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FOREWORD

The ICRPG Working Group on Thermochemistry consists of
individuals especially qualified by virtue of competence and ex-

perience in the areas of generation, evaluation and application
of thermochemical data in rocket motor performance calculs
tions, This Working Group, currently under the cha.irma.nship
of Mr. T. O. Dobbins of the Advanced Research Projects
Agency, is successor to the JANAF-ARPA-NASA Thermo-

chemical Panel,

‘The major part of this meeting was devoted to reviews and
evaluations of recent advances in thermochemical data of .
interest and in experimental equipment and procedures. The $
proceedings are published in two volumes, This document,
Volume I, contains the unclassified presentations while :
Volume II contains the Confidential presentations.




RECENT MICROWAVE SPECTRA STUDIES OF HIGH ' TEMPERATURE _SPECIES

David R. Lide, Jr.

National Bureau of Standards, Washiangton 25, D. C.

Mierowave spectroscopy 18 a valuable tool for determining the
structire of molecules in the gas phasée with high accuracy. However,
the iuse ef th:l.s method for st:udy hg molaecular species in high-tefiperature
t experimental problems. The choice
of materials with suitable e ical, mechanical, and chemical
properties is not easy. Furthermore, the 1ntens:l.ty of the spectra

usually decreases rapidly with increasing temperature.

A high-temperatutre spectrometer has been c¢onstriucted at N.B.S. and
used to Investigate severadl molecules. The wavegulde is made of stainless
ateel and is contained in a quartz vneuum jncket. '.I!he central part is
'rhe sample is vap r:l.zed frem a bont in the center and condenses in the
cool region. The system has been operated up to 1000°C; and it cam be
used at frequencies up to at least 60,000 Mc.

high-temperature spectromete:. Ihese s?eeies vere p:odgced by reduction
of the trihalides with aluminum metal at a temperature of 600=700°C. In
the case of the fluoride; a mixture of AlF, and Al was placed in the hot
zone. For the chloride, AlCl, was maintaihed in a separate chamber at a
temperature of about 75°C, ana the AlCl, vapor was passed over liquid Al
in the hot region. The AIF and AlCl spgctre are typical of diatomic
molecules; the transitions were identified with complete certainty by
measurement of nuclear quadrupole hyperfine structure and Stark effects.

The molecular constants are given in Table I.

The spectrum of LiCl has also been méasured and analyzed. This is
the last of the alkali halides to be studied by microwave methods., The
results are given in Table II.

Efforts have been made to observe spectra of polyatomic species,
particularly the alkali hydroxides. However, these experiments have so
far been unsuccessful.




TABLE I. MOLECULAR CONSTANTS OF ALF AND ALCL

_Alr st

16562.5 Mc 7312.76 7140.70
148 4 Me 48.10 46,32

1.65437 £ 2.13016 2.13016
1.5 D ~ 152

TABLE II. CONSZANTS OF LICL
o1 rier®’

B, 21181.1 Me 20989.9

)

240.2 Me 236.9

£

e
2,02067 2.02067

"
M

B (ve0) 7.12 D ' 7.12 D
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David White -

Cryogenic lLaboratory, Department of Cheémistry
‘The Ohio State University

(3) A. Scmner, D. ‘White, M. J.MLinevsky and D. E. Mann, 5. Chem. Phys.,
38 )

15 nmevertheless possible from an
fts to make a complete assignment
te

analysis of the BYO.piL 1 shi ssi
of the fundamental frequencies and determine the molecular symmetry, Cav.
It can also be shown that the B-0-B apeXx angle is considerably greater

than 907, the expected value from purely valence considerations.

We have recently obtalned the infrared absorption spectra of sev-
eral oxides of lithium trapped in solid rare gas matrices. The situation
here is considerably more complex than in BzOs. On vaporization of solid
L1120, & large number of molecular and atomic species are formed and
simultanecusly trapped in the rare gas matrix. It is not possible to
find conditions vwhich produce predominately a single lithium oxide vapor
species. In analysing the observed spectrum it is therefore necessary
trapped in the matrix. Figures 1 and 2 show the spectra of the matrix
isolated vapors. From the Li®-Li 7 isotopic shifts it is possible to
show that the strong triplet at 986.5, 1010 and 1028.5 cm”

¥ This research is ‘supperted by the Chemistry Office of the Advanced -

Research Pro,jects Agency and monitored by the Office of Naval Research

i
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Krypton matrix iselated vapors
from Liy0(S).
Deposition temperature 1610°K. (1 hr. 50 mis.)

natural Liz0

o0 |}

% Absorption

3’

FIGURE 1. SPECTRA OF MATRIX ISOLATED Lig0 AND LiO.
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Lio\and the 1ow frequency triplets as s?newn in Fig 2 due te the molééule

to the alkali metal halide dime:

The use of isotopiec shifteh m the interpretation of above spectral
data is based on two assumptiots,

(1) The force fields of idditeopic m

This is the basgis of # = Tell

(2) The observed fundament] [l frequencies

molecules are to a goda spproximatiocn the 2670 oi'der
cies @f me freem molee le.

The cryostat s cold windew and radi
can be seen that the apparatus liw ve ]
the cold window is supplied by awuwo :

temperature range 15 to 200°K

The infrared absorption speirwrum of HCL isolated in a solid argon
matrix is shown in Fig. 4 at twoiscemperatures, 49K and 20°K. The isotopie
concentration is that of naturall v occuring HCl. The spectrum shows

several sharp features which caniese separated into two types by their
temperature dependance. The paiwonof bands designated as Q, which are
due to the isotopic species HCla,,\ H0137, show no tempersture dependance
of the intensity. The intensitis s of the other features, designate
P(1l) and R(o), are very stronglyissepperature dependant. oIn fact the

P(1) feature observed at 20°K digyppears completely at 4 K. It reappears,
however, on warming to 20%K so tiiwt the effect is reversible. It is ob-
vious from these results that twibdifferent spectra are obtained for HCL

trapped in the rigid matrix. Omwwcan ascribed to HCL molecules in which
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FIGURE 3. MINIATURE MATRIX CRYOSTAT,
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the rotation is hindered, the R(o) and P(1) features. Sinee the P(1) band
arises from transitions in the first exerted rotational state, at 49K this
banid is absent du¢ to depopulation of this staté. The second spectrum, the

Q features, arise from HCl molecules whose rotations are completély quenched.
’Tb'“ type of behaviour might explain the multiplicity of bands fregquently
This can be seen in Fig. 1 where two bands have

oocurance of multiple bands 185 the freezing im of excited electronic states.

The infrared absorption sPectrum of HC1 has been examined under con-

? ~-ted with & smalf gra ng.
below were obtainéd with & large grating instrument having a resolution
of approximately 0.03em~* in the region of the HCL fundamental. The high
res tion data for HCl trapped in solid argon at 20% are summarized

HCL37 HC13s
o , (em=*) (em=1)
Q of matrix specturm 2861.477 2863.557
P(1) of gas phase spectrum  2863.007 2865.086

It can be seen that the HC137-HC1®® shift in the matrixX spectrum, 2.080cm~%,
—~=”; to the isotope shift of the gas phase P(1l) rotat

i 079em=:., Thus to a good approximation matrix isotopic
shifts are very ne rly gas phase isotopic shifts. This has been verified
not only in HCl but in a number of other cases. It should, however, the

matrix band is shifted considerably from the gas phase band center. The

shift in the case of HCl trapped in argon is approximately 22cm'7 50 2
red or slightly under 1% of the fundamental frequency. The fact that ‘the

. shift is nearly the same for both isotopic species can bé accounted for

on theoretical grounds.

The magnitude of the matrix shifts are of considerabie importance
Redlich product rule. Even though we have demonstrated that isotopic
shifts in matrices are nearly identlical to gas phase shifts in a large
number of cases, the quantity of importance in determining molecular
symmetry is not the shift but the ratio of frequeneies. Thus the mag-
nitude of the matrix shift determines the reliability of conclusions
based on the product rule. In cases where the shifts are of the order

of one to two percent of the fundamental frequency, or less, vwhich seems
to be the rule rather than the exception the product can be used with
considerable confidence in the analysis of matrix spectra.

matrices are of considerable importance in understanding the nature of
the interactions between a trapped species and the host lattice. A
camplete discussion of this problem will be deffered to a latter date.
It should, however, be pointed out that the half widths of matrix bands

are quite small ,.. of the order of 0.2-0.3cm~!. Thus small vibrational

The high resolution spectra of simple molecules trapped in rigid
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isotopic shiftés can be readily iavestigated. This 18 of considerable
impertance on the analysis of spectra of polyatomié¢ moleculés; particularly
molecules contailning & large number of atoms.
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SOME_RECENT INFRARED SPECTRA O THORIA _ZIRCONIA AND HAFNIA

o
e

ABSTRACT
The infrared spectra of several high temperature moleciles,
vaporized from thoria; zirconia and hafnia, have been observed using
the technique of matrix isolation. Such molec“‘éﬁ as ThOy; THO, Zr03,
Zr0 and Hf0 have recently been observed:. A linear model for Th02 and
2¥0y is consistent with the observed frequencieé and tentative assignments

for these molecules have been made. No e ence for Hfoz fiolecule was

found, The fundamenital vibrational frequen 41 8 for ThO, Zr0 and HfO

were established.

INTRODUCTION

rce of experimental spectp;,copic data

; retofore was unattainable. The teéchnique
'1afly well suited to the study of the infrared
ure molecular species, and when used with
materialg, has provided a powerful means of
tFUGtures,£199

has proved itself pd
spectra of high t

'11

As Brewer had recently pointed outs, there were no spectroscopic
data available for any metal dioxide molecules and to our knowledge,
this research repreésents the first attempt to obtain such information.
The matrix isolation technique has been extended to materials that

vaporize at temperatures as high as 2700°C and is possibly the only

materials. Although it is at present impossible to obtain a complete
vibrational frequency assignment on the oxides of thoria, zirconia and

hafnia from our measurements, nevertheless, it is felt that the asymmetric

stretching frequencies for ThO2 and Zr02 can be reliably assigned and

various possibilities ,or the other fundamentals can be inferred. It

is anticipated that, by using isotopically substituted oxides (vig.

al8 enriched materials), complete assigmments can be obtained,

EXPERTMENTAL

The basic experimental techniques have been adequately described
elsewhere.l It was found necessary to modify the vapor source in order
to attain high enough temperatures to effect the vaporization of the
materials gw, r investigation. Figure 1 gives a schematic of the new
source used in these investigations. Essentially, the induction coils
were moved from the outside of the quartz envelope to the inside so
that better c pling and hence higher temperatures could be reached.

Vaporization was carried out from either tungsten or iridium cells
having an orifice of approximately 2 mm, In the case of the iridium

Page 11




cell; this was so constructed as to fit inside of & tungsten cell &o
that the tungsten cell acted as a susceptor, The iridium célls wetre
fabricated by Englehard Industries and were of welded construction with
the effusion orifice being the only opening: Loading of these cells
vas accomplished through the orifice., Températures were read om a
black body hole located in the base of the tungsten suscéptors with

a miero-optical pyrometer. All matix gases were Matheison research
grade materials, Prior to isolation, samples were thotroughly degassed
in situ at temperatures slightly higher than those at which iselation
was carried out. Nevertheless, traces of water were still evident in

hotia and zirconia tenaciously retain water. The pre o]
small amounts of both €O and. 002 wete also evident in thé v rious spectra
and is presumab*“ due to carbon impurity in the Knudsen cells or to

the P nce ry oxides. All spectra were
recorded with a Perkin Elmer Model 112 double pass spectrophotométer

in the region 2 /‘ to 40/4

The results for thoria, zirconia and hafnia are given below,

RESULTS AND DISCUSSTON

The infrared spectrum of thoria in solid argon matrices

a linear molecular configuration for Th02. These spectra are inclumjf
in Figure 2, (Spectra A and C). During the course of this yeat's
investigation, the spectrum in solid argon was re-examined using an

These spectra are given as B D and E of Figure 2. Unless otherwise
noted, the containers used were tungsten, The teiiperature of vaporization,
v, and the time of deposition, tv, are also included in Figure 2. The
ratio of matrix to trapped species was estimated to vary between 500:1

to 200:1. It is evident from Figure 2 that the spectrum obtained from

the iridium cell shows no signs of the presence of ThO (877 cm"1 881 cm'1

in solid argon), this frequency being definitely establighed by vaporization

of a mixture of Th and ThO2 (Spectrum C). Apparently, the amount of ThO
in the vapor is greatly influenced by the tungsten crucible; however,

the spectra show no evidence for any tungsten oxides and, indeed, except
for the disappearance of ThO, the majer bands are identical to the spectra
obtained from tungsten cells, These major bands must be presumed to be
due to ThO2, The appearance of a very weak band at_around 1030 =l and

the disappearance of the very weak band at 1311 cm™l should be noted.

More will be said about these bands when the results for Zr02 are given.

The spectra obtained in solid krypton and solid xenon (D and E) show
typical matrix shifts, the magnitude of which are quite reasomable. It
is interesting to note that the weak band at 722 em™! in solid argon
does not have a counterpart in either solid krypton or solid xenon and
for this reason might reasonably be regarded as a so-called matrix effect
peculiar to argon. The spectrum obtained in solid xenon shows peaks
which are much broader and indeed in one case split (719 cur1 721 cm® 1)

indicating possible multi-gight matrix effects,

In general, the spectra are quite simple, with only one strong peak
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(736 em~! in A) and one weak peak (approximately 787 cm'l in argon),
assignable to the Th02 molecule. The frequency ar und' 880 cm»1 in argon

of Th and '1‘1102. Rega diless of whether the molecule is bent of linear ’

the strong peak (736 en*l in A) for ThOy is undoubtedly due to the
asymmetric stretching frequency )3, since in either configuration this
mode should give rise to the most intense fundamental. Assuming & linear
configuration, point group D e h, two fundamental frequencies should be
active. These are 3/ 3 and \) (the bending mode) ; whereas Ji; the
symmetric stretching frequency; is inactive:; Unfortuna ely, the frequency
3 2 is most likely beyond the spectral range of our measutemeénts (> 40/‘)
and is, therefore, not observable. Using the equations_for the limearly
symmetric XYs valence force model,; as given in ﬁerzlherg7 the fundamental
3 3 (736 el in A) gives a strextching force constant; kj = 4.49 x 103
dyne/cm: With this conétant and the above mentioned equationa Y i is
estimated to lie around 680 em~l, If the frequemcy at 787 em — in solid
argon is due to a combination of ¥ + ;) (active in D e@h), \’2 must
then lie around 1] Fu ¢ credence to this assignment can be
added by est jting \12 by a comparison with the €05 molecule, In CO3,

the ratio of the bend’ng force constant kd/l2 to the st‘ hing constant,
k1, is equal to ,0336’, using : j for '1'002

of around .15 x 10° dyne/cm is obtained which y:lel , -
bending frequency, '\)2, of about 135 cﬁ-l Considering the nature of
this caleculation, this i8 in good agreement with the 110 en~} value
obtained from the combination band. On the other hand, if the molecule
is bent (point Troup sz), all three fundamentals are active and the
band at 787 ém™* can conceivably be due to \'2. However, until further
spectra on isotopically substituted materials arc obtained, this possibility
will be deferred, Indeed through the use of 018 enriched Th02 and the
measurement of the resulting isotopic shifts of the observed frequencies,
more definite conclusions can be obtained about the configuration and
frequency assigmment for this molecule.

Zirconia Matrix isolation of the vapors in equilibrium with zirconia
was carried out in solid argon and solid krypton. Both tungsten and
iridium cells were used as containers for the zircomia. The zirconia
powder was obtained from the Zirconium Corporation of America, grade A-H,
and had a purity of better than 99.9%. Isolation of the vapors from a
mixture of Zr and ZrOj was also carried out in solid argon. Typical
infrared spectra are given in Figure 3. The use of iridium cells proved
to be somewhat marginal as containers for zirconia since it was found
that temperatures in excess of the melting point of iridium were necessary
to obtain reasonably intense spectra. Therefore, the spectra obtained
from iridium are in general much weaker than those from tungsten, Except
for two bands at around 1850 cm“l, the infrared spectrum of zirconia (e.g.
spectrum A, Figure 3) bears a close resemblance as far as relative
distribution and intensity of the peaks are concerned, to that of thoria,
This suggests that ZrO; is quite similar in structure and bonding to ThOy.
The spectrum obtained from the mixture of Zr and ZrOg is Yarticularly
noteworthy. In this case, the most intense peak, 960 cm™", gpectrum C,
is undoubtedly due to 2rO since, in the presence of the metal, ZrO should
be the major psoduct of vaporization, The suggested ground state configu-
ration for 2r0° 3 A with a vibrational frequency of 936 cm” =1, It has
been our experience that in general matrix shifts are towards l_.onger wave
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" lengths and our observed frequency of 960 em”l appears to be inconsistent
with the repogted value of 936 em-! for the vibrational frequency of the
ground state,” It is, of course, poes,ble in the f,se of siza molecules
to have matrix shif d ¢
this apparent diecrepancy. However, an alternate explanation is possiblea
It has been suggested” that indeed the ground state configuration for
Z¥0 is 1 § with a measured vibrational constant of 978 cm*l and that
the ° [} state 18 a very low lying excited state., If this is 80, our _
value of 960 cm =1 is en‘irely consistent. A weak frequency at 925 em” o

ey at 913 em” =1 (spectrum D) in

solid krypton arée also observed.e It is entirely conceivable that these
lowet frequencies belong to the 3 D\ configuration (vibrational frequency
936 cm ) and in reality the 12 state is the und state of the

molecule since the 960 ecm”l band is by far the most intense one. However,

this explanation would demand that the population ¢ 3 D state is somehow
frozeﬁ into the matrix even though the matrix temperature is quite low.

ila £ ved béfore in the matrix isolation of 302.2
e, it _would indicate that the ground

].:E; »2345‘ .

?gs TV able. A new, rather strong, band appears at around
103 1041 em™* in solid argon (spectrum B) and at 1036 cm” -1 (spectrum E)

using iridium containers. It is very unlikely that this feature is due

to ZrO2 since it is not seen in the other spectra. It is possible that
this feature i8 due to some iridium oxygen ¢ompound; however, it is felt
that the stability of any iridium oxide Would be much too small to make

it stable at the temperatures of vaporization. An alternate explanatic

which appears to be more plausible is that these frequencies are due to
the presence of ozone in the makrix., A very intense fundamental for
gaseous ozone lies at 1043 cm'1 and would be expected to shift towards
longer frequencies in the matrix., In iridium containers, a great deal
of oxygen is presumably evolved when zirconia is vaporized, It is
altogether possible that this oxygen, when trapped in the matrix and
simultaneously subjected to the rather large radiant flux from the hot
Knudsen cell, can undergo a reaction to form a significant amount of
ozone. In any case, these frequencies can not be assigned to the Zr0,
molecule. A similar frequency was reported, although much weaker in
intensity, in the spectrum of thoria contained in an iridium crucible,
The frequencies in Figure 3 around 1300 em=! (1311 em® "l in argon spectrum A)
do not appear to be due to Zr02 since these frequencies, as mentioned
previously, are also present in the spectra obtained from the thoria
vaporization, It appears then that only the frequencies at 818.7 cm”
and that at 884 cm

(both in solid argon) and their counterparts in
solid krypton are assignable to the Zr0z molecule. These are quite

3:!
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1ength Therefore, proceeding similarly £6 the Th02 case, the lower
frequency is assigned to the asymmetric stretch, \) 3. Again using a
linear configuration; a stretching force constamt; k; = 4,65

dyne/cms is obtained, This leads to a value of abo t 700 (:m'l for the
symmétrie streteh, \) is Lf the freqpuency at 884 cm aga i

to be due to ‘,1"' 25 a value of ¥ ouind

Using the ratio obtained from €03 for kd/lz ik = 0336, the beﬁding
constant for Zr07_ 18 eqt ’”1 te 156 x 103 dyne/em. and 1eads to a value
of around 150 o "1 for 2. Agai-* it _seems th t the a’g‘reeinent is setiss

] O

structute of the 818 cm-l fund :
in our experimental set=-up (apptro imat 1,“ l 5 ?fn" ), fou 8 ,oulders are
‘ on the low frequency side of the 818 cl‘n'l peak. Five
naturally abundant isotopes are present : ~ i
90, 91, 92, 94 and 96 and relative abund
17:4% and 2 8% respectively. It seems plausible to
observed geaks, 818 7 em” 1, 8‘17.7 em~l; 815.7 em"!,
811 4 em” =

for the frequency ratio for an iso~topically substituted XYz molecule.
The ratio for any two frequencies is given by: 3

vher
ot

is

mx are the atomic weights of any two zirconium
d OC is one-half the apex angle.

¥

‘.u ‘m
o ,?

S n
m

Indeed, using the observed frequencies, an apex angle around 180° fits

the data satisfactorily. We hope to re-examine these bands under high

resolution so that a more precise calculation can be carried out.

The bands around 1850 cm™! can only be accoun ng due
to some impurity or to low lying electroniec Their
assigmment to combinations or overtomes im 2r02 o be likely.
Again, more definite conclusions concerning the frequency assigmment
and structure of Zr0z should be pogsible w : : opically

enriched material.

the Zirconium Corporation of America, the major impurity being Zr r02. Vapori-
zation was carried out from tungsten cells on hafnia and a mixture of hafnia
and hafnium metal. The resulting infrared spectra of the vapor rization
products in solid argon, krypton and xenon are given in Figure 4, E.xtf-gpt_;

for a band at 810 cm*l in solid krypton, assignable to Zroi only a single
feature appears in all the spectra, This feature (960 cm~! - 952 cm'l)

must be auigned to the HfO molecule since it is present in the spectrum
obtained under reducing conditioms (Hf + Hf02). It should be noted that

Hafnia A sample of hafnia of better than 977 HfO, was obtained from
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the HEO and Zr0 frequencies are very close and indeed are within several
wave numbers of each other. This is somewhat unexpected in view of the
fact that HfO is heavier and larger than Zr0. Indeed it is conceivable
that thée matrix shift in HFO 1s towatds shorter wave | - since this
molecule is quite large and thus the observed matrix ! ueney of HEO
lies ¢lose to that for ZrO. Again; it 18 seen (spectrum D Figure &)
that the xenon matrik givés a much broader appearing band.

No evidence for the HfOy molecule was found in the matrix spectra
even at temperatutes up to 27009C (spectrum A).

In summary, the infrared spectra of ThO3, ThO, Zr03 and ZrO have
been observed in rare gas matrices:. A lineatr model for ThO3 and Z¥0?
is‘consistent with the observed frequencies and tentative assigt fents for

ﬁo evidence for the HfOz ‘molecul
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: ¢ fmatrix isolation studies on lithium
fluonde, alummum fl To} 4 de, and lithium metaborate are presented. It is
too early to draw any firm conclusions.

In this study the recently developed matri
(ref. 1) is being used to obtain spectral data f
species of some low-molecular-weight inorga
will be used to calculate thermodynamic¢ function

P ture vapot
. These data

nelson and
"f moles of

To establish an experimental technique for the n
ﬂuonde was chosen as the test m ter' 1 We se

3 1g shown in F1gur 1.
sly except for two new al ion
m "~ These ba‘t 1ds were not obser ed in the earli k bec
1nstru~men 1 limitations. It is too early to make an assignment for these
new bands, but it is poss1b1e they are connected with th out of = =plane
bending mode of the lithium fluoride dimer. More work wi‘ﬂ be done with

1sotop1ca11y enn hed 11th1um ﬂuonde to clanfy this problem before work

Aluminum fluoride is assumed to have a plagar configuration belong-
ing to the point group Dy, which is analogous to boron n trifluoride. Three
of the fundamental frequencies are active in the in irared region; using the
nomenclature of Herzberg, (ref. 3) they are vz, v3, and v vy and v4 are
doubly degenerate and the totally symmetrical stretching v1brat1on, v}, is
inactive in the infrared. Mass-spectrographic and vapor pressure measure-

ments indicate the vapor species over solid aluminum fluoride consists
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largely of monomer and a small percentage, 5%, of dimer. (ref. 4).

infrared spectrum‘ of aluminum trifluoride trapped in matrices
on, and krypton is shown in F1gure 2. Effusion cells of graphite
. were used with no noticeable alteration in the structure of the

: . The purity of the aluminum fluoride was tested spectroscopically
and found to be greater than 98%.

Inte: mfrared spectrum of aluminum trifluoride (Figure 2)
is consider fn expected: Only one gas phase infrared
v1brat1on frequency, at 945 cm ™', has been observed. This was assigned to

(ref. 5) Estimates of Vs and v3 at 400 and 300 cm ! have been made.
(ref 6) Tentatively the frequencies, A, C, and D, are assigned to vgq, V3,
respectively. No attempt has been made to explain the complex
ij»f of these bands. It could be due to poor isolation of the active

; however, more experimental work is required to verify this point.

p"ééence of an absorption band at B is difficult to explam in terms
f , cul 3 The band might be due to the diatomic species AlF,
whxch é()uld result from the reduction of aluminum trifluoride. Diatomic
AlF is a well-charactenzed species, and its visible spectrum is fairly well

| ed. , ,ntal v1brat10n frequency 11es at 798 cm

mixture of alum um tr ﬂuonde and alummum (ref 7) The results fer )

am
neon and argon matrices are shown in Figure 3. The strong ‘absorption at
A is undoubtedly due to diatomic AlF and establishes that the absorption

nd at B in Figure 2 ¢ net be due to AlF, since the frequency is distinectly
different, In the argo_,, matrix, the band due to AlF is split. This type of
effect has been observed previously in matrix work. (ref. 1,2) In the
isolation experiment, M/H = 5400 {Figure 3), only two other weak
absorptions occur at B and D. The former is ascribed to AlF 3 and the

s

o‘

"

«D

=3
«o

latter to polymeric material. In the experiments conducted at comparatively
low M/H values e intensity of the absorption band at D is greatly increased.
In adchtmn, certain other bands appear; these are also presumably due to
8 There is a possibility that some of the weak absorption
1

eak ich occur at low M/H values are due to AlF,. However, formation
of this species is not likely on a thermodynamic basis.

More wggk isr q\ured to clarify many points in the spectrum of
i and it is hoped that this will be done shortly. In

Fzgure 2 the ab: g;' ‘t; n band at D is incomplete in the argon and krypton

matrices; th:. lue to limitations in the spectroscopic eqmpment. We

ll-"
It}

hope to extend the spectroscopic range from 245 to 200 cm~

Lithium Metabo:gte

The matrix-isolatio
in neon and argon matrice
of this complexity ;- un -9

te
kefore apx useful r alts g
€ necesdary to u he m

1 spectrum of lithium metaborate was observed
‘The results obtained so far are complex. Some
dly due to t.he mixed isotopic species, and
icula e t will
?‘“é%o“s A SRR AN R A N

9'!:’

«s:f
:";
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Figure 2

Infrared Spectra Of AlF3 In Neon, Argon, And Krypton
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D. White indicates that the lithium metaborate spect¥um is complicated by
polymeric species. Unless the initial res of the matrix-isolation experi-
ments with the monhoisotopically substituted lithium metaborate show con-
siderable plification over the spectra observed thus far, work on this

compound will not be continued.

As mcent:mned1

prevmusly, these results are pre11m1nary in nature,

In a.dd1 'on,
‘t show any ump11f1cat1on at high
of boron trifluoride will be observed

matnx chlutwn, the matr ,,x

and used for compari

2. Snelsom,; A. and Pitzer; K. S., Phys. Chem. 67, 882 (1963).

3. Herzberg, G., "Infrared and Raman Spectra of Polyatomic
Molecules; ' Van Nostrand Co., New York, 1960.

4. National Bureau of Standards Report; No. 8033, p. 10, 1963,

5. Margrave, J., Dissertation Abstr. 22, 4200 (1962).
6. JANAF, "Thermochemical Data".
7. Rochester, G. D., Phys. Rev. 56, 305 (1939).



