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The three crystalline forms of metaboric acid HBO, were prepared, purified, and ana-
lyzed. Heats of solution in water or of reaction with sodium hydroxide solution were com-

pared with those of orthoboric acid H;BO;(e).

The best values for the heats of transition

at 25 °C are: (¢,I) to (¢, II), 2.33+0.23 kcal/mole; (¢,II) to (e,III), 1.30+40.05 keal/mole;

(e, to (e,III), 3.63 +0.24 keal/mole.

The following heats of formation at 25 °C were de-

rived: —192.77 +0.35 keal/mole for the cubic HBO,(¢,I), —190.43 +0.34 kcal/mole for the
monoclinic HBO,(¢,IT), and —189.13 -+ 0.34 kcal/mole for the orthorhombic HBO, (e, ITI).

1. Introduction

Three crystalline forms of metaboric acid HBO,
were identified and described by Kracek, Morey, and
Merwin [1] *in 1938. The three forms are the cubic
form HBO,(c,I), the monoclinic form HBO,(e,II),
and the orthorhombic form HBO,(¢,ITI). Although
heat-of-solution data [2-6] and other thermodynamic
data are available on the monoclinic and ortho-
rhombic forms, no heat of solution or formation data
and little other thermodynamic information other
than that of Kracek, Morey, and Merwin are avail-
able on the most stable form, the cubic. (See,
however, the preliminary report of part of the present
work [7].) An investigation [18] of the equilibrium
decomposition pressures of orthoboric acid into water
vapor and each of the three metaboric acids yielded
both heat-of-formation [(c,1), —192.6; (¢,11), —190.6;
(e,I11), —189.0 keal/mole] and entropy values for
each of the forms. However, since the uncertainty
in the heat of formation derived from those measure-
ments was large, it was desirable to determine the
heats of formation (or differences in heat of forma-
tion) by a more direct means.

The three crystalline forms of metaboric acid were
prepared, purified, and analyzed. Heats of hydroly-
sis in water and heats of neutralization in sodium
hydroxide solution were measured and compared
with similar heats using orthoboric acid. From
these heats of solution or neutralization, heats of
transition and formation of the three forms of
metaboric acid may be derived, since, as indicated
by the work of Hibben [8], H;BO; and HBO, form
the same final products in solution.

2. Preparation and Analyses of Samples

The experiences of Kracek [1] and Tazaki [9] as
well as other thermodynamic and mechanism
studies [18] of the decomposition pressures of ortho-
boric acid were considered in the development of
the methods of preparation of the metaboric acid
samples described in this paper.

JFigures in brackets indicate the literature references at the end of this paper.
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In general the samples were identified by X-ray
diffraction,? refractive index,® and density measure-
ments which were in agreement with the work of
Kracek [1] and Tazaki [9]. The boron content of
the various materials was determined from titrations
(in the presence of an excess of p-mannitol) of
aqueous solutions of weighed samples using 0.1N
sodium hydroxide and a Beckman pH meter with
a glass electrode and a calomel reference electrode.

Quick identification and separation of the various
crystals were made by flotation in the liquids
listed in table 1 which also lists the densities of the
metaboric acids and orthoboric acid.

TaBLe 1.  Densities of boric and metaboric acid crystals, and
liqurds wused for flotation

Substance Density
glem?
H3;B03(c) | 1.44
Carbon tetrachloride | 1. 60
HB Oz (c,I1I) | 1.78
Ethyl Iodide 1.92
H B O2(c,IT) 2,04
Ethylene bromide | 2.17
HBO2(c,I) 2.49

For the sake of brevity in this paper HBO.(c,1),
HBO,(c,II), and HBO.(¢,IIT) will sometimes
be referred to as (¢,I), (¢,11), and (e,I1I), respectively.

2.1. H,BO,(c)

acid, analytical grade reagent, was
recrystallized three times from aqueous solution
and air-dried at room temperature. It was stored
in a desiccator containing a saturated solution
of calcium bromide which maintains a relative
humidity of about 20 percent at room temperature.
A spectroscopic analysis * of a sample prepared in
this manner indicated a total impurity of not more
than 0.001 mole percent. 'Titration analyses of the

Orthoboric
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Fraure 1. The various crystal forms of metaboric acid:
A. orthorhombic, B. cubic, C. monoclinic, and D. a large single cyrstal of the cubic HBOs(c,1),
actual size, approximately 3.5 mm; A, B, and C are approximately actual size.

128



final calorimetric solutions of boric acids in water
indicated a weight of boric acid averaging 99.72 4
0.09 (sdm) percent of the sample weight; the accuracy
of the titration analyses was estimated to be a few
tenths of a percent the total boric acid.

