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SUMMARY

From a mass spectrometric study of the temperature depende: ce
of the major OBF monomer and trimer peaks produced by electron bombardment
of vapors over a MgF2-B203 mixture, the heat of the reaction (OBF)3(g) *

3 OBF(g) at 1200°K has been derived at 140.2 + 15 kcal. This result, when
combined with the heat of formation of (OBF)3 and estimated heat content
data, yields the value -141 £ 5 kcal/mole for the heat of furmation of the
gaseous OBF monomer at 2980K.

Torsion-effusion measurements of the dissociation pressure of
aluminum nitride over. the range 1700 to 19009K yield a condensation co-
efficient of 7 0.002. From derived equilibrium pressures, the heat of
formation of crystalline AIN at 2980K is calculated as -70.7 + 2.5
kcal/mole. This value is 5 kcal/mole less negative than results obtained
recently by reaction calorimetry.

The vaporization of boric oxide has been studied over the range

1420 to 15609K, from which a second law heat of vaporization at 293°K
has been computed as 93.5 + 1 kcal/mole. From this result, A ll.’-.".‘99 for

B203(g) is derived as -207.5 + 1 kcal/mole. An entropy “or 3203f3
derived from the second law A Hyap 18 more compatible with a frequency
assignment deduced from matrix isolation spectra than with a corresponding
assignment based on vapor emission spectra.

Effusion weight loss measurements, when combined with torsion
vapor pressure data, indicate that aluminum trifluoride and 1lithium
aluminum floride mixtures vaporize to AlF3 and LiAlF, gaseous molecules,
respecitrly . Thermal properties have Leen derived on this basis.
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Studies of the vaporization of MgyN, by mass spectrometry have
shown that the material vaporizes to magnesium atoms and molecular nitro-
gen. No other molecular species were detected. A temperature study of
the Mg + intensity yields an abnormally high second law heat for the
dissociation reaction, giving additional evidence for the anomalous va-
porization behavior observed earlier.
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SECTION 1

INTRODUCTION

The studies reported here are part of an experimental program
which is designed to provide thermodynamic data required in the analysis
of propulsion systems. Specific areas of study are the thermodynamics
of vaporization of light metal compounds and the specific heats of
condensed phases. Vaporization data, from which heats and free energies
of formation of important species can be derived, are being obtained by
effusion, transpiration and mass spectrometric techniques. A method is
under develdpment for delermination of specific heats from measurement
of vacuum cooling rates.

The results of some of these studies are described in the
following sections.
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SECTION 2

EFFUSION STUDIES

2.1 EXPERIMENTAL

Because of the importance of accurate temperature measurement
in studies of the t.cimod -ouwics of vaporization, care has been taken to
establish the relation between brightness pyrometer temperature and effu-
sion cell temperature for the inductively heated torsion-effusion apparatus".
Pyrometer temperatures were compared with the output of a standard platinum-
rhodium thermocouple, the junction of which was located within the sample
chamber of a sealed effusion cell. From comparison measurements over the
range 1000 to 1600° C, it is believed that effusion cell temperatures are
known to be within 10° C. An effective emissivity for the susceptor-cell
arrangement can be deduced from the calibration data and can be used to
establish effusion cell temperatures in the range above 1600° C. A series
of check measurements of the vapor pressure of gold r orted in the Appen-
dix, indicates the temperature calibration to be reliable and the overall

operation to be satisfactory.

2.2 THE VAPORIZATION OF ALUMINUM NITRIDE

As a continuation of studies of the thermodynamics and kinetics
of vaporization of light metal nitridesl,2, the dissociation pressure of
crystalline aluminum nitride has been measured by the torsion-effusion
method over the range 1700 to 1900° K. The experimental technique lLas
been described previouslyl' ; establishment of the temperature scale is
discussed in Section 2.1. A sample of crystalline AIN was generously
supplied by Dr. G. Long, ALCOA Research Laboratories, and was reported to
be of better than 99 percent purity. No impurities could be detected from
the X-ray diffraction pattern of the sample, which showed only the peaks

-2-
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characteristic of highly crystalline AIN. Any volatile impurities which
may have been present in small amounts were removed by out-gassing prior to

the start of the measurements.

Torsion pressure data were obtained with three graphite effusion
cells of different orifice size, and the results are presented in Table I.
Pressures were computed from the relation

PT 3 afq (1

vhere k is the torsion constant of the filament, 9 is the observed angular
deflection, and a, £ and q are the area, force factor and moment arm of each
of the effusion orifices. A plot of the observed pressure data, shown in
Figure 1, indicates the results obtained with each cell to be reproducible,
but shows the marked trend of pressure with orifice area which is character-
istic of substances with a low condensation coefficient. It has been shown
that equilibrium and observed pressures are related to cell geometry through