William Weltner, Jr.
Union Carbide Research Institute

The thermodynamics of vaporization of some high-temperature materials

15 considered in the light of recent spectroscopic studies in these laboras
tories. The spectra of the vaporizing fiolecules were measured after traps
ping them in a solid inert gas at 4° or 20°K; i.e. the experiments utilized
the matrix-isolation technique. The following materials were studied:
boric oxide; carbon, silicon carbide, tantalum oxide, tungsten oxide,
lanthanum carbide, and boron carbide.

This is a brief review of the thermodynamic implications of some
spectroscopic studies of vaporizing moleculeés made in thése laboratories.
The species investigated were vaporized from high-temperature materials and
trapped; i.e. matrix-isolated, in a solid inert gas at 4° or 20°K. Spectro=

frequencies of the molecules in this gas-like emviromment: This infors

mation is essential to the application of the third-law to mass spectro=

metry measureéments of vapor pressure and the derivation of correct heats
of vaporization. The materials investigated and the vaporizing molecules
vwhich have been studied spectroscopically are as follows:

1. boric oxide —_—> ;3205, (13202)

2. carbon —_ 03, c,
silicon carbide =—=> sic 2,*5';2(; , 81y, BLC
. tentalum oxide ——> Te0, T80,

3

y e

. tungsten oxide ~ ———> WO, WO

. lenthanum carbide ——> Iggc2
7. boron carbide —_— BCE; BL.

f these systems will be considered briefly here.

G W W

Each

Q

-

. Boric oxide is more relevant to chemical propellant than to
materials research, but it was studied to demonstrate that the matrix
igolation technique could be satisfactorily extended to the trapping of

Page 27

j -



"high-temperature” vapors in inert gas matrices at 4° and 20°K. This was
successfully shown, and indeed, infrared studies of the trapped molecules
led to large changes in the vibrational assignment of 32@3 and consequent
chenges in the thermodynamic functions. This work was carried out with
J. R. W. Warn and has been pu%lishe&;l It has been corroborated by the

more recent matrix study of Sommer, White, Linevsky,; and Mann on Béoy 2

3 molecules and the proper-
ties of C, have eluded researchers for many years. Gausset, Herzberg,
Lagerqvist; and Rosen® have only recently made progress in thelr spectros

2. Carbon vaporizes predominately to yield C

scopic studies of this molecule. Thelr work, combined with our rather exs
tensive studies in absorption and emission of C, trapped in neon matrices
at 4°K, has led to the following ground state ( 1z;
ment for c3 vy = 1235; v, = 70, and Vg = 2060 em~l. The low bending
frequenty found by Gausset, et al, causes a large alteration in the free
energy functions of C; and changes the AHI of vaporization from 188 to

) vibrational assign=

205 keal/mole. The former value was obtalned by Drowart, Burns, De Maria,
and Ingh;amh from mass spectrometric measurements but utilizing an estimated
value of v, = 500 ém’l‘. The agreement between their secorndslaw value

(186.7 ¥ 1.5 keal/mole) and their third-law determination has now been re-
moved. This is puzzling in view of their careful second-law work involving
the determination of '03 to C signals at each temperature. However, there

seems to be little doubt at the present time thet the TO om™L bending
fredquency is correct.

3 and C,, carried out with P. N. Walsh
hes been published in a short note. ° Two art

C. L. Angell, and D. Mcleod, Jr. are in press.

cles with P, N. Walsh,

The original matrix work on C 07
(e}

Q h
arti
.6
3. Silicon carbide vaporizes predominately to silicon atoms, but the
vapor also contains an appreciable concentration of 5162 and S::L2C molecules.
These molecules, and also Si, and S81_C_, have been observed spectroscopically

2 2’3’
in neon and argon matrices at 4° and 20°K when the vapor from silicon carbide

T

thermodynamics of vaporization of silicon carbide arise from a reassignment
of the 8i=C stretching frequency in S:lC2 and the appearance of 5;12(33 in
the matrix. The force constant for the Si==C bond in SiC, is found to be
T x 107 Gynes/cm as opposed to the less likely value of 2.9 X 10° dynes/em
found from Kleman's™ assignmept by Drowart, et ;5;1_!.7 This is because of our

revision of v, from 591 cu™l - up to 852 en™", Using this néw force constant
Page 28
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and others derived firom C3 6

can be calculated for the vaporizing silicon-carbon molecules. However, the

and S‘ié,'r new sets of vibrational frequencies

changes are not large enough to apireciably affect the thermodynsmic

The spectrum of Siec3 appears strongly in the matrix, and since our
vaporization temperatures are higher then those during the mass spectrometrie
work; it seems probable that :31203

these higher temperatures This supports the extrapolation to higher tempera-

is as important as SiC 5 in the vaper at

tures of the meager vapor preasure data for .81263 of Drowart, et a_l, and
indicates that S‘iéc3 should be included in their caleulation of the total

vepor pressure over silicon carbide.

The spectroscopic work on the siliconscarbon system was carried out
witlf D. MeLeod,; Jr. and is about t6 be submitted for publication.

20:,, has been studied im a mass spectrometer

by Inghrem, Chupka, and Berkowitz. o The spectra of the Ta0 and Ta02

4, The vaporization of Ta

molecules have also been observed in neon and argon metrices. Mamy electronie
transitions were observed including the two Tal systems analyzed by
0 Our work 1s in support of & N ground state for

TaO. Both fluorescence and infrared absorption spectra and ‘01‘8 substitu=

Premasvarup and Barrow.

tion have given more information sbout the ground state, but the research
is not complete as yet.

5, WO and W02 have been observed in a similar manner to the tantalum

oxide case, but work has not progressed as far on this system.

6. An attempt was made to cbserve the spectrum of the LgC2 molecule
11

detected mass spectrometrically by Chupke, Berkowitz, Giese, and Inghram™
over solid lanthanum carbide at 2500°K. Although the visible spectrum of
neon and argon matrices contained several areas of ebsorption attributed to
LeC,, the strength of the lanthanum atom bands masked any structural features.
The infrared spectrum of an argon matrix at 20°K indicated that bands at

43k, 1307, and 1831 cn > might be attributed to vibrations of this molecule
in the ground state. If correct, these regults indicate thgt the molecule
contains a Ca=C unit.

T. The vaporization of boron carbide ylelds mostly boron atoms, but

there are very small eamounts of B.C and BC, molecules in the vgpox.l’g

These molecules do not then contribute appieciabl.y to the thermodynamics of
vaporization of th Some attempts have been made to trap and measure their
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spectra because of interest in their bonding properties: This work has met
with someé succéss; but it is incomplete at the present time.
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ULTRAVIOLET SPECTROSCOPY
Dr. K.Keith Innes, Vanderbilt University

We bégin by emphas121ng ha the 1nte“est of ultraviolet

SY bed as electronic
Speétréeé‘py The part of our 1ntefests approprlate for the
present panel is in the electronic (and conSequent geometric

and vibrational) properties of small, u 2 1NOrganie | ole=
¢ules. These propertles have been elucidated, since the early
days of quantum mech nlcs, malnly through hlgh resolution ultra=
of gas phases.
th's méthca‘hae

the 1dent1f1catlcn and detalled character
species.

sur 'fas the advanti1 of

opt ch must be balanced

di ary auxiliary eptlcs

con For survey wo'k,

ear

met : o} i hlgher d1spers1on and
practical re exr of a f1ve to ten meter instrument
usually will ] Partlcularly in the latter case the
rery fastest j known for & ; ach spectral region
must be used. Wlth hlgh d;Sperslon, the graininess of such
surfaces is not disastrous.

which n sed on ti

such spectrggraphs nclude arcs, sparks, flames, discharge tubes
and electric furnaces. The latter two types hav

the most fruitful for detailed study because it i
make the exciting cond1t1 . in pe
simpler. An example should make the dlstlnctlon clear.
the oldest of known band spectra is the green emission fr

dest of ion fr
a boron flame or arc. However, the spectrum observed under
i ¢
n

'm
, 8
™!
=
o]}
0
i
QJ
o Q!
X2
o
H
- D
1)
=
=
\ff L0]
i

these conditions of high temperature and pressure is so cor
that interpretable features could not be resolved even und :
very hzghest ;egolvxng power. ;n order to identify the emitter
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gources. One such source == the simplest one =- has turhed out to
be a quartz électrodeless discharge tube through which BF3 flows
slowly at a pressure of a few millimeters of mercéury. on
fine structure of the bands can then be resolved and its analysis
shows beyond doubt that the emitter is the linear and symmetrical
BO, molecule. '

Another, more complete, case history should illustrate the
dangers of casual identification of high temperature specieés.
When alumlnumwmetal is heated to about 2000°C in an electr ;
resistance (carbon i
¢an be observed ih

s band spectrum was

v1bratjona1 anal'51s and7a581gned the em1ss1on to the Alé

i he 1dent1f1ed the

‘ onal structure of
the spectrum is de L 213

Zeeman s v1brat10nal fregque

We

known values for th

~ nia to produee Al203 and we hlu
spectrum in question

uctive to compare these _results t those of the
nalysis of the aluminum-carbon system by

a
Giese and Inghram. Ther the only molecule
e was Al,Cy, which was present in ten times
£ molecule, including Al;. This is a
typlcal re sult. . few of the polyatomic high temperature
molecules "bge;ved sily by mass spectroscopy have been
efin

¢ ely frem their optical spectra. (That is,

ldentlfled 4a
detailed characterizations such as those mentioned here have
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been limited to a few polyatomic and very many diatomic molecules).
It is not known whether this is because such spéectra lie at wave-
lengths difficult to study or because they are largely
predissociated. However; it does seem obvious that the two
approaches, far from being competitive, are largely complementary,

and that both are very necessary to further understanding of high
temperature moleciles.
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X=RAY STUDY OF 1-ETHYLDECABORANE
Alvin Perloff
National Bureau of Standards
ABSTRACT

The molecular structure of l-eéthyldecaborane has been es-
tablished by single erystal X-ray analysis. The compound
nystalllzes in the orthorhombic system with cell dimensions
a = 10.11, b = 14,40, and ¢ = 7.28A. The space group is
P212121 and the unit cell eontains four molecules of
B;oHy3CHg . The compound is a simple substitution derivative
of decaborane and no significant distortion of the decaborane
configuration is induced by the substitution.

hydrogen atoms have to be jig idere _ vecific
product has been igolated it, frequently. is difflcult to be
sure what it is that has been isolated. It was this type of
question which led to the present work. A group at the

National Bureau of Standards had separated a particula
of a substituted decaborane with the probable formula
B,oCsHye. The problem was to establish whether it was an
ethyl or a dimethyl derivative and where substitution had
taken place on the decaborane molecule.

Experimental Procedure and Cell Data. The experimental

procedures used are qu;te standard. The compound is a liquid
at room temperature (melting point ~ 10°C) and was supplied
to us in thin walled capillaries. A low temperature arrange-
ment was devised which enabled a single crystal to be grown
and maintained at approximately -20°C on a precession camera.
Film data was collected covering about two-thirds of the
available reciprocal lattice. The intensities were read on

a densitometer and corrected and scaled by standard methods.



The relevant symmetry and cell data are:

Space Group P22, 2
b = 14.40A
¢ = 7.28A
z2=s 4 o
o .. = 0,91 e

X De nation. The structure was established

by th pplication of the Karle and Hauptman®' phase determining
procedures to the hkO data. Enough phases were established

to compute an electron density projection which revealed that
the compound was an ethyl derivative and established the gen-
eral location of the boron framework. Some trial and error
procedures were then used to get the best boron arrangement
consistent with the projection data. The best arrangement
could be lnterpreted in terms of a decaborane moleculée sub-

The final projectic in Figure 1. The crosse
mark the final refined positic It is not necessarily

obvious that the boron peaks correspond to a decaborane config=
uration, but, if the projection is considered in conjunction

with a model on the same scale, the fit is excellent.

t

knewing the molecular erlentatlon. the 2 parameters were
readily obtained from an interatomic vector map. The boron
and carbon positions were then refined by a least squares tech-

nique using all the data. The hydrogen atoms were located by

a three dimensional electron density difference map to confirm

that there was no rearrangement of hydrogen atoms. This was
followed by a final least squares refinement of all the atoms.

torted decaborane molecule. It is tucked i@geiiég;h the h&éég

framework and the carbon atoms lie almost in a plane defined
by Bl, B3, and the midpoint between B6 and B9 so that the
molecule almost has mirror symmetry. The Cl atom lies in the

plane and the C2 atom is only 0.1R ocut of the plane,
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molecular packing, shown in Figure 3, it can be

th 7 mall deviatlon from mirror plane symmetry could
' i.6R If thls is the

would be expected to effectively have mirror plahé éyﬁmétfy.

The bond distances observed in the boron and carbon skel-
éton are shown in Figure 4. These distances are all gquite
normal. The B=B distances, with one eéxception, agreeé within
the limlts of error with the values found for decaborane it-
self.®+® The B2-B6 and B4-BY9 distances appear to6 be signifi-=
cantly shorter than the other B-=B distances in both decaborane
and ethyldecaborane. However, in decaborane the Bl-B3 distance
is, also, in 1.71A range. The longer Bl-B3 distance in ethyl-
decaborane c¢an be explained on simple steric grounds. The
ethyl group lies directly underneath the Bl and B3 atoms. When
all of the hydrogen atoms in the immediate neighborhood are
considered, it is obvious that some crowding occurs which can
most easily be alleviated by the stretching of the Bl-B3

Distances involving hydrogens aré not sufficiently accu-
rate to warrant more than quoting ayerage figures. The C-H
and B-H (terminal) both average 1.1A and the B-H (bridge) have
an average value of 1. 27R.

SUMMARY

The net result of this study has been to confirm the
existence of simple substitution derivatives of decaborane.
This has been tacitly assumed in the past, but, since the
structures of the acetonitrlle and dimethyl sulfurs deriva-
hydrogens. this is a polnt worth confirming. Also, substitu-
tion at the one position has been suspected but not unambigu-~

ously established before.
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a)

b)

Figure 2, MOLECULAR CONFIGURATION
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Since the announcemént of the first authentic compound of a
noble gas by Burtlett1 a year and a half ago,; and théen formation of
a binary compound eontaining xenon by Claasen, Selig and M 1m2 at
Argonne National Laboratory; a great amount of theoretical and

experimental interest in such compounds has developed among chemists.

padt Bix months séveral thermocheémical studies have
Hovevor, the nu ber o6f existing noble gas compounds
of production of colpounds

continwos to cxceed tho nunbor which have been studied thermochemically

The noblé gas fluorides produced thus far are: XOPtFG, XeFs3,
XeFy, XeFg, X&OF,, XeOF3, KrF3, KrF, and Radon Fluoride. Other
compoiunds that have beéeen made include X003, and NagXoOs ‘Yﬂao. Heavy
métal perxenates of barium, copper, silver, lead and uranium have
beén prepared from the sodium Salta.

Thermochomieul datu have thus far beén obtained only for x.Fz,

fi In most instancés the purity of material h,
son lesa ially desired for definitive thermochemical d
but nevertheless has been sufficient for determining bond energi
tests of the third law of thermodynamics or of the correctness
some of theé theoretical approaches.

(-3 lﬂ-
oy, .: y

THERMOCHEMICAL DATA

XQnon‘Teterluori§e

Xenon tetrafluoride has been found by x-rayg'&’s

and neut diffrnction and spectroscopic -ealuro-ont'7, to be a
square planar molecule with the xXeénon atom in the center and four
fluorine atoms at the four corners approximately 90° apart. The
Xe-F distances are 1.95 ( _0.01) X. The crystal is monoclinic with
cell dimensions, a = 5.050 A, b = 5.922 X, ¢ = 5.771 X and

B =99.6° X 0.1°. The structure may be visualized as a body centered
cubic structure with the Xenon atoms at the corners and the body
center. The melting point is ~ 114° C. The x-ray density is 4.0k

gr/cc,

Vapor Pressure The vapor pre
subject of a separate study, hoveve
it is reported to be 3 mm at 25° C,

of XeF, has not yet been the

ssure
r as a part of preparative studies®

the heat of sublimation of XeF, over the temperature range from =-15° C

to 22° C in an ultra violet spectrometer by measuring the change in
optical density at a constant wave length. A 2nd law plot of the log
of tho relative intensities vs 1/7°K have a value of AH sub (XeFy) of

15 , - @ KGQI/-OI.c

Heat of Sublimation Jortner, Wilson and Rice? have determined
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The heéat of formation has been determined
from of etion with aqueous iodide solution (Gunn_and
Willi“MIon)l and by reaction vith HF (Stein and Plurien)ll, The

AHA xarh (a) e =45 Kéil/ﬁélé (Gunn and Williamson

AH XeF, (g) + =55 Keal/moie (Stein and Plurien)
on value was obtained for the solid

d to the gas phase using the heat of
sublimation of Jortner, W nd Rice9. Gunn and Williamson
estimate that XeF, impurit could furthér reéduce their value by
10 Kcal. The average energy por bond [ rculntod fron tholo datn and

- The Gunn and William
(=60 Keal/mole) and was ¢

ic h‘it XeF,,

K an< m temperature.

& smoothed data are given

j curve is similar to that
There vwere no apparent

oon teiperatire. The

én the heat capacity was

abnor-ulifiel 1n the heat caplcity
entropy of XeF; at 298.16°K as determin

0 entropy unhits 2 1.

0)
(-2

y AS%(-) and AF;(I)
, lnd ‘the AH}(I) of Gunn
and =29,4 Kcal/mole

Thg -poctroncopic vibr;t;ongl
¢k and Malm were used. The molecule

s D h Sy ' the Vv, mode is still uncertain,
hovever the sugges 221 cm”l is used in our calculation.
A summary of thv thi culat ion is found in Table II., Although
it is perhaps ;rgggt;rg ke this comparison before more complete
data are available, the comparison indicates that no major
features such as rotati ransformations have been missed,

Xenon Difluoride

Structure Xenon difluoride is a linear -olg ule gifg the ZXenon
atom in the center and a Xe-F distance of 2.00 ! .01 8 ..’ The
crystal is body centered tetragonal. The -olting point® is reported

as 140° C. The x=ray density is 4.3 gr/cec.

Vapor Pressure The vapor pressure has not been the subject of
a specific study. Agronl3 has reported a value of 3.8 mm at 25° C.
Heat of Sublimation The heat of sublimation has been determined
by Jgifﬁéﬁi'Rléi“iiﬂ“ﬂllqon9 to be 12.3 ! 0.2 Kcal/mole,

Heat of Formation A preliminary value for the heat of formation




of XeéF; has been determined by Bisbee and John#ton, Hamilton and
Rushworthl4 by combustion with NH3 in a standard combustion
calorimeter. The XeF; sample used was found to contain 25% XeFy.
The measured data were correctéd for the energy released due to the
XeF4 by using Gunh and Williamson's valueée for the heat of fo?ﬁati
of Xth. The uncertainty in the XeFk datl."*“f’ ‘ b -fi b ol
to the correction térm: The value obtaine i ]
solid, with about 1 Keal uncertainty.
XeFy is calculated to be 27 Keéal, Thore in ﬁé additio
theruodynamic data on XeFjz.

¢ The structiure of Xenon hexafluoride has not yet beeéen
It is expected that the moleciule will be octahedral 8r

1i ?orted octahedroni. The melting pqint is reported to be 46° C
The material is very reactive and is aifficilt to prepareé and retain
in the pure state.

Vilﬁéi féf ‘heat of sublimation between 9
Contanination with

1 jave determined the

6 by combustion in hydrogen at 130° C.

Stein and Plurien

H
o !
Aﬂg XQ?S(Q) = _78 7 Kcal/mole

‘The average Xe=F bond energy in XeF. is calculated to be 31.5 Kcal,
This value appears to be somevhat high in relation to that of XeF,
and XeF),, but is sufficiently close for present needs. There is no

known additional reported thermodynamic data reported for XeFg.

ds ,The ouly other kggvn thermodynamic
tho’dﬂ (s) = + 96 2 2 Kcal/mole for x.o,
The preparation compounds ¢ g
noble gases constitutes the hi f chemistry.
Once again a traditio With ev break with
the past, comes the n ust vhat ed and to
see if it can be appli s. Mor
information has been compoun
for any other similar ¢ compounds

in obtaining the thor-odyna-ic ltabillt of these compoun is
obvious but the results are not limited to them. The preparation of
these compounds is already contributing to the preparation of new
compounds of analagous structure vhich do not contain noble gases
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and is aiding in the understanding of the structures a
of the interhalogén compounds to use but two examples
indic¢ated in this céontribution, the thermochemical !
rather limited but has nevertheless indicated the broad outlines
of the stability of these compounds.

REFERENCES

A majority of tho referencel given in this paper may be found
o-GasVCom ounds, University of

in the newly publi Vot
Chicago Préss; Chicago; 1963,

This book i# a publication of the C
Compounds héld at Argonne National Labe
and contains contributions frem virtuaily
done work in this field.

n Noble Gas
April 1963,
cientist who has

1. Xenon Hexafluoroplatinate, N. Bartlett, Proc. Chem. Soc. 218
(1962)

2. H, H. Claasen; H. Selig, J. G. Malm; J. Am. Chem: Soc. Qﬁ
3593 (1962)

3. 8. Siegel, and E. Gebert, J, Am. Chem. Soc. 85 240 (1963)

k. J. A; Ibers and V. C. Hamilton, Science 139 106 (1963)

5. D. H, Templeton, A:. Zalkin, J. D. Forrester and S. M.
william-on, J. Am. Chem. Soéc. 85 242 (196 )

7. H. H. Claasen, €. L. Chernick and J, G. Malm,; J. Am. Chen. S@@g
85 1927 (1963)

8. €. Chernick, No
Chicago, 1963 p

9. J. Jortner, E, G. Wilson and S. A. Rice, J, Am. Chem. Soc.
85 815 (1963)

10. S, R, Gunn and S. M, Williamson, Science 140 178 (1963)

11. L. Stein and P, L. Plurien, Nobl

12. H. A, Levy and P. A. Agron, J. Am. Chem. Soc. 85 241 (1963)

13. P. A. Agron et al., Science 139 842 (1963)

14, V. Bisbee, W. V., Johnston, J. Hamilton, R. Rushworth,
unpublished data from Science Center and Rocketdyne Division
of North American Aviation, Canoga Park, Calif.

15. D. F. Smith, pas
16. C. Chernick, private communication, September, 1963
17. 8. R, Gunn,

-
[=4
=
pe
<
3
g
-
e
o
%
[}
LY
2]
-3
bk
o
o
L -1
©
]
he ]
[ J
L]
-
-

O-Gll Compounds pléb

Nob}q-eal Cou ounds

Noble=Gas Compounds plh9.




TABLE I HEAT CAPACITY AND SPECIFIC HEAT OF XeF,

Specific

16
20
30
40
50
60
70
80
90
100
116
120
130
140
150
160
170
180
190
200
210
220 1116 23,1
230 1147 23.78
240 .1181 24,48

250 .1213 25.15
270 «1279 26,52
280 1312 27.20
290 1342 27.83
300 +1373 28,46
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E II THIRD LAW CALCULATION =XeF i

El
f&f
i
=
]

Spectroscopic (ieiA, gas, 1 atom, 298.16)

Calorimetric

- w

(s, 3 am, 298,16)
(sublimation = 3 mm, 298,16) s
(

St =

Difference 2.4 + 2.2 eu
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PR S »h,m

George T: Armstrong
Heat Division, National Buresu of Standards

and change ef state, as e
Heat capacity measurements,
giving tabulated thermal fun
starting point for our discussion.

The compilation that resulted from the survey ;
a final selection of best values for the heats of forma io g

udy of thefme,

Su,h & person can* :

been made on & pzaw‘b”uiaii fluorine compound, and some ;
kind of information presented.

The tables vere organized into sectiens as shown in

".V
fematien ia a 7

inf ion on more cemplex cemfaounds.' The format a.nd some '
indication of the kinds of statements found in the tables are shown in
figures 1 and 2.

Table Pages
1, Fluorine 1
2+ Binary Fluorides 18
3+ Ternary Fluorides 13
4e Quaternary and Higher Fluorides 10
5, Aqueous Fluoride Ion 1
6. Binary Aqueous Species 6
7+ Ternary Aqueous Species 2
8, Quaternary and Higher Aqueous Species 1

(a)Material presented before the Thermochemistry Working Group Meeting,
Nove 5-8y 1963, New York, Sponsored by the JANAF Thermochemical Panel,
The work described here was carried out under transferred funds
contracts as noted and some of the survey of thermodynamic data on
fluorine compounds was carried out using direct NBS support. Unless
otherwise noted transferred funds were received under ARPA Order Nos 20

(b)Part IT of this presentation is classified and appears in Volume II.
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Fé(g/) Experisiéntal medsiiréments
leading to vDé o7 AH® for
g vé besn re=

6605415 50 +6[5505 < 45i56]s
37.7 at 759 t6 1115°K oF 38.9
at mooom 57] > 45[53ﬂ,

becn reportod
83, 84, 85, 86; 87, 89, 90' 91. 935 94 95, 965 97, 98 99. 106,
1601, 162; 1063; 164; 508]: [105) meas: v.p: and Al vap: [3540] méas
ionization and dissostaticn by eléctron u:p-ec. [580) est. D,
vijuss from =34 to +180.

i105] meds. AH: fus.
! as: AH trang. (&,1) = {&,d1):
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AcF 3—,(«6 )

AgF(e)

AggFle)

ar(g)

KF(e) byp:

Al*fg‘(\éf) hyps
ALF 3 (@

=48.5 (91

=88.5 it@’j!
-50.4, {9l

=6i;§ + 2:0 'B?S]

=59.2 [ﬁ';l]
=61.4 [116)
=50:9 (6071

=284.8 £ 6 [34)
=285.3 2 2 [i22)

2356.2 % 2 ‘E35]

=356.15 [116]
=3%.3 [16; 117,
18]

-357.0 £ 2.0 [119]

[12] est: <420+ 10: [106] seports = <477 frok condideras
tion of the higb tewps fesction: 3Li(g) + AcFs(e) = Aefe) * LiF(Y).

{107] 116ts &i sols. [108] cales: lattice ens¥iy: Other revievs give for

=48.5 & 1.0 [15); -48.7 (12,201,

Other reviews give for AlfS, 298 =83:0 & 2.5 [15]; =83 = 4 [i2]:
f12] itsets =503 for Aifge,.

Thé equslibrium: 241 + AF; = 3AIF; was studled by | f111; 13, i1, 5ie; 647).
Speetroaoopic mauursmenta of D wre reportedl by ['74, 1121]‘. [114] 1iets nany OF

r L, 12; 14; 18; 37; 169; 116;
g 8n6TEY: Othér revievs give for “""2@3'

T, =60 [25]; -60:1 = 1 [26] =60:5 [211;

1 o‘* 2 [15], =61.3 [27; 37}

igats <102 £ 10. See .ales [514):

[24) est: <172 & 15:

[33) 1ists =184 £ 10s .

{91 1iats ana {321

iiii, i’z’i; 122; 123, 510) cale. &H s‘uii. 7
3 283.0 £ 2 [24; 26];

[121] cnlo. AH vaps

Aii-‘3 + 3/2 Pb. See alao

f-ofAl AD‘

3 electrodn

21, -355.7 {21, i{.hzs.u, ; 6
+ 2 [37]; =356.3 & 5 (%] [517] also Mimd f30q.

A SECTION OF THE TABLES OF BINARY FLUORINE COMPOUNDS,
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It 18 of interest here to note how the amount of information avail-
able may fluetuate from one part of the table to another, is roughly
indicated by the extent of the remarks found by the compounds. Thus we
see very extensive comments for Fy ag‘)’ and F(g) in Fige 1 and also for most
of the compounds and phases listed in the section on binary compounds
dealing with the fluorides ef aluminume 1llustrated in Pige 25 On the
other hand; if ve r £6 a dection of te rary compounds of alumimum, such
as that dealing with ALCLF(g) and related compounds, Fige 3, we find a
remarkable deeline in the amount of informsation available.

The difference in the availlable information is seen to be even more
pronounced if one remembers £l difference in the method of reperting the

A ’ceta;l. of

:I.n the binai'y table.

umbered anc o This left in the suﬁey 153 binary:
fluorides for which ne thermechemical data were presented.