2.2. HBOy(c,III)

It should be possible in preparing the metaboric
acids from orthoboric acid to choose conditions of
temperature, pressure, and humidity which would
result in pure products if the conditions were
accurately controlled. However, the preparations
described here contained mixtures of the metaboric
acids and orthoboric acid which were separated by
flotation methods and/or analyzed to determine
the composition of the sample.

The orthorhombic form of metaboric acid was
obtained by dehydration of orthoboric acid in open
Petri dishes at 65 °C and the samples were weighed
every 2 or 3 days during the dehydration. The
relative humidity of the atmosphere generally ranged
from 15 to 30 percent but occasionally for brief
periods it was as high as 55 percent. The theoretical
weight for metaboric acid was reached in 1 to 3
weeks, however, this was not an exact indication of
the completeness of dehydration since orthoboric
acid volatilizes to an appreciable extent at 65 °C.
At this temperature and humidity the only impurity
expected and found in the product was orthoboric
acid, the amount of which varied somewhat with the
atmospheric conditions during preparation. The
products generally contained S0 to 90 percent (c,
IIT). The samples were stored in glass-stoppered
bottles over anhydrous magnesium perchlorate
drying agent, and subsequent manipulations were
performed in a dry box. The appearance of the
product may be seen in ficure la.

2.3. HBO,(c,II)

The monoclinic form of metaboric acid was pre-
pared at 120 °C by dehydration of wet orthoboric
acid in bottles with loose-fitting glass stoppers to
impede the escape of water vapor. The dehydration
generally required 3 to 4 weeks. Extended heating

ras not desirable because greater contamination
with (¢,I) developed. Formation of (e, II) was
apparent from the presence of globules or treelike
structures. The best yield of the (¢,I1) was obtained
when the starting material was orthoboric acid
which had not been thoroughly dried but was still
moist with the liquid from recrystallization.

These preparations contained the three crystal
forms of metaboric acid as well as some orthoboric
acid. The pmiﬁ ation and all subsequent manip-
ulations of the (¢,II) were performed in a dry box to
prevent the sample from reacting with atmospheric
moisture. The product was first washed thoroughly
with spectroscopic-grade (H,;O-free) carbon tetra-
chloride to remove H;BO,(c) and (¢,ITI) by flotation
and solution. Figure 1c¢ shows the material at this
stage of the purification. The remaining clusters

of erystals were crushed (but not ground) in a mortar.
When they were added to ethyl iodide (analytical
reagent), the (¢,II) and (¢,I) sank to the bottom.
The floating crystals and the ethyl iodide were
removed before adding ethylene bromide in which
(¢,II) floats but (e,I) doesnot. The floating crystals,
mostly needlelike in form were removed, washed with
H,O-free CCl;, and dried at 120 °C' for about 30
min before storing in a glass-stoppered bottle over
anhydrous magnesium perchlorate.

Flotation did not completely separate (c,I) from
(¢,IT) due to air-bubble effects and to inclusion of
(e,]) by (¢,I1). However, (¢, II) dissolves mod-
erately rapidly in water a t 25 °C while (e,I) is only
very slightly soluble at th.lL temperature, thus it was
possible to determine the amount of (¢,I1) by titra-
tion of an aqueous solution of the sample. About
1 percent of (¢,I) was found in the best samples;
details will be given in the analyses of the calorimetric
solutions.

2.4. HBOy(c,])

The most stable form of metaboric acid, the
cubic HBO.(c¢,I), has been prepared by several
methods.  One method was similar to the prepara-
tion of (¢,I1) except that the orthoboric acid was not
wet initially and a period of 4 to 5 weeks was required
to complete the dehydration. This product con-
sisted of erystals of (¢,I) approximately 1 mm in size
mixed with some (¢,IT).  Figure 1b shows this prod-
uct after purification.

Another method of preparing the (¢,I) resulted in a
])10(111(1 which contained essentially no impurities.
Thin glass spherical bulbs, 1.5 em diam, were blown
at the end of 4 mm (0.(1.) olass 1ul)mg, the overall
length was approximately 12 em. The bulbs were
filled with orthoboric acid and weighed. After
heating at 110 °C for approximately 4 weeks the
sdmplos had reached constant weight at approxi-
mately that of metaboric acid.