the expression

Ca
P, =P (1 +5% (2)
vhere P, and Py are equilibrium and observed pressures, respectively, C is
the orifice Clausing factor, a is the orifice area, « is the condensation
coefficient and A is the effective vaporizing surface area. Equation (2)
indicates that a low value of ¢ .. cause observed pressures to be consid-
erably below the equilibrium values. Since the cell geometrical factors
are accurately known, o and P, can be evaluated from the data in Table I
by plotting the reciprocal of observed pressure versus the ratio Ca/A; the
slope of such a plot will be 1/o P, and the intercept 1/P_. Equation (2)
correlates the AIN data smoothly and leads to an @ of 0.8022 if the effec-
tive vaporizing area is taken as the sample chamber cross-sectional area.
The & value so derived is, of course, an upper limit; in deriving equili-
brium pressures, only the product & A is needed. From o and the cell
geometrical factors, ratios of equilibrium to observed pressure, P./Pr,
were calculated as 10.45, 4.36 and 1.64 for cells 3, 4 and 5, respectively.
These ratios were used to convert observed pressures to equilibvium values,
as summarized in Table I. A plot of the derived equilibrium pressure data,
shown ir Figure 2, indicates that the orifice size correlation brings the
data from all three effusion cells into good agreement. '

-3-
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1738
1788
1834
1857
1848
1823
1801
1785
1742
1699

1758
1817
1839
1827
1780
1722
1735
1786
1827
1851

1786
1839
1859
1820
1785
1743
1716
1912
1874

TABLE 1
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ALUMINUM NITRIDE DISSOCIATION PRESSURES AND

P,x10%,atm Pexlos 'atm
Cell 3
0.70 7.3
1.78 18.6
3.78 39.5
5.88 61.2
5.28 55.1
3.39 35.4
2.56 26.7
1.65 17.2
.81 8.5
.41 4.3
Cell 4
3.40 14.8
7.28 31.8
12.6 55.0
9.80 42.7
4.66 20.3
1.87 8.1
1.87 8.2
4.63 20.2
8.70 38.0
13.0 56.6
Cell 5
12.7 20.8
26.0 42.6
34.6 56.7
20.6 32.8
11.6 19.0
6.1 10.0
4.0 6.6
68.3 112.0
40.3 66.0
A

HEAT OF THE REACTION

2 AIN(s) = 2 Al(g) + N,(2)

Av

29

8 kcal

299.2
297.5
296.6
295.4
295.3
296.2
295.7
297.8
298.2
298.0

295.1
296.5
293.9
294.8
295.2
295.4
297.5
296.4
296.1
295.5

296.0
296.6
296.2
296.5
296.8
296.7
296.5
297.1
297.2

296.4 + 0.9
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Zafq, cm3 k,dyne cm/rad

a, cm ¢
Cell 3 0.0105 0.75 0.01872 3.18
Cell 4 0.0046 0.61 0.00681 3.02
Cell 5 0.0010 0.54 0.000977 3.17
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FIGURE 1. OBSERVED ALUMINUM NITRIDE DISSOCIATION PRESSURES

e



!
i

(==

bomeme

[

ey
1

AERONUTRONIC

AERONUTRONIC \
‘ ‘ A DIVISION OF «M&»@ny&a},

LOG Pe (ATM)

1 1 i j 56008

0.52 0.54 0.56 0.58

Lg% 10°

FIGURE 2. DERIVED ALUMINUM NIGRIDE EQUILIBRIUM PRESSURES
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Scheisel and Williams® have studied the mass spectrum of vapors
effusing from a Knudsen cell containing AIN and detected no mixed gaseous
species. It is assumed, therefore, that vaporization proceeds according
to the reaction.

2 AIN (8) = 2 Al(g) + Ny(g) 3)
and that the equilibrium constant for reaction (3) can be expressed as

K = 0.148 Pe3 (4)
vwhere Pg is the total equilibrium pressure. ird law heats have been

calculated from the pressure data using -A (F' 298/T) values for reaction
(3) of 111.64, 111.37 and 111.10 cal/mole degrees at 1700, 1800 and 1900° K,
respectively, and are given in Table I. The average third law value of
AH29 » 296.4 + 0.9 kcal, can be combined with the heat of sublimation of
aluminum, AH,9g = 77.5 kcal/mole, to derive the heat of formation of
crystalline AIN. From an estimated error of + 3.6 kcal in the AH,qg for
reaction (3) and an uncertainty of + 1.5 kcal/mole in the heat of sublima-
tion of aluminum, one derives AHfggs for crystalline AIN as -70.7 # 2.5
kcal/mole. In a recent review®, a AHf;gg of -76.0 (no uncertainty given)
kcal/mole has been selected for AlN(s), based gn the reaction calorimetric
results of Neugebauer and Margrave7 and Kelley®. Other reported values
range from -57 to -72 kcal/mole. The discrepancy between measured and
calculated (assuming AHf‘Z’ g " -76 kcal/mole) pressures is shown in
Figure 2. No reason for tge difference is immediately apparent, since
the torsion technique has been shown to be reliable (see Appendix) and
there are no reactions with the graphite cell which would produce a higher
pressure than that of reaction (3).

2.3 THE VAPORIZATION OF BORIC OXIDE

The vapor pressure of boric oxide has been measured over the
range 1420 to 1560° K by the torsion method using platinum effusion cells.
The data are needed in analyzing the vaporization behavior of LiBO, and
other metal borates and, in addition, should be helpful in deciding on a
firm vibrational assignment for gaseous B,0,. Vapor pressure data previous-
ly reported are not in good agreement and lead to moderate uncertainties in
the thermal properties of B,0, vapor. Measurements were made on an Amend
Drug Co. sample of CP 8203 which was vacuum dried for several hours at

1000° c.
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Scheisel and Williams® have studied the mass spectrum of vapors
effusing from a Knudsen cell containing AIN and detected no mixed gaseous
species. It is assumed, therefore, that vaporization proceeds according

to the reaction.