The ceunt of ternary flueridee was incemplete, and a very rough

The ratio ef these twe mnnbers was a pp. ,,ied te the remainder ef the
elements to obtain an estimate of the total number of ternary inorganie
fluorine compoundss

The extent of thermodynamic data coverage of the fluorine compounds
at the time of the survey is shown in Fige 4e These kinds of estimates
are extremely qualitative, because as time goes by more compounds are
discovered, and in fact it is conceivable that measurements of physical

properties could lag behind the rate of discovery of new substances.
During the time intervening since preparation of the survey, we have
maintained the literature surveillance, The number of references in our
file has increased from 625 to over 1100, an increase of about 500 articles
in two yearss A scan of the binary compounde indicates that of those
having no thermodynamic data beforey perhaps 5 to 10 percent have had a
study sufficient to assign a heat of formation. This is a very small
increment, considering the mumber of paperse The conclusion must be
drawn, and this is easily verified by reference to the papers themaselves,
that the additional papers deal in large meagure with compounds already
having previous thermodynamic data listed.
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TABLE 3. TERNARY FLUORIDES

Species Remarks

-ASFO(¢)

AghuF 4(‘3’)

A'gi‘éii\( &)
(hgF 1)

MBI (@)
AT6IF 5 (e)
ACLF @)

AlFO(g)

AR Akl( &)

Al

[166] gives Aﬂf3§8 ~ =265 from constderation of the equilibriums A”éf‘g(c»)‘ + H0@)

= keOF(¢) # 2HF(g); at 1000 K.

=149.4 23] [i31] meas: AH hyds.

For the Feactioni Agle) + L Flg) + HF(2) = AgFeHF(¢) ; [178) est. AFS = =49.6 on the

basis of electrods potentials:

[25] ast. oS00 = =120 [24; 27) ests =123 % 15: ([26] est: <134 + 26;

(245 265 27] est. dlifgaq = 235 & 1. f25] est. <235.5:
{27) ests AHfgoq = <1818 & 15, [34; 26] ests =186 + 15: [25) est. -186:3.
[24] ests Kiif3e, = -103 + 20, ([25] sat. -110. (26, 71 est. -121 & 20.

See ﬂjéﬁﬁk 50(8)

For the fesction: LAF-AWFy(g) = LiF(@) + AlF;(8); [125) meas. AHSqop = 73 % 4s [122]
M sabs  [122 ?sta Aafgfg
(122} meas: v.p. [122) est. AHfSs, =

[121) meas. AH vap. Ses ALF Na(t) for v.p. studtes.

For the reaction: NazAlFg(L) = NaF(L) + NaAIF (1), [344] meds. Ao, = 22, [124,

577) meas. ¥.p.
.{345) aiscussss stability.

=777.9 [9])

Sée ALF Nag(t) for v.p. mess.

A SECTION OF THE TABLES OF TERNARY FLUORINE COMPOUNDSe
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k reflection on the amount of data listed for some of the substances
indicates that some scientists will coneluds that a new study of a partie=
compound would be of value, even ugh there may be very exbensive
on that compounds A great deal of work is required in order
settle some of the persistent problems of thermochemistry, For example,
despite the great amount of work that has been done in attempts to de~
termine the dissociation energy of fluorine, it is still uncertain by
about one keal mole=i,

Several laboratories are now working very diligently on a systematic
study of the thermochemistry of fluorine ccmpounds s In particulars In &
program begun abot e National Laboratory,
Hubbard and co-workers have developed methods for direct determination
of the heats of formation of binary fluorides by direct reaction of the
elements in a calorimeter bomb [3]. They have determined the heats of
formation of 14 fluorides, and two ecompounds not contalning ﬂuerine sﬂnee
the initiation of the programs Their results are summarized in
The locations on the periedic chart of the elements imvolved and of gome
other elements under study now, or planned for the immediate future, are
shown in Fig, 5. The information for Table II and Fige 5 was kindly
supplied by Es Greenberg [4]s

TABLE II, HEAT OF FORMATION VALUES OBTAINED AT
ARGONNE NATTONAL LABORATORY BY FLUORINE BOMB CALORIMETRY

& v4
AL i J 4
BF3 (g)
siF; (g)
a 510, (e) "2
Vitreous S102 (c) -215.9
TF6 (c) =522,6*
UFé (g) =510,8
?c) ~167.4* (in press)
ZnF2 =182, 7% (submitted for publication)

MgF 2 c) =264.49

ALFq éc) ~356,5 (believed to be low)

BN (Hex., ¢) = 59,7** (This is a rough value with
probably a couple of kcal, mole~l
uncertainty at present.,)

_'-'.J—» éc) ‘43305* o

TaF 5 455.1**?

RuF5 (c) -213-4

#*
sy Final Values
f Tentative Values

First study of the heat of formation of this compound.
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At the Pulmer Research Institute; Gross and co-workers [5] have
carried out a systematic study of halides, using either the direct re-
action of the elements or metal displacement reactions to obtain heats
of formations Among the compounds for which 'bhey have determined the
heats of formation are nine fluorides. Their results are sumarized in
Table III,; in which y give a comparison with other reported values,
The material in Table III was kindly supplied by Dr. Gross [5]s

TABLE III. HEAT OF FORMATION VALUES FOR FLUORINE COMPOUNDS
OBTAINED AT 1 R RESEARCH INSTITUTE

Cires 500 Fulmer La‘ber

Compound Value Value

BeF, = =240:5%

BF3 =26544 =2TL.2

A!.F3 =311 =35643

PF5 = = =
SF¢ =262 = =
TLF 4 "'370 5394’2

4 =443 44943

UF =517 =52246

At the National Buresu of Standards, Armstrong and Jessup [6,7] have
developed methods for combustion of gaseous materials in a flame calorim-
eter, using a fluorine atmosphere, They have also used fluorine as an
oxidizer in bomb calorimetry with metals and borides, ahd have used ex-
plosion methods for determining heats of formation of fluorine comipoundse
The results which they have measured for 9 compounds are listed in
Table IV,
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TABLE IV, EEATS OF FORMATION DETERMINED IN THE

LUORINE LABORATORIES AT THE NATIONAL BUREAU OF STANDARDS

Compeund A‘Hf'fzt?s
CFA(g) =22084
i7(g) = 6463
NP, (e) “ 297
Ngé‘(vcii)’ + 1634
sz-z(trans) + 19.4
MF, (o) =35843
418, (e) ~ 2646 (non stoichiometric)
My, (e) = 4666 ( ")

The werk which these three laboratéi'ié are carrying out refer
, gt Toom temper O An exam fation of

*j‘:i il;_l S

i Ld ‘I'h e two classes of compo ds are not
by the devices outlined aboves It is obv! that equ
involving vaporization or gas phase equilibria will t red for man
of the compounds for which heats of formation are not now kne
several laboratories are active in this area; we shall not attampt to
gummarize their work here, Work of this kind will be required on an
expanded scale in order to obtain in a relatively few years data on com-
pounds for which none now existe, In studies of this kind, the equilib-
rium proportions of substances present are generally a very sensitive
funetion of the energy of reaction involveds Yet such studies have, in
many casesy led to values for heats of formation which sre of relatively
low aceuracys It is to be presumed that the reason is principally the
difficulty of establiahing that parameters being observed are pmperly

mental envirenment in which a true equilibrimn exists. Theae probleuns
are compounded in difficulty by the relative inaccessibility of the
temperature and pressure regions in which the equilibria exist in many
instances. The careful studies now being made in several laboratories
should show the way to handle these problems adequstely.

approach to substances not obtainable by reactions involving fluorine
directly is HF solution calorimetry., This procedure, probably not being
used to an optimm extent at the present, is suitable for study of many
substances soluble only with relative difficulty, and may offer an
approach to the fluorides of mixed metals., It also offers an avenue to
a reproducible standard state for fluorides such as BeF2 which may tend
to form glassy or amorphous solids, and are therefore difficult to

Another area of calorimetry of fluorine compounds which offers an
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characterize thermedynamically. The agueous solutions of many fluorides
contaln complex tonss an the eq ] ria ef 'bheee must be prcperly taken

whole list of compounds of interest tc the JANAF Thermochemical Panel,
or even for very many of them, Rather a few selected compounds of
particular interest will be discusseds

fcmation cf CF4 . 3
COT: V_n ef gaseous I-EF were more ne

temperaxure of the prcducts was képt &t 100°G, to el:lminate appreciable
imperfection of the gas phase of HFs

In additien, spectrosco ie evidence frem the dieswiaticn enérgy
hns and Barrow [9] sugge

The use of the data orfi and | “ \‘:"7 ’*:f? rés

Recently Feder et ale [10] have reviewed the foregoing datas They
have also added a critical discussion of the equil in the reaction
of SiI 4 with Hy0, determined by Lenfesty, Farr and Brosheer [11], and an
evaluation of the heat of formation of HF that can be deduced frem it and
their own data (see Table II) on SiF, and Si0p. They calculate a value

of <6449 keal mole=l in this waye

Following a new analysis of the above data and other data relating
to aqueous HF, We H, Evans [12], in the course of preparing material for
the revised edition of NBS Circular 500 (still preparation , has
tentatively adopted a value of =64.8 keal mo; o™t for AHfg g [HF( g il
He also adopted a value of =79,50 kcal m i - for AHf 208 ?HF agy®)

Thegse values are 0.6 and 0,84 keal mole™ more negative, respectively,
than those in NBS Circular 500 [23]. These changes will affect the
accepted values for heats of formation of an undetermined mumber of
fluorides, usually by integral ngltiples of the suggested changes in HF,
An uncertainty of 0.4 keal mole™ would have to be assigned to this
value for the heat of formation of HF in order to include all the
principal contributing sources of datae
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ton of Be@ and Bng
the heat of formatien

Popov and
i agueous HF,
of Bng(c). T

given :Ln the : 5}“5 d
keal mole~s

3 Rece t1ly Gross ‘[14]‘ has detéz”ﬁined the en‘ rEy

7 of fonnation of Png, W
on of HFs Without making a n £
the value should be more negati e by 1.2 to 1.68 ke

‘g vai esware subjec'b te some uncer'bainty due te 1ack of adequate
e € Kelesov et al. state that their selid was

k by Simmons [15] and more recent unfinished work
n I B) on the direct combustion of beryllium in

s somewhat more negative, but at present not

o influence the value accepted for the heat of

e BeFos See Section IB for a further discussion

Gross et al. [16,17,18] carried out reactions of AL with PbFa(c) and
with NaF' + PbFp, from which he derived values for the heat of formation
of MF3(c) of =356,3 keal mole=d based on the heat of formation of PbFp,
and =356415 keal mole=l based on the heats of formation of NaF and Na3AlFg.
The reaction of AL with PbFp was also carried out by Kolesovy Martynov
and Skurstov [19], and they calculated the heat of formation of AlF3(c
to be =357,0 keal mole™ 1, In each case the basis of the calculation in-
volves the heat of formation of HF with a factor of three. Kolesov et al,
recalculated the heat of formation of PbFy but did not modify the heat of
formation of HF used in calculating it. Without completely recalculating
the heat of formation of PbF2 or NaF and Na3AlFg, we can modify the above
reported heats of formation of ALF3 by 1le8 to 2,5 keal mole=t g making them
=358,1 t0358,8 keal mole=1 and =357.95 to =358465 koal mi le~t from the
measurements of Gross et al,; =358,8 t0 =35945 kecal mole™ from the
measurements of Kolesov, et als
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Direct measurements of the cembuftion of alumdnvm in fluoriné by
1ski [20], sive =35843 keal mole™t ' A
study of whe s&ame proeess at Argonne National Labo6ra "l
gave a value of =35645. Houwever, a note is attached by the authors
; t this value is too low (preswmisbly not sufficiently
né of evidence points to a value for the heat of
formation of ALF3 near =358 keal mole™l,

For comparisen with a reaction that is much easier to work with,

the reactlon of aluminum with oXygen to form the oxide, we _show the

; % werks fr@m the ‘ tes (1945, 1951,
ménte rtainty remaining in

tion as to the erystalline state of AL304

2)e In a relat ivel short time, & subst"*bial

ALF3 has 1
to & state comparable to that on AL203 & few years ago.
TABLE V, COMBUSTION OF ALUMINUM IN OXYGEN

Investigators AL203

~OHp 208
keal/mole

4;@@.6 =|=2.© (402 £2)
i 9

399.09 0206
38061
376,9

A group of compounds related to ALFg(c), the hydrates, is mch
less well understoods We have, in fact, only fragmentary data on these
compounds. Table VI lists the compounds and a little about the classes
of thermodyneamic data that have been presenteds A principal difficulty
with these compounds is the determination of the time formula, because
the water is bound more or less loosely in a gelatinous mass when they
are formed in some casesy and it is difficult to establish the
stoichiometrys Thus alternate formulas with 3.0 and 3.5 moles of Hy0
have been proposed for two hydrates (and also a 3,1 hydrate), but it
is not clear whether both a 3 and a 345 hydrate exists Perhaps for
related reasons the vapor pressure of water over the hydrates (which
as a function of temperature would yield the heat of hydration) is very
difficult to obtain on a consistent basis, and so the data are in doubt.
Obtaining solubility data is very difficult because of the extreme slow-
ness with which equilibrium is approached. Such direct heat measurements
of the heats of solution of the hydrates as have been reported [21,22]
are subject to uncertainty because the basis of the mole used is not
given, and there is no way to reduce the data to currently accepted
formulas and atomic weights, The heat of formation of several hydrates

could be relsted to the heat of formation of AF3(aq) if this informetion
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had been givens The heat of solution of anhydrous ALF3 has not beea
meagired.. Kn@wledge of the heats of formatleon of the hydrates of
aluminum fluoride is so very poor that their study would be of
seientific interests A certaln amount of interest is attached to them
because, like the hydrates of the chloride the hydrates of alumimm

fluoride cannot be directly dehydrated to the anhydrous compounde

TABLE VI, ALF, HYDRATES AND ACID HYDRATES

3

MF*0:5 B0 |

AF.,1 H.O | ) N
3° 2 |6lusses of data available

AL‘F‘ 25 HQC ’ ‘
Az,F *3:0 (or 3.5) 1,0 (a) |(2) 2H soln in H.0 and in HF(aq)

ALF§-3 0 (or 3¢5) H 0 ® (b) Solubility
MFys9  Hy f:(@) Vapor presgure
ALFB'BHT53TI 50

ALF3’3}EF‘6H 0

In conclusian, i‘b would be well to point out Bome pitfalls oi‘

£ vhé 1 &

E‘luerine compounda. The lack of data has tempted mg.ny to estimate g
of formation, either from first principles, or from a correl n
related compounds, The early history of AlF3 (c) 1e such a case, For
it, values of =311 keal mole~l [23] and =323 keal mole=1l [24] were
estimated by competent reviewers. The measured value differs from
these estimates 25 keal mole™l or more. The temptation to view this

an isolated case in which special circumstances render an estimate
diffieult, is removed if one compares this error with the errors made
in other estimates of the heats of formation of fluorine compounds.
From our review [1], we have excerpted heats of formation estimated for
1} fluorine compounds for which no experimental measurement existed at
the time of the estimate., These are listed in Table VII, For compari-
son, experimental measurements of the heat of formation made at a later
date ire listed for these same compoundse 'I‘Ee average error is 30 kecal
mole™™, and there is a bias of 17 kecal mole™ The systematic error,
which indicates that fluorine compounds tend to be more stable than
predicted, may be due to the extreme position of fluorine in the
periodic table, which requires extrapolation rather than interpelation
smong the non-metals.
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TABLE VII. ACCURACY OF SOME PUBLISHED ESTIMATES

Compound MHE (koal, mole ) Error of Estinate

Estimate Leter Measurement  (kcal, mole™)

hoFyle) =420 10 <47 57
=395 +82

MFs(e) =311 ~357.1 +46 §w>
=323 =35643 +23 (mine)

A11F3(c) =100 40 = 8343 =177

BeF,, =227 £5 or 10 | =241408 +1, giﬁin)
=220 ~ =257 +37 (maxe)
MoF (L) =405 =388.6 =16
MoFs(e) =342 432 +90
PP (g) =315 ~38L.4 +66
=420 =39
sF, () =156 =171.7 2.5 +16
‘ThEA(@); =4T7 %10 =482/ * 5

TF, (o) =370 £20 39245 +22

TLF(¢) = 65 £5 = The0 £1.5 *9
T, () ~175 210 213649 =38
Zﬂ‘;,;(c) b45 =30 =456,80 £0425 +12

Average Error £30 keal. mole=1
Average Bilas +17

Estimates and Measured Values are selected from a review by Armstrong
and Krieger, Paper Nos. 2y Progress in International Research on
Thermodynamic and Transport Propertles, Masi and Tsai, Editors, 1962,

The rather large average error indicates that estimates of heats of
formation should be regarded very skeptically.
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[1] G, T. Armstrong and L. A. Krieger, pps 8-77, Progress in Inter-
national Research on Thermodynamic and Transpoert Properties,
Jo Fu Masi and D, He Tsal, editors (Academic Preass, New York,1962).
See also NBS Report 7192.

[2] J. We George, "Halides and Oxyhalides of the Elements of Group Vb
and VIb", ppas 33=107, Progress in Inorganic Chemistry, Volume II,
Fo Ae Cotton, editor (Interscience Publishers, Inc., New York, 1960).
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Bs RECENT STUDIES IN THE THERMODYNAMIC DATA OF BERYLLIUM SPECIESt

THE HEAT OF FORMATION OF BERYLLIUM FLUORIDE

i ; fu
érma“ion of crystalline Bng are desirable, Recent
A ride [2,3,4,5] have shown thet earlier estimates

ST 0 O®n 00 HS
;g By, & Fy

3 ,ce, go1me do bt ﬁay be ust upen solution
1 fluorides in generals In addition, an incom=
ons [§] gave preliminary values for the direct combina=

tories; using
fliuorine [2],

was modlfied te 1nclude sealing the powdered materials ih a bag of Teflon
film, Only very preliminary experiments can be deseribed at this time.

Two combustions of beryllium=Teflon mixtures, one of an aluminum-
Teflon mixture and ome of Teflon alenes have been carried out. The results
of the two combustions involving beryllium are briefly summarized in
Table I. In order to prepare the mixtures the powdered metals and Teflon
were sealed in Teflon bags, homogenized by movement of an air bubble
trapped in the bag, and pelleted after puncturing the bag to allow gas
to escapes Weight changes due to sealing bag, mixing contents and
pelleting totaled from 0,02 mg to 0.1 mge Samples were placed on a massive
monel or type 304 stainless steel plate resting on the bottoem of the bombe
The bomb contained a thin liner made of type 304 stainless steel, for
convenience in removing the solid combustion products for weighing.

Samples were ignited with a fuse consisting of 5 em of 0,003 in, dia.
tungsten wire, The fuse burns completely.
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TABLE I. COMBUSTION OF BERYLLIUM IN FLUORINE
Fiu@fine pressure- 20=2%1 atm

&) vhite, fluffy, hygroseopic,
amorphous (?) powder

b) small ameunt of Be glass

Experiment Experiment
1 2

Samplée pellet compositiont

Teflon (g) 04841 2.196

Beryllium (g) 0422 04201
Completeness of reaetiont % %

Not well knowrt 7788 > 90
Energy of Be combustion keal mole >  keal mole

Not well knownt =24/, to =255 =

A slight residue of carbon (0a2 t0 0.8 mg) was found after combug=
tion of Teflon and of Teflon= v mixtures. Combustion of Teflon=
beryl ium mlxtures led te a white £ uffy powder of Bng, some unreacted

'y 8] j t

the melt in 3
observed im the

iment w1th 0.2 g lng.

expe

The degree of completeness of the combustions was determined by

weighing the liner and its contents. Uncertainties in buoyancy corrections

cause the precision of the weighing to be not better than 1 to 2 mg.

The products of later experlments will be analyzed by determining the
amount of hydrogen evolved on reaction of residusl beryllium with acid.
This should overcome the more serious difficulty that was encountered in
agsigning the observed weight change to the amount of material burned.

The degree of completeness of the combustion is uncertain prinecipally
because two different ways of determining the weight of beryllium fluoride
led to different valuess The values were 77 or 88% in experiment 1 and
>90% in experiment 2. The degree of completeness of combustion is much
higher than has been previously reported. In the only previously reported
vork, that of Simwrs, the combustions were 25 to 60% complete in the
more favorable cases,
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~ Experimental measurements on the heat of formation are listed in
Table II. The data afe by no means conclusive, though a strong indiee=
tion that the value lies near =242 keal mole™ =1 13 given by the good

1 y Gross [9] based on the reae

of Be with Pngv
values in paren ted e ¥ Iue

AHg {HF(aq -0], while thoee not in parentheses vere reported bv the
authors themselvess

'TABLE Il. EXPERIMENTAL MEASUREMENTS
OF THE HEAT OF FORMATION OF SOLID BeF,

2
AHe Source
keal mole™l

BeO + HF(aq) Y =241.2 (=242.27) [1]
BeF,(e) + HF(aq) J

Be + Pb, =240s5 (=242,1) [9]

Be + F, ~256 to =258 & (8]

Be + F, =24/, to =255 a  (this work)

a« Based on incomplete work,

glass- In the work of Kolesov,

et al ) the s ;ple used is clalmed to be crystalline. We have strong
doubts that the degree of erystallinity of material was highs The product
of combustion of beryllium in fluorine is definitely not erystalline, but
amorphous, and very finely divideds It is not clear from the early re-
ports by Gross [9] what form he found for the BeF2 produced in the reac-
tion of PbF2 with Be, but it should be suspected to be non-crystalline.

The energy state of non-erystalline may be related to that of crys-
talline BeF2 by a study of the heats of solution of the various forms
that have been encountereds Such a study of the solution calorimetry of
solid beryllium fluoride is proposed in our laboratory. The heats of
solution of LigBeF,, and LiF will also be determined in a related series

of experiments to establish the heat of formstion of LipBeF,(c).
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Ca RECENT STUDIES ON REFRACTORY COMPOUNDS.

1. THE HEATS OF FORMATION OF TWO ALUMINUM BORIDES.

The experimentdl work desecribed in t is section was carried out by
Drs Es 8o Domalski in our laborateries.

The purposes of this werk were to provide & review of exlsting
thermodynamic data on the metallic borides, and, by new experimental
measurements to augment the existing - 1 hig

class of compo“"‘s@ The data are of immediate ,? L

tion preperties.

are ¢ Lentific interest, a8 they are';hclass of
compounds diffieult to prepare; and s6 far, the subjeet of only a small

amount of valid thermodynamic study,

inum berides ALBg and a-ALllg Were prepared for us by
a0 Companys. Boron was mixed with excess
: ted to 1200 °C to obtain ALB5 and to
1 A large é%cess of aluminum was used in each
I Was leached from the Ang by the use of acid,
: The

boron, al ‘um, carbon, nitrogen and minor metalllc impur“ ies. Oxygen

was determined for us by General Atomie, San Diego, California, by neutron

activation eanalysis. The results of the analyses are shown in Table I.
TABLE I

ANALYSES OF ALUMINUM BORIDE SAMPLES

AB, a-ALBy, (powder)
Component Obse Theors Obs. Theor.
AL 53,00 55451 17,01 17.22
B 4704 4t d9 81.5 82,78

0 1,0 = 1.3

N 0.3 = =

C 0.08 Q.11

metals 0417 —Qa22
Total 101,59 10000 100,14 100,00

(a) This work was carried out for the Air Force Aero Propulsion
Laboratory, Wright-Pattersen Air Forece Base, Ohio, under Delivery
Order (33-816) €1-09,
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The oxygen content 1g appreciable
of foreign elements is eomparable
to say to what extent the foreign
boron and alumimmm, so the eXpedient has been adopted of co
O and N each individually to be divided between their compounds wi h
luminut and proportion to the ratle of aluminmmm to boron in the
hile the foreign metals were assummed to be uncombined. The
um and boren net combined with foreign elements are assumed to be

ron in

in both samples, and the total content
in the two samplés.
elements are eombined differen“l

It 18 not possible

ed in & _non stoiehiometric ratio, vhich in the case of ALB2

r.+

K = £k o : I
the G-aluminum dodecaboride was assigned the compasition shown in Ta ble III

TABLE II

113

COMPOSITION ASSIGNED TO ALUMINUM DIBORIDE SAMPLE

Componeént
AB, 215
%&203
%2

AN

BN

AL, C.

473
BAC

Foreign metals

Percent by Weight

098
010 27
ObBé
0.18
0416

TABLE III

COMPOSITION ASSIGNED TO a-ALUMINUM DODECABORILE

Component

MBy; 96
A&ZQB
5203
A&463

3‘0

Foreign metals

Percent by Weight

Total

9734
0421
1.74
0.09
0440

~0e22
100400
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These samples are considered to be borides of very high quality aceord-

y The preparation
of the samples and the an equired l Tury important fraetion of the
total effort expended in carrying out the studys

Combustion Measurements and Results
The aluminum beridé samplee Vere

céalorimeter,
tion of alum

,_,_‘ F f ] ; iy
tungsten wire weighing about 4.4 mg, which burried completely
in the reaction,

COMBUSTION OF i ALUMINGM DODECABOREDE(®)

G-AlBy; o # 28,88 Fy = MBy(e) + 11.96 BR(g)
keal mole” -1
AHO Combustion 3535.4 :4.‘9(5’)
Correction for incomplete resction 0% 345 £1.7
Corrected AH;98 3538,9 £5,2
ZAH§298 for ALF3 and BF3 | 358545 *l-l
f298 [“'A"Blz] =46e6 £543

Preliminary resultsa

Th_e uncertainties are estimates of the standard
deviation of a mMeasurement.

of the unburnt residue 1n the combustion area. The hesat of formgtion ef
MB)o is calculated to be -46.6 £5.3 keal mole™l, In calculatigg this
the heat of formation of ALF3 was taken to be =358.3 keal mole™

and the heat of formation of BF3 was taken to be =269,88 keal mole‘a f2 1.

The numbers listed have been corrected for combustion of the impurities.

Five experiments were carried out in which the aluminum diboride
sample was burned, The observations are summarized in Table V. In
these experiments en abnormally large drift rate of the calorimeter in
the fore-period was noteds Observation of a gain in weight of a pelleted
sample of ABp which was exposed to fluorine in the bomb, but not ignited,
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indicated that the increase over the normal drift rate was due to & slow
reaction of the pellet material with fluorine. No such weight change
or anomalous fore-period drift rate was observed with ALBjs sampless

The reastion was therefore attributed to slow reaction of fluorine with
AB2. We suspect, though we have not demonstrated, that the aeid

TABLE V
COMBUSTION OF ALUMINUM DIBORIDE(a)
ALB o e M = AR (&) & 5.5%& BE
MBy g * 52T,y AR, (e) + 2.215 BF,
keal mole "
AHO Combustion =912,9 gggﬂgl(b)‘
Estimate of fore-period reaction = 73 43,6
Correction for incomplete reaction (1%) = 943 3446
=929:5 %642
zAH:??.% for ALF, and BF, =95641 20,7
AHf298 ALB = 2646 26,2
8 preliminary results.
b

" The uncertainties are estimates of the standard
deviation of a measurement.

treatment of the AlB,, used to remove excess aluminum, produced a rough
or porous surface due to leaching of aluminum from the boron. This would
account not only for an inereased reactivity of the A!Bp, but also for the

deficiency of aluminum found by analysis in this sample.

The energy dissipated in this way during the period before ignition
was not measured by the AR and tended 4o make the measured heat of the
reaction too lows The rate of heat evolution was estimated on the basis

of the change of the drift rate from its normal behavior, and a correc-

tion of about 0.8% of the total heat observed was applied, assuming that

the heat evolution oeccurred at a uniform rate from the time the bomb was
loaded until ignition occurred.