A third method produced ecrystals which were
cenerally smaller than those formed in the other
two methods, but occasionally larger crystals were
formed; the largest single erystal obtained was ap-
proximately 3.5 mm in size and is shown in figure 1d.
In this method 5 ¢ of orthoboric acid, 15 ¢ of (¢,I11),
and a few seed cn‘stals of (¢,I) were sealed, after
brief evacuation, in a 100-ml Pyrex-glass (unpoulc
and heated at 180 °C.  Sometimes in a day or two,
the melt developed “cloudiness” indicating crystal
formation, but at other times it was as much as a
week before crystallization was visible; 2 to 5 weeks
was allowed for crystal aggregation but this was no
couarantee of large crystal formation. As the am-
poule cooled, the mixture formed a solid mass which
adhered tightly to the surface of the glass but ap-
parently did not attack the glass, because it was
possible after soaking with water to scrape off the
crystals leaving a smooth glass surface.

‘Samples of (¢,I) of hlgh purity were obtained by
washing the products of the above preparations with
water since the cubic form is only very slightly
soluble. The cubic crystal surfaces were attacked
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after several hours exposure to water at room tem-
perature, but extended washing with methanol
effectively dissolved the other forms of HBO, and
did not mar the crystal surfaces. We feel that a
sample of high purity was obtained in this way al-
though it was not possible to obtain a quantitative
analysis with respect to the crystal form. When
weighed samples were dissolved in boiling water and
titrated in the presence of excess p-mannitol, 99.89 +
0.03 percent of the theoretical amount of boric
acid was found in the analyses of four samples.

3. Apparatus and Procedures

3.1. Calorimetric Apparatus and Procedures

The calorimeter employed in these experiments
is shown in figure 2 and described in [10]. The

Vi

Ol 2cm | |
]| #
L £
14 lL——>— Pt RESISTANCE
;H THERMOMETER
Lt W Hle—_ SOLUTION LEVEL
n u
5.

SAMPLE HOLDER —2— |

\
HEATER/—L,__J

STIRRER — —,\K/)
I N/

Ficure 2.

The solution calorimeter.

temperature of the water bath was maintained at
approximately 25 °C or 40 °C and normally varied
by +£0.003 °C during an experiment. The bath,
temperature controls, “and method and instruments
for measuring time, temperature, and electrical
energy have been described pm\lously [10, 11, 12].

Each calorimetric experiment included a pre-
liminary equilibration period of 20 to 30 min, a
20-min initial rating period, an electrical calibr: ation
period, a 20-min middle rating period, a chemical re-
action period, and a 20-min final rating period. The
temperature was recorded at 2-min intervals during
the rating periods, and at 1-min intervals dunno
the calibration and chemical reaction periods. The
electrical calibration period lasted either 20 min
with 7 or 9 min of heating or 10 min with 5 min of
heating; temperature rises were 0.01 ohm per
minute of heating. The chemical reaction periods
generally made 40 min long for the solution in water
and 20 or 30 min long for the solution in sodium
hydroxide to insure complete solution.

In early experiments glass bulbs were used to
contain the samples with a holder similar to that
described in [12]. In later experiments the Monel
capsule shown in figure 2 was used and platinum
disks, 1 mil thick, ‘closed the ends of the sample
holder. The stirring rate in early experiments
was 500 rpm but was later 1nCle(Lsed to 1000 rpm in
order to prevent the (¢,I) from settling to the bottom,
and to dissolve the samples within a reasonable
length of time for calorimetric measurements.

Three series of calorimetric experiments to be
reported differ somewhat in procedure and in
the composition of the calorimetric systems.

Series I—In the earlier experiments, the samples
were contained in glass bulbs and the stirring rate
of 500 rpm was used. The heats of solution in
water were measured using 500 g (27.8 moles) of
water in the calorimeter. TFor mea%umrw the heat
of reaction in 2N sodium hydroxide solutlon the
calorimetric solution was prepared in the calorim-
eter by adding 135 g of a stock solution of 10NV
sodium hydroxide to 402 ¢ (22.3 moles) of water.
In this series, heats of solution in water and in 2V
sodium hydroxide were measured at 25 °C for
orthoboric acid and metaboric acid (¢,I1), and heats
of solution in 2N sodium hydroxide were measured
at 40 °C for orthoboric acid and metaboric acids
(¢, IT) and (e¢,J).

The process of filling the thin glass bulbs with the
samples of the metaboric acids was a tedious and
time-consuming one, and the evacuation and sealing
of the bulbs after filling introduced the pos&blhty
of decomposition of the samples. These difficulties
were eliminated in later experiments where the
Monel capsule replaced the glass bulb as the sample
container. The containers for the metaboric acids
were always filled in a dry box but those for ortho-
boric acid were filled in the room atmosphere.