2 AIN (8) = 2 Al(g) + No(g) (3)

and that the equilibrium constant for .reaction (3) can be expressed as
K = 0.148 B> (%)

where P, is the total equilibrium pressure. Third law heats have been
calculated from the pressure data using -A (F 298/T) values for reaction
(3) of 111.64, 111.37 and 111.10 cal/mole degrees at 1700, 1800 and 1900° K
respectively, and are given in Table I. The average thitd law value of
AH29 ,» 296.4 + 0.9 kcal, can be combined with the heat of sublimation of
aluminum, AHy9g = 77.5 kcal/mole, to derive the heat of formation of
crystalline AIN. From an estimated error of + 3.6 kcal in the AH,q for
reaction (3) and an uncertainty of + 1.5 kcal/mole in the heat of sublima-
tion of aluminum, one derives Aﬂfg for crystalline AIN as -70.7 #+ 2.5
kcal/mole. In a recent review6, a z;nfggs of -76.0 (no uncertainty given)
kcal/mole has been selected for AlN(s), based gn the reaction calorimetric
results of Neugebauer and Margrave7 and Kelley Other reported values
range from =57 to -72 kcal/mole The discrepancy between measured and
calculated (assuming AHf = -76 kcal/mole) pressures is shown in
Figure 2. No reason for tge difference is immediately apparent, since
the torsion technique has been shown to be reliable (see Appendix) and
there are no reactions with the graphite cell which would produce a higher
pressure than that of reaction (3).

2.3 THE VAPORIZATION OF BORIC OXIDE -

The vapor pressure of boric oxide has been measured over the
range 1420 to 1560° K by the torsion method using platinum effusion cells.
The data are needed in analyzing the vaporization behavior of LiBO, and
other metal borates and, in addition, should be helpful in deciding on a
firm vibrational assignment for gaseous B,0,. Vapor pressure data previous-
ly reported are not in good agreement and lead to moderate uncertainties in
the thermal properties of B,0, vapor. Measurements were made on an Amend
Drug Co. sample of CP 8203 wh%ch was vacuum dried for several hours at

1000° C.
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The vapor pressure data obtained with two platinum torsion cells
of different orifice area are given in Table II; the results are plotted
in Figure 3. Slightly higher pressures are obtained in the cell with the
smaller effusion orifices, indicating a condensation coefficient of about
0.01. On this basis, the pressures obtained with Cell 2 are about 20 per-
cent below the equilibrium values. Possible departures from equilibrium
have not been considered in previous effusion studies, which are summarized
in Reference (9). Correction for an ¢ value of 0.01 brings the earlier
effusion results into closer agreement with the present results.

From the slope of the Cell 2 data, the heat of vaporization of
B,0, at 1500° K is calculated as 83.9 + 0.8 kcal/mole; the Cell 1 data
lead to the same second law heat, but with somewhat larger uncertainty.
The entropy of B,0, gas can be calculated from the sum of (1) the entropy
of the liquid at 1§OO°K, 61.7 eu/mole?, (2) the entropy of vaporization at
1500° K, 83900/1500 = 55.9 etu/mole, and (3) the entropy of compression to
1 atm, Rln (4.47 x 109) =-19.9 eu/mole. The entropy of ideal gaseous
B,0; at 1 atm is thus calculated as 97.7 eu/mole with a probable uncertainty
o% i 2 cu/mole. Reasonably well establisYSd structural data together with
the vibrational assigmment of White et al'" based on vapor emission studies,
lead to a calculated entropy of 94.7 eu/mole at 1500° K. A frequency
asgignment for B,0, based on matrix isolation studies at Union Carbide Re-
search Corporation 1l results in a somewhat higher entropy of 99.2 eu/mole
at 1500° K, although recent changes may raise this value somewhat. It
appears that the results of this research favor the Union Carbide assign-
ment or, more probably, an intermediate assignment. The difference between
the two spectroscopic studies lies principally in assignment of the bending
frequencies.

No attempt has been made to do a complete third law analysis of
the vapor pressure data because of the previously mentioned uncertainties
in the calculated thermodynamic functions of B 03(g8) . The saturated vapor,
incidentally, is known to be monomeric. For the reaction

B,0, @) = B,0, (8) (5)

one calculates second and third law AHyqg values of 94.1 and 89.5 ¥8a1/
mole, respectively, using the vibrationa agssignment of White et al™",
while the assignment of reference (11) leads to second and third lawZSH298
values of 93.1 and 95.2 kcal/mole, respectively. An average of the two
second law values yields A Hygg = 93.5 + 1 kcal/mole for reaction (5), from
which AAHfgge for By03(g) is derived as -207.5 + 1 kcal/mole. The frequency
assignment of reference (11) leads to better agreement between second and
third law heats.