The results presented here are preliminary and are subject to re-
vision on the basis of recalculation of the data. However, the general
behavior of the heats of formation of the aluminum borides geems to be
clears The heat o{ formation per B atom is 13.3 kecal mole™ in ALB2

and 3.9 keal mole™ in ALB12-
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[1] E. S« Domalski, Chapter 8, pp. 13-38, NBS Report 7587; 1 July 1962,

EQT Se S. Wigé; s La Margrave, Ha Ms Feder, and We N. Hubbard,
Js Phys. Chems 65, 2157 (1961)

Co RECENT STUDIES ON REFRACTORY COMPOUNDS:
2. THE HEAT OF COMBUSTION OF ALUMINUM CARBIDE

An experimental study of the heat of combustion of At,C3 in oXygen
, ed. to establish more defimitely the heat of
The experimental work was done by Drs Re. Cs King of our
laboratoriesa

The sample s
@frst “dards to

p )
existence of thermodynam“ dat
worth while, even though the pt
had been prepared by heating a é ixture of aluminum an
lampblack in an argon atmosphere at 1800 °C, by the Alugdpum Cempany
of /merica Resgearch Laboratories.

The sample had been spectroscopically and chemically analyzed, and
X=ray erystal patterns for it had been obtained. The chamlcal analysis
showed in percent: AL403, 944835 Aly 1.0 C, 1,03 ALN, 14335 Al203, 2.23
Fe, 0.06. This was in reasonably good accord with the spectroscopic

analysis, which, in addition to Al, showed significant emounts of Fe, and
traces of Ag, Ca, Cr, Cu, Mg, Mn, Ni, Si, Ti, V, Zre Because the com=
pleteness of reaction was to be determined by analysis of the product
gases for CO2, a determination of total C in the sample was made by the
Dumas method. This yielded a total of 24457 %C. The total carbon found
in this way is slightly less than the total carbon from the previous
analysis. Whether this is due to inhomogeneity of the sample or to
errors in one of the analyses is not known.

A preliminary test of the behavior of the A% C3 sample on exposure
to air showed that a gain in weight oecurred, which was very gradusl at
first, and then became increasingly rapide On the other hand, a sample
kept in a desiccator showed no weight change in the same interval of time.
This test which extended over an interval of two months showed that, if
after opening the sealed vial it was stored in a desiccator, the AY,C3
could be handled in air for the short time necessary to weigh the com-
bustion semple and prepare the bomb for a heat measurement, without
detriment to the sample.

The experiments were carried out using oxygen bomb calorimetric

procedures customary in our laboratory [3]. The unit of energy used here
is the joule and is converted to calories using the factor
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421840 J = 1 calorie. The atomic weight scale used is the 1961 table
of atomic weights based on earbon isotope 12.

The completeness of reaction was detérmined by analysis of the bomb
gases for €02, which showed that the reaction was véry nearly complete
in every experiment. (See the eoluwmn headed €03 in Table I.) The
observed=to-caleulated €03 ratio varied from 0.9973 to 1.0027. Values
greater . onie are possibly due to imhomogeneity of the sample. The
heat of combustion per gram of A4,C3 burne raleulated u
€03 formed as & measure of the amount of reactio

98 (to a-AL203), (j g ) and AH°~98 (kc&l i
: ‘i

78 abserbed im MnOg [4] in
B of COQ. The oxide of
ia

ly NO2s

calibrafﬂ»g was found ‘not te hﬁrn c@mphetely.

The re, 1ts ef these two eXperim
1 :

achieve comp,ete combustion it is d
and unburned sample attain as high a
melting or reaction of the support. Toe 1ew a temperat ; A
incomplete combustion. The conditions for attaining an optimum
temperature may not be the same for all substances even though they
liberate the same total heat. For example, the products of combustion
of an organic compound such as benzoic acid are all gases, and carry a
large fraction of the heat rapidly away from the reaction zone. This
can easily be seen from the fact that to melt a 10 g platinum crucible
requires about 0.9 kecals The energy involved in a typieal combustion
is about 10 keal, an smount greater by a factor of more 10 than that
needed to melt thé entire crucible. Yet with organic compounds rarely
does any part of the crucible melt. ’

In the combustion of a substance leading to a massive solid product,
however, a larger fraction of the total heat is retained in contact with
the crucible by that solid product and leads to a higher crucible
temperature. This accounts qualitatively for the fact that a solid
product may cause melting of a crucible that would have survived

combustion of an organic substance.
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was sol ed by using oneé support for the b ,
experxments, and a separate support for the aluminum carbide, ea“h of &
» “‘b

s alumlnum carbide the support was a thin platinum
disc of aluminas

ing that a ma«or fr tion of the solid combust‘en product was dels
phase ALs03 T5,6]. The remainier of the pro A
two phases ‘were guite dAstr gT

The very fin‘l divided selid pro E ]
boimb was b—AL203 The é—AL203 formed 45 to 75% of the total Pos&
product as dete ed by weighing. This form of A4303 has been
to be formed readi,y in the pi,sence of earbon and A: rcgen [6 7]'

prevail in the bomb. A different phase was reportedey S e
Gattow [8] when they detefmined the heat of combustion of &
oxygen. They dese ’b 6

They had the added feature, diffe ent from ouz exper, ents, the presence
of water, formed by combustion of the org zic substance. We avoided the

1111,1 ef wa*@er, in mch a posit,lc,n as to be vaporized by tne combustion in
order to make it an effective absorber of oxides of nitrogen, the bomb
was dry at the conclusion of the expe;ime‘t and the X=ray pattern

£ : 1se, indicating that interaction had occurred
between the d-alumina and the watera

The large fraction of the little known 3=phase in the product
raised the question of how much energy difference there is between the
two phasess We have not yet measured the enthalpy difference directly.
However, the observed energy of combustion was plotted against the
fraction of ¥=A%203 (Figure 1) with the expectation that a linear rela-
tion between the two would allow extrapolation to 100% a=i203. The
figure shows a relationship, to be sure, but not one that renders extrapo=
lation very easys The best line, through the data, determined by least

squares, ist o
MU (3 €1) = =30170,2 + 515 (fraction d) (1)
From the slope we_calculate for the transition, G-A%203 to 3=Al303,

H3gg = 88 kcal mole~ 1, This value is not very certain and could easily
“in error by a factor of two.
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The appearance of b=Al303 in combustion experiments, and its
apparently signifiecant energy difference from a—ALzo is of consider=
able interest in the juseé aluminym in rocket motors because of the
larity of the chemiecal environment in rocket output to that in
which the d=phase 1s readily formeda

Heat Measurements and the Heat of Formation of AL4C3

The results of eight combustion experiments are given in Table I,
TABLE I
HEAT OF COMBUSTION OF ALAC3
AyC3s 94e83 AL, 1403 Cy 1s03 ALN; 1i33 Al503, 2425 Fe, 0.064

Expte MUp .o 2 corrections €Oy  Aly03 Ah°98(to @-A12.3)

Noa 3 J obs/cale b/ (c#d)
10 24763 706 1,0018 04768
11 24733 706 1.0027 641
12 24644 701 49956 456
13 24744 703 49985 W475
16 24729 703 29973 W471
18 24583 702 49992 W517
19 24794 706 1,0000 +517
20 24779 703 140001 4472 .80318

o , Mean 30170
Standard Deviation of the Mean 21

AHE—Z% = 1038,1 0.7 keal mole~l (corrected for impurities)

In the table in columns from left to right are listed: experiment
mmber, observed energy of the bomb process, corrections including those
for reactions of impurities, fuse energy, and deviations from the stand-
ard states, the ratio of the mass of CO2 observed to that calculated
from the analysis of the sample, the fraction of Al203 in the ¥ phase,
the mass of Al/C3 calculated from the observed COp, and the enthalpy

of combustion of Al;03, corrected to provide complete conversion of the
product to G-Al303. %he molar enthalpy of combustion of AL4C3 at 298 °K
is 103841 keal moleel with a standard deviation of the mean of

0.7 keal mole™%,

In making the corrections for reactions of impurities, it was
assumed that ALN burned to form A%03 and NOp to the extent that NOp
was observed in the products, and that the remainder burned to ALgO3

and N2.» AL, C, and Fe were assumed to burn to the highest oxide in
each case,

From our data we calculate the heat of formation of A iCB to be:
3 8 [AL403(s)] = =4340 keal mole~l, The following auxil. data were
use

1 the calculation: AHPogg [G~A2203] = ~400.4 keal mole
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Mgagg [00(g)] = =94.05 keal mole™l [10).

This and other values for the heat of formation of ALAC3 are listed

in Table II, for ecomparisén. Among the combustion measurements listed

TABLE II

HEAT OF FORMATION OF AL,C 46 3
As Combustion calorimetry
Berthelot [11]

W8hler and Hofer [12}*«
Meichsner and Roth [13]

Mel a
This work
Bs EBquilibrium studies
Kelley [14] peview of Brunner [15]
gon [16] 7
11 [17] b

: and Searcy [18]

Efimenko, et al [19] review
of Prescott and Hineke [20] = 42.8

Sato [21] = 63.2

=

i

a Recaleulated using AHPreg (Al203) = =40044 keal mole s
b Recalculated using free energy functions for At,C3 from [1,2].

there the work of Berthelot [11] and of W8hler and Hofer [12] can be dis-

regarded because they were probably made with very impure samples.
measurement by Meichsner and Roth has been recalculated using
keal mole=l for the heat of formation of the product AL203.

assumed that they also were getting a phase of AL203 that is no

The

. 86
stable, then their value might be less negative; and more nearly in
agreement with our value.

The values resulting from equilibrlum studies at high temperatures

measurement, “but as 11sted in Table II such values cluster around “the
recent results of combustion measurements.

[1]
[2]

[3]
(4]
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SURVEY _OF THERMODYNAMIC DATA FOR BERYLLIUM SPECIES*
D. L. Hildesibrand
Research Laboratories

Corporation
Newport Beach,; California

In this paper an attempt is made to summarize theé available thermodynamiec
data for b,fyllium pecies which are of interest 1n advanced p ellant applis

e sub=o6x%1d Alse, no 1nfor-
gh t‘oxides which may be important under oxidizing

a ting values obtained from mass specy;;
io ater vapor with beryllia. The data for
W the results of transport measyrements
eatrie, out near atmos» "ﬂ‘e pressure, if in the latter the dihydroxide is
assumed to be the principal product. More definitive data are needed on
the hydroxides; mass spectrometr

ric studies of the Beoéﬂé reaction are being
made in this regard. -

Thermal data for crystalline and liquid BeO appear to be fairly well
established.3

It can be seen that there is not a great deal of variation among the
derived Be-0 bond energies. An average E(Be-0) value of 110 kcal can be
used to estimate the heats of formatiomn of other species containing Be-0
bonds, so that appropriate experimental conditions for thermochemical studies
can be chosen. '

ccep
ce basgd'énti;ely pon estimates Because of the great complexity of t
saturated vapor and the low volatility, it is difficult to see how much
a

por a
adway can be made in this area by optical spectroscopic or other stru

headwa) structural
techniques. It has been suggested?® that the effective ground state of Be0
for high-temperature thermodynamic calculations is 37 rather than '%. .

¥ This This work was supported by the Advanced Research Projects Agency through

the Bureau of Naval Weapons and the Air Force Systems Command.
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Before discussinmg the individual halide species; a word about the
olecular constants of the gaseous dihalides 1s ifr order, since these quantities
, In Table II, the

rization of the
s, the molecular

The vapor pressure data are in most cases

”fd as are the condensed phase ent opies, sa
'“fscso(exp):] ghould be reliable to wit

These are the only Gréup IT dihalides for which such extensive data are avail-
able.

It ¢an be seen th t the experimental entroples of the Be, Mg and Zn halldes

equ ncies for"the Be Mg and
3 ¢ ants are a11 well knewn).

the d1ha;1d 8, a Vv

give agreement between ca

therefore, not concl sive ;
dynamic functions of the ga
significant amounts, and tha
should be made with caution.

measurements in the far infrared ¢ gion

a. BeeF Sgeeies

Low-temperature heat-capacity and high-temperature enthalpy data have
recently become available for condensed BeF,. 14" The en tropy of BeF,(c) at
2989K is 4.5 e.u. higher than the estimated"value used earlier in the JANAF
tables. The heat of formation of the crystalline solid appears to be well
established, although there is some evidence of polymorphism.

A second-law analysisz 7 of extensive vapor pressure data leads to a
value of 59 + 2 ke al/mole for the heat of sublimation of BeF, at 298°K. This
and data for the crystal lead to AHf$gg = -182 + 3 kc 1/mole for the BeF,(g).
Various rquilib;ium measurements on the BeF,=Al system are in agreement with 8
the above.2 From t ransport measurement on tﬁe HF-Be0Q gystem, Greenmbaum et al,"
obtained Aﬁfg =191 kcal/mole for BeF (g) The reason for the divergence

298
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between these values is not immediately apparent, although the latter value
may be too large negatively because of errors in the free-energy functions of
BeF, (g)

“y ef 145 kcal geems a g

ha £ the heat of atomizat1on of BeF,; 148 keal. Ma? interprets the elec-
ie qectrum to yield a dlssociagion energy of 138 kecal for BeF while
Herzberg an Gaydon17 estimated values of 125 and 92 keal, res

from less extemsive data., Further work is in progress on the sub- fluoride

ts in several modifications, some of wh

ing on the thermal history.
tlermal data f@f the solid, 51nce

The entropy of the e( fofﬁls was }'»d‘?"f
and the value at 298°K is 3 8 e.u, higher than the estima

rta'n

t ﬂied as o( B,(l—
1s believed to be formed se{ely

n energy of BeCl(g) has been determined from mass spectro=
f equil ia in the Be-Cl system. 13 The derived value, 97 keal,
able when compared to half the heat of atomization of BeCl,, -
ve an ;@iiegk 822 found D(X)/D(MF,) =-0.46 for a number
cth fluorides. Her b rg16 and Gaydon* 7 estimated D(BeC1l) values
of 99 and 69 kcal respectively, from analysis of electronic band spectra.
It is interesting to note that for both BeF and BeCl, Herzberg's estimates
are closer to the thermo chemical values than are those of Gaydon.

The derived Be=Cl bond energies are roughly equivalent to the Be=0 bond
energies found for the hydroxides and the oxides. This correlation, particu-
larly as to the equivalence of M=Cl and M-OH bond energies, appears to hold
for a number of other metals

III. Miscellaneous Species

Gross and go-wgrkgrgs have determined the heat of formation of Be,N,(c)
from calorimetric measurements of the reaction of the nitride with chldrine
(lAHf89 = -140.0 + 1.8 kcal/mole) and from the reaction of beryllium with

ammonia (Aﬂf298 = _140 4 4 0.4 kcal/mole).

Mass gspectrometric evidence for the existence of a gaseous oxyfluorid
(ge,"; ) has been obtained, 23 Other oxyfluorides may also e important.
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TABLE I

HEATS OF FORMATION AND BOND ENERGIES OF
Bé~=0 AND Be-0-H VAPOR SPECIES
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ENTROPY DATA FOR GASEOUS DIHALIDES

T°K

1100

500
1800
1200
1950
1200
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o ©
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HEATS OF FORMATION AND BOND ENERGIES OF
BERYLLIUM HALIDES

BeFZ(G)
BeF, (2)

BeF(g)

BeCl (c)

BeClz(g)
BeCl(g)

TABLE III

v oW
[N
[- 9]

+ 1+ o

AS
é:u;
4.7
5.9
4.0
4.6

.8
N

4.5
4.9
1.7

E(Be=X)
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RECENT STUDIES OF THERMODYNAMIC PROPERTIES OF BERVILIUM SPECIES

Thomas B. Douglas
National Bureau of Standards, Washingtons Ds C.

This is an informal report on recent results of several research
ip8 at the Tuscaloosa Metallurgical Research Cemter, Us S. Bureau of
id : | i of Standards. In all cases some stages
gress and hence subject to future refinement
and conclusions stated below are therefore
and should not be cited except with these
d‘, ag well as with due eredit to the

RECENT BUREAU=OF-MINES EXPERIMENTAL DATA ON THE

ENTHALPY AND HEAT CAPACITY OF CRYSTALLINE AND LI@ﬁID'BsFé

values. X—ray examinatlon indi"a{',ed that the sample was mostly
crystalline but centained & minor amount of the glassy form; and the

L.emental Riage
Na,ional Laboratory is consistent with the tentatlve assumption that the
sample may contain by weight approximately 97.5% of BeFp and 2.5% of
BeOs (The thermal data have not been corrected yet for impurities in
the samples)

Anticipating a sizesble entropy discrepancy between these resu...
and the avallable vaporization data on BeFp, discussed later, we are
interested in examining these data for evidences of their reliability.

We took the liberty of computing mean heat capacities from their enthalpy
values of Figs 2 up to 478 °K (well below the melting point) and of
plotting these as the four black circles in Fige 1, where the two branches
of the heat-capacity curve so obtained are seen to meet with excellent
smoothnesse This smooth~Joining is strong evidence, I believe, for the
probable correctness of the sample masses and calorimetric energy equiv-
alents in the adiabatic and drop calorimetry. Such consistency is of
course highly elementary in good calorimetry, but its lack wuald not
necessarily have been revealed by examining either the adiabatic or the
drop-calorimetry results alone.
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It is of interest that the curve of Fig. 1, which obviously shows
guite high precision, nearly coincides with that for alpha=quartz [2]
over a range of more than 200 deg (when compared at temperatures in &
constant ratio of about ls3)s The erystalline forms of BeFs are

spparently analogous to those of $103 [3].

There are three breaks in the (main) curve of Figa 2. (?ngéstiOQS
have been made that the two minor ones near 500° and 1000 °K may be re=
a observed for BeFs in the nelghborhood of &

- The large hump near 816 °K,
te several reeent w0rkers [4]

cal@rumeter. '@
in part, 1s tha

The height of the hump in the
i€ t (approfﬁnately 1 kcalﬁmﬂé)

I d the
of the glass,
drop calorimetry

THE AVAILABLE DATA FOR BeFé
n reported [1] %o give a
:;.8 estte {cal deg™l) per mole,
Figs 2 we calculated for
ing point to be 816 K.
independent caleula-

(These twe va5 es were apprexﬁmagely check d an i
namic functions for Bng( estimated earlier at the

tion {5)s) Thermodynamic
National Bureau of Standards [6] are consider Hb ly different and must be
discardeds The Dow Chemical Company, Thermal Laboratory, has recently
revised the JANAF tables for BeFp [71 thereby arriving at S59g = 1240

for the crystal by assuming an entropy of fusion of ASgl5 2 5 ests/mole.
Incidentally, this tentative entropy of fusion is quite ose on a gram-
atom basis to experimental values for the supposedly analogous substances
quartz and BF3 [8].

An entropy cycle for BeF is shown in Table I.
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TABLE I, ENTROPY CYCLE FOR BeF

0 e
298 e
816 e

Mols constse; equilibria [9]
Vapor pressure mean) [6]

The Third=Law caleulation of part (a) is deseribed aboves Part (b)

, with an entropy of the ideal gas based on measured snd agsumed
" stants; and a SecondsL of vaporization_ ;
has been inereased by 4e5 e.u./mole over % used earlier [6] in order
to eorrespond closely to that found independently by several observers.

Table I requires a negative entropy of fusion (-4.4 e.u./mele) for
thermodynamic consistency, and thus show : 8 P
ably at l st 6 e.u./mole.

; g,' but thereiseems to be no
”'epancy lies. In v:.ew of

hir _w‘ entropy values derived therefrem can be 00 high by several
entrepy units. The entrepy ef the ideal gas and ’che Secend-Law entrepy

the ma:jor part ef the di, repancy te
bending frequency (845 ew™l) in calculating the ideal-gas entropy value
given in Table I should give due co deration to the fact that a
recent paper from Rocket Power, Inc. [10] gives the same ldeal-gas
entropy within about Osl esua/moles The latter value was independently
arrived at by an experimental study of an equilibrium forming _Ber(g)
from BeO(c) and HF(g) in the neighborhood of 1000 °K.

use of an unexpectedly high

) Clearly, more experimental work is needed to resolve the present
diserepancys

RECENT NBS MASS=-SPECTROMETRIC RESULTS
ON BERYLLIUM SYSTEMS

A high-temperature mass spectrometer of the design used by Inghram
and Chupka is being employed at the National Buresu of Standards by
John Efimenko. During the period of testing and improving the apparatus,
a number of qualitative and a few quantitative studies have been carried
out on BeFp and on %he BeO-Bng and BeO-Al203 systems. The work involv-
ing BeF2 has thus far been hampered by the lack of a pure sample,
particularly one free of water. The results described below are
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préliminary, and subject to refinement in a contimuation of these studies
under more favorable eonditions.

Figure 3 represents the vapor pressure of BeFs in a regilon below
the melting point., The BeF3, which had been prepared by dscomposing

2 BeF&» showed on X~ray examination 30 to 70% amorphous rcontent s
the erystalline content being hexagonals The slope corresponds to
Second=Law t of vaporization (or su ation) AH75\5 =
keal/mole, However,; considering the efined na of the condensed
state of the sample, this value probably has little meaning.

& mixture of BeO and 4303 in a tantal
at 2100 °K was scarmed.

”In aneé her s‘budy,

and A1303 5 tén ¢ell
directly gave pre Td'éminantly the mass mmbers 9 Be"'), 16 (Og), 27 (AL"‘) 5
and 75 ((Be0)3 )e
TABLE II. MASS-SPECTROMETRIC STUDY OF THE

SYSTEM BeQ # MQJOB at 21009k (NBS)

70 A!. 0"

2 A ] 79(?) BeAL

s ‘ Ny 2 +
43 ALO | 9 BeAL,0,,
52 BeAto" | 197 14181g*
54 ALy o2

58

in Table III, the system Be0 BeF2 was investigateds Owing to the widely
a4 i‘ere; t volatilities of BeO and BeF2, & "temperature-gradient" cell was
used which BeFp vapor, generated by evaporation at 550 (or 650) °K was

ssed hrough a considerable thickness of finely ecrushed BeO, the latter

In a third study, whose tentative species identifications are shown

being in an effusion cell at 1475 (or 1675) %K., Several species arising
from the water impurity sppesred, but dissppeared at the highest
temperatures.
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TABLE IIIs MASS=SPECTROMETRIC STUDY OF THE SYSTEM

BeO + 1’3@?‘;,2 (+H.20)= (NBS)

18

20

23 |

26 BeOH* 17000 | 64 BeOEF‘é“" <18000
27 Be®H2+ Low | 72 Be,OF,*  >1600°
36 HOF* <1000 | 75 (Be0) 3*

i was found when the separate eomponents were i =
vidually examined. fowever, in some cases alternative species assign-
me ts, such as in place ‘of Te1310 in Table II, have not yet been

of conventiona valenc Se Incidental its ex
prev1eus1y predicted by C. W. Beckett.) The ratio of
BezOFg to that f g ermined from these NBS studles, are
pletted {as the ordinate A) 1n Figs 4 over the approximate temperature
range 1550° to 1850 9K, and in Fig. 5 over the range 1850° to 2150 °K

(a total temperature range of 600 degrees) A is thus agsumed to be
proportional to the equilibrium constant for the reaction

BeO(c) + BeF,(g) = Be,OF,(g)s

The slopes of the straight lines in the two graphs give, for the heat

of this reaction, Second-Law values of

AH]_-7OO = 39.25 i3.5 afld éHzo ' ,,,,,

(Unfortunately, attempts to correct the two AH values to a common
temperature in thiis range, by making use of an equipartitional Cp for
Be20F2(g), increased their difference slightly, but not outside the
indicated precisien.)
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APPROACHES AT NBS TO PREPARING PURE

BeFé IN DEFINITE POLYMORPHIC FORMS
‘e‘BeFQ has been shoun to exist in at least three different
& whieh ave igiilt to obtaln i s an intensive
& 'de at the Na ional Bureau of tandards uO prepare

) A‘“p - G€
thelr heats of transitien and fwsien, their heats of selution.

Siﬁ &ifﬂ

eréent methods, identified in Table IV, are being tried or
re A 7 18 ; anticipated that methods 4 and 5
will be put in operawlon during fiseal year 1964.

TABLE IV. NBS METHODS BEING DEVELOPED TO PREPARE PURE

POLIMORPHIC FORMS OF ],‘;3€3'F2

la Slew crystallization ef @egéssed BeF (L).
2. Steady-state transport via NH,F (lQ%, in HF). (%)
3. Temperature=controlled decomposition of '(NTHL)Q BeFIF. (*)

':Quertémférm £eveféd. (T) Crystoballite Torm favoreds

Augustus R. Glasgow, Jr., 18 pursuing the first five, and
George T. Furukaws has explored the sixth methods These methods are
discussed in order below.

By the first method, the purest commercially available BeFs would
be melted and then thofoughly degassed by pumping, with a separation
and analyses to identify the trapped solid, liquid, and gaseous by~
produets so evolveds The liquid BeF2 is then to be cooled slowly under
its own vapor pressure to a controlled temperature in the hope of in-
ducing crystallization of a single polymorph. In order to obtain a
definite polymorphic form (one analogous to alpha-quartz, beta=quartsz,
or crystoballite it may be necessary to resort to seeding using seed
erystals obtained by one of the other methods. Owing teo the relatively
large heat capacity of the crystallization vessel (a bomb constructed
for method 2) and the expected low heat of fusion of BeFp, the ability
to follow the progress of crystallization by a decrease in the rate of
cooling is limited. Dr. Glasgow has assembled and constructed apparatus
for this method, with the plan of trying its operation in the near future.
(In a recent preliminary trial of this method, tests indicated that the
BeF, product was about 25% orystalline (hexagonal, beta quartz-like form)
and 75% glassy.)

Page 92




ool

The second method being developed invelves stéady=state transport
of the BeFs through a suitable solution te a somewhat cooler site of
crystalliza n, and may be called the “hydrofluor 'herma "

quartz
;lizes at

at inwm caﬁsule which is subsequently burst by an internal preséure
of 10-30 atm, at temperatures of 100° to 150 ©C.

rd method, (NH)2 BeF), would be decemposed in a small
s and the by=product NH%F wo”ld volatilize. This
: : ion of t iy ite ferm of

temperature r
method appar £ 3 :
BeFze If & - présently cons 3
produeing large quantltles of erystalline Bng.

The fourth method is vacuum distillatione

would result under e
purify the crystals t ¢
solvent such as anhydrous HF.

The gixth method consists of annealing pure glassy BeFo at about

400 °C, Dr. Furukawa found that after 24 hours annealing there

was a marked increage in erystal inity as reve: ed by X-ray ex&mination.

The plan is to conduet the annealing i

E_l

mittent precise measurements of heat capaclty EB monitor the progress
of crystallization more accurately. While this method is straightfor-
ward and apparently successful, it is not known with certainty whether

a single polymorph of BeF2 results.
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TIES OF SOME

~Michael A. Greenbaum, Milton Farber et al.
Research and Development Laboratories : RPI

During the past three years a pregramx sp@nsored by Edwardts Air Force
ray iese F lop nt Labarar
As a result of this prcgram a ccnsiderable amount of experimental

ther cdynamic data has rbeen made available for aid in cc\mputation of

1c data that will permit the c’

,~d ntropies of gaseous species a

between 500 and 3000°K at pressures ranging from atmospheric to 10 ? mm Hg.
The very high temperatures used in some of these studies were generated
either by electron bombardment heating or by vacuum resistance heating. In

The thermodynamic data for compounds discussed in the following
sections have been completed and have been published or are in the process
of publication at the present time. Other beryllium compounds under study
and on which the results have not been published include BeOH, Be(OH
and the heat of sublimation of BeF, and the beryllium oxide vapor speci€ 7s
Continuing work on this contract ig concerned with the thermodynamic
properties of the light metal halides. To date the heat of sublimation of
Mgl-"2 has been completed and the data is reported at the end of this paper.

EXPERIMENTAL RESULTS

BeO Using a specially designed electron bombardment furnace-
Soutlaard drop calorimeter combination, the heat capacity between 2273=
2573°K and heat of fusion of beryllium oxide were determined. It was found
after extensive investigation that rhenium was completely unataacked by
solid or liquid beryllium oxide at temperatures as high as 2850°K. Special
cells and capsules of this material were used to contain all samples of
beryllium oxide. In this manner it was found possible to eliminate all
complicating factors of reaction between beryllium oxide and container



material which had previously been éncountered.

