uss_SPECTROMETRIC DETERMINATION OF THE ENTHALPY OF FORMATION

;-m GLECTRON AFFINITY OF BO,

v. I. Semenikhin, I. 1. Minaeva, I. D. Sorokin, UDC 541.35
M. I. Nikitin, E. B. Rudnyi, and L. N. Sidorov

The effusion method of Knudsen with mass-spectral analysis is employed to in-
vestigate the gas phase of the systems Bi,0;—B,0;, PbO—B;0;, and Zn0-B,0,.
The enthalpy of formation of gaseous B0,  is determined using the method of
jon-molecular equilibria. The electron affinity of the BO, molecule EA(BO,) =

4.33 eV.

In the JANAF handbook (1] the value AHf,(® = —284.5 kJ/mole was chosen for the enthalpy
of formation of BO, (gas) from analysis of the published data. obtained up to 1971, and in
the handbook [2], where published data up to 1977 are examined, the value AHE,o° = —325 % 20
J/mole was adopted. In [3] the equilibria in the gas phase above liquid boron oxide were
<tudied by the mass-spectrometric method:

B.0,=B0+BO0,, (1)
2B20:=B202+2B01‘ (2)

The enthalpies of the reactions (1) and (2), calculated based on the third law of
thermodynaics, lead to two values for the enthalpies of formation of BO, (gas): —312.5 %
15.5 and —308.4 = 9 kJ/mole. As one can see, the recommendations of [1, 2] significantly
differ from one another and from the data of [3]. According to (1, 2], the heats of forma-
tion of the anion B0, differ by 12.6 kJ/mole.

In this work we studied the saturated vapor of the systems Bi,03—B,0,, PbO-B,0,, and
7n0-B,05;. These systems were chosen because of the fact that the dissociation of bismuth,
lead, and ziuc oxides is accompanied by liberation of oxygen. As a result the evaporation
of boron oxide proceeds in an oxygen atmosphere, and under these conditions BO, molecules
can be easily identified at temperatures of 1200-1400°K. Such conditions make it possible
to carry out precision measurements of the equilibrium constant of the gas-phase reaction

B.0,+'/,0,=2B0.. (3)

To determine the heats of formation of BO,” we studied the anionic exchange reaction .
with the participation of BO,” and AlF,”.

Experimental Procedure. Enthalpy of Formation of BOz (gas). Measurements of Kp for
the reaction (3) were performed by the mass-spectrometric method, representing a combination
of Knudsen's effusion method for determining the vapor pressure and a mass-spectrometer,
vhich enables analysis of the composition of the gas phase of the systems of interest. The
measurements were performed on an MI-1201 apparatus, reequipped for high-temperature studies,
with an ionizing voltage of 50-70 V. A mobile diaphragm, by moving which it was possible to
separate the molecular beam from the background of the device, was placed between the opening
in the effusion chamber and the region of ionization. Platinum effusion chambers with the
evaporation to effusion area ratio R = 400-1500 were employed in the experiments. ‘The effu-
sion chamber was heated by radiation with the help of a molytdenum wire coil. The tempera-
ture was measured with Pt/Pt—10% Rh thermocouples, calibrated to the melting point of KCl.
The ions were identified from their mass numbers and the isotropic distribution. To deter-
m%ne the equilibrium constant of the reaction (3) it is necessary to measure the oxygen par-
tial pressures in the system as well as the pressures of B,03; and BO,.
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Systems Studied and of Pure B,0,
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Bi,0s — B:0s | 1285 | 35700 12 000 - - 550 100 6.9 344 | 186
1427 17 160 1 800 - 412 100 1.8 176 | 147

PHO - B:0s 1305 4000 610 1330 | 125 97 100 44 14.0 35
1391 1 760 88,4 730 1.8 838 0 47 aq 25