-9-
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1521
1503
1489
1466
1518
1502
1494
1492
1448
1470

1467
1502
1519
1480
1476
1437
1524
1481
1476
1446
1423

a = 0.0112 cm

Cell 1

PTxIO ,atm

Series I

Series II

2

Ca/A = 0.0059

> afq = 0.0213 cm3
k = 3.03 dyne cm/rad

N WWWPeE=EDNDPWn

NNV =N N P

TABLE II

THE VAPOR PRESSURE OF BORIC OXIDE

5

.02
.00
.95
.91
.90
.87
.25
.08
.40
.00

.70
.40
.78 -
.25
.02
.05
.50
.40
.15
.23
.78

-10-

Z afq = 0,00868 cm
k = 2,98 dyne em/rad

Cell 2
5

235 PTxIO ,atm

Series I
1525 7.72
1555 11.9
1535 8.80
1485 3.36
1501 4.32
1513 5.51
1455 1.85
1438 1.34
1380 0.96
1488 3.56

Series II
1527 7.30
1536 8.90
1557 12.8
1550 11.2
1512 5.20
1526 7.17
1463 2.05
1426 1.08
= 2
a = 0.00506 cm
Ca/A = 0.0025

3
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In a recent review of boron compound.g, the heat of sublimation
of By03 at 0° K has been selected as 94.6 + 0.5 kcal/mole, based princi-
pally on a third law treatment using the frequencies of White et a110,
Various reported vapor pressure data lead to AH, values ranging from
93.8 to 96.9 kcal/mole. For comparison, the Cell 2 data reported here
yield A Hy = 93.3 kcal/mole. Consideration of a condensation coefficient
of 0.01 will lower the other AH, values based on effusion measurements and
bring them into better agreement with the result obtained here.

2.4 THE VAPORIZATION OF ALUMINUM TRIFLUORIDE AND LITHIUM ALUMINUM
FLUORIDE MIXTURES

a. Aluminum Trifluoride

The molecular weight of saturated Al1F3 vapor has been determined
by combining effusion weight loss measurements with previously reported
torsion pressure data. Three weight loss determination made over the
range 1036 to 1050° K gave average molecular weights of 96.9, 88.9 and
105.0, with an average of 96.9 + 5 (A1F3 monomer = 84.0). It is evident
that the saturated vapor is essentially monomeric in this range, especially
since the experimentally determined molecular weights are weight average
values. The heat of sublimation of AlFj at 298° K, 71.0 + 0.5 kcal/mole,
derived earlie: from vapor pressure data assuming monomeric vapor, is
therefore valid.

b. Lithium Aluminum Fluoride Mixtures

Effusion weight loss measurements have also been used to determine
the composition of the vapor over a 1l:1 mole ratio mixture of lithium
fluoride and aluminum trifluoride. The results of four weight loss determi-
nations made over the range 916 to 945° K, when combined with vapor pressure
data? reported earlier, yield average molecular weights of 105.4, 121.6,
79.7 and 105.6, with an average value of 103.1 + 12 (LiAlF4 monomer = 109.9).
This would indicate rather conclusively that a gaseous molecule of composi-
tion LiAlF, is the major gaseous species in the mixed f1u051de system. The
heat of formation of LiAlF,(g) at 298°K has been estimated” as -447 & 7
kcal/mole from vapor pressure data.

The vapor pressures of the 1:2 and 2:1 LiF:AlF5 mixtures were found
to be essentially the same as that of the 1l:1 mixture, indicating that mixed
gaseous species other than LiAlF, are not important. The 3:1 LiF:AlF4 mix-
ture has a vapor pressure which ?s more than an order of magnitude lower than
that of the 1:1 mixture; this is consistent with vaporization principally to
AlFj3. o

H919)
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SECTION 3

TRANSPIRATION STUDIES

A quartz flow system has been constructed for use in transpi-
ration studies of the reactions of metal oxides with HCl and other
chlorine-containing gases. The system is essentially identical in
design to the metal flow system previously used3. Some preliminary
transpiration measurements of the vapor pressure of zinc chloride, using
argon as flow gas, indicate satisfactory operation. The reaction of
gaseous HC1l with zirconia is presently being studied.

-13-
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SECTION 4

MASS SPECTROMETRY

4.1 VAPOR SPECIES IN THE BORON-OXYGEN-FLUORINE SYSTEM

Mass spectrometric_studies of vapor species over 3203 - MgF
2 2
mixtures, begun last quarter, have continued. The spectrometer is
a 60-degree sector, 12-inch radius of curvature direction chusing
instrument that has been described previously<“:*°,

a. Identification of Effusing Species

The mass spectrum of vapor from a 3:1 mole ratio B,03 - MgF,
mixture at 928° C is given in Table III along with appearance potentials
of important ionic species. Total gas pressure was significantly less
than that previously encountered with a 1:1 mixture. Appearnace poten-
tials were determined by the vanishing current method17, using the
ionization efficiency curve of zllg'+ for calibration of the electron

energy scale.

As before, relative heights of the BF3+, BF2+, BF+ and peaks
resemble those observed in the mass spectrum of boron trifluoride~“. 1In
addition, measured appearance potentials of BF, and Bt agree with the
values reported by Osberghaus1 for production of the ions from BF3, thus
providing conclusive evidence for the presence of BF3 in the effusing
vapor.