Based on a lérge number of individual measurements of the heat
capacity betweer 573°K, the sensible enthalpy of BeO(s) in this range °
can be given by the following equation'

OHT"H‘zgs
The Au2853%K ¢o; BeO was found to be 16.8 £ 0.8 keal/mole based on six
individual determinations. (Symposiut on Thermodynamics and Thermo=
chemistry, Lund, Sweden, Tuly 18-23, 1963)

=13,937/T - 11 ;579 cai/moile (1)

) BeCl, The vapor pressure curve of sohg beryllium chloride was
determ *ed» over the temperature range 440-600"K using torsion and gravi=
on proceédures. Based on an analysis of the data (plotted in the
form of log P vs. 1/T) the following thermedynamic values were obtained:

AHiﬁSK (2nd law) = 33,1 ¥ 0.5 keal/mole

A g298%K _

sub = 43.2%1.5 cal/deg/mole

A third law value for the éHggg K of BeCl,

and thermal functions of the °  JANAF T
kcal/mole. (J. Phys. Chem. 67, 1802

; using the thermodynamic _£i t
£s, yielded a value of 32.1 = 3
1963} )

From a comparison of the vapor pressure data obtained for BeCI%(s) by
lable

th, expenmental error, only leC
It should be pomted out that the
‘ he

IC frowm the
BeCl samples Even with the greatest precautions some moisture is
absogbed by the samples and consequently the precision of the BeCl, (s)
vapor pressure data and, to an even larger extent, the prectsion of ¢
BeCl(g) data reported below is not as good as that obtained when dealing
with the non-hygroscopic Ber(s)

BeCl The reaction
BeCl,(g) + Be(l) — 2BeCl(g) (2)

was studied over the temperature range 1573- 1723°K using the molecular
flow effusion procedure to obtain thermodynamic data for beryllium sub=
chloride, BeCl(g) . Over the temperature range studied the AH wag found to
be 89.1 - 7.6 kcanole while the AS_was determined tobe 38.47 4,6
cal/deg/mole. Employing the TAH16739K obtained from the plot of
log K vs, 1/T and the thermodynamic data and thermal functions 1{)9513%

JANAF Tables for BeCl,(g) ang Be()) the second law value for AH
BeCl(g) was found to l?e 3.7 = 3.8 kcal/mole. The s°98°l( was found to be
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53,0 % 2.3 cay%%?{mle from a plot of AFvs. T. The third law caleu=
lation for AH. 989K of BeCl(g) yields a value of 2.0 T 0.8 keal/mole, in
ék‘@éll?ﬁt agreement with the second law value. (J. Phys. Chem. 68, in
press.)

BeF, The vapor pressure curve for liquid beryllium fluoride was
estabnshéd over thée 823=1223% tempertufe range by means of the gravimetric
effusion, torsion effusion and transpira . M . 50
idual pressure measuréme , e ¢ ,

A plot of log P vs . 1/T yielded a value (2nd law) for 4
§3.22 = 0. 18 keal/mole , 44 plot of AF vs. Tledtoa v

cal/deg/mole for the AS (7. Phys. Chem. 67, 36 [1963].)

vap'

~ Calculation of the molécular weight of the vapor species by analysis
of the torsion and gravimetric effusion data yielded a value of 44.7 T 3.4,
compared to the value of 47.0 for the molecular weight of pure BeF,. The
melting point of crystalline BeF, was established as 542 = 3°C. °
A detailed study of the reaction
BeO(s) + 2HF(g) — BeF,(9) + H,0(d) (3)

was carried out between 943 and 1243°K by means of the molecular flow_
effusion technique to obtain thermodynamic valueés for BeF,(g) . At 1093%K
the ‘LAHr for reaction (3) was found to be 20.5 = 1.7 kcal/mole and the As,
6.0 = 0.3 cal/deg/mole. These values combined with data in the JANAF
Tables lead to the following values for BeF,(g):

LH; (2nd law) =191.3 = 2.0 kcal/mole
52.4 % 0.3 cal/deg/mole

~O
52989k

A third law calculation leads to =191.2 ¥ 0.4 kcal/mole for the AHzf“g‘s K

of BeCl,(g). (J. Phys. Chem. 67, 1191 [1963] .)
BeF  The reaction
BeF,(g) + Be(s,) — 2BeF(g) (4

was studied over the temperature range 1425-1675°K using the molecular
flow effusion technique. The reaction was carried out in a graphite-
beryllium oxide three part cell in which no extraneous reactions were found
to occur. In several runs the graphite reactions of the cell were replaced
with nickel. This substitution produced no change in the data obtained,
thus further confirming the absence of side reactions involving container
materials.

- en®@
LAt of K vs. 1/T yielded AR K o 91.5% 3.8 kcal/mole. The
b s5; 2, eopras found to be 44.3 = 2.4 cal/deg/mole. These values led to
a BHETPN of ~48.3 < 1,9 keal/mole and an 89gg0y of 51,1 = 1.2 cal/
deg/mole for BeF(g). A third law calculation for <28 *AH#98 produced the
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al/mole in good agreement with the second law value,
703 [1963] .)

7 , The decomposition preéssuré of solid beryllium nitride acéording
to equa nz(s) was measuréd between 1400 and 1700 K using the torsion
effusion technique.

BesN,(s) — 3Belg) + N,(g) (5)

Because of the severe limitations in the meéasurement of the very small
angular displacements,; coupled by the fourth power dependency onh the

pressure, it was / possible to obtain & reliable third law he Srmation
for solid beryllium mtride The value obtained for AHf“ was 140.3=1,5
keal/mole. (J. Phys. Chem. 68, in press.) v
MgE - In the course of another investigation where MgF 2(g) was to

be passed %)ver another ¢ nsed phase, it became fiecessary “to obtain
some reliable vapor presst (s) at lower temp res than had
been reported. Thus, the P ,re (s) was measured by torsion
and gravimetric effusion b 11273 and 1513°i The vapor préssureé
curve in this region is defined by

log Py = =17,096/T + 7.6845 (6)
From analysis of the vapor pressure data the following thermodynamic values
were determined for Mng

AHzag K (2nd law) = 83.21 ¥ 1.03 kcal/mole

AH‘98 °K (3rd law) = 83.95 T 0.65 kcal/mole
298%k _
ASsub
(J. Phys. Chem. 68, in press.)

= 41,78 - to. .75 cal/deg/mole
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RECENT WORK AT ARTHUR D. LITTLE

Alfred Buchler
Arthur D. Little, Inc.
Cambridge, Massachusetts

detail, e1ectric quadrupole deflectiog experiments.

cather extensive
] 5 §t main, in particulag
Vapor. The results of two

wivt-:h fegafd to the prreeise compositi
extended heat=of=sublimation funs in 6uf Iab@iatéfy are presented in Table I.

IABLE I. Mass-spectrometiic heats of sublimation

LH3000(LAF) 65.9 # 0.6 (927°<1013°K)  63.7 £ 0.5 (860°=1060°K)
OHipoo(LigFp)  68.7 * 0.6 (927°=1013°K)  67.9 % 0.5 (860°=1060°K)
MHy600(LisF3) 72.1 ¢ 0.6 (927°=1013°K) 75.7 £ 1.2 (897°=1060°K)

u

erkowitz, Tasman

and Chupka (BTC)1 concerning the fragmentagien pattern of the various species*
and have identified the slopes of the 1 T vs 1/T T plots for LiF+ LiéF

and Li3F2 with the heats of sublimatio gf monomer, dimer and trimer res=
pectively. Results for one of the rum s §re plott ted in Figure 1. For the
most abundant species, L12F+, the results of

of
the standard deviation of the slopes, for the ggheg species, the difference
between the results of the two runs is slightly greater. In Table II, the

In deriving these data we have followed the conclusions of

MHy000 (LLF) 64.8 £ 2 63.1 ¢ 1 65.5 £ 2
AHyo00(LigF2) 68.3 £ 1 66.8 + 2 73.0 ¢ 2
OHy000(LisFs) 73.9 £ 3 . 80.9 + 2

*The work of Akishin® on the fragmentation of lithium fluoride is open to
serious criticisms, which were discussed at this meeting by J. Berkowitz.
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averages of the two sets of data are compared with the data of Hildembrand

et al.2, obtained from torsion-effusion vapor pressure measutements and the

heat of dimerization of BTC; and the JANAF Table values,* based on vapor

pressure meas rements from several gources and é 1c<1ated dimer entropies.

Our ‘ata /1o in Very good agreement
he problems that

pted the BTC

believe that the averages of the‘expgrimental heat of subl é
obtained in this work and that of Hildenbrand et al.,; as giVéﬁ ithable I1t

i

TABLE IIT. Recommended heat of sublimation values

LH3 060 (LiF) 64.4 keal/mole
Al 606 (Li 2F 2) 67.6 keal/mole
AH3000 (LizFs) 73.9 keal/mole

represent the best estimates available at this time and are to bé preferred
to the cirrent JANAF Table values.

2: Lithium Fluéfide-Ber“llium Flueride

In relation to this system, we dise
connected with the mass spectrometric si f mi 8
electrochemical experiments as a very useful and so far unexplored source of
thermodynamic data for systems of interest to the Panel.

'ss two points: first, some problems

i Mass_S ectrometer_Exieriments

We have studied mass spectrometrically lithium fluoride=beryllium

fluoride solutions saturated with lithium fluoride and containing about 25%
BeFp. The mass spectrum of this system is compared to that of lithium

fluoride in Table IV. In both cases the ion intensities have been notmaligzed

LiF(c) +

LiF-BeFp (soln) LiF(c)

—990°K - 987°K_
BeF,' 883 -
BeF" 332 -
ut 229 51
LigF 100 100
LiBeFo 65 -
LiF 37 3%
LisFa' 7 9

*Ion intensities normalized to I L1 ;F w» 100; uncorrected for
isotope distribution. -
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to LiZf* = 100. The relative intensities of LiFM, iiafw arid L13F2” in the
twc spectra are essentially identical and confirm the existence of satura‘ed

rrect and that the activity coefficient of LiF in that mixture may
to unity.

'ien ééﬁtai“ing about 75% LiF and 25% BeFé was

ion by an indepeudent method

le 0 hemical exper;j‘ James
D. Birkett. For this pul , BeF2 in
one compartment and a mixture of 75% LiF and 25% BeFa in the other was used.
The emf of this cell 18 given by
R = ~R;r§/r‘£‘l
E ’ZF]‘na@
n solution
The experiments were carried out in a cell sketched in Figute 2.
two compartments of the cell were separated by a sheet of 1/4 inch gt

ing near its bottom a 1/4 inch diameter plug of porous carbon which
served as a jun‘tion between the two half cells The liquid junction poten-
ofﬂa fewﬁnQVan&<will be neglected here. The cell was held in a clay graphite
crucible containing molten lead, the latter serving a thermal reservoir and
heat transfer medium. The entire assembly was placed in an open-top muffle

f;rn@ce, the top of which was sealed with appropriately shaped pieces of
alumina and fibrefax. Two sets of data were obtained and are summarized in
Table V. The potentials reported are the average of a number of values

lable :
taken over a period of at least 25 minutes during which the emf stayed within
8 mv of the average value.

BeFp Activity Activity
E.MF.  _in Solution Coefficient
906°K 154 mv 0.027 0.11
965°K 148 mv 0.039 0.16
Activity coefficient estimated
from mass-spectrometric data 0.1
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Within(the accuracy of the two types/of e:;periments t:he electrocnchemical

mags slpectrometric data. It should be stress(ed that e1ect1:ochéinicalI . experi-

ments on fused salt systems of the type of 1
OV y valuable supplemen»t for obtaining thermcd‘yﬁéﬁic d‘ataw&
, ‘icular it s»hould be noxted‘ that a large parto&

cles 2ul LT 7 ce; however; we are only intrg=ested im
the direct results of ', urements. 'fhe activity raties diszained in
this way give immedic I f i 5f finsaoner
over the soiution and

lar beam oven are polar or uet and
ing these species. Wi first

i rupole mass spectromelter.
‘ ‘nalyze ions producedll

s Spectrometer, Th experimental arrangement(cuuu‘ :
gure 4. The molecular beam 1s produced in anonver

3 1. L: ic current through it. 'l‘he oven i'luca oft ed
chamber which is separated from the quadrupilese chamber

C ems of the mass spectrometer by means of ball valve.

amples can be changed and degassed while the remainder of the mas

eter is kept under vacuum. The quadrupcle lens is placed in whatis
ordinarily the ,udgen cell chamber of the mass spectrometer. Theltsens
consists of 4 polished steel rods, onme pair of which is grounded will{le the
other pair is connected to a variable high voltage supply capable ¢ supply=
ing up to 60 kv. In practice, potentials up to 35 kv have been reuhdhed
before electric breakdown occurred. A small slotted rod near the ifbdpoint
of the quadrupole lens serves as a beam stop.

The operation of the system is shown schematically in Figuresiiea and 5b.
With the stop in the position shown in Figure 5a, and with the quafuvupole
field turned off, molecules effusing from the oven can pass directli: into

the mass spectrometer, producing what will be referred to as the "irrraight
through beam" signal. By rotating the stop 90° about its axis (Fiprire 5b)
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about 99% of the straight through béam is eliminated. (Geometrically the
stop completely shadows the entrance slit, but about 1% of the signal stiiil
remains as a result of the scattering of the molecular beam by molécular

gas.) If the quadrupole field is now turned of; polar molecules in appro=

priate rotational quantum states which leave the oven at small angles t
the beam axis will be defle ted in such a way as to reach the ion so,rée

(o]

An example of the type of mass spectrometér trace obtalned is shewa in

e 6, which shiows the refocussed beam signal for LiBF¥ as a function of

his runvwas made with an earlier version of the apparatus, in
the Knudsen 1
left, the refocussing
case the increase in

ect bean (i—i hand & A
f (leﬁ‘ hand patt of the trace, 10
7 i een to be equivalent to about

Ion 2 Refocussed
i, 7 25 0.12 0.5
LiF 26 13 0.3 (32 kv) 2.3 (32 kv)
LigF " 33 19 0 0
b, 7 4.7 0.024 0.5
Li61”4 42 8.5 0.18 2.1
LigCl 49 10.5 0 0
The refocussed signal observed in the case of the Li and LiX" ions is due
to the polar monomers LiF and LiCl. The Li-X bond in the dimers LigX, are
expected to be of the same order as the dipole m ments of the monomers.
Thus a non-plgn t dimer configuration should have a significant dipole
moment, fhe gbee nce of +polar1ty tndica t ed by a Lgck of refocussed signal
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 Oxides An account of this work has been published
s summarized in Table VII. A non-lineat structure for

recently.st Data

TABLE VII. RelatiVe ion intensities

't oot not
Straight=through beam 700 650 43
Refocussed beam (.

Increase in signal due &
to applied potential 5
@
]
10 kv 3
15 g
25 4
30 @
35 =

£ : »A1/mole/deg in the ‘entropl e
structure of this molecule.”

principal vapor species at temperatures above 1150°C when lithium oxide was
heated in a molybdenum crucible. This result suggests that the electron
diffraction pattern for lithium oxide reported by Akishin and Rambidi8

-B halides are summari edrin Table VIII. For moieeoi whieh }

show no refocussing the amount of refocussing which could have been de
is shown under the colummn headed "Sensitivity." Refocussing of the alkali
earth halides was first reported by Wharton, Berg, and Klemperer.® The
molecules BaFp and CaFp span the range from the highest to the lowest
polarities found in their experiments. Refocussing was observed for BaF
and CaF+ thus showing the sensitivity of the mass spectrometric experiments
to be comparable to the molecular beam;g experiments, and confirming the
bent structure of these molecules. (Neither of the two molecules produces

a parent ion, MFp , in amounts detectable in our experiments.) For the
beryllium halides no refocussing was observed, implying that these molecules
are linear. The same holds true of the Group I1-B halides. Here the
defocussing observed in the case of HSCIa is a characteristic of linear

de
<]
[

¥
i
Q

i



molecules. The latter result is particularly gratifyifig since it has been
suggested that refocussing might be observed for lineatr molecules with very
iow bending frequencies and peculiar potential functions. At least im the
cage of H ; Whi has a bend‘ g frequency of 70 em™! and is known to be
linear | ce, tzis is ‘not the case. The tesult

earth halides does indeed indicate a non—lineaf structure.

Molecule  Ion Observed X Refogussed Sensi
BeFyp BeFy 0 0.2% at 30 kv
BeCla Bem; 0 0.6% at 36 kv
BeCl™
€aFz €Car 0.45 at 22 kv
- o o am
BaF, BaF 6.7 at 29 kv
Bat 6.0 at 27 kv
inF, 0:2% at 25 kv
) 0.15% at 28 kv
ZnCly 0.25% at 27 kv
P )
HgClyp HgClyp =4.8 at 34 kv
(defocussed)
+ , i
AlF AlF 0.6 at 27 kv
B:03 B.05 0.13% at 25 kv

1.4 debye has been reported by Lide.1} The molecule was run as a check on
the sensitivity of the method and was in fact observed to refocus. No
refocussing wae observed from BgOs, showing it to have a very small dipole
nmoment.

For AlF (prepared by the reaction of AlFs and Al) a dipole moment of
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£4) Transition Metal Ha No refocussing was observed for
any transition metal halides; implying that these compounds are linéar.
In the case of cuprie fluoride; no refocussing was obsetved for CuF2 j
showlng CuFa(g) to be linear. However, the CuFt ion showed refocussing;

showing that the vapor above CuFp(c) contains the diatomie moléecule CuF.

TABLE IX: Electric deflection experiments:
—iee Ttansition metal halides __

Molecule  Ion Observed X Refocussed Sensitivity

MaF 5 0 0:12% at 30 kv

0 0:3% at 30 kv

MnClp 0 0:2% at 23 kv

0 0.7% at 20 kv

o . _ . I

CoF3 CoFo 0 2%  at 2] kv

CoF 0 0.2% at 30 kv

NiF5 NiFp 0 0.5% at 30 kv

NiF 0 0.5% at 28 kv

CuF o CuFp 0 0.8% at 30 kv
CuF cur? 3 at 30 kv
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A NOTE ON THE FRAGMENTATION PATTERN OF L1F

J. Berkowitz

Argonne National Laboratory, Argonne, Illinois

carr1ed out by Aklshm, Gorok o¥; and S‘ 6 c>vl and by Berkow1tz,Tasman,
and Chupka. The results reported are not in good agreement. It is the
purpose of this note to clanfy the nature of the disagreement and to pre-
he BTC® results,

It should be stated at the outset that fragmentation patterns as
measured with one mass spectrometer need not be reproduced by ancther
hass spectrometer. If there is any d‘ffereance in k1net1c ene rgy between

“‘y other mass d1scr1mmat1on in one
. réé?éét to aﬁ;ét’her, th1s too w111 aff,ct a coms=
ntatlen patterns.

ends the above cons1derat1ons.

terminology, we define

where I , is the Lit ie tensit
tensity due to dimer, Iz' is the Li, F" ion intens] e ,
I33 is the Li Fz* ion im tensity due to trimer. AGS report
aoz = 0,46 £ 0,13 and d = %,9;&; 0.8. OQur co ntention, based on

prekus experiments with L F:‘3 ~ is that the ratio of pa.rent trimer peak
(Li, ) to the total intensity at the Li 25‘* position in the saturated

vapor 1s only ca. 0.1, Double oven experiments of the type discussed here
invelve measuring a difference of ion intensities., In order to deduce a

fragmentation pattern for the trimer, it is necessary for the fragmented

trimer to significantly affect other peaks, Since the L;s F, * ion intensity
is only ~10% of the Li, F* in the saturated vapor, its 1mpact on the va F
is too difficult to ext_ract taking into account the experimental uncertainty,

Qur contention regarding the ratio of trimer to dimer is further verified

0
“.,,@ 19‘
4
il

+

by experiments which do not invelve fragmentation patterns, and which
yield a trimer:dimer ratio of 0, 17,

Gomm;s gxon.

&
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provided raw data to indicate the magnitude of their experimental uncer=
tainty. Hén‘ce we queatioa the validity @f th ‘~f fﬁéasufemeﬁt @f aié . Thié

where I is the tetal Li, F ion intensity due to contributions from dimer
and tr1r“néi‘ and the other symtbols have thelr previous meaning. Our
a co»ntnbutmrn to I to be
i gely because the
pressure of tr' I to bé éigmﬁ‘ant for this experis=
. Hence, Oufr €€ 1sion is that I, = Ly > aés I:’a-é , and
40’2 = 0.14 ¢ 0.02. The AGS weork concludes that the trimer:dimer ratio
is 0. 44, in contradiction to all other experimental observations on this
system. It is this disagreement with regard to the relative importance of

tritner to dimer which is responsible for the ensuing discrepaney in a

er 1§ too ST »=1

\N]

We are also puzzled by the omission of results for the coefficients

Q,, and @;, in‘the AGS work, which are r P rted in the BTC paper.

P A. Akishin, L. N, Gorokhov, and L, N, Sidorov, Zhur. Fiz.
Khim, _§_§, 2822 (1959). English translation 33 648 (1959).

J, Berkowitz, ¥. A, Tasman, and W. A, Chupka, J. Chem. Phys.
36, 2170 (1962).,

" J. Berkowitz and W, A, Chupka, J. Chem, Phys. 29, 653 (1958).
Note that there is a typggfa,phiéal etror for the tetramer of LiF reported
in this paper, On p. 654, Table I, the value for Li 413” should be 0. 33,
mstead of 0. 00133

‘R, C. Schoonmaker and R. F. Porter, J, Chem, Phys, 30, 283 (1959),

S
M. Eisenstadt, G. M, Rothberg, and P, Kusch, J. Chem. Phys. 29,
797 (1958).
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The pe: e « ]
ular beams to the problem of samplmg“ ‘hlgh pressure systems ith & mass spee-
trometef is discussed A smple differéntJ I: beam system
ensities of about 1017
f& sources. The behavior of this sam-
pl— Ng fsyst'em with pwf'é gases, mixtures and reactive systems is presented.

In beams f‘fem gaseeus' mixtures %he mass speetremef,er gTiVés a respense whieh

stu dy of chemlcal equilibrium involving
eS Where a8l € nmerital condi=
r, weé are interesved in studying

tioné can bé read:

reactlons at tem

used to sample condensible and unstable gaseous specles dlrectly from the
flame at one atmosphere.

It was recognized in the beginning that thé mass spectrometric sampling
of flames would be one of the most difficult problems encountered in this
study. Consequently, we have devoted much of the effort so far to deter-
mining the conditions under which good sampling can oecur; i.e., the con=
version of the flame gases at oné atmosphere to an inténsé molecular beam
with the least possible disturbance of the chemical species originally
present.

actlve species has greatly increased in recent years. In much of the work
the gas 1s introduced into the spectrometer lomn source as a molecular beam
formed by molecular effusion through a sampling crifice. In such cases
the composition of the beam reaching the ion source can be safely related
to the composition of the system being studied. However, if the pressure

is increased until the mean free path of gas in the system approaches or

The use of the mass spectrameter in studying high temperature and re-

ccmes uncertain. In this region it has been varieusly reported that a
maximum in beam intensity will occur with increasin pressure,l/ that a
"eloud" forms above the orifice limiting the 'bea.m,2 and that the intensity
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will econtinue to rise with pressure but with & differémt slope, predictéable
from & simple model based on adiabatic expansion.2

The nature of the flow through an orifice imto & vacuum when the flow
is econtinucus, that is, when the upsStream mean free path is much less than
the orifice diameter, is currently being studied by aerodynamicists and
workers desirous of obtaining very intense molecular4_6/ beams

Qualitatively, as &
orifiece or nczzlé into

me;rl:,g to higher i!ressu;'eg.
Kantrowitz and Grey developed quantitative expressions to descrlbe the

molecular beam obtained from a nozzle source. ILater, Parker et al. , re=

fined the treatment and obtained expressions for beam intensities and ve-

locities. The assumptions made in the theory were that (1) the flow between
the first two slits obeys ordinery continuum flow theory, (2) the expansion
of the gas through the first orifice is isentropic, (3) the ratio of spe-
cific heats, vy , is constant during expansion, (4) the flow into the second
slit is supersonic and undisturbed by the presence of the second slit, and

(5) downstream of the second slit no molecular collisions occur.
Of the various expressions derivedJ to describe the supersonic molec-

ular beam for a pure gas we will write down only the equation for the in-
tensity in terms of the source conditioms:
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Here I 1is the total beam intensity in molecules/second at the third slit,
8z 1s the area of the third slit, ap 1s the area of the second slit, Py
and T, &are the pressure and temperature of the gas upstream of the first
erifiee; m 1§ the molecular weight of the gas; v 1s the specific heat
ratio, M is the Mach number of the gas at the entrance to the seécond orFi-
fice and dpz is the distance between the second and third orifiee.

For ceamparison, the beam intensity from e conventional molecular ef-
fusion sourc¢e is given by

is the distance between
he theory predlcts a

ner and on a2 he
case 1 depends on =
éncies on slit areas lead to 1nteresting consequences which are disc Sssed

below.

The Mach number of the gas at the second slit, in the ideal case and
for a given v , depends on the distance in orifice dlameters between the
first and second slits, and is independent of B, , B, T, m or orifice
diameter Such Mech numbers have been calculated for a diatomic gas
(v = 11,
with mlniature nozzles by Fenn and Reisl@/ for Mach numbers up to about 8,
corresponding to a ratio of distance to orifice diameter of about 9. At
larger distances the observed Mach numbers fall below the calculated
values and tend to reach a limiting value.

Experimental In the design of a sampling system for high pressure

sources, various departures from ideal behavior must be considered. Two

classes of effects can be noted: (1) Those occurring upstream of the

second slit or skimmer in the continuum flow and transition regime, and
(2) those downstream of the skimmer in the molecular flow regime.
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K high pressure gas expanding into an imperfeet vacuum will be bounded
by & shoek bottle. The caleulations of Owen and Thornhill apply only to the
gas imside this shock bottle, that is; to gas which is as yet unaffected by
the ambient gas. The skimmer siit should therefore be situated inside this
shoek bottle for the gas entering the skimmer to approximate the caleulated
conditions. Above the shoek bottle, reduced intensity and possibly other
effects might be expected, particularly with mixtures. Since the skimmer
faces the supersondc flow fram the first orifiee, it should be designed to
imize the formation of & detached shock across the skimmer opening.
Ac'cordlng to present theory, the skiﬁ‘ﬁner s'h@uld be C‘:onical w1th a certain

We have constructed a molecular beam sSampling system to meét the re=

quirements of sampling one atmosphere flamés. A Bendix time-of 1T mass
spectrometer is used as a debvector. The system is shown schematid y in

Fig. 1. Because of the problems involved in attaching the sampling systeém
below the mass spectrameter ion source and in using an exposed flame as a
source, it seems impractical to use the large diffusion pumps which have
been employed by other workers for differential pumping. Fortunately, we

were able to get good beam formation with small pumps and several stages
of differential pumping.

The pumps used are listed in Table I. A small mechanical shutter was
operated in stage 3 where molecular flow prevaeiled. This permitted the
separation of beam and background signals. The thin-edged skimmer orifice
was constructed by wrapping 0.009 mm. nickel foil in the form of a 60° apex
angle cone with the desired hole diameter remesining open at the end. This
fragile but easily comstructed cone was supported by & 0.25 mm. thick spun
copper cone. The third and fourth slits were formed from thin sheet and
vere of a size such that the beam campletely filled the mass spectrometer
ion source slits. The first orifice was either a flat disk soldered to a
movable tube, for room temperature work, or a spun, 0.005 in. thick, Pt-Rh
cone for flame sempling. Table I also lists typical slit dimensions,
spacings and pressures for a one atmosphere source.
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S_ W1th Pure Gases 'Thé Sampliﬁg Systém Just 665cribéd has given

ioh Source from the thlrd stage In & typlcal case 20 50}per cent of the
total sighal is from rahdom ges and is not shutter=-dependent. The remain=
ing 70-80 per cent is the shutter-dependent signal due to gas entering the
ion source as a beam. With & fast response Sa n Modél Neo. 150 recorder
and rapid closing of the shutter; it was established that about 70 pér¥ cent
of the shutter-depemdent signal 1& due to the beam om its first pass through
the mass spectrometér and 30 per cent due to the seattered beam. With con-
densible or unstable species, this 30 per cent comtribution will be absent.

