the preliminary measurements from low
temperatures to 370° K referred to in section 6,
obtained somewhat higher values of heat capacity
than the authors. In the range from 298° to 370° K
the discrepancy averaged 0.3 percent and reached a
maximum of 0.5 percent.”

The authors believe that their corrected and
smoothed values of the heat capacity of these two
compounds are reliable to within 1 percent. The
thermal measurements were made using a method
and apparatus that appears to give consistently much
greater accuracy than this when the substance
measured is pure, stable, and physically reproducible.
It is therefore likely that in the present case the
uncertainty in the exact chemical compositions of
the samples contributed the major uncertainty in the
heat capacity, and, as indicated in section 4, by
approximately the same percentage for each of the
two compounds over the whole range from 0° to
400° C. If this is true, approximately the same
percentage error for each compound resulted in the
parts of the entropy and heat-content function
which are in excess of the respective values at 298° K.
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authors thank R. A. Paulson, of the National
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8. References

[1] M. D. Banus, R. W. Bragdon, and A. A. Hinckley, J. Am.
Chem. Soc. 76, 3848 (1954). )

[2] K. K. Kelley, Contributions to the data on theoretical
metallurgy, X. High-temperature heat-content, heat-
capacity, and entropy data for inorganic compoupds,
U. S. Bureau of Mines Bulletin 476, pp. 210, 211 (U. S.

~ Government Printing Office, Washington, D. C., 1949).

[3] G. T. Furukawa, T. B. Douglas, R. E. McCoskey, and
D. C. Ginnings, J. Research NBS 57, 67 (1956) RP2694.

[4] E. Wichers, J. Am. Chem. Soc. 76, 2033 (1954).

[5] W.D. Davis, L. S. Mason, and G. Stegeman, J. Am. Chem.
Soc. 71, 2775 (1949). A

[6] D. Boodman, G. Stegeman, and L. Mason, Thermal
properties of some hydrides, Univ. of Pittsburgh, ONR
Contract No. N6ori 43, T. O. I. Technical Report (Oct.
10, 1949). .

[7] H. L. Johnston and N. C. Hallett, J. Am. Chem. Soc. 75,
1467 (1953). )

[8] G. T. Furukawa (private communication).

13 As can be seen from figure 1, the authors could have chosen a smooth heat-
capacity function for KBHs which passes through the observed points below
200° C.” Such a function would have corresponded to a slightly sharper transition
peak in this temperature region and at the same time would have agreed substan-
tially better with the preliminary adiabatic-calorimeter values referred to. How-
ever, unless the latter values are explicitly given considerable weight, the obser-
vations reported in this paper are really not sufficiently precise nor at enough
different temperatures to justify this more detailed formulation.

WasnaiNGTON, March 27, 1957.

124



	jresv60n2p_117
	jresv60n2p_118
	jresv60n2p_119
	jresv60n2p_120
	jresv60n2p_121
	jresv60n2p_122
	jresv60n2p_123
	jresv60n2p_124