Simple ionization of molecular (OBF); appears to be the only
significant mode of (OBF)3+ ion. formation in view of the absence of de-
tectable amounts of boron-containing ions at masses beyond m/e 138. oBFt
ions, on the other hand, might be formed by ionization of molecular OBF

-14-
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m/e
- 10,11
29,30
45,46
46,47
48,49
65,66
67,68
71,72,73
90,91,92
93,94,95
116,117,
135,136,

Tk

1259
1206
1171
1125
1085

I+ value

TABLE III

g

AERONUTRONIC
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MASS SPECTRUM (IONIZING VOLTAGE = 60V) OF VAPOR FROM
3:1 MIXTURE OF By O3 AND MgF; AT 928°C AND APPEARANCE

POTENTIALS OF IMPORTANT IONIC SPECIES ®
Relative Appearance
Ion Intensity Potential, ev
B+ .56 31.3 £ 0.4
BF+ 1.41
OBF+ 3.85 13.9 + 0.4
BFOH+ .52
BF2+ 100 16.7 + 0.4
BF20H+ .39
BF3+ 5.24 16.4 + 0.4
BZF02+ .51
(OBF)2+ 1.23 17.2 + 0.5
BZ°F3+ 2.59 16.6 + 0.5
118,119 B3O3F2 + .43 13.4 + 0.5
137,138 (OBF)3+ 4.36 14.5 + 0.4
TABLE IV

TEMPERATURE DEPENDENCE OF THE EQUILIBRIUM
(OBF)3(g) = 3 OBF (g)

Run 1
+ 3.2, +
log[ (1) "T°/1

10.26
9.17
8.46
7.67
6.36

s in arbitrary units

138]

-15-

Run 2

T°k

1315
1251
1201
1161

<32, 4
log[ (1, T /1 138 ]

11.93
10.83
9.54
8.84
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and/or by fragmentation of a larger molecule such as (OBF),. If ionization
of OBF is responsible for a significant fraction of the OBF" ion current

one would expect to observe some change in the OBF+/(OBF) intensity

ratio with changes in temperature. Such an effect has indeed been observed
and will be discussed later. The ionization efficiency curve of OBFt
contains no sharp breaks which might suggest more than one important process
of formation. The value obtained for the appearance potential of OBF',

13.9 £ 0.4 ev, is low enough to preclude complex fragmentation processes.
Based on the foregoing, it is concluded that most, if not all, of the (1))
ion current results fro . simple {onization of molecular OBF.

Intensities of the (OBF)2+, 320F5+, and B303F2+ ions relative to
that of (OBF).t remain essentially constant over temperature changes in
excess of 1008,1ndicating that these ions are produced by fragmentation of
(OBF)3. Thus, B303F2+ is probably formed by the process

+ -
(OBF)3 +e B3O3F2 +F +e

Simultaneous production of F~ would explain the fact that the+
appearance potential of B,O.F * is some 0.9 ev less than that of (OBF), .
Formation of BF, from BF3 also appears to be accompanied by F~ formation.

b. Equilibrium Between OBF and QOBF)3

Intensities of the OBF' and (OBF)5+ ions were studied over the
temperature ranges 1085 to 1259° K in one experiment and 1161 to 1315° K

in another. For these studies the ionizing electron energy was made only
a few volts greater than the appearance potentials of the ions of interest,

thereby minimizing contributions due to fragmentation.

Assuming that under these conditions OBF' and (OBF)3+ are pro-
duced solely by simple ionization of the corresponding molecules, the
following relationships hold:

+

(Topr

T) k) = Bopr

+

(X (oBF) :

Tk, = Popr) 3

where the I*'s are fon currents, T the absolute temperature, P's the appro-

priate equilibrium partial pressures within the crucible, and the k's are
temperature independent sensitivity factors which include ionization cross

-16-
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sections, ion collection efficiency, electron multiplier gain, etc. The
equilibrium constant K of the reaction -

(OBF), (g) = 3 OBF () (6)
can be expressed as 3 + 3 2 |
K o —LOBF . T T K )
P +
(OBF), (08F) k,

The intensity of the m/e 46 peak was used for I+OBF and that of m/e 138
for I+(OBF)3' A second law heat for ﬁfaction (6) can thus be obtained
from the slope of a plot of log [(I+46) T2/I+1 ] versus 1/T. The data
are given in Table IV, and a temperature plot 22 shown in Figure 4. The
derived heats, AH,,q5s for reaction (6) are 138.2 and 144.2 kcal for
runs 1 and 2, respectgvely. Changes in instrument sensitivity during the
period of days between the runs are probably responsible for the displace-
ment of the two curves. An average of the two runs gives AHjz00 = 140.2
kcal for reaction (6). Taking A(Hl 00 - ) = 3.6 kcal from estimated
thermal funcgions, one calculates AHjpgg = f?? +15 kcal. From this value
and the AHf,qq for (OBF)4(g), =366 al/molel, the heat of formation of
OBF(g) at 2938 K is derived as -141 + 5 kcal/mole. Another determination
is presently being made in an attempt to obtain a more accurate second
law heat.