€ beam 1nten51ty is crltlcally dependent on the al&gnment of the
] ’ts, i
The sé

to skimmer dlstance is shewn in Fig. 2.
changes the beam scattering in a predlctable way, bu
distance dependence is complicated and nhot fully un"r’tood-

5 In our stud;es,
we Qperate near the peak lntQQSLty shown in F;g. 2, There is some reason
to believe that a detached shock may be presented in front of the skimmer

The behavior of the beam intensity with pressure at a fixed orifice-
skimmer distance is shown in Fig. 3 for CO, and in Fig. 4 for argon. With
other parameters held constant, the intensity dependence on first orifice
size is greaster at low pressures as shown in Fig. 4. The high pressure
behavior is complicated by scattering a choice of orifice-skimmer distance,

and almost any shape curve can be obtained including, over limited ranges,
the first power dependence on pressure predicted by theory.
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The actual magnitude of typical beam intensities expressed as 7
m@lécuiés/ éiﬂg'/éééci‘)ﬁd at slit Nc 3 (‘Whéif‘é & true ) ‘moLecular bé‘é.iﬁ éxists),

geometry. h & o=
mosphere of l@” m@lecu.les/ 2/second at the third or f

from the first orifice. These intensities are eomparable %o those reported.
By Fémé/ and Scott_/ with their much layger systems:. With such in
ties; beam signals in the mass spectrameter of about 100 have been ob
w1 h minimum detectal signals of 104 possible in favorable cases. A

er-dependent s:.gnal from argoh 36 in air was readily measured, repre=

r dd tanees A_t 5 _atméspheres ma.xi ; intensrbies were reduced
about a factor of 5. The mass Separation effect, discussed below; was en-
hanced about & factor of 4 for a Hp-Ar mixture at one atmosphere. The ex-
tent of polymerization, also discussed below, was decreased slightly at one
atmosphere and markedly &t 5 atmospheres. This behavior may be consistent
with the interpretation that, at low densities of gas at the skimmer,shocks
are too diffuse to be of importance. Because of the fragility of the

0.0088 mm. thick skimmer, one was constructéd in the same fashion from
0.05 mm. thick stainless steel sheet. This skimmer gave virtually identical

results to those reported here and is being used in future work.

Results with Mixtures When mixtures of gases or reactive systems are
sampled, there are several complications which may occur. In a reactive
system the composition may change either during the initial expansion or
on passing through shock waves, and the net effect will depend on both the
nature of the expansion and the kinetics of the reactions involved.

Even in the simple case of sampling unreactive mixtures of different
molecular weight gases, there is a question as to the composition in the
final beam relative to the initial camposition of the mixture. Expression
(1) epplies only to & pure component and, unlike expression (2), cannot be
used directly to treat components of a mixture. It has been known for
several years that in a supersonic moleculsr beam the heavier camponents

will be epriched relative to the lighter along the axis of the beam.1O/
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oretical and experiméntal situat:
1t necessary to deteymine for our beam

of this so=called "mass separation" effect.

The experlmental measurement of mass separatlon as a function of

ulayr béam. Im.tlally, & series of 50-50 mixtures of gases i
ratlos of molecular welghts were stucLed These result

&g 7 ar weights

0 6f mol ‘I'h_e effect was 1arge. In the HQ ;
ture the intensityrof argon was some 25 times that of Hy after correc
for mass spectrometer sensitivity.

The solvent would presumably determlne the
’"ion and the enrichment of the solutes as a func-

Lve A variety of solvents and
\ication as to the depe dence on the sols
re and la;

solute. Tk_le m:_L,xtu_res stud,led are nsted in Table II

In much of the past work, the total flow of gases through the skimmer
was collected, analyzed, and the results compared with the analysis of the
initial mixture. In beam sempling applications one is interested in the

actual response at the detector caused by the various components in the

beam. In the case in which a mass spectrometer is used as a detector this
response depends on the density of molecules passing through the ion source,
i.e., on the velocity of the species of interest as well as their flux.

The response of the mass spectrometer to various densities of the different
gases was determined by performing Knudsen runs with each gas at a series
of pressures low enough so that scatter free molecular flow occurred from

the first orifice. The same gecmetry was maintained in these comparisons.
In general, plots of ion intensity versus pressure were linear from

1,000y down to 100y or less and the slopes were camputed for each species.
Duplicate runs established the reliability of the slopes to be 110 per cent

for the rare gases.

Following these calibrations a number of mixtures of gases were made
up in a stainless steel tank of about 8 liters volume to & pressure of
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about one atmosphere. The gases were allowed to mix for several hours and

beam experiments were carried out in whiceh relative intensities were meas-
ured for each component. Repeat runs over the pressure range of 700400

Tory gave agreement to flO per ceént.

The data on mass separatlon were treated 1n the fo low1‘

into the calculated intemsities t@ give & (calc/obs) ratio for each species.

If there were no mass Separation; these ratios should all be the same and,
if we choose one species, say the Solvent, and normalize it to unity; then
every (calc/obs) ratioc should be unity. Actually, the ratio (calc/obs)
decreased with molecular weight in almost every case, indicating an enrich-
ment of the heavier species in the beam. The raties,

5, 6, 7, and 8. The Line indi-
cates the slope the plot would have for & first power molecular weight de-
pendence of the mass separation effect.

results are shown on log=log plots in Figs.

Several features can be discerned in these plots. First, and most im-
portant, the data fall along a line whose slope is most nearly that for a
first pewer dependence on the molecular weight. Second,within the rather

bad seatter of points, the dependence of @ on M seems to be reasonasbly

independent of the chemical nature of the species, although the rare gases
fall slightly below the solvent and other solutes and there are indications
of a dependence on solvent as well. To a first approximation then, one can

write py = kIf/my , 8t constant temperature. This is to be contrasted

with ordinary molecular flow sampling from a Knudsen cell for which

Px = kIf at constant temperature.

The dependence of "mass separation on other parameters was lnvesti-
gated briefly. In the experiments above, the effect was the same at ori-
fice-skimmer distances of 3 mm. to 13 mm. and over the pressure range
700-400 Torr. At 5 Torr the mass separation effect is greatly diminished
as shown in Fig. 5. Results for an equimolar Hp-Ar mixture are shown in
Figs. 9 and 10 as a function of source pressure and orifice-skimmer dis-
tance. In other work with the argon isotopes the mass separation seems to
remain fairly constant down to 10-20 Torr. The rare gases He, Ne and Ar
vere added as solutes in a CHy-air mixture and the relative intensitles

measured in the beam from the unignited gases (300°K) and from the burnt
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gases (2000°K). The same relative concentrations of the rare gases were
obtained at the twe tempera ’res B agai' cwing a f ‘t power moléculay

tr@ﬁeﬁer i@n source: Tv@ the ex“tent. that the heavier molecules are actually
moving more slowly, their ionization probability will be higher and an &ap-
parent mass separation will result:

tems With reactive systems, there are tWo
. effects of importance in high pressure sampling: (1) polym=

1 or partial condemsation, and (2) shifts in chemiecal composition
during expansion. The formér effect oceurs éven in simple gases such as
Hy or Ar but is discussed here since it is related to the abllity of the

sempley to give a representative analysis of thé source gas.

There have been several reports @f the formatlon of polymers in

of the molecules formed can be troublesome 1n sampllng since some of the
Systems of thermochemical interest at high pressure involve polymers (e g,

sulfur vapor, volatile metals, salts, HpO and HF).

Of even more céoncern in our flame sampling work sre shifts in chemical
equilibria. In complex mixtures it may be difficult even to predict the
direction that shifts are likely to take during expansion. What happens in
passing through shock waves is even harder to predict. As a consequence,
we are experimentally testing the ability of our sampling system to quench
known equilibria at high temperature. Although our results thus far with
unstable and condensible species have been qualltative only, they are suf-
ficlently encouraging to warrant mention.

Upon adding various materials to flames we have been able to see con-
densible and reactive species in approximately the proportions expected.
Thus, with BClz added to & stoichiometric Hp-Op flame (with a theoretical
flame temperature of 3078°K: 17 ) the species Cl, HCl and were observed.
The C1*/HC1* ratio, after carrection for fragmentation of HCl, was very

close to the canputed ratio Cl/HCl. Likewise maoa, the ma,jor boron-cen-
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intemsity. In ancther éexperiment Clp was added to & stoichiometric CO=0p
flame (vith a theoretical flsme temperature of 2077°KL7/). oOmly CL* was
observed with no observeble recombination; during sampling, to Clp. Quan=

titative testes are in progréess to determine actual flame temperatures and
the effects of burner; flame and sampling System parameters on the ability

to sample highly réactive speecies.

The authors are indebted to My. Thomas O. Dobbins for providing us
with theoretical flame ealeulations and to Drs. Scott, Fristrom and
Westenberg for discussions durimg visits to their laboratories: We also
wish to thank Mr. Gordon Gross for his imterest in the problem, Mr. George
Vowels for carrylng out many of the experiments and Mr. Géorge Vaughn for
help in the design and construetion of the beam system.
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Fig. 1 - Apparatus for the Mass Spectrometric Sampling
of High Pressure Sources
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Fig. 4 = Variation of Argon Beam Intensity with Source Pressure at Two Dif=
ferent Orifice Diameters. Orifice to Skimmer Distance Equals 3 mm.
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Fig. 5 - Mass Separation Parameter versus Ratio of Molecular Weights for
Rare Gas Solutes in Hp Solvent at One Atmosphere. The Straight Line

Represents a First Power of the Molecular Weight Dependence.
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Fig. 6 - Mass Separation Parameter versus Ratio of Molecular Veights for
Rare Gas Solutes in N, Solvent at One Atmosphere. The Straight Line
Represents a First Power of the Molecular Weight Dependence,
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Represents a First Power of the Molecular Weight Dependence.
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Represents a First Power of the Molecular Weight Dependence.
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ig. 9 = Variation of Component Beam Intensities with Orifice %o Skimmer
Distance for an Equimolar Mixture of Hy and Ar at One Atmos-
phere Source Pressure. Orifice Diameter 0.05 mm.
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Fig. 10 - Variation of Compenent Beam Intensities with Source Pressure
for an Equimolsr Mixture of Hp and Ar at 6 mm. Orifice-
Skimmer Distance. Orifice Diameter 0.05 mm.
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LBSRACT

A rotating=bomb calorimetric technique was developed to solve the problem of de=
termining the heats of combustion of organic boron compounds. The heats of com=
bustion of crystalline boron and trimethylamineborane, (CH3)3 NBH3, were determined.
The combustion product was a solution of flusborie acid in excess aqueous HF. The

dard heat of formation, AHF® of trimethylamineborane (¢, ITI) is =-34.04
£0,55 keal mole™1, The heat e?sefuhen of ortheberic acid in an HF solution chosen
to yield the same ﬂ'UObOI’IC acid solution was determined. The heat of formation of
ortheboric acid was calculated; AHf°50g 5(H3B03,¢) = 261,47+ 0,20 keal mole = =1,
Combination of these results with data from the literature permlfted caleulation of the
heats of formation of ByO3 and ByHy referred directly to crystalline boron,

The lack of a method for accurate determination of the heats of combustion and
formation of organic beron compounds has been an important gap in the methods of modern
thermochemistry. Organic boron compounds, burned alone or admixed with other ordinary
combustion promoters, burn incompletely to a poorly defined oxide that occludes carbon
and other decomposition products of indeterminate composition, In recent research of this
laboratory, a method developed previously for the determination of accurate values of the
heats of combustion of crystalline silicon and erganic silicon compounds was extended to

allow accurate determination of the heats of combustion of elemental boron and organlc

boron compounds. This method involves combustion of crystalline boron and organic beren

compounds mixed with a fluorine=containing combustion promoter, vunylldene fluoride
polymer, and with aqueous HF in the bomb so that the boron appears in the products as
fluoboric acid in homogeneous solution, approximately HBF4 « 14,5HF - 58, 5H20 The

3 Durmg the penod I February 1959 31 January 1962, this work was jointly sponsored
by the Chemistry Office of Advanced Research Pr0|ecl's Agency and by the Air Force
Office of Scientific Research under Contract No, CSO=59=9, ARPA Order No. 24-59,
Task 3, Since 1 February 1962, this work has been sponsored solely by the Advanced
Research Projects Agency.
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method was used to determine the heats of combustion of pure samples of crystalline boron
and frimethylamineborane .

Measurements were made of the heat of solution of orthoboric acid in an HF
solution chosen to produce the same aqueous fluoboric acid so These measure-
ments, coupled with the heat of reaction of crystalline boron to give this solution,
allowed caleulation of the heat of fo ation. of orthoberic acid. By combination ‘of these
results with. other available fhermochemlcal data, it was possible to derive values of the
heats of formation of B5O3 and ByH,.

EXPERIME NTAL

The basic procedures used in this research for combustion calorimetric measure=
ments have been described (1), Only modifications made in this research and proce=
dures peculiar to it will be described here.

Bags of polyester film (1) were used to prepare sample mixtures of crystalline boron
or frimethylamineborane and vinylidene fluoride polymer, (CHyCFp),,.

Crystalline boron powder, 325 mesh particle size and finer, and vinylidene flueride
polymer, 100 mesh particle size and finer, were weighed into a prevueusly weighed poly=
esfer beg. A "bubble" of eur was mfenhonelly sealxed ms:de fhe bag. Mampulahen of

ina vnse, subsequenfly fhe bag was prlcked wnth rhe pomf of a needle fe al*low escape ef
the qir, The bag was rolled, with the opening made by the needle inside and compacted
with a pellet press, The pellet could be prepared without loss of mass detectable by a
microbalance.,

Pellxefed mixtures of frlmethylammebordne and vmyl |dene fluorlde |ymer ln
mefhylammeborane was handled mslde a dry box. Trlmethylarhl-nehorane is a waxy solud
and the mixtures cbtained were not as intimate as in the case of boron and polymer, Be-
cause frimethylamineborane is slightly volatile, the pellet was sealed inside a polyester
envelope,

The polyesfer bag techmque is an mvaluable aid in combushon celonmefry of
pelyester dnd of its rendency to 'heeeme stahcally charged must be emphdslze_d Recent
experiments have shown that several compeunds including water, permeate the polyester
film very slowly, and appropriate precautions in ifs use must be raken.
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The » Chemisiry of the Bomb Process

The pellets deseribed in the previous section were burned under 30 atm of oxygen
in the presence of excess aqueaus HF. In several non=calorimetric experiments, the bomb
was discharged and opened as quickly as possible after | n of the sample. Solid oxi-
dation products never were found. The boron oxide and/er fluoride dissolve rapidly in
the HF solution to form aqueous HBF 4. The chemical reaction was selected with
zance that oxygen=containing acids such as HBF3OH exist and might pessibly affect the
results, The authors wish to acknowledge the helpful advice of Dr. C. A. Wamser who
has shown that in the | presence of large excesses of HF, the only important boron-contamn-
ing ion in solution is BF4 (2) Some small equilibrium concentration of ! BF3OH™ ien
does exist, and in order to minimize its effect, however small, the combustion experiments
and the comparison experiments (1) were deslgned to preduce the same final solution,

The mass of pure boron or of trimethylamineborane was used as a measure of the amount of

reaction,

Nitric acid was determined quantitatively by the method previously described (1).
The gas produced in selected experiments was checked qualitatively for CO, and none
was detected. Mass spectrometer analysis of the HF=free gas from selected experlments
failed to show the presence of any gaseous combustion products other than C02 and
H20. There was no evidence for chemical attack on the platinum crucible,

Comparison experiments were used to minimize errors from inexact reduction to
sfendard' stafes caused by leck of dafa necessary to correct for such effecfs as fhe selu-
The sample consnsfed ef benzolc acnd and hydrocarben onl (or for the trlmefhylemme-
borane experiments, only hydrocarbon cil). The amounts of these materials were so
selected that the energy evolved and the COz preduced in the comparison experiment
were as nearly as possible the same as in the companion combustion experiment, The
bomb initially contained an aqueous solution of HF and HBF4, which, upen dilution with
the water produced by the combustion of the sample, gave a solutlon of nearly the same
amount and concentration as the combustion experiment.

The rotating-bomb calorimeter (3), laboratory designation BMR III, and the
platinum=lined bomb (3), |aboratory desugnahon Pt-5, have been deserlbed

Solution Calerlmefry

Four heat-of=solution experiments were performed in which crystalline orthoberic
acid was dissolved in an HF solution chosen to produce the same final solution as ob=
I'amed in the combustion experiments, The boric acid was contained in a methyl-
methqcrylate vessel wuth a flot smoth-surfaced lid, This vessel, wuth its contents, was
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without the vsual inversion. The cdlorimeter was heated to an initial temperature about
0.5° below the temperature of the isothermal jacket (25°), Time-temperature measure=
ments were made for an initial period, and rotation of the bomb was begun. When the
berb turned, the contents were mixed. The accompdnying heat effect was rapid and was
observed by time=tem mperature measurements that were continued until a steady rate of
temperature change was obtained again. About 0,15 moles of HyBOgz was dissolved in
the HF solution with an energy evelution of approximately 2,000 calories. The heat of
solution was calculated from the known heat equivalent of the system, €(Calor.) = 4032.3

edl deg™ =1 , and heat capacities of the contents.

Materials

The erystalline boron was supplied by the ‘Eagle-Plcher Compeny. Thus meterlel‘
had been prepared by hydrogen reduction of pu el
boron filaments and was subsequently float=zoned, The crysfq line ferm of fhe maferuval
was beta=rhombohedral . The boron had been. crushed with a so-called ‘diamond" mortar .
lt was necessary fo ¢ smeve the powder vfo ebtalsn terml of 325 mesh parhe S

sleyes used as genﬂy esA possmble. The smeved matenel was | leeched vmh concenfre:?ffeéA
hydrechleric and‘ hydreflkuerie acids wafer-weshed and vacuym dried Cerben cenfent

A vinylidene fluoride polymer (a different sample from the one used in earlier work
with silicon compounds) was supplied by the Pennsalt Chemicals Corporation. The value
°/M for this material was =3527.7¢ « 0.64 cal g’ =1 for combustion according to

(CHaCF ) selid, polymer) +205(g) + 20H;O(liq)
= 2CO,(g) +2IHF + 10H,Ol(liq). (1)

As nearly as could be ascertained from the HF recovery, the composition of the polymer
was exactly (CHaCFp),, . Mass spectrometer examination of the HF=free gas resulting from
coffibustion of the polymer did not reveal the presence of CF4 or other fluorine=containing
molecules,

Fisher "certified reagent" grade boric acid was recrystallized three times from dis-
tilled water and air dried at room temperafure. The material was stored in sealed con-
tainers. Titration with standard alkali in the presence of mannitol indicated 100,0 per-
cent H3.B.Q3 .

The benzoi¢ acid was National Bureau of Standards sample 3%h, The hydrocarbon
oil @) and polyester film (1) have been described.,
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Units of Measurement and Auxiliary Quantities

The results reported are based on a molecular weight of 72,947 for trimethylamine-
borane and an atomic weight of 10,811 for boron (4) and the relations 0°C = 273, 15°K
and 1 cal = 4,184 joules (exactly). Thermochemlccl data from the literature were ad=
justed to the 1961 atomic weight scale w All electrical and mass measure=
ments were referred to standard devices calwbrofed at fhe National Bureau of Standards.

Calorimetric Results

Beron Comhgshon Resulfs

Ten pairs of satisfactory combustion and comparison experiments were cbtained.
Eleven experlmenl's weére qfférﬂpted in which 21 percent of the totdl energy came from
boron, and nine were successful with no evidence of incomplete combustion. Three ex=
péi'i:i‘ﬁé’nfs were attempted in which 30 percent of the enetgy came from boron, and only
one experiment was successful, The energy of the reaction

= HBF4 * 14,674HF  58.719H,0(liq) (I1)
was found to be

AIEc_:°/M = =15998,7+6.7 cal g;1 (mean and standard deviation)

AHc® = -:-173.4] ;O.ZOkG@I' me‘l:e‘"] (mean and uncertainty interval)

Trimethylamineborane Combustion Results

Eight pairs of satisfactory combustion and comparison experiments were obtained in
nine attempts, About 50 percent of the energy came from trimethylamineborane, The
energy of the reaction

C3HygNB(e, 1" + 6,7505(g) + 18.674HF - 51,219H,0(liq)

= 3CO4(g) + 0.5Ny(g) +HBF 4+ 14.674HF + 58,719H,0(liq) (I11)

was found to be

AEc®/M = -11383,3 ¢ 1.5 cal g’ =1 (mean and standard deviation)

L Unpublushed work of this laboratory has shown that trimethylamineborane exists in
three crystalline forms, Crystal (III) is the form stable ot 25° and lower tempera-
tures,
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A =830.38 + 0.46 keal mole=T (mean and uncertainty interval)

I
I

-]

1
5

= =832.30 + 0,46 keal mole™} (mean and uncertainty interval)

From combination of the heats of equations LI and ITI with data (5) for the heats of for=
mation of CO4(g) and Hzo(llq) and heat of dilution data for HF, the heat ?f formation

of trmmefhylammeborane (¢, III) was found to be =34,04 £ 0.55 kcal mole”™! (mean and

uncertainty interval).

Heat of Solution of H3B03 in Aqueous HF

 Four experiments were penformed‘ in which orthoboric acid was dissslved in aqueous
HF according to the reaction

H4BO3(c) + 18.674HF « 55.719H20(lig)
= HBF + 14.674HF + 58,719H50liq) (V)

A -1
AH H® 08, 15 = = 14.60 = 0,01 keal mole™" (mean and standard deviation)

From combination of the results of equations IT and IV with data (5) for the heat of for=
mation of HyO(liq) and heat of dilution data for HF the heat of formation of ¢rystalline
H3BO3 is found to be =261.47 + 0,20 keal mole™ (meon and uncertainty interval).

Derlved Results

Two modern measurements of the heat of hydrolysis of diberane exist,

= 2[H3;B‘C§>3 . I'HZO(soli‘n)ﬂ -:I*—é'l‘*?l‘_z(s) v)
© = =11 - : sl -mol -] Prosen [ O):
AH° 298.15 111,46 + 0,46 kcal mole™" [Prosen, et al. (6)]
A_° 298.15 ==112,22 + 0,10 kcal mol‘e!] [Gunn and Green (7)]

These values were combined with the heat of formation of orthoboric acid from this re-
search, the heat of solution of boric acid (6), and the heat of formation of H20(I|q) (5)
to derlve two values of the heat of formation of diborane (g).

o =1
Aﬂf 298.15 = 8.77 + 0,68 keal mole™! (using value of Prosen, et al.)
Aﬁf°298 15 = 9.53 £ 0,42 keal mole™! (using valve of Gunn and Green)

These may be compared with the values 7,53 £ 0,56 (8) keal mole'l and 7.53 (9) kcal
mole=1, both derived from decomposition reactions in which diborane was decomposed
into amorphous boron and Hy(g). It should be noted that although these two values
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(references 8 and 9) are in exact agreement, the agreement was forced by use of fwo quite
different values of the heat of formation of amerphous boren, 0.4 £ 0.1 (8) and 1,255 (9)
keal atom™

Ancther approach to the heat of formation of diborane is through the heat of the
reaction

(C1H3)31N(g) + 'I/2‘B2Hé(g) (CH3)3NB\H3(C)

AI-_I°273 = =31.27 £ 0,15 keal mole™" [MeCoy and Bauer (10)]
By use of appropriate heat cqpacmi‘y data, the heat of this reaction at 25° was calculated
to be -31,40 E 15 of ,trvl\mefhylammeberqne from this research and
an unpublished value of the Na oneﬁ gureau of Standards for the heat of formation of
gaseous frlmefhyl'amme the heat of formation of diborane is calculated to be 5,90 + 0,64
keal mole™

~ The value of the heat of' Formatien of crystalline HyBO3 was combined with values
of the heat of solution of HaBO4 , the heat of solution of amorphous B,O4 and the heat of
transition of amorphous B C? fo crystallzlne BoO3 from reference 6 and the heat of for=
mation of liquid water (5) to calculate the heats of formation of | 8203 (amorphous) and

Ban(C)

(-] _ [ 1
A_l:l_f 298. 15 (BZ©3 amorph) = =299.74 + 0,40 keal mole™

= f (BR.O. &) = =30 10 £ 0.41 keal mol 'i
A,tl_f 298. 15 (BZQS' ¢) = =304.10 + 0,4) keal mole

The uncertainties expressed are the uncertainty interval ,

A comparison of the results of this research with previous values is presented in
Table I, It should be emphasized that the derived values from this research are not re=

lated to amorphous boron and the uncertainties in its heat of formation,



TABLE I.

HBOs(e)
B,O(amorph)

(CH3)yNBHg(e, 11I)

STANDARD HEAT OF FORMATION AT 298, 15°K

This research
261,47 + 0,20

-304. jio’ * 0.41‘

857"7 5 '0568

5.90+0.64

-34,04 £ 0.55

Other recent values

Cireular 500 (a)

«262,16 £ 0,32 (b)
7:53 + 0.56 (d)
7.53 (e)

=260,2

@)) [N@H B BU

tandards Rpt. 7093, Jan. 1, 1961,

(e) Work cited in reference 6.
(d)  Work cited in reference 8,
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EXPERIMENTAL EVAIUATION OF THE HFATS OF‘ FORMATION OF

In order t6 calculate accurate values of the performance parameters
rocket propéllant formul rate values for the heats of

ents are required. For many compounds
t formulations, these data are available from
the literature; fof other compounds, correlations
based on bond energies or molecular structure can be made. However,

by accurate thermochémical measurements.
ral years, imcreased emphasis by the
33 d other Gove t agencies on the devel

of new clusses of so“id propellant mater has resulted in the synm “esis
of many new compounds. @ne group of compounds wh‘ - has received con-

which were primarily intended for screening purposes.

In view of the evident need for accurate values 6f the heats of
formation of the amine=boron hydrides in particular, and B—H—C-N compounds
(1.e., those contalning boron, hydrogen, c¢arbon, and nitrogenh) in
the Research Laboratories of United Air raft Corporatiom have undertaken
to measure such values for selected B-H=C-N compounds as part of Contract
NOw 63-0750-d4 with the Bureau of Naval Weapons, This report contains a
deseription of the experimental apparatus in the Calorimetry Laboratory
in vwhich the measurements are belng carried out, a discussion of experi-
mental techniques for determining reliable values of heats of formation

of B-H-C=N compounds, and a preliminary value for the heat of formation of
hydrazine monoborane (HMB).

EXPERIMENTAL APPARATUS

The apparatus which is being used in this program comprises both
calorimetric and snalytical equipment. The apparatus in use for the
d etermination of the heat evolved in a reaction consists of an oxygen
combustion bomb made of a sultably strong and corrosion resistant

material (stainless steel lined with platinum), a calorimeter, and s
thermometric system.

The calorimeter, which is quite similar to one described by Hubbard
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Katz; snd Waddington (Ref. 1) and modified for continual rotation as

deseribed by Good; Scott; and Waddington (Ref. 2), is a type in which the

bomb is rotated withim its water jacket in the calorimeter to mix the

products of reaction with a solution placed im the bomb. This type of
Fi ter is essential for thermochemical measﬁrements @f heats af

Catalcgue No. 1oou) ‘This bomb has & tefl@n
g; and a Kbl-F valve seat. All internal @arts

of the bomb are 10% p1 am lined wi
platinum. The valve needles are standa d Pa
made to accommodate 1/8 in. Swagelok conneet‘
to fit Parr No. 233A snap couplimgs to these E
the bomb ¢an be easily opened or closed wh
analytical system. For exﬁéfiments in whi
used in the bomb, the ceri,;

that the bomb can be set at a hS deg
solution as large as 25 ml have been & , e
is achieved by means of an iron fuse wire. The témpera :

' § 'imeter is maintained within & few tho

5 thermistor
tivity,- The
calorimeter can contains approximately 2930 ml of water and is maintained
within 0,005 g of a constant weight for each experiment by weighing

against a brass tare on a 5 Kg capacity Seko 14O series balance. The
calorimeter can also contains a stirrer, the rotating mechanism, platinum

resistance thermometer and heater. The stirrer is operated at 450 rpm
using a belt drive from a synchronous motor. The rotation mechanism
operates from & synchronous motor through & gear drive. Revolutions of the
drive shaft are counted by means of a cam and switeh arrangement end are
displayed on an electrical counter which may be set to stop rotation after
a given number of revolutions. The rotational speed is 10 rpm.