Zn0 — B:O0s 1292 274 442 — — - 100 6,5 40 7.0
1400 411 230 — - - 100 52 58 38
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Measurement of B20s and BO2 Pressures. The mass spectrum of the system studied
tains the BO,* ion, which has two molecular precursors — the molecules BO, and B,0;. i
fore, the first problem is to separate the total magnitude of the ionic current I(BO 3
to components formed from the molecules B0, — I(BO,*, BO,) —and B,0, — 1(B0,%, 320,)??
problem is solved by the simplest method, namely, by comparing the mass-spectra of thailh
tem and of pure boron oxide, measured under identical conditions. This was achieved sa
follows. A weighed quantity of the system studied was placed into the effusion cham
The evaporation was performed at the temperature T and at the same time the mass spe
was recorded with constant energy of the ionizing electrons. The experiment contin
virtually pure boron oxide remained in the cell, which made it possible to record thé
spectrum above pure boron oxide. Table 1 shows the mass spectra of the saturated va;
the systems and for pure boron oxide. Comparison of the mass spectra makes it possib

calculate the ionic current of BO, molecules from the equation fats

1(BO,*, BO,) =1(BOs*)—bI(B,0s*), =

where b = I(B0,*, B,03)/I(B,05°). As one can see, the saturated vapor of the systems 'cf
tains significant quantities of bismuth, lead, and zinc metaborates. The possibilitfg\-
the formation of BO,* ions with dissociative association of metaborates has not been i€
cluded, but it is difficult to make a quantitative determination of these ions. Howeveg
because ctheir content in the mass spectrum of metaborates of alkali metals is insignifii
1(B0O,*)/I(MBO,*) = 0.01-0.001, the contribution of these ions to the total BO,* ion cuf
was neglected. , ‘

To check that the BO,* ion in the vapors above pure boron oxide was formed primaéi}

from B,0, molecules, the differences in the potentials at which B0, and B,0;% ions ap- R
pear in the vapors above the mixture znd above pure boron oxide were measured. The valﬁ? :
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0.3 eV was obtained in the first case and 5 eV in the second case. The result shows <on by 1
vincingly that the vapor above pure boron oxide consists virtually completely (more than¥ |
95%) of B,0, molecules, while the ion BO,* is formed by dissociative ionization of B,0;{ -
At the same time in the vapors of the system where the oxygen pressure is comparatively § ‘ “:“
high the content of BO, molecules is comparable to that of B0, molecules. L :hz
In order to transfer from the measured ionic currents to the partial pressures it. ‘
necessary to find the coefficient of sensitivity k in the equation : hi
LY s
=5 ol . Biy
~ In this work the apparatus was calibrated in the course of the experiment by measﬁ‘ !
the equilibrium constants of the gas-phase and heterogeneous reactions, whose numerica ‘ ahi
values have been published in the literature. The following were employed. :}
! tio
1. The saturated vapor pressure of boron trioxide (2]. The sensitivity constant WaZg, '
calculated in those cases when at the end of the evaporation the mass spectrum of the satu?
rated vapor of pure B,0,; was recorded. ’ p and
2. 1In the experiments with the participation of bismuth trioxide the calibration 507

performed based on the numerical value of the equilibrium constants of the reaction 2Bi %
-

the
Bi, [4] and the measured ratio of the ionic currents I(Bi*)/I(Bi,*).
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TABLE 2. Equilibrium Constants and St
the Reaction B,03 + 1/20, = 280,

andard Enthalpies of

System n T. K . ane, kj/mole
1 1285 247 2330
2 1203 2.68 2336
3 1302 296 2342
Bi.0; — B201
13 1369 1.25 2548
14 1360 1,50 252.7
ih 1427 51 2510 t
Mean 246562 K /mole
value
1 1296 1.10 2433
2 1305 270 236.1
3 1314 72 252,2
PbhO — B.0s
14 1330 1,50 247.2
15 1366 1.10 255,14
16 1369 2.50 ’ 2481
Mean  250,0+39 KJ/mole
value
i 1350 1.70 249.6
2 1360 1.30 254,7
3 1384 1.90 254,6
ZnO — B20s
22 1400 2,30 2554
23 1422 3.40 2547
24 1484 9.20 2541
Mean 253.6+1,9 KJ /mole
value

e ———————

*Kp is a dimensionless quantity,

state 1 atm = 1.013-10° Pa.