The AHfS for OBF(g) reported here is in agreement with other
unpublished values determined by mass spectrometry. It also agrees with
the value -142 + 3 kcal/mole obtained from low pressure flow studies of
the By0; - BF3 reaction carried out in a silica flow systemla- However,
the validity of the flow studies has not been clearly established in
view of recent resultsl’® which indicate that at moderate temperatures
boron trifluoride reacts much faster with silica than with boric oxide.

It would seem that reaction of BF, with silica, as shown in Reference (15),
would produce relatively large amounts of SiF, and significantly lower the
partial pressure of BF3 in the reaction zone, making it difficult to specify
the principal reaction under study.

The infrared measurements of Fisher et 3115 appear to confirm the
ring structure for (OBF)3.

-17-
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4.2 THE VAPORIZATION OF MAGNESIUM NITRIDE

The vaporization of magnesium nitride has been studied mass
spectrometricall¥ in an attempt to shed light on the anomalous vapor-
ization behavior® of this material. The sample was a portion of that
used for the torsion-effusion studies2, and was placed in a tungsten
crucible.

The mass ;gectrum of v gor species at 834° C for 40-volt
electrons contains Mgt and N2" ions as shown in Table V. No meas-
urable amounts of molecular and polymeric ions were present. The Mgt
peaks could be completely extinguished by closing the lhutter which
separates the Knudsen and ion source compartments. For Nz the effect
of clgsing the shutter, as previously observed for ions from permanent
gasesz, is a partial reduction of ion intensity.

Appearance potential measurements for each of the ions listed
in Table V were made in an effort to determine the neutral species from
which the ions are formed, and also to evaluate the suitability of the
newly installed instrument for such measurements.

Ionization efficiency curves for the ionz Mg , N and Ntare
shown in Figure 5. Also shown is the curve for ol from background
mercury which was used for calibration of the electron energy scale.
Slopes of the straight line portions of all four curves have been made
approximately equal by applying appropriate scaling factors to the ordi-
nates._ _Appearance potentials were detefmined by the vanishing current
method™’ and are given in Table VI.

The experimentally determined appearance potential of Mg+,
7.4 + 0.2 ev, agrees with the spectroscopic ionization potential of
magnesium atoms, 7.6 evls, thereby indicating that magnesium atoms are
produced in the vaporization of Mg,N,. Similarly, agreement between the
measured appearance potential of N2+, 15.6 + 0.2 ev, and the spectroscopic
ionization potential of the nitrogen molecule, 15.55 ev19, is evidence
for the existence of molecular nitrogen in the effusing vapor. Further
indication of the latter is given by the fact that the value obtained for
the appearance Rotential of N+, 24.3 + 0.2 ev, has also been obtained for
production of N' from molecular nitrogen by electron impact

From a temperature study of the 24Mg intensity over the range
956 to 1204° K, the heat of the reaction

Mg3N2(s) = 3 Mg(g) + Nz(g) (8)

-19~
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TABLE V
MASS SPECTRUM OF VAPOROSPECIES FROM
Hg3 N2 AT 834°C
IONIZING VOLTAGE = 40 VOLTS
Relative
Ion Intensity
N+ 2.4
Mgt 1.8
+
N2 100
TABLE VI

APPEARANCE POTENTIALS OF IONS F%OM VAPOR
PRODUCED BY Mg3 N, AT 834°C

_(I.V.)o,v
8.2

5.2

13.4

22.1

2
A (I.V.) .V A.P.,ev
== *
10.4
-3.0 7.4 +0.2
5.2 15.6 + 0.2
13.9 24.3 + 0.2

Spectroscopic ionization potential of Hg.

(1,v_)o = Value of ionizing voltage corresponding to zero ion
current; obtained by extrapolating foot of ionization
efficiency curve to abscissa.

A(I.v.)o =(I,v,)o x+ - (I.V.)o Ho+

A.P. = appearance potential = 10.4 + A(IV)O

-20-
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FIGURE 5. IONIZATION EFFICIENCIES OF IONS IN THE MAGNESIUM NITRIDE SYSTEM
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has been obtained as 286 + 5 kcal at 298° K, using second law methods. This
value is somewhat lower than the second law AHygg of 309 kcal obtained from
torsion-effusion studies, but is considerably aggher than the third law
result of 243.5 + 0.5 kcal® and is in even poorer agreement with a AH

of 217.0 calculated from thermochemical data. The mass spectrometric studies
thus confirm the anomalous vaporization behavior, but give no indication as
to its cause.

-22-
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SECTION 5

SPECIFIC HEAT MEASUREMENT

Little progress has been made in the specific heat area in
this period because of difficulties in making reliable temperature meas-
urement. The principal problem centers on instability of the vacuum
phototube used as sensor in the recording pyrometer. Although the
phototube stability initially appeared to be acceptable, subsequent use
of the instrument showed very erratic behavior. Some consideration is
being given to other types of sensors in an effort to improve stability.
Several recording pyrometers which have recently become commercially
available are also being evaluated.
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SECTION 6

FUTURE PROGRAM

Vaporization studies on Li 20 and LiBO,, now in progress, will
be completed. Results to date indicate a relatively stable gaseous
LiBO, molecule is formed.