The thermometric system includes a platinum resistance thermometer of
the flat calorimetric type (Leeds and Northrup type 8160B), a G=2 Mueller
bridge (Leeds and Northrup type 8069B), and & high sensitivity gelvanometer
(Leeds and Northrup type HS 2284d). The galvanometer is mounted on a
Julius suspension and the light beam is projected vertically over a path
of two meters. The sensitivity of this apparatus has been shown to be
1.36 * 107" ohm/cm at 5 ma thermometer current and 3.33 ° 1074 ohm/cm at

2 ma, The difference between resistance measurements taken at 5 ma and at
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2 ma is 0.000806 ohm at & temperature of 28.5854 ohms. The constants for
the thermometer, Serial No. 1595911, are R, = 28.5853 ohms; C = 0.0039260,
8§ = 1.49 with 2 ma current. The calibration of the thermometer was
checked using a triple point éell; and the Macller Bridge calibration was

checked using & certificated standard resistor.

In order to measure accurately the heat evolved in the reaction,
measurements are taken of the calorimeter temperature as a function of
time. In this way; the experiment can be c¢orrected for time-dependent
heat leaks. During the fast reaction period, a Gaertner B3TOA tape
chronograph is used to supplement & syn nous electric clock whieh is
used during the slow tempeérature-rise periods of the experiment. Measure=
ments with these instruments can be made with accuracies greater than

1/1000 and 1/100 minute, respectively.

analj al system for the determi Aa ,-on of ca on monoxide and carbon
34 gt appara.’us. An anal ical

the 1eberatefy te Isee,p a daily recerd of h_:; vy, téﬁrpéra ,
barometric pressure.

The chemlieal train for purifying the oxygen and
quite similar to the one used by Prosen and Rossini (

of & copper-oxide-filled z:;?‘f'ace maintained near 450 C

#111ing the bomb is
ef, 3). It consists
and a purifying

pex and phosphorus pentoxide.
4znpua;f1t1es from the oxygen. Pressure
type pressure gage.

e "JU "'h

This system removes all cth
is measured by means of & Bourdon-

An analytical train is availlable for CO-CO analysis to determine
the completeness of combustion of carbon present in the system. This
train consists of & furnace packed with copper oxide and an absorption
tube packed with ascarite, magnesium perchlorate, and phosphorus penrtoxide
for the purification of oxygen used in flushing the bomb; an absorption
tube packed with sodium fluoride, megnesium perchlorate and phosphorus
pentoxide for removal of hydrogen fluoride and water from the gases vented
from the bomb; and an absorption tube packed with ascarite, magnesium
perchlorate, and phosphorus pentoxide for the removal of carbon dioxide,

A second furnace packed with copper oxide and a second set of absorption
tubes 1dentical to the first set are used for quantitative conversion
of carbon monoxide to carbon diexide and subsequent absorption of this
carbon dioxide. The absorption tubes are filled with helium before

weighing., Additional standard chemical apparatus are used for deter-
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mination of free boron; carbon, and nitric aeild which may be present if
combustion is incomplete.

EXPERIMENTAL TECHNIQUES

metric meas Teméits SSen tiy thé same as those useéed ’“v“’ 2 K
ments in bomb calorimetry. Exper ments in the rotating bomb calorimeter are
divided into four time periods of the following duration:

Fore period
Reaction period
Mid period
After period

20 minutes

The relationsh
curve is shown 1@ Fig. L.

7 The starting temperature for all
(27.222 C) and the jacket tempera 113
+ 0.0003 ohm (~ 0.003 C) at & :
the eourse of the experimentz Igni
standard iron fuge wi{ 5 1

15 E@iﬁ & ﬁéd é@nét&ﬁt wit in
ature near 28 6280 ohms (29 971

: tion due t@ retgtion. Start ng the
rotation at the twﬂﬂty-seven h minute permits several accurate temperature
measurements to be made before rotation starts so that the temperature at

the beginning of the rotetional period, Ry , will be known.

During the experiment, measurements of resistance are made at two-
minute intervals during the fore, mid, and after periods. A 5 ma bridge
curtent is used to give maximum sensitivity. Since the thermometer is

certificated using & current of 2 ms, all readings are subsequently corrected

to the 2 ma scale. During the first three minutes of the reaction period,

the bridge current i1s reduced to 2 ma and readings of time at set values of
esistance are recorded using a tape chronograph. During the remainder of
the reaction period, readings are taken at prescribed time intervals ranging

from one-half to two minutes depending on the steepness of the temperature-
rise curve during successive intervals.

Chemical Techni, es. Chemical techniques studied were primarily

concerned with the development of optimum methods of handling the highly
reactive amine-boron hydrides and development of reaction schemes which
minimize the problems associated with the chemical anelysis of the products
of reaction. The methods in use at the UAC Research Laboratories are a
modification and development of those developed at the Bureau of Mipe
Ieboratory, Bartlesville, Oklahoma (Ref. 4). This method makes use of

vinylidene fluoride, (CH,CFp), , 88 an suxiliary substance. The
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combustion reaction then becomes:
HF(soln) + B, By Co N, (c) + 02(3) # (C}LZCFQ) (c) HBF), (soln) + COx(g) + Na(g)

Using this method; the volume of solution required im the bomb is 10 ml
of 20% HF solution. Formation of free boron was found to be the chief
problem. A eomplete quantitative analysis was made of the reaction

products to determitie the identity of the produets of reaction. The bomb
solution was flltered to remove boron; which was retained in a

; an& oxidizea to bor‘ic oxide and titrated. Fluoroboric acid is
Wemser (Refs. 5 and 6). Carbon dicxide end
ied by the methods first used by Pr
Ad previously. Nitrate was found by g ’ 8

] ying this met od is that for complete
nly 20% of the reaction el rgy may come from the

magnesium perchlorate and phosphorus pentoxide (=, f. 'T) In this way, any

oxygen, nitrogen, or water which leak into the system are removed. Samples
are veighed approximately in the dry box and then sealed in mylar bags.

These bags, prepared from mylar sheets of 1 mil thickness, are approximately
3 x 5 centimeters in size and weigh of the order of 0. 16 gm. The sample
materials are removed from the dry box in the myler bags, weighed precisely
on the balance, returned to the box and pressed into pellets. The finished
pellet thus consists of an accurately weighed mixture of vinylidene

fluoride and the particular B-H-C-N compound being studied, encapsulated

in a mylar shell. The number of moles of each material present is found
using the atomic weight values recommended in 1962 (Ref. 8). The finished
pellets are sealed in saran bags and stored in the dry box. When the
pellets are to be used, they are removed from storage, the saran bag is

discarded, and the pellet is reweighed prior to insertion into the bomb.

Data Reduction. The general principles involved in reduction of data

(i e., the energy reguired to raise the tememture ‘one unit) for the
standard initial calorimetric system are described in Ref. 9. The
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reduction of data for a calorimetric experiment reguires & detailed energy
balance which includes consideration of energy inmerements due not only to
combustion but al to stirring, rotation; and thermal conduction in the
calorimeter system. Theé equation derived during the reéport period for the

AR = ap(te=ty) + ay(tyrte) + k‘(ﬁf’-rR,—u-pl) (tg=ty) + k(RM-P\npe)(tmtR) (1)

where R 15 the temperature in ohms; t 1s the time in minutes, &y eand
ap are the slopes of the temperaturesrise curve during the mid period and
after period, respectively, and k , the cooling constant, is defined by
the expression:

(2)

In Eg. (2); 8y represents the slope of the températur
the fore period: The i he time
Egs: (1) and (2) refer to the points bearing the same designations in
Fig. 1.

ige curve during

; and

i é rota Loh starts, Ri s are found by 1
fitting parabolas to the data for the four peints immediately adjacent to
the respective times, i.e:, ; by the method of least

; at the respective
times. The values of the respective mid point times are found as follows:

n=R
z Rn At = Ry (tR-ti)

T — (3)

=
5
£
b2
o]
&

i

i
f=

ZR Ry Ot - B (ty-tg)
. = - B8 — I
e = w ®

Using the values given above, the corrected temperature rise is given by

OBy =Ry - Ry - OR
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The corrected temperature rise is used to caleulate E; , the energy
equivalent of the indtial caloTimeter system oFf may be used to caleulate
the heat of combustion of a boron-containing compound by methods simi Lar
to those outlined im Chapter 2 of Ref. 10.

For experiments of B=H=C-N compounds, particularly when using &
hydrofluoriec acild in the combustion bomb, it 18 desirable to use a method
of substitution in making the heat of combustion measurements. The use of
this method is recommended primarily because of unce ties in the heat
of solution of carbon dioxide; but it als6 has the advantage that the
derived heat of formatioen is referred directly to the elements. The
method of substitu'ion consists, iﬁ this éaSé, of maki““ tWo pafalléi

flwéfide, and fluor@beric acid concentrations in the final 80 L T
approximate equation for the combustion of hydrazine monoborsne is given
as £ollows:

+ 13.6 HF * 60:T Hy0(s0ln) = k 00,(g) (5)
+ HEF) * 12.6 HF * 66.1 H,0(soln) + N, AH,

A small amount of nitriec acid is also formed., (This conception of the bomb
précess 1s supported by mass spectrographic 1nspection of the gaSes in the
deVeloping experimental tegﬁﬁiiﬁes. Similar res%w,s were obtained by Good
as described in Ref. 3.) A comparison experiment will take the following

course:;
B(e) + 4.T5 Op(g) + 1.5 CoHoFp(c) + 0.1 CyoHg0),
+ 13.6 HF * 60.7 H0(soln) = 4 COx(g) (6)
+ nm'h 12,6 HF ¢ 62.6 Heo(soln) AHy

The CyoHg0, 1s the one mil polyester film (mylar) used to
encapsulate the sample. It may be noticed that the major problem in
reducing the data derived from measuring the heat evolved in the two
sets of reactions deseribed in Egs. (5) and (6) is that a heat of
dilution of the hydrogen fluoride-fluoroboric acid solution in the bomb
mst be evaluated:
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3.5 Hy0(4) + HEF), ° 12,6 HF * 62.6 HO(soln) =
HEF), ¢ 12,6 HF ¢ 66.1 H,0(soln) ARy

If the heat of formation of 3.5 moles of water is designated as
AHy , the heat of formation of Naﬁ‘hBH3 may be calculated as:

AHp = OHy + AHg + ARy = AHy

CALORIMETRIC DATA

The st&n&ar& caioriin‘etfic SyS‘Eé‘x’ﬂ has 'bééﬁ

acid by
lein as the
of 59 k.j/mole for the heat of formation of

ﬁs»ng the cérrecti@gg described in the preceding section. The value of

the calorie is taken to be exactly k4. . 1840 joules, This set of calibration
experiments (five in all) wes conducted without rotation.

this time with the bomb rotating. With sultable correction for rotetion
and for a small change in the energy equivalent caused by a necessary
modification of the calorimeter can, the energy equivalents derived for

the two systems agree well, The derived velue 1s 3611.88 + 0.73 cal/deg.

A second series of benzoic acld combustion experiments was conducted,

In addition to the determination of the energy equivalent for the
standard calorimetric system described above, the energy introduced by
ignition and combustion of the fuse wire was also determined. The
objective of this work was to provide an approximate value for the
electrical energy input to the system for use in correcting results of
subsequent experiments. The electrical energy input to the system is
obtained by subtracting the assumed energy of combustion of the fuse wire
from the total energy release in the experiment. A value of 7,5 kilo-
Joules/gm (Ref, 10) was used as the heat of combustion for iron in this

calculation, The value of electrical energy input resulting from these
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experiments is 3.52 caloriles.

s A A Very }relimi.nary value
of format'on of this cgnipound is =8 2 kcal/mole based on
s of two calorimetric runs. This value has not as yet had the

Béé—ﬁ apphe& 0 compens

in experiments as compared with those of the comparison éifp‘"-“iméﬁts
with boron. This value mAy be compared with that of Goubeau and Ricker

‘:.7 5 -6 0+ 2.k kcal/mole 5 88 deriVéd from & series of heat of
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TIME-TEMPERATURE PLOT FOR A TYPICAL
CALORIMETRIC EXPERIMENT WITH ROTATION
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D. L, Hildenbrand, W. F. Hall, N. D. Potter and L. P. Theard

Research Laboratories
Philco Corporation
Newport Beach, Califofnia

The following is a brief summary of some thermodynamic studies on mixeds
metal systems carried out at Aeéronutronmic.

I. The L120-B 0.

'3 Sys s«t en

2
P

mole for LiBO en ¢omb ined data
-0 - lead to AH% = =157.9 % 3 kecal/mole for
for the reaction
i, O(g) * B,0 (g) 2 LiBO, (g)

= =75 *kcal Better structural and spectroscopic data are

the value AH,

298
needed for LiBOz(g);

1I.
gr

0
P osition over the ran«ge 33 to 67
mole Z A1F , and hlgher tha‘_ f ¢ 5 mole % A1F3 compositlon by a
factor of The results are interpreted in t

Li A1F6(c), and one gaseous compound, LiA1F4 5)
préessures at the 25 and 50 mole 7% compositio

for the reaction o o

erms of “one condensed compound,
. From the ratio of LiAlF
, one calé¢ulates AF980 —16 kecal

2

:’f\

for the process
1/3 Lig_,lFe(c) +2/3 ALE'3(C) LiAlF, (g)
65.5 + 3 kcal and, from estimated enthalpies, Q g = = 69.8 + 3 kcal.

A va9ue of ~437 + 7 kcal/mole is derived for the heat of formation of LiAlF (),

which leads to the result AH298 = =70 kcal for the reaction

LiF(g) + AlF, (g) LiAlF (g)

There are essentially no structural or spectroscopic data available for
L;ALF (g). For Li3A1F (c), entropy and heat-content data are needed.

* This work was supported by the Advanced Research Projects Agency through
the Bureau of Naval Weapons.
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IiIs‘The L1 ,0=A1, 03 System

zation behavior of LiAlO,(¢) was studied in the range 1610 to
o ¢ and torsion-effusion techniques. The vaporiza=

= 0.8 Li(g) + 0.2 O—(E) + 0.1 EiZOwSIAliés(e)
for which a thlrd’ aw treatment of the torsion data yields AHK—A
keal, and a seco § of mags spectrometric data y?elds
BHso8 = 99,3 yrate ,;e of %2180 + 40 keal/mole
was’ gerlved 7,, the heat of formation of Li,0°5 AL,0,4(c) at 298°K. No Li-Al-0
vapor species were detected.

9.7 % 2

IV. The B, 03 A1203 System

Vaporization studies on various compgs&tions on the B 0 A1 0, system
were made by the tor81on effw51on method . The systeém congains gwo cfystal-
14 ratios of 1:2 and 2:9. However, both compound

B0, and the nex gher phase

8§ way. It is estimated t 1at the heats of
he component oiides at 298 °k will be only a

Some prelimihary gass spectrometric studies of vapors in the LiF=BF

system have been made.~ Gaseous BF, was passed into an effusion cell containing

condensed LiF; and the vapors were ionized and mass analyzed. T e total ¢on=
ce”t-ation of lithium=containing species (as evidenced by the Li signal) was
. to inctease markedly when BF. was admitted to the system. No ions cone
ing both lithium and borom weré detected. However, the presence of a
number of intense impurity peaks prevented detailed studies. There is other
1 | xed-metal halide vapors undergo extensivi fragmentation on
electron impact, so that the large enhancement of the Li signal when BF

is admitted to the cell may well indicate the formation of a stable Li-B=F

REFERENCES

1. D, L. Hildenbrand, W. F, Hall and N. D. Potter, J. Chem. Phys., 39, 296

(1963).
2. Aeronutronic Report Ne. U-2055, Contract NOw61-0905-C, 15 March 1963.

3. Aeronutronic Report No. U=2152, Contract NOw 61-0905= C, 15 June 1963,

4, Aeronutronic Report No. U-2289, Contract NOw 61-0905-C, 15 September 1963.

e jeué_..muidj



+ Blackbuth
« Little, Inc.
Cambridge, Massachuseéetts

INTRODUCTION

eméﬁté pravide
apot species and the condensed phases: From
8 and literature data it will be possible to

1setherma,1§
thermodynami

of the various species in the condeénsed phasés and
portions of phase diagrams { for these gystems.

APPARATUS

'“6u ded by platinum
. eontrolled to %

n the selenoid are directly preporti nal ¢
ple. The eléctronics are essentially the same
18 current is recorded and provides a plot of

Using Langmuir's® equation differentials of the weight=time curve, dw/dt
are employed to compute the preasute, Total change in weight, initial
composition and vapor constitution are used to calculate the corresponding

ﬂ

o
compogition of the condensed phases.

RESULTS AND DISCUSSION

In order to calibrate the equipment, the vapor pressure of B0z was
me@sgzed, Since Bg0s was the principal vapor species expected in the systems
to gc ied these experiments should yield ngg vapor press g ces which are

the literature values.
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The vapor pressure of B0z measured here is compared with previous
measurements in Figure 2. Using the fr fi inctions of Evans® for
the liquid and Sommer et al.* for the gas, thirdi law heats were caleculated
for this and previous data. These values are given in Table I.

Third-Law Heats of Vaporization for Boric Oxide

AH°
Authot kcal/mole of B0z

ratio was varied by an erder of magnitude. ‘ ra¥le
corresponding apparent vaper gressure difference of
simplified Motzfeldt equation®

)
P - 1+ AQ (L)
was used to calculate the evapo; tion coefficient;, where Pgq and Py are the
ib 8, a t;he orifice area, A t:he sample area

The computed value for ¢ was 0 16.

l-li]v.de.nl;n:and‘3 was unable to detect a difference in the measured vapor
of Bz0s by changing his orifice areas by a factor of two. However, he
indicated that the sample area to orifice area was considerably larger than
1s the case in the present work. The orifice area change he used and an
evaporation coefficient of 0.16 would have resulted in only a 2% change in
the measured pressure. This is better than'the precision of his results.

Be-=B-0 System

Two isothermal experiments have been carried out on the Be-B-0 system,
starting with an initial composition of 3Bz0x=BeO. F:Lgure 3 shows the
results obtained at 1459°K, with the logarithm of the BgO3 activity plotted
versus the condensed phase composition. A broad two-pha : region charac-
terized by a constant pressure with changing composition was found extending
to about 50 mole % BeO. This was followed by a decrease in acti ivity to

about 80 mole % Be0 when the measurement was terminated.
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A second measurement at 1350°K (see Figure 4) produced a wider two-phase
region,; extending to 70 mole % BeO. Here a sharp decrease in activity to
75 mole % Be0 was'found. At this point the activity continues to decrease
but at a slower rate.

tam for the Be-B

Figure 5 presents a hypothetical phase diag fo

modeled after the Mg=B=~0 system of Davis and |
g the two immiscible liquids from the 1i 561

spond to that in the Mg=B-0 system: Only the 0 "»ééﬁpéu‘

been reported in the literature.22,13 For the purposes of this study, it

has been given a range of homogeneity and an arbitrary melting poimt.

0 system;
The temperature

this diagram, one
iﬁg t 50 mole % BeO.

; i al phase
diagram predicts that thia ‘T”“,' n; BeQ plus
L 8@

liquid We plan to make fu

* on the beryllium rich

wehlertd
: vapor about 1% of the vapor

e o0 B
= gt~ ol o o
o
(a3
‘Q
]
3
"
"
T
0
m
._l
-
G"
0
ﬂ
o
b
0
[
=
I
24
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A SURVEY OF CERTAIN THERMODYNAMIC DATA ON

GHT-ELEMENT MIXED-METAL AND MIXED-NONMETAL COMPOUNDS

Thomas B, Douglas

National Bureau of Standards, Washingtens; De Cs

This is an informal report deveted mainly o the present status ef

0! aining'systems and the thermodynamic preperties ef mixed halides
of aluminum,

I O e cempeund i S unstable or possesses
a very high vapor pre he given tempe : l;;i‘: (Questien

marks (?) follow two formuls o8
for which the existence of a co peund between the stated cempenents has
not yet been proved or disproved.)

TABLE I, STATUS: HEAT-CAPACITY DATA ON Be COMPOUNDS

0°-298°K 2980-1200°K > 12009%
Sompound ore)Elsevhere)
eFa(c) Flenned  ¥? |Planned  ¥?

BeF,(amorph) [Planned? Planned?
BeCly - *? | *? -
BeO ®? * Data exist,

N * ‘ *
Be3N2

Planned? Planned

Begs Planned? Planned??

*B,0 (?) Planned? Planned?
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TABLE II,

STATUS: HEAT=CAPACITY DATA ON AL COMPOUNDS

298°=1200°K > 1200°K

TABLE IIls

Elsewhere)

2 | -
* [Data to M,

b
g

STATUS: FEAT-CAPAGITY DATA ON Li COMPOUNDS

> 1200°K

TABLE IV,

| PLanned? ﬁPlanned?

| Planned?

092080k 2980~1200°K

* | seme datas

¥

]

* | 1 .
{Planned?

STATUSs HEAT-CAPACITY DATA ON COMPOUNDS

CONTAINING TWO OF THE METALS Be, AL, AND Li

09-2989K 2989-1200°K 2 1200%

Compound

LizBeFA

LiBAlfé

BQA&204
BeAiéolo
LiALH

L1,0+Be0(?) | P
LiA%O

2

Fage 1Tk

| Planned f *




measurements have been tentatively planned, with gomeé reservations
caused by relative priority) & ‘ly all the compounds listed, up to
O : Iy

prohably other instimutions too) have the apparatus and plans for filling
some of these data gaps as time and prioritles permit. In general, the
best samples available ef the nitrides, car des, and “bori 68 of these

f,ﬂed samp,es or to correcting and interpreting such preA
as those of leat ecapacitys

In a complex system composed ef several of these chemical elements,
ive

Ad. 118 is pa, icularly true at such hi h
nent (bin 'y)/components would melt and then

he tw -element components,
rrect so long as the
r equivalent to a heat

simple treatment, and at the s same 1 i
specific casés as to how mich error is made by ignoring the interaction

i nent8e As an example, the heat capacities of BeO,
AL203, and BeAl0, have all been measured accurately at NBS up to 1200 9K;
at each temperature (at least above 298 °K) the heat capacity of BeAL204
was found to be additive within less than one percent. Similar measure-
ments have been made on LiZBeF,, but in this case the heat capacity may
prove to be not nearly so additive (i.e., when compared with the sum for
2LiF + BeFp), owlng to complex-ion formation which exists in neither
binary fluorides. Another complication in the case of LigBeF, is, of
course, the fact that between approximately 720 and 1120 °K LigBeF4 is
liquid but pure LiF is crystalline.

compeunds such as those in able Iv affords a refinement over the above

NBS TRANSPIRATION STUDIES ON A.LF3

A high=temperature transpiration apparatus was built, with a nickel
core of about 1 cm wall thickness (to help minimize the temperature
gradients), The apparent vapor pressures of ALF3 were measured from
1233° to 1288 °K, and the results are plotted in Fige 1. The line shown
is the best "Third-Law" line, and is obviously also approximately the

best "Second-Law" line, so that from these data the heats of vaporization
as calculated by both methods are in excellent agreement, The saturated

vapor is known from other work (see below) to contain an average of about
10 mole % of the dimer ALoF¢ at these temperatures, but the 55-deg
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temperature interval is too small for this fact to be reflected in Fig. 1.

Porter and Zeller [1] examined the vapor of alumimwm flucride mass-
spectrometrically between 965° and 1065 °K, and they ¢o ined their ratios
of monomer to dimer with the precise vapor pressures répor 1%t an
Barrow [2] in the same temperature range to obtain the equilibrium cohs
gtants Kp for the reaction

MF,(g) = 2007, (g) (1)

shown as points in Fig, 2. The "Least=Square" line through their peints
has tod un”ertain a glope to give a reliable Second=Law heat of the re-
acglon, 8o they ignored it and inste ted for the above reaction

A8 @@@ = 32 iB e.u., whence

We caloulated the mean values of AHS for the reaction
MFy(c) = A%F; (g) (2)

‘erved temper
00 °K) was c¢al

; an from Evaeev et al [3] coin<ides
The points at
lier tors: -effusion results of
387d {44 The points at 1250 °K represent the NBS
s referred to aboves The points at 1425° and 1500 °K
pe the lower and upper temperature ranges of the
ure meagurements of Ruff and LeBoucher [5],

The results on AF3 so far given here were described by Krause

{él, Figure 3 should include also a representation of 55 later
measurements of Aeronutronic at a mean temperature of about 1050 °K [7]
(which in Fige 3 would give a mean point at AGHJ(m) = 70.0 keal/mole on
the assumption of no dimerization) and the 9 direct pressure measurements
S5 ch from 1371° to 1567 °K [8] (which would give ™no dimer" values
of AgHo(m) 1-2 keal/mole higher than those of Ruff end Le Boucher [5]

in Figo 3)-

The inclusion and equal weighting of all the aforementioned sets of
vapor-pressure data in a graph of the type of Fige 3 would show such a
scattering of points that no conclusion could be drawn as to the AH and
AS of reaction (1) from the vapor-pressure data alone, However, results
highly consistent with those derived by Porter and Zeller [1] were calcu-
lated [9] from the two most precise sets of vapor-pressure data, those
of Witt and Barrew [2] and those of NBS, Using also a mean mass-spectro-

metric [1] value for AG® (the free-energy change) for reaction (1) at a
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single temperature, 1000 K, these calculations gaves
M Fo(g) = 2MF4(g)s BHgng = 48 keal and Asgm = 32 eetis  (3)

(Porter and Zeller [1] obtained the former value only after assuming the

latter value,) These ¢o nta were then found to be in quite close agree=
ment with the mean vapor-pr results (at higher temperatures) of Ruff
and Le Boucher 1[5], but not with these of Olbrich [8].

411 the values of Fig. 3 were calculated using earlier NBS free=
energy functions for ALF3%0) and AtF3(g) [10]s The revised JANAF tables
for these spécies are vbased on more recent experimental data and hence
are preferables Making the cc ° cha gés raises each vglue of
M3 for reaction (2) { :

, _g .ations described
in the preceding paragraph gave, in addi

ton to the results of (3), also
the following value (based on the JANAF tables)t

(1]

MFy(c) = MFs(g)s AHg = TL5 keals (4)
Blichler [11] recently obtained the following heats of reactiont
MEy(e) = A%Fé(g); AHy ggp = 6743 £3 koals (5)

2ALF§ (e)

]|

ALzFé(g); AHiOOO = 85,8 £3 keals (6)

According to the JANAF tables, (5) corresponds to AH° = 70s4 keals Also,
(5) and %6) give AHynoo = 4848 keal for reaction (1) s which is in very
good agreement with the value 48 kcal cited abovea

It 1is evident from (5) and (6) that the proportion of the dimer in
urated al ~fluoride vaper increases with temperature, and at
rather high temperatures (say,above 1000 °K) the dimer is an important
species, A table of thermodynamic funetions of ALsFe(g) at high tempera-
tures, to be considered provisional pend further experimental work, can
be constructed whose use would lead to reproducing the mass spectrometrie
data (1) and several of the most precise sets of vapor=pressure data on
almnim:un fluorides Such a table for AloF¢(g) would be completely deter-

a,suming the constants Eiven in ?3§ the equipartitional C, of

2 )y end the thermodynemic functions’of

‘.7 cal mole~l deg K~

NBS TRANSPIRATION STUDIES ON AlFg5 SYSTEMS

The NBS transpiration apparatus has recently been modified to permit
the study of high-temperature reactions involving aluminum fluoride, The
systems investigated or so far plamnned for study ares

(a) A&F35A1203
(b) ALF3-HF
(e) AF3-ACLy
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In view of the recent work of Farber and Petersen [12] on ALOF(g) above
2200 9K, work on the system AlF3-Als03 below 1700 °K did not promise to6
yield positive results. In fact, a slngle measurement on a mixture of
MF3 and M203 at 1250 °K was made, and showed o detectable L
between the two components.
not proved, the_ 1t

eited above ‘[12' which, how er, weuld not preclude the possibility of'

at i £ w8 of ALOF(g) in appre rable am07 ts at

In the NBS work on the ALF3~AlCly gas system, ALCL3 18 evaporated
O S’ low temperature (egss 373 9K) and passed over ALF« -c)
L temperature (e.gss 1250 °K)a

g the above temperatt

nost 2, owing, it is believed, to the Formation of conside:rable amounts
of the speciesAALFQCL(g) and/er ALFCLg(g). From such quantitative ex=

vate the heat and free emergy of formation

these twe mixed-halide species. In a more empirical sense,
guch data will indicate the amounts and total heats of the partial
condensation oceurring with given ALF3—ALGL3 gas mixtures at given
temperaturess

[1] Re F. Porter and E. Ba Zeller Je Chems Physs 33, 858-863 (1960).