Series I1—These experiments were similar to those
of Series III except that the samples were enclosed
in glass bulbs rather than in the Monel capsule.
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Series 111—In these experiments, using the Monel
apsule and the 1000-rpm stirring rate, the heat
rapacity of the system was reduced.  For the he: 11\
of solution in water the calorimeter contained 452 o
(25 moles) of water. For the heats of reaction in
2N sodium hydroxide the calorimeter contained 362
o (20 moles) of water plus 122 ¢ of the stock solution
of 10N sodium hydroxide. In this series heats of
solution in water were measured at 25 °C for ortho-
boric 1(|(I metaboric acids (¢, I1I) and (e, I1); and
heats of reaction in 2N sodium hydroxide at 25 °C
were mez 1su1(‘d for orthoboric acid, metaboric acids
(¢,IT1), (c,IT), and (e,l).

The cubic HBOs(¢,I) is the most stable form of
metaboric acid and the solution in which the (c,I)
dissolved completely within a reasonable length of
time and under conditions suitable for calorimetric
measurements was also used for measurements of
the heats of solution of the two less stable forms of
metaboric acid and of orthoboric acid. Solution of
(¢,I) was accomplished in a 2N sodium hydroxide
solution at 40 °C in approximately 30 min at a
stirring rate of 500 rpm when the sample was crushed
to pass a No. 200 standard sieve. The erushing and
sieving of the sample was a tedious operation which
was performed in the room atmosphere; the gain in
weight resulting from reaction with and/or adsorp-
tion of moisture from the atmosphere amounted to
less than 1 percent of the sample weight.  No differ-
ence was detected by X-ray analysis between the
sieved and the uncrushed samples.

In preparing the calorimetric samples of (¢,I), the
freshly sieved material was heated at 120 °C for
hr and cooled in a desiccator. Thin glass bulbs
were filled with the sample in a dry box; the bulbs
were then removed from the dry box, attached to a
vacuum manifold, and sealed off under reduced
pressure.  These samples were used for solution in
sodium hydroxide at 40 °C. It was later learned
that the sample could also be dissolved at 25 °C' in
approximately 50 min by doubling the stirring rate.
In the two experiments under these conditions the
Monel capsule was used as the s(nnpl(\ container

rather than the glass bulbs; the capsule was filled
in a dry box.

3.2. Determination of Energy for Initiating Reactions

The energy for breaking the glass bulbs was too
small to be measured in this sVstvm the limit of
detection was about 0.4 j.  Other 111\oslignlors [14]
have measured the energy and found that 0.2 j or
less was required to bre: ak thin glass bulbs.  When
the Monel capsule was used to contain the sample,
the energy required to break the two platinum disks
was affected by several factors other than the
properties of the disks, namely, the reaction rate,
1ho particle \1/.(\, and the extent to which the ('upsul('

ras filled. Thus there was a large percentage of
uncvrtuint\' in the determination of this energy.

The disk-breaking enerey was determined as
follows. In two experiments where the capsule
<()nt(unv(l only water the energy for bre: 11\1110 the
the disks was Tound to be approximately 1.5 j/expt.;

this was near the limit ol detection in this calorim-
eter, and not typical of the energies involved in
the metaboric acid experiments because there was
no friction resulting from the presence of crystalline
samples. It was believed that disk-breaking energies
more comparable to those of the experiments re-
ported later in this paper were obtained in three
series of (‘\pvnmvnts in which the heats ol solution
in water at 25°C were measured for NaCl and KCL
The (llsl\—lnvll\m“ energy was obtained from the
difference between the measured energy and the
theoretical energy calculated from the weight of
sample, using the lO“()\\lll” heats of solution: 1.001
keal/mole for NaCl (dilution=1000 H,O) [15] and
4.187 ke Al/lnolo for KCI (dilution=1500 H,0) [15].
The average disk-breaking energies obtained were,
respec 11\01.\, 3.864-0.24 (sdm) j/expt. and 9.84 +1.01

(sdm) j/expt. The mean of these values, 7+4
j/expt., was used to correct the experiments of series
[11.