+The error equals otg.es/

3. In the experiments with the participat
calues of I(PbO*) and the ratio I(Pb0*)/I(Pb,0,

n.

it possible to calculate the activity of the oxide aPbo in
sensitivity coeff

1(Pb0*) made it possible to calculate the

partial pressure of the monomer pppo in the system
apboPppo+ The value of pppo’ was taken from f2].
values of the ionization cross sections were employed: Op
o, = 1.80 =2.3 %2 15], ops = 8-12 A%, oppo = 9-12 2

Measurement of the Oxygen Pressure.
by two independent methods.

1. The total 0,° signal and the .signal after the molecular

sured. As a result of the covering, the signal in different expe
gnal served in jater calculations as a

the total signal, and this part of the si
the oxygen pressure.

2. The oxygen pressure was calculated
chiometry of the oxide, j.e., it was assume

is not enriched with dissociation products.
Bi,0,-B,0, was calculated using the formula

po,=’/.va Mo:/Mm,

Ul}iCh follows from the condition that the evaporation of Bi,
tions of molecular efflux, i.e., from the condition pBi/po2

is given in molecules/(cm?-sec).

The oxygen partial pressures, calculated from the cond
and determined based on the overlapping part ©
07 at relatively lov temperatures (up to 1300

the values differed by a factor of three.

was calc
In all the calculations t
o. = 4.35 k2, opg, = 3.25
61

The oxygen pressure in the s

from the conditi
d that in the course of evaporat
For example, the oxygen pressu

f the signal I(0,
°K for all systems).
For this reason the value

scaled to the standard

jon of lead oxide the experi
*) were used for calibra
the system,
icient k.

0, be congruent
= 4/3, where p

tion.

under condi-
= p/(2MkT) /2

mentally obtained
The ratio made
and the value of

At the same time the
ulated using the equation Pppo =
he following

k2 (31,
ystems was determined

beam was covered were meac
riments equaled 50-807 of
measure of

on of conservation of the stoi-
jon the system
re in the system

ition of congruent evaporation
+), differed by less than

At higher temperatures
s of the oxygen partial
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TABLE 3. Equilibrium Constaqts'and Enthalpies of the Reac-

tions (4) -
System R K s* oF © —AH,
S : L i i K /mote
NaBO; — NaAlF, 951 2308 017 2 356.7
961 2932 0.05 2 355.4
970 21,38 0.4% 2 3540
986 242 0.29 6 3554
993 2010 0.04 2 355.8
1013 . 19,69 - 2 3504
1020 18.99 - 1 3473
1029 19,36 - 1 3535
1068 17.55 - 1 3505
AHO=-355=13 ¥
KBO; — KAIF, 1026 16.48 0.19 3 3307
1 135 15.94 048 2 3219
AHp=-330£18F .

*S4 is the standard deviation of a separate measurement.

4+ni is the number of measurements at a given temperature.
$#The total error, including the error in determining the
thermodynamic functions of the participants in the reaction,
is shown.

pressures calculated from the condition of congruent evaporation were employed in al
lations of the equilibrium constants.

Table 2 shows the equilibrium constants and the standard enthalpies of the reactid
(3), calculated from the third law of thermodynamxcs Combined analysis of all experf]
data for the three systems gives the value AHy° (3) = 250.0 % 2.2 kJ/mole. Here the
metic mean value of the enthalpy of the reaction is presented with a 957 probability
reproducibility. The value of the enthalpy of the reaction (3) corresponds to the sta
enthalpy of formation AHf ,° [BO, (gas)] = —292.1 * 8.4 kJ/mole. The thermodynamic fu
of the participants in thé reaction (3) and the enthalpy of formation 8HE o % (B,03),
quired for the calculations, were taken from [2].

o

Enthalpy of Formation of the BO2~ Ion. The enthalpy of formation of BO,” was deteg
mined by the method of ion-molecular equilibria. The equilibrium constants of the ion-i
change reactions B

BO,~+MAIF,=[MBO,]+AlF,- (M=Na, K),

K,= Par;- Qxmpo,
Psos-  Pmalr,

were studied.