[BIl As Me Evseev, Ge Ve Pozharskaya, Ae. N, Nesmeyanov
Ya, L. Gerasimov, Zhur, Neorge Khim 4, 2196-2197 z1959)-

(4] De L. Hildenbrand and L, P. Theard, Technical Report No. U=1274,
Aeronutronic, Newport Beach, Calife., 15 -une 1961.

[5] 0. Ruff and L, LeBoucher, Z, anorg, allgem, Chem., 219, 376-381 (1934).

[6] R Fa Krause, Jre, As Co Victor, and T. B. Douglas, NBS Report 7796,
1 Jamuary 1963, pps 157=171,

[7] Revised "JANAF Thermochemical Data" tables for ALF; (crystal snd
ideal gas) dated 30 Septe 1963, the Dow Chemical Compamr, Thermal
Laboratory, Midland, Michigan.

[8] W, Glbrich, Gmelin's Handbuch der anorg., Chem. 35B, 160 (1933),

[9] By Re F. Krause, Jres National Buresu of Standards.
[10] NBS Report 6928, 1 July 1960, Tables B-5 and A-64.
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(23] as Blehler, Arthur Dy Little, Inc., Progress Report No. 3,
1 Mmige to 30 Sept. 1962, Contract DA=19-020=0RD=5584.

[12] M, Farber and Hs L. Petersen, Trans. Faraday Soc. 59, 836~840 (1963).
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Michael A, Greenbaum, Milton Farber et al,
Research and Development Laboratories * RPI

INTRODUCTION.

Under a three year program with the Advanced Research Projects

performance These data have

Since the standard low pressure te'chniqune including mass-spectrometry

the ONOMEr BOF a new experimental procedure molecular flow effusion ‘was
developed This procedure allows transpiration type reactions to be carried
: determination of

_;ss of 2400 K using

d metal o; _vdes at very , gh temperatures was extended to

s in the presence of gaseous halides at temperatures above
developed .
At the completion of this contract the thermodynamic data for the

compounds under investigation were completed and have been published or are
in process of publication.

{BOF),;  The reaction
203(s,) + BF3(g) — (BOP) 4(0) (1)

was studied between 330 and 1000°K using the transpiration technique.
Effects of flow rate on the equilibrium constant were studied carefully.
Ji( é lef the experimental data yielded xgg%is of 7.5 kcal/mole for the
and 15.1 cal/deg/mole for A S Combination of these
valutes with the pertinent thermodynamic values resulted in the following
values for the trimer of boron oxyfluoride gas.

AHZ® (2nd 1aw) = -567.8 % 0.5 keal/mole

= 88.7 T 2.0 cal/deg/mole

by from ‘the IANAI-‘ Tables, led to a value of - 566 1= 2 .0
Y of (BOF)3(9). (J. Chem, Phys. 36, 661 [1962]).
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*BZO (1) + BF4(g) =3 3BOF(g) (2)

This reaction was studied over ahe temperature range 1054‘ 1253 K and at
préssures in the vicinity of 1079 to 10~4 mm 3

temperature of rea fi, the A Hr was found to be 1
A S was 71 % 16 cal/deg/mol _e A second law analysis 8& the exp
datd yielded a value of =144 = 6 keal/mole for the AH2 K of BOF‘(g)

This compared very well with the third law value of = 145 3 kcal/mole. The
S,o9 ok was féuﬁd to be 53 £ 4 cal/deg/mole. (Trans. Faraday Soc. 58,

- 19‘1<ca1/m le and the
imental

The reaction of liquid boric oxide with gaseous boron
trichl >, eJuation (3), was studied by n.between 536 and 825°K
to obtain thermodynamic data for the gaseous trimer of boron oxychloride.

B,03(D + BCl3(g) —> (BOCY 5(q) (3

The heat of this reactien at- 67 5°K wa _fo n_‘gl to be 5.0 0,3 kcal/mole. The

c por 1=0.5 cal/dfeg“;/mé: ation
s of B and BCl, and conversion
s in the?JANAT Tabids, leads to the

following values f fer (BOCD (g)

AHfzg' K (2nd law) = =396.7 ¥ 2.0 keal/mole
;SFZ.%QK = 92,5 % 2.0 cal/deg/mole

(. Chem. Phys. 39, 158 [1963]).
BOCl  The reaction
1/3 B,04(0 +1/3 BCls(g) — BOCHg) (4)

was studied between 1234 and 1389" K by means of the molecular iL?dA} o
effusion technique using a platinu_gn effusion apparatus. The A H K for
reaction (4) was found to be 55.7 = 7.0 kcal/mole. At the same femperature
a value of 26.0 = 5,0 cal/deg/mole was determined for AS_. A second law
treatment %b%e experimental data yielded the value of - 74r 8f7.0 kcal/mole
for the AH K of BOCl(g). The cogesponding third law value was found to
be =75.5 < 2.0 kcal/mole. The 8298"K obtained from the experimental data
was 57.8 = 5.0 cal/deg/mole. (Ql‘rans Faraday Soc. 60, in press.)

AIOF  The reaction
ALy O4(s) + AIF 4(9) — 3AIOF(g) ()
was studied at 2200 K by means of the molecular flow effusion technique,
employing a specially designed vacuum resistance furnace. The effusion

cell was constructed of Al,O, so no contginer problems were encountered.
At 2200°K the AFp was foxfhdato be 80.9 = 1.9 kcal/mole, based on a large
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humber Cfiﬁdiiyig?u&l measurements. Using the JANAF Tables 4gfhve‘ third law
value of AHZ98"K for AIOF(g) was detérmined to be =139.2 = 2.4 keal/mole.
(Trans . Faraday Soc. 59, 836 [1963]).

, AlOC1 An electron bombardment furnace and a specially designed
rhenium cell were employed to study the reaction of molten aluminum oxide
with gaseous aluminum chloride at 24007K to yield a value for the heat of

formation of gaseous monomeric aluminum oxychloride

1/3 ALO, () + 1/3 AlG1(g) — AIOCKg) ©

The AF2400°E was found to be 29.9 %,3.0 keal/mole which leads to & value
for AH298%K (3rd law) of -82.0 * 3.0 keal/mole for AlOCI(g) . (Trans.

Faraday Soc.” 60; in press.)
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A REVIEW OF DATA ON HEAVY METAL REFRACTORY COMPOUNDS

H. L. Schick

Research and Advanced Development Division, Aveo Corporation
Wilmington, Massachusetts

.TANAF‘ work has set an excellent example
much of our work at AVCO ha.s been pa ; ’erned I would ail's'@

spea.k to th1s group today T
after whicl
11ke to acks

b-‘ efly descnbe the hature of the "Thermodynamlcs of Refractones Pro-

ject' sponsored at Aveo-RAD by ASD.* The first yea.r s work covering

the period May 1960 =April 1961, was suramarized in a 1962 ASD report. 1
‘ h i J 1962 and be ending
mplished

The thermodynamics work sponsored at AVCO has consisted of
experimental and analytical work. The latter phase has been emphasized,
however, with the ultimate objective being the production of quality thermo-
dynamic tables for a selected list of refractory compounds for the range

00 to 6000°K. )

bldes, n1tr1des, and oxldes of several metalhc elements At the begmmng

of the first year's work nineteen metallic elements were included; Beryllium,
calcium, chromium, hafnium, magnesium, manganese, molybdenum, nio-
bium, osmium, rhenium, scandium, silicon, strontium, tantalum, techne-
tium, titanium, tungsten, vanadium, and zirconium. Subsequently, iridium,
platinum and rhodium were added giving a total of 22 metals and 4 non-
metals. During the second year's work, additional metallic elements were

added to this list giving 31 metals and 4 non-metals. The new additions

were lanthanum, yttrium, and certain rare earths including cerium, dys-=
prosium, gadolinium, neodymium, samarium, and thorium and uranium.

Figure 1 shows the elements currently being studied. Our effort has
a small amount of overlap with the JANAF effort. In figure 2 are listed the

elements being studied by the two groups. Ten of the elements being studied

re common to both groups.

»

Al.l of the present work was sponsored by the Aeronautical Systems Divi-
sion (Now RTD). Mr. P. Dimiduk is project engineer.
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LITERATURE SEARCH

Because of the wide scope of elements and compounds being studied,

it has been necessary to conduct a fairly comprehensive literatire search.

Various abstracting journals are reviewed for thermedynami
related data on the compounds and elements of interest. The bib raphy

of th»e previéus éeﬁtfaét as sh@wn i'ﬁ Vol II ef the 1%2 ASii) reportl and a

ure from 1949 te the p1

; ,.event fer all compounds of th_e 31 elements of 1nter-
est:

It is felt that earher compilations such as the NBS Circular 500 and
other reviews ete., pro ides to older literature. It is recognized
that the current b1bhog aphy has shortcomings and alth ugh att pts have
been made to make it complete, there are obviously missing links. Hows-
ever, it is felt that use of the present bibliography will provide leads to

most current work in the field.

e is illustrated i
formgl_a f@r the compound or element be; ied. The third ¢o ves
the name of the author or authors followed by the year of the publiea.t;ign and
a code number. This latter information makes it possible to locate is
reference in the bibliography which is arran g ed alphabetically. The le;t
column of the property file contains a code to designate the type of inform

tion. Definitions of the various codes are _shewn in figure 6.

can be obtained to information on any of the borides, carbides, nitrides or
oxides of the 31 elements of current interest to the project. At the present
time, one makes the conversion from property file to bibliography file man-
ually. However, some thought has been given to using a data retrieval sys-
tem on magnetic tape to print out bibliographies pertinent to a particular
compound or group of compounds if desired. An example of how a possible

bibliography might look is shown in figure 7.

By using the property file in conjunction with the bibliography, access
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TABLE PREPARATION

Thermodynamic tables are prepared under the direction of a senior
scientist. Usually one scientist is responsible for a particular group or
groups of related compounds on the penodlc chart. Throughout the project
the level of effort has been about two senior men devoted to table prepara-
tion.

During the first year's work on this contract about 61 tables were pre=
pared. During the present contract about 120 more tables have been com-
pleted. In general, these tables covered the temperature range from 0° to
6000°K, with a format similar to that of the JANAF tables. There are cers=

taifi differences between the RAD tables and JANAF tables:

a: RAD tables are pr ép are d §o that double entries are provided at
any temperature for which a discontinuity exists in the thermal functions.

b. In the cases of condensed phases, RAD prepares a single table of
ohd and melted phases correspend y to regions of therrmal stability,;
reas JANAF prepares two tables, both of which are extrapolated into
regions of instability.

é

¢. For RAD tables uncertainty estimates are often prepared to give
the table users an estimate of accuracy to be attached to the data.

d. Comprehensive writeups are provided in RAD reports to illustrate
data available and how choices were made.

A summary of the work which has been performed thus far is shown
in figure 8. It is seen that considerable work remains to be done.

Several months ago, it was decided to concentrate the table effort on

the compounds of beryllium, hafnium, niobium, molybdenum, silicon, tan-

talum, thorium, titanium, tungsten and zirconium. Hence, an effort has

been made to complete tables on the borides, carbides, nitrides, and oxides

of these ten elements before proceeding on the task of completing the rest of

the table (figure 8).
POSSIBLE METHODS TO OBTAIN THERMODYNAMIC DATA

I will limit my comments primarily to the Groups IV and V transition

metal compounds, In particular, the elements titanium, zirconium, hafni-
um, niobium, and tantalum will be considered. A small amount of data for
vanadium is also included. These metals in the pure state are generally

less refra.ctory than the nexghbormg Group Vi elements such as molybdenum

occur in the Gro.ups IV gnd V.
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To @btaiﬁ thefrﬁedynamie éat'a thefe are twe pessible al‘téi‘ﬁ'&ti\iééa
One might use
bonding energy and other des1 d propertles of a compound Wlth th1s
theoretical approach based on first=principles one conceivably would need
only a limited amount 6f experimentally measured values for the basic
physical constants. The rest of the work would be done on paper by the
theoretician of by the electronic computer As ah alternative to this ap-
proach, one can use the wide variety of imental observations reported
in the literature as a basis for obtaining the proper thermodynamic values.

First, it may be of interest to consider the theoretical approach.

should be able to provide es uxthe FEO1 d work to &evelop a quanfifatlve un=
derstanding of t;he bonding: Wzth this hope to lead us on, we ¢an write

_ ,NL,,;;eSav"’ F1rst, it is assumed
t nuclear vibrations (mcluding Z&ro=poi

The metal is cons1de red to consist of

used by :

har g =e.
to of energy the system
one then obtains the

A ‘having
with w1de1y se p arated el ns and n at
Hamiltonian operator. This can be seen in figure 9.

In the expressmn for the Hamiltonian operator, he position

sition vector of nucle a, and m

'?9
]
s
w
e
-2
D
Kol
©
i

forn e Hamiltonian operator, one would next proceed
to d T € _vuat on. In principle one might first assume ran-
dom posmons oi the nuclei an d show that the minimum ground state energy,
i.e,, the lowest e igenvalue occurs when the stable lattice arrangement is

Before becoming too hopeful about this fundamental approach, the

, P_im;ed out. The condensed phase may contain the

order of 1023 atgm‘/gmz’, and thus N §1023 It becomes clear that we are

dealing with a v ry large number of terms in the exa.ct Hamiltonian. This
nt e

complexity prev v .

A similar treatment is required for compounds.
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At a Summer Session course sponsored by the Laboratory for Insula-
tion Research, M.I, T., J c. Sla.ter8 has delineated the areas in which
theory can give precise results and where it encounters difficulties. Slater
states: "The pr m wh1ch is hardest for the theorists is unfortunately the
one of most direct interest for the experimenter; how are the atoms arranged
in a given type of méatter? We know in p iple exactly how to solve this
problem. We work out the energy of the systern, as a function of the posi=
tions of the atoms (or free energy, if we are not working at the absolute
zero of ternperature). Of two structures, that of the lowest energy will
exist. And as the pressure of temperature are ehaﬁge‘d m odifying the free

energy of the various fe s of the

gh to dec1de wh1ch of two free
cé ned w1th a.re measured on

fvolt 1s‘about 23 Kcal/mole.

" Rydberg unit is 1

We are often dealing w1th energy differences of 7the order of magnitude of a
millionth of the total energy.

¥ 1 of molecular structures as a branch ef the "ga.mblmg pro
Cetten also notes that valence theory may need to be improved f1£ty=f old t
afford reliable predicti He also cites work by Sugano and Shulman19

which indicates '"that the electrostatic c¢rystal field theory is apparently not

58

perties of met
equation, in pr ice there is no L
be able to deduce pro pertles of a w1de varlety of metall. g‘: system

first pnr;c;;ples alone. "

N

Nowotny edl
the nature of a b ina ,y, ternary, or multicomponent system and hence in
predicting crystal structure, free energy, and other essential properties of
the occurring phases on the basis of mathematical methods, we still have to
apply the fruitful la.nguage of chemistry or simplified quantum chemistry as

omments: "As we are far from the final goal in predicting

well as a great many of well-established but empirical regularities. "

Brooks!3 has recently reviewed our knowledge of the binding in

metals. After noting that much progress has been made in understanding

the electronic properties he makes the following comments:

"However, relatively more attention has been devoted to the Fermi
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surface than to the overall energy-level structure and the cohesive p"“ érs
ties. There are several reasons for this. In the first place, the cohe
properties depend more fundamentally on electronic interactio;

on the many-particle aspects of electronic structure, which are much less
well understood and more difficult to calculate than the one-electron aspects.
In the second place; there are only a few specific properties to be ¢omputed
theoretically and compared with experiment, and the discrepancies between
theory and experiment are not of such a nature as to suggest ways of im-=
proving the theory. "

simple gases an
gases they state:
have aot welded suff1c1ently accur‘a.te results to be of thermof*hemmal value,
the experimental detert 'natlens Ofi the ether hand have not been sufflc
exten81ve to enable the i

been few pers‘ens 1nterested in and familiar Wlth both aspects §0 as to effect
, e31s of the results of beth Re tly, however, both the theorencal

thermoehemr.stry a.nd technology "

ple of the application of theory to diatomic molecules is pro=
vided by the work of Clementil® who calculated the dissociation energy of
LiF. Clementi believes that with experience it may be possible to compute
bond energies with less than 1% error. It may also be noted that the pro-
blems become more difficult for the higher atomic weight species which are
the ones of interest here, but at least for the diatomic gases it appears that

progress is being achieved.

Although the theo e cal me ethods starting from first principles are
, t tin our pr@blems of determining
ch hermedynamm p pert1e s as the heats of sublimation, heats of forma-

tmn, etc., it may be briefly mentioned that there are several semiempirical

theories which explain some of the phenomena observed. For example,

Dempsey16 suggests that upon formation of the refractory hard metals, the

p electrons from non-metals such as B, C, N are taken into the transition
metal d-band, That is, the non-metals act as electron donors. The maxi-
mum refractoriness occurs when the d-band population is increased to 5.5
to 6.5 electrons per metal-atom. The d-band is considered to have a sub-
structure, Filling of one of these bands up to a maximum of about six elec-
trons tends to increase stability, the filling of the other sub-band tends to

reduce the stability.
Other theories and reviews of bondmg in the refractory hard metals

have been given by Schwarzkopf and Kleffer/-" Rebu} K1essl1ng19 2
Johnson and Daane?9, Paulmgu, Flodma.rkZz Mott" , and Maradudin. 4
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This review of the available theories of chemical bonding has not been
intended to be comprehensive, but merely intends to show the state of the
art. If further illustrates that in order to obtain the thermochemical data
of interest, we must rely heavily on experimental work. Perhaps as time
progresses, we shall achieve the capability of inserting a few values of
physical constants on IBM cards and set an electronic computer to work to
evaluate the thermodynamic data. But at the present time, it is necessary
to depend on experimental observations, and our project has attempted to

carefully evaluate such work.

netlc tape to store
taining up to 200

table
Someone m1ght then ask Why ha.ven t 11tera,, ly

Because ef the w1de var1ety

ents must be read and analyzed

In the present project, considerable emphasis has been placed on
maintaining 2y It is felt that only in this way can the proper

interrelationships be preserved. Thus, the 6ld chemical scale of atomic
wg;ghts m use pr1o'r to 1961 ha.s been maintained th oughout this compilaa

é 1 was bemg used when thxs work was in -ted in 1960 Many other
cases of the effort to preserve consistency could be cited but time limita-
tions dictate otherwise.

THERMOCHEMICAL RESULTS
Turning now to some of the thermochemical data generated on this

project, I would like to point out that properties of the elements were inves-
tigated first so as to provide a framework for later work. '

In figure 10 are shown some values of the heats of sublimation (or
dissociation) for some elements of most immediate interest., For the non-

metals, I believe that the values listed are probably fairly accurate with the
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possible exception of boron. In the case of boron there still exists a dis=
‘épancy between the data obtained by mass spectrometric work and that by

The mass spectrornetric data tends to give heats of sublimation of
about 129 Keal/g atom whereas the conventional Knudsen effusion methods,
Langrmiuir methods, and torsion effusion give higher values in the range 135
to 139 Keal/g atom. The list of thermodynamicists who have worked on this
problem is imposing. Those who have used noh-mass spectrometric meth=
ods include: Searcy and Myers25 Robson4 6; Aleock and Crr1eves«on27
Paule and | Margravezs, Hildenbrand et 2129, and Priselkov et al30  This
group (excluding Priselkov et al who found an anomalously low value of
As101 Keal/g atom) have used the conventional methods to get the higher
values of 135 to 139 Kcal/g atom. On the other hand, the lower mass spec-
trometrlc values are represented by the works of Chupka.31 Schigsel and

i §* kishin et al°?, Verhaegen and Drowart34, and Geldstem and
Trulson 35 In Vi ,w of the dlscrepanc es,

who advanced some reasons for a h1gher heat of dlssematlon

than the presently accepted value of D(NZ) = 9,765 e. v. Glackler cons
sidered values of D(N?_) =11.8e.v., 12.14 e.¥., and also 11.4 e.v. His
observations were based primarily on plots of internuclear distances and

force constants for a series of carbon, nitrogen, oxygen, and fluerine hy-

drides. As an alternative to changing the heat of dissociation value of Np,

Glockler suggests that further theory may be required to explain his obser-

vations.

The vaporization data for all the six metals tabulated is believed to

be accurate to £ 5 Kcal/g atom or less. Rec ent years have seen additional

investigations for all these metals. The general agreement in tuhes,e inves=

tigations gives a better basis for judging the uncertainties. There have

been at least three investigations for titanium, three for zirconium, four

for hafnium, two for vanadium, three for niobium, and five for tantalum.

New work not already analyzed in our reportsl 4 includes work by

Bedfogd37, and Trulson and C.'roldstem:‘38 who found ZJAH 98, 15 = 148, 0 and

149. 5 Kcal/mole, respectively for hafnium. Blackbur n3 has reported a

value of LJHp = 174.8 Kcal/mole for niobium, Work on the vaporization
of vanadium has been performed by Saxer. *

Next we consider the heats of formation of the oxides. Since this data
is required to evaluate heats of formation of many of the other refractories,
this logically should be considered before the others. In figure 11 are

shown data for the condensed phase oxides. Values for V205 are not shown
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on the figure, but Mah and Kelley?! have obtained a heat of formation of
=370, 640 Keal/mole in 1961. The data for the oxides shown have been re-
ported in our fourth and fifth quarterly reports with the exception of the
lower titanium oxides. Most of the oxide heat of formation data has been
confirmed by at least two investigations with the exception of the data for
ZrO, and HfO,. As Huber and Holley42 have noted, these data may require
further confirmation. The entfopy value for NbO was estimated. That for
TiO was based on expenmental low temperature heat capacity data, but a
contribution of 1. 68 e.u. was added to account for the defect structure
(random Ti and O vacancies) as reported by Hoch et al. 43 The effect of the
increased entropy,makes TiO ha.ve a more negative free en y:. Thus
TANAF44 lists =\F3600 = 0. 095 Kecal/mole as compared w1th =83, 568
hese tables, The free en ;gy valueées for the other titanium oxides agree
well w1th JANAF. Most of the other low temperature data has been summa-
; by Kelley and K1ng45 and in the quarterly reporﬂ:s o:f thls proJect
Simnilarly, Kelley46 has rev1ded
heat ca ity

cussed 1n

In figure | 12 we cons1d1er some data fer the gaseous monoxides. Avails
able spectrosec ] he t 5 ¢ functions.
Herzberg's 47 boek and Rosen' 548 ta._ulat ‘
been very useful in this connection. Additional
troscopic data are cited in the appropriate reports and st ch data was 'vt 1 zed

whenever ava ble It should be noted here that the th

In figure 13 are shown some th
oxides. Thermodynami

ic functions £9r t;hesle. polyatomic
puted using estimated spectroscopic constants. ’ re r
but in general the methods were similar to those of Brewer and Rosen l:olat.uz.49

Vapor pressure data measured mass spectrometrically were then utili

ze
with the present free energy functions to derive self-consistent heats j
formation. It should be noted that the approximations used to estimate the
spectroscopic constants, i.e. assumed linear structure, valence-bond ap-
proximations for vibrational frequencies, and ionic-meodel calculation of

electronic energy levels could cause appreciable errors in the functions

tabulated. However, even if such approximations are not the best, the use

of the present free energy functions together with our calculated heats of

formation should reproduce the original experimental vapor pressure data.

Having discussed the oxides, it is now appropriate to discuss the other
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refractories of interest; that is the borides, carbides, and nitrides., It
appears that in the Groups IV and V which we are presently dis sing that

10 important gaseous metal carbides; borides, or nitrides. These
materials vaporize to yield the elements. Hence, it is only necessary to
tabulate data for the condensed phases.

In figure 14 are shown the data for the borides. The heat of formation
value for ZrBj is considered to be the most accurate. It has been evaluated
by oxygen-bomb calorimetry, fluorine bomb calerimetry, and vaporization

118, Greenbe,g50 has indicated that the latest fluotine combustion
ietr‘y wafk suggests a valué of ab'out —70 Kéél/fﬁéié f@f .t'he heat @f

the hea.t of formatlon valué is based on oxygen
al eti“y by Huber. 51 Vaporization studies are bemg performed
by lla.ckburn 52 The data for HfBZ may ‘-"‘é‘d some rev1s1on Trulson and

T is value is still preliminary

e accepted in our tables may need to be rewsed

o} éémp@@nds, I might expect the correct value to
The value for TaB) is merely a fough estimate,

but it 1sv 11ke1y that rlt"é ;ra
By analogy to the zirconi
be close to =75 Ke llmele

ecent low temperature
Zefo} 4 Kau n”°, the recent data yields values
for TiBj, 10. 26 e.u. for HfB, and 10.636 e.u. for

A summary of thermochemical values for the carbides are shown in
figure 15. The heats of formation for NbC and TaC are probably the most
accurate, with expecteéd uncertainties of perhaps 1 o Z Recal/mole. The

others may have uncertainties of 3 to 5 Kcal/mole. I‘ may be noted that for
TiC which is probably the most studied carbide, that t he, re have been widely

varying regults., On the one extreme, some vaporization experiments (1961)
yielded AHZ 8. 15 = =31 Kcal/gfw whereas some ca.lonmetnc data by
Russian mvest1gators in 1962 yielded a value of AH298 15 = —55.3
Kcal/gfw. The heat of formation chosen for HfC was based on vaporization
studies, calorimetry, and Hf-C-O equilibria. The results varied from =49
to ~62 Kcal/mole and the intermediate value of =55 Kcal/mole was chosen.
More recently Trulson and Goldstein38 have found a preliminary value of

=50 Kcal/mole. Rudy and Nowotny54 studied phase equilibria in the Hf-Ta-

C system. Using the present tables, a heat of formation for HfC of ~48.5
Kcal/mole is calculated. On the other hand, Kaufman53 prefers a more
negative heat of formation value. It is clear that the data is still not precise.
Experimental low temperature heat capacity data was available for TiC,

ZrC, and TaC. Data for the other carbides was estimated.
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In figure 16 are shown some data for the nitrides. At least one (us-
ually only one) calofimetric heat of formation value has been obtained for
each of these compounds. Experimental low temperature heat capacity data
was available for TiN and ZrN. Estimates wereé required for the others. It
is felt that there is need for considerable additional thermodynamic work for
the nitrides.

Having now discussed the tabulated data;, it may be appropriate to dis-

cuss very briefly the general behavior of the refractories. The h1ghest
melt,ing bi afy c@mpouﬁd appe‘a‘rs té %é T‘aC;oi 35 wi h a melting poi

blde is beheved to melt somewhat lower at a.bout 3900°K. As mentioned in
the quarterly reports, this value is based on the data of Avarde et a156 and

observations by Bowman. 57 Additional phase data for the Hf-C and Ta-C
systems are being obtained by Sara and Dolloff. 58

In terms of vaporization prope "ftiés