3.3. Thermal Equilibrium

A disadvantage in the use of a glass, vacuum-
jacketed calorimeter is that thermal equilibrium is
reached slowly between the constant-temperature
bath, the glass walls of the calorimeter, and the
alorimeter solution after a change in the temperature
of the calorimeter solution. In order to determine
the magnitude of errors resulting from failure to
acheive thermal equilibrium in both exothermic and
endothermic reactions, an experiment was performed
which involved no chemical energy. An increase
in temperature was produced by electrical heating;
a decrease, by inserting a copper rod precooled in
liquid nitrogen into a copper tube which extended
into the calorimeter solution and withdrawing the
rod when the desired temperature drop was acheived.
A 2-hr equilibration period was followed by a 50-min
initial rating period, a 10-min heating period, which
included 5 min of electrical ll(“lllll;:, a  60-min
middle rating period, a 10-min cooling period during
which the copper rod was inserted for 1} min, and a
60-min final rating period. The results indicated
that equilibrium was not reached until at least 45
min after the cessation ol electrical heating or with-
drawal of the cold rod. It was estimated that an
error of 0.5 percent for a temperature rise of 0.05
ohm resulted from using reaction periods of only
10 or 20 min (as in the calibrations), and an error
of 1.0 percent for a temperature drop of 0.02 ohm.
For the experiments reported in this paper, the
largest errors (1 to 2 percent of the total energy
absorbed by the system) occurred in the aqueous
solutions which were endothermic. The errors in
the exothermic reactions (solutions in sodium
hydroxide) were about 0.5 percent or less. Although
these errors were considered in the overall un-
certainties, they tend to cancel in the calculation
of the heats of formation and transition.

3.4. Chemical Analyses and Procedure

The actual composition in terms of species of the
final calorimetric solutions was not determined.
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However, Hibben [8] found from infrared and Raman
measurements on aqueous solutions of boric acid and
borates that only H;BO; and BO.™ are present in
dilute solutions. Thus, when ortho- or metaboric
acid is dissolved in water, H;BOs(aq) is the product;
and, when dissolved in aqueous bases, the metaborate
ion is formed. By assuming that the products of
solution are the same for orthoboric acid and for the
three metaboric acids, the heat of formation for any
of the metaboric acids can be calculated knowing only
the heat of solution of orthoboric acid and of the
metaboric acid, and the heats of formation of water
and of orthoboric acid.

The final calorimetric solutions in water were
analyzed by titration for orthoboric acid, but it wa
not poss1blo to obtain an accurate anal\ sis of tho
solutions in the sodium hydroxide. Therefore, these
heats of reaction are based on the number of moles
calculated from the sample weight and the average
composition of the samples obtained from analvso
of the aqueous solutions. The final calorimetric
solution from the water experiments was diluted to
500 ml or 1000 ml and appropriate aliquots were
taken for titration in the presence of excess »-
mannitol with a standard 0.1V sodium hydroxide
solution. A Beckman pH meter was used to indicate
the end points which occurred at about pH 7.8.
These titrations are probably accurate to a few
tenths of a percent. The ratio of the amount of
boric acid found in the titrations to the amount of
boric acid based on the sample weight is an indication
of the purity of the sample with respect to chemical
('omposmon but not to erystal form. From the boric
acid ratio it was possﬂ)lc to calculate the amount of
orthoboric acid present in the samples of HBO,(¢,I11),
and the average composition of these samples was
applied in corrections caleulated for the solutions of
the same sample in sodium hydroxide where it was
not possible to obtain an accurate analysis of the
final calorimetric solutions.

The final calorimetric solutions of the samples of
metaboric acid (¢,II) in water contained the undis-
solved (e,I). Therefore, the final solution was filtered
through a coarse filter paper and the filtrate was
titrated as described above; the number of moles of
boric acid found in this titration was assumed to be
equal to the number of moles of (¢,I1) in the sample.
the difference between this and the number of moles
of metaboric acid in the sample as calculated from its
weight, was taken as the amount of (c¢,I) in the
sample. An approximate check on this value was
obtained from titration of an aqueous solution of the
undissolved residue. This value was not as accurate
as that obtained from the weight of sample because
the amount of (¢,I) was only about 1 to 5 5 percent of
the sample, and losses during the manipulations of
such small erystals were likely to occur.

The approximate amount of (¢,I) which dissolved
in water at 25 °C was determined by adding a
weighed sample of (¢,I) to 452 ml of distilled water
in the calorimeter and stirring at about 1000 rpm for
2 hr. The solution was then filtered through a fine
filter paper and the filtrate was titrated for boric
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acid. As would be expected, more rapid solution
occurred when the samples were of small particle
size. Approximately 9 mg dissolved from a 0.3-g
sample which was 40-70 mvsh 15 mg dissolved from
a similar sample which was less than 100 mesh, and 2
mg dissolved from a 0.030 ¢ sample (<100 mesh).
The time during which the samples were exposed to
the water in these experiments was about twice that
in the calorimetric experiments; therefore, the solu-
tion of not more than 0.2 mg of (¢,I) (or 0. 02% of S)
would be expected in the o\pcumoms given in table
3. The acutal amount of (¢,I) which dissolved in
water was so small and uncertain because of particle
size that no correction was made for it.