The reaction of elemental boron with gaseous BF3 will be studied
in the mass spectrometer in order to obtain thermal data on BFZ. A gas
inlet system has been built and tested for this purpose.

The reaction of alumina with AlF4 and other fluorides will be
studied in the mass spectrometer so as to obtain information on gaseous
aluminum oxyfluoride species.

Transpiration measurements on the 2r0,-HC1 system will be con-
tinued. The reaction of zirconia with HF or gaseous fluorides will also
be studied, if a mass spectrometer survey indicates Zr-0-F species to be
important.

The vaporization of lithium aluminate, L1A102, will be studied
by both effusion and mass spectrometric techniques. It is also planned to
study the reactions of LiAlO2 and other mixed oxides with H,0 and halogens.

Development of the vacuum cooling rate method for specific heat
measurement will continue.

-24-
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APPENDIX

THE VAPOR PRESSURE AND HEAT OF SUBLIMATION OF GOL.D1

by D. L. Hildenbrand and W. F. Hall
Researcn Laboratories, Aeronutronic

Division of Ford Motor Co., Newport
Beacn, California

Although the available literature contains a number of refer-
ences to experimental determinations of tne vapor pressure of gold, tae
reported values are not in good agreement and the derived heat of
sublimation is uncertain by at least several kcal/mole. Some additional
vapor pressure data for gold has recently been obtained in this labora-
tory in the course of some studies of the reliability of tne torsion-
effusion method of vapor pressure measurement. It was felt worthwnile
to report this information in view of the need for firmly establishing
such basic data. When enough information of this type becomes available,
it may be possible to establish a reliable set of hignh temperature vapor
pressure standards such as those developed for the standardization of
calorimetric measurements. Because of the fundamental importance of
vapor pressure measurements in high temperature chemistry studies, the

establishment of vapor pressure standards would appear to be desirable.

r

1. This work supported in part by the Advanced Research Projects Agency
under Contract NOrd 17980.
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Data reported here have been obtained by the torsion-effusion

method, which nas been described previouslyz’s. Witn this method, one

°
2. A. W, Searcy and R. D. Freeman, J. Am. Chem. Soc., 76, 5229 (1954).

3. M. D. Scneer, J. Phys. Cnem., 61, 1184 (1957).

observes the angular deflection induced by effusion of vapor from a multi-
hole effusion cell wnich is suspended from a filament of small restoring

force. The pressure within the effusion cell can be evaluated from the

relation

2k 8
Z afq 1)

P=
where k is the torsion constant of the filament, 6 is tne measured angu-
lar deflection, and a, f, and q are the area, force factor and moment arm
of each of the effusion orifices. The force factor corrects for tne
reduction in effusive force resulting from the finite thickness of the

orifice and has been calculated for various tube geometries by Freeman and

Searcya.

4. R. D. Freeman and A. W. Searcy, J. Chem. Phys., 22, 762 (1954).

It should be noted that total pressure data so obtained are on an absolute

Qasis and, in addition, are not dependent on the composition of the effusing

vapor.

-28-
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Engelhard Industries mint grade gold of better than 99.99%
purity was used for the vapor pressure measurements.

Since the torsion-effusion apparatus will be described in more
detail in a forthcoming publication, only a brief description will be
given here. All measurements were made using effusion cells machined
from ATJ high density graphite. The cells were of square horizontal
cross section and contained four effusion orifices, one each drilled in
opposite sides of opposite vertical faces so that the moment arm of each
of the orifices with respect to the center of suspension was about 0.55 cm.
Orifice depths were of the order 0.04 to 0.05 cm. The effusion cell
geometrical factors are given in Table I. Contrary to the experience of

Pugh and Barrow5 and Witt and Barrow6, the graphite cells used in this and

5. A. C. P. Pugh and R. F. Barrow, Trans. Faraday Soc., 54, 671 (1958).

6. W. P. Witt and R. F. Barrow, Trans. Faraday Soc., 35, 730 (1959).

other research in this laboratory have proven to be entirely satisfactory
as far as reproducibility of results is concerned. 1In addition, there

was no evidence for diffusion of the liquid metals or their vapors tnrough
graphite, as reported by Edwards and DOWning7 for mercury, silver and

copper. However, it is highly unlikely that diffusion or permeation effects

7. R. K. Edwards and J. H. Downing, J. Phys. Chem., 59, 1079 (1955).

could contribute a net torque and thus, even if present, they should have

no effect on the torsion measurements.
-29.
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A 30 cm length of tungsten wire, 0.005 cm. in diameter, served
as the torsion filament. Oscillations Were damped out magnetically. Tae
effusion cell was heated by radiation from a surrounding hollow tantalum
cylinder which was in turn heated by high frequency induction. By
shielding the cell and heating indiréctly, a coupling effect2 between
the cell and the high frequency field was avoided, leading to entirely
satisfactory operation. A 0.2 cm diameter hole drilled in the bottom of
the tantalum susceptor served as a pyrometer sight hole. Additional
holes of the same size were drilled in the susceptor side and these, in
addition to a largéf hole in the removable 1id, allowed for evacuation
of the cell region and escape of vapor molecules. Thermal radiation
shielding of the susceptor was provided by several layers of tantalum
foil joined in such a way as to present a high resistance to eddy currents.