The brackets indicate that the metaborate of the alkali metal in the condensed p ';j
included in the equilibrium. The method for carrying out the experiments is described
detail in [7]. The system MBO,—MA1lF, (5 mole %) was placed into the effusion chamberp‘
ratios of the partial pressures of the ions were calculated from the measured ionic C}
rents of AlF,” and BO,”. The partial pressure of MALF, was determined through the n=;T“
intensities of the ionic currents of MA1,Fg~ and AlF,” using the equilibrium constant O
reaction g

MALF,-=MAIF+AlF.~.

The numerical value of the equilibrium constant of the reaction (5) is taken from

The activities of MBO, were determined from the values of the ratios of the ionic €Uf”

rents of MB,0,” and BO,” and the equilibrium constant of the reaction . i
[MBO, 1+ B0,~=MB.0.". (e ‘
The values of Kp for (6) were calculated from the results of experiments with puIZ ‘;:;,
- ’

dium and potassium metaborates, log Kp(6) = -12,800/T + 10.9 for NaBO,, logKp (6)
T + 12.2 for KBO,.

500




.fhe enthalpy of the reaction (4) was calculated using the third law of thermodynamics

3 3). The required thermodynamic functions of the participants of the reaction were

(tﬁﬂef om [2]- The enthalpies of formation of the gas-phase compounds AlF,”, NaAlF,, KAlF,

0 drsolid sodium and potassium metaborates [2] were used to calculate the enthalpy of

-€‘3‘".on of BO, . In the system NaBO,—NaAlF,, AH,® (4) = —355 % 13 kJ/mole, which gives

"¢"“5250 %) = 2718 ¢ 17 ki/mole. In the system KBO,~KALF., AH,® (4) = =330 + 16 kJ/mole,

By, 2 ivés the value AHf’o°(B02") = —699 + 22 kJ/mole. The mean value AHf’oo(BOZ') =

¢;d!816 kJ/mole is recommended. The electron affinity EA(BO,) = 417 % 18 kJ/mole.

All experimental results on the determination of the enthalpy of formation of gaseous

. are resented in the handbook [2]. Our data agree satisfactorily with the data of [10,

[ g abut differ significantly from the results of {12], which were the main results used

- 121
[n [3] a somewhat lower value was obtained for AHf o° [BO, (gas)] than that in this

put no inconsistencies are observed. In this work the results of the investigation of

. equilibrium (3) in the three oxide systems were actually obtained independently of one

: and the good agreement between the values found and the small error in the reprodu-

.~ther,
* Lility indicate that the enthalpy of formation of AHf,°°(B02) is determined with adequate

kK

4 curacy-

The situation is more complicated in the case of the determination of the heats of for-
ation of the gaseous anion BO,”. ‘The enthalpy of formation adopted in [2] AHf’o(Boz-) =
85 * 25 xJ/mole is the average of the values —663 + 20 and —703 * 25 kJ/mole, obtained by
mass-spectrometric method {13] and in the study of the ijon-molecular reactions in flames
14]. The data from these studies differ with one another and from our results. The disa-
(reements are in all probability caused by the methodical characteristics of each method

ssed to carry out the investigation.
On the whole the results of this work lead to lower values of the heat of formation of

%, and higher values for BO,”. There is a larger disagreement with the published data
ior the electron affinity. 1In this work EA(BO,) = 4.33 eV, while in (2] EA(BO,) = 3.73 eV.

the
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