Solutions prepared in the same manner as the
calorimetric solutions of sodium hydroxide were
analyzed by titration against weighed samples of
potassmm acid phthalate (NBS standard sample No.
84) using phenolphthalein mdicator. These analyses
were only approximations since no special precautions
were used to exclude carbon dioxide from the calo-
rimetric solutions. An analysis of a solution pre-
pared from stock soln No. 1 [used in reactions of
(c,I) at 40 °C] indicated a normality of 1.94; a solu-
tion prepared from stock soln No. 3 [used in reactions
of H3BOs(c) at 25 °C] was found to be 2.27N; and
one prepared from stock soln No. 4 [used in reactions
of H3;BO; at 40 °C, and (e.1I) at 40 °C and 25 °C]
was 1.88N. Two stock solutions, A and B, were
used alternately in the preparation of calorimetric
solutions for the experiments in Series I1I. Initial
analysis of a solution prepared from stock soln A in-
dicated a normality of 1.79, and from stock soln B,
1.96; no change was observed in the final analyses
of similar solutions.

4. Units and Physical Constants

The unit of energy for the calorimetric experi-
ments reported in this paper is the absolute joule.
For conversion to the thermochemical calorie, 1
thermochemical calorie=4.1840 j.

Values for atomic weights were taken {rom the
1961 Table of Atomic Weights [16].

The masses of all samples given in the following
tables have been corrected to the weights in vacuo
using buoyancy factors calculated from densities
eiven by Kracek, Morey, and Merwin [1].

5. Experimental Results

The heats of formation of the three metaboric
acids were calculated from the heats of reaction of
the metaboric acids and of orthoboric acid in water
and in solutions of sodium hydroxide. The results
of the experiments where these heats of reaction were
determined are given in tables 2 through 6. Tables
2 through 5 give details of experiments on which our
“best values” are based, and in table 6 the average
ralues of 4 to 6 experiments for all other reactions
are given.

In all experiments S is the weight (in vacuo) of
sample in grams; [, is the energy equwalent of the
initial system as determined from the electrical cali-



TABLE 2.

HBO, (¢, 111) in water at 25 °C—Series 111

H;BO;3 H3BO;3 H3;BO; HBO,
‘ Expt. No. S total ratio cale. (e,111) E. ARce Q qH3B O3 AH(25 °C) !
titr. cale.
b kj/mole

K g Mole Mole Mole Jjlobm Ohm J j HBO;z(c,I11)
1 0.83071 0.01824 0.9623 0.001747 0. 01649 21,313.7 | —0.002740 —58. 40 1. 662
2 64787 . 01425 L9640 . 001303 L 01295 21,304.2 | — .002212 —47.12 1. 994
3 73979 . 01621 . 9604 . 001637 . 01457 21,315.3 | — .002643 —56. 34 1. 904
4 66889 . 01464 . 9582 . 001520 . 01312 21,300.4 | — .002361 —50. 29 1. 844
5 81347 . 01788 L9633 . 001666 . 01621 21,319.8 | — .002845 —60. 65 1. 940
IV ean s s 1. 869
ion of the mean__ =+0. 057

Overall uncertainty, 10— e =+0.19

1 Another correction, ga=—7.0 j/expt., was added to Q.

TasLe 3. HBOy(¢,I1) in water at 25 °C—Series 111

Undis-
solved HBO; H3BO;3
Expt. No. S Residue (c,II) ratio E, ARc Q AH(25°C)1
HBO;(c,I) titr.
titr.
kj/mole TBO,
q Mole Mole jlohm Ohm if (c,IT) titr.
1.11827 0. 00016 0. 02523 0.9951 21,314.1 | —0.008501 —181.19 7.459
1. 15561 . 00018 L 02615 . 9986 21,303. 6 —. 008403 —179.01 7.113
1.19328 . 00008 .02713 L9994 21,318.3 —. 009094 —193. 87 7.404
1. 24525 . 00019 . 02816 . 9978 21,322.9 —. 009263 —197. 51 7.262
1.20517 . 00026 . 02719 L9983 21, 286. 4 —. 009069 —193. 05 7.357
1. 24061 . 00020 02802 9970 21, 302. 6 —. 009407 —200.39 7.401
7.333
+0. 051
+0. 220
LA correction, g4=—7.0 j/expt., was added to Q.
TaBre 4. HBOs(¢,I1) in 2N sodium hydroxide solution at 25 °C—Series 111
| | [
Expt. No. S HBO:z(c,I) | HBOs(e,11)| E,. ARce Q q(e,1) | AH(25°C)!
cale. cale.
kj/mole
q Mole Mole J/ohm Ohm i i} HBO;(¢,IT)
1 1. 08860 0. 000174 0. 024670 21,175.9 0. 043611 923. 50 4.8 —36. 956
2 1.23190 . 000197 027918 21, 090. 1 . 049811 1050. 52 5.4 —37. 185
3 1.32026 . 000211 . 029920 21,133.0 . 053130 1122. 80 5.8 —37. 099
4 1.39278 . 000222 . 031563 21, 086. 4 . 056267 1186. 47 6.1 —37.175
Mean___ —37. 104
Standard deviation of the mean +0. 053
(ORI L YT AR T hO m PA ec +0. 74

1 Another correction, ga=—7.0 j/expt. was added to Q.

Tasre 5. HBOs(c,I) in 2N sodium hydroxide solution at

26 °C—Series 111

Expt. No. S E,. ‘ ARc Q AH(@25°C) 1
kj/mole
g jlohm Ohm Jj HBO:(c,I)
R 0. 54449 21,067.7 0. 016479 347.17 —27.375
2 DR . 26108 21,073.9 . 008065 169. 96 —27.350
Mean ... —27.362
Overallmmncertainty, 20, +0.55

1 A correction, ga=—7.0 j/expt., was added to Q.
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bration which preceded each chemical reaction ex-
periment; AZRec is the corrected temperature rise of
the system [13]; @, the product of £, and ALk, is the
total energy absorbed by the system; and AZ, the
enthalpy of reaction, is the heat absorbed (—@), less
any applicable corrections, —¢) per mole of orthoboric
acid or metaboric acid calculated from the weight of
sample or determined from the number of moles of
orthoboric acid found in the titrations of the final
calorimetric solutions, H;BO; titr. The overall un-
certainty includes twice the experimental standard
deviation of the mean and other uncertainties dis-
cussed in section 5.1. The H3;BO; ratio is the ratio
of the number of moles of orthoboric acid found in



TABLE 6.

Average results of other solution experiments

|
Undissolved Cale. Q(esT) Dilution | Exper- |
Group Compound Series S1 residue HBO:(c,IT) | H3BOs3 E, ARc Q or H-0/ imental| AH(40 °C)+
HBt(')tZ(C'U HB()O(I o titr. (H3B 03 H3;BO3 sdm uncertainty
1tr. 2(¢, |
\ \
. . : e kj/mole
‘ q \ g Mole Mole jlohm Ohm | j j kj/mole i{ chal/mole
Soluticns in 2V sodium hydroxide at 40 °C
YVVE | e oy dnnie
1| HsBOse) |1 0 xR S S 93,238.7 | 0.024556 | 570.65 |__________ R |20, 007 {‘fi;‘gig(g
2| HBOID | I et 0.0359 | | 93,2297 | 049235 | 1,143.37 329 | |xom ({ BAEE
3 HBO:2(c,I) |1 0. 37354 LSV [ ; —27.4340.27
i i L W IS AP S 23,143.7 | 010105 | 233.85 | _________|.___________ [ +.021 }{ U
Solutions in 2N sodium hydroxide at 25 °C
| AH@5°C)+
| | | wncertainty
4| HBOs©) |I 01 ) R S 22.850.7 | 009924 | 226.86 |__________ (I 0071 |{ 288028
. 57-0. 62 ‘ ‘ i
5| HsBOs(c) |III o L U N E— 21,120.8 | 017354 | 366.68 | (2 | 4044 { et
6| HBOcID | I Gty 0.0472 | I 22,884.8 | 047484 | 1,086.60 ol2 | 4+.132 { W
7| HBOs(e,III) | III 0. 69948 X P - S o | —42.07£2.10
AT —— 0013861 | _________ 21,129.4 | .020520 | 623.75 | 233.8 |____________ +.62 { i Gt
Solutions in water at 25 °C
, . : | * 5o o
8| HiBOs(c) |II e B B | 0.02530 | 21,000.1 |—0.026502 | —556.55 | } 1000 |0, 088 {““’“i P
9| HsBOse) |III (}‘_ e O PRV W—— 0.01784 | 21,276.1 | —.017780 | —378.28 | () 1400 | +.024 {3 e
10| HBOs(e,ID | I 1,124 . ‘ S (e - . 6.94 +0.35
TR 0. 0647 0.024192 | ________ 23,122.8 | —.007262 | —167.91 |__________ | 1000 | =057 [{ 02088

1 The range of sample weights is given in parentheses below the average sample weight.

2 A correction, qq=—7.0 j/expt., was also added in the experiments of Series ITI.

3 Based on moles H3;BOj titr.

titrations of the final calorimetric solutions to the
number of moles of orthoboric acid calculated from
the sample weicht; ¢; i1s the correction for the
energy required to break the platinum disks used in
Series I11.

The heats of solution of orthoboric acid in water at
25 °C’ and in sodium hydroxide solution at 25 °C and
40 °C are used in the calculations of the heats of
formation of the three metaboric acids. The heat of
solution in water at 25 °C has been determined by
several investigators [2-5, 10, 19-25] and thewr
values at a dilution of 1000 H,O range from 5.17
keal/mole to 5.56 keal/mole; the more recent values
are grouped between 5.24 and 5.28 kcal/mole.

We have measured the heat of solution of ortho-
boric acid in water in two groups ol experiments and
the results are given in table 6, groups 8 and 9 for
Series Il and Series 11l which are described in
section 3.1. The samples in Series II were enclosed
in ¢lass bulbs which had been sealed after pumping for
several hours at 10”mm Hg pressure at room
temperature; the samples in Series I11 were enclosed
in the Monel capsule. The reaction periods for the
experiments in group 8 were of 20-min duration
while those in group 9 were of 40-min duration, thus
the latter should be nearer thermal equilibrium at
the end of the reaction period.

According to Smisko and Mason [19] the heat of
solution of orthoboric acid in water does not change
significantly between the dilutions of 500 H,O and
5000 H,0O. Therefore no corrections for dilutions of

H;BO; are made in this paper since all values fall
within the range of 900 to 2700 H,O.

The data for the measurements of the heats of
solution of orthoboric acid in sodium hydroxide
solution at 40 °C and at 25 °C are given in table 6,
groups 1, 4, and 5. The largest uncertainty con-
sidered for these reactions was the possible variation
in the concentration and/or composition of the
calorimetric solutions of sodium hydroxide.

Our best value for the heat of transition from
(¢, I1I) to (e,Il) is derived from the heats ol solution
in water at 25 °C (Series I11) given in tables 2 and 3,
and group 9 of table 6. The equation representing
the mean heat of solution given in table 2 is

HBO,(¢,11T)+1501 H,O(liq)—H,;BO,(1500 H,0)
AH (25 °C)=1.869+0.187 kj/mole

=0.447+0.045 kcal/mole (1)
and that for table 3 is
HBO,(¢,IT)+901 H,O(lig)—=H;BOs(900 H,0)
AH(25 °C)=7.33+0.22 kj/mole
=1.75240.053 keal/mole (2)

The experimental uncertainty, 2(sdm), is large for
eq (1) because the amount of heat absorbed during
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the reaction was small.  The uncertainty with respect
to sample composition also made a relatively large
contribution to the overall uncertainty for eq (2).

The heat of reaction in table 2 is based on the num-
ber of moles ol (¢, I11) calculated from the stoichio-
metric relationship between the weight of sample and
the amount of boric acid found in titrations of the
final calorimetric solutions. The corrections for the
energy absorbed during the solution of the ortho-
boric acid were calculated from the results of group 9,
table 6.  The composition of the samples in group 7,
table 6 was assumed to be the same as the average of
those in table 2.

In table 3, the H;BO, ratio is the ratio of the sum
of the number of moles of (¢,I1) and of (e,I) titrated,
to the number of moles of HBO, calculated from
the sample weight. From this it can be seen that
only a few tenths of 1 percent of the sample weight

ras not accounted for in the titration analyses and
this is within the limits of accuracy expected of the
analytical methods employed. The extra care taken
in the purification of this sample is evidenced by the
fact that the amount of (e¢,I) impurity is much
smaller and the composition of the samples is more
uniform than those of the experiments in Series I
eiven in group 10 of table 6, on which the average
composition, 6 percent of (¢,1), of the samples in
aroups 2 and 6 was based. The amount of (¢,I) dis-
solved during the latter experiments was determined
from the difference between the amount assumed to
be present initially and the amount found in the un-
dissolved residue at the end of the experiment. A
correction for the heat of reaction of the (¢,I) which
dissolved, (., was made using the results obtained
in group 3 of table 6 and in table 5. A large un-
certainty with respect to composition of sample was
considered in the results of groups 2, 6, and 10;
aroups 2 and 6 had an additional uncertainty in the
concentration of sodium hydroxide solutions.

The results given in tables 4 and 5 were used with
the results of group 5, table 6, to calculate our best
value for the heat of transition from (¢,I1) to (e,1).
The mean heat of reaction for the experiments in
table 4 is given by the equation,

HBO,(¢,1T)+ <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>