A fused silica tube enclosed the susceptor and cell arrangement
and, while measurements were in progress, was evacuated to a pressure of
leo-smm or lower. The bottom of the tube contained a planar optical
window protected by a movable shutter as part of the optical sight path.
Temperatures were measured With a calibrated disappearing-filament
optical pyrometer signting on the hole in the susceptor bottom; the
relation between pyrometer reading and effusion cell temperature had been
established through a set of calibration experiments in which pyrometer
temperatures were compared with the output of a standard platinum thermo-
couple, the junction of which was placed within the sealed sample chamber
of an effusion cell. After correction for reflection losses at window
and prism surfaces, the results indicated the susceptor arrangement to
have an effective emissivity of 0.9 at 0.65u , due, no doubt, to non-

uniform heating of the susceptor by the induction field.
-30-
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The remainder of the system, the method of determining the
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torsion constant and the measurement of angular deflection are essen-
tially the same as described by othorsz’s. In this work, the torque

angle could be observed directly to within 0.001 radian.
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RESULTS

The experimental vapor pressure data and derived heats of
sublimation are given in Table I. Data were obtained with éwo different
orifice sizes; the two sets of results are in good agreement, indicating
the observed pressures to be equilibrium values. There is no reason to
suspect a reaction of the metal with graphite, since it does not form a

stable carbides. The extent to which the results may be affected by

8. L. Brewer, L. A. Bromley, P. W. Gilles and N. L. Lofgren, Paper 4 in
"The Chemistry and Metallurgy of Miscellaneous Materials: Thermo-
dynamics®, National Nuclear Energy Series, Vol. 19B, McGraw-Hill Book

Co., New York, 1950.

solution of carbon in gold, with subsequent lowering of the activity, is
not known with certainty, but the effect is believed to be inappreciable.
The same gold sample was used throughout the measurements, with no observed
change in pressure with time such as might be expected for a gradual
solution of carbon in the metal in significant amount.! Experimental
pressures Were Within the molecular flow range, as required for applica-
tion of equation (1).

Free energy functions used in the third law treatment of the

vapor pressure data Were taken from Stull and Sinkeg. The assumption of

9. D. R. Stull and G. C. Sinke, "Thermodynamic Properties of the Elements",
Advances in Chemistry Series, No. 18, American Chemical Society,
Washington, D.C., 1956

monomeric vapor implicit in the calculations appears to be valid since

-32-



mass spectra of the vapor obtained under both free evaporationlo and

10. J. Drowart and R. E. Honig, J. Phys. Chem., 61, 980 (1957)

Knudsen11 conditions indicate less than one mole percent polymeric

11. P. 0. Schissel, J. Chem. Phys., 26, 1276 (1957).

species to be present. The average third law value of the heat of
sublimation at 298°K, 86.5 kcal/mole, is assigned an overall accuracy
uncertainty of *0.9 kcal/mole, based on an analysis of experimental
errors. An estimate of a possible error of 15° in temperature measure-
ment contributes most of the uncertainty.

In Table 1I, the results of this research are compared with
third law heats of sublimation derived from the work of other investi-

gators, in all cases using free energy functions from Reference (9).

TABLE 11

COMPARISON OF RESULIS

Investigator Re ference A'H298’ kcal/mole
P. Harteck 12 90.7
L. D. Hall 13 84.7 + 0.7
R. K. Edwards . 14 87.0
E. G. Rauh 14 87.2 * 0.8
A. N. Nesmeyanov et al. 15 87.3
This Research 86.5 ¥ 0.9

12. P. Harteck, z. Physik. Chem., 134, 1 (1928).
13. L. D. Hall, J. Am. Chem. Soc., 73, 757 (1951).

14. Private Communication, quoted by R. Hultgren et al., "Thermodynamic
Properties of Metals and Alloys"., Minerals Research Laboratory,
University of California, Berkeley, California, 1960.
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15. A. N. Nesmeyanov, L. A. Smakhtin, D. Ya. Choporov and V. I. Lebedev,
Zhur. Fiz. Khim., 33, 342 (1959).

All results are presumably based on effusion measurements although no
details concerning the work of Bdwardsla or Rauhla are as yet available.
Values of AH298 calculated from .. '-%a of Nesmeyanov et .1.15 showed
a trend of 0.7 kcal/mole over the 200° range of the measurements; an
average has been selected. The A H298 obtained from this research is in
good agreement with the most recent valdes, and it would seem that

87.0 +0.5 kcal/mole is the present best value for the heat of sublima-

tion of gold at 298°k.
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TABLE 1

The Vapor Pressure and Heat of Sublimation of Gold

5

i o P x 107, atm

TK 0 x 107, rad AHZ98’ kcal/mole

s R ] | m— i ey | e
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1904

a, cm
2 afq, cm3
k, dyne cm/rad
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Cell #4

0.0046
0.00681
3.20
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Cell #5

0.0010
0.000977
3.18

86.2
86.2
86.6
86.0
86.5
86.5
86.5
86.9

87.2
86.3
85.8

Av. 86.5+ 0.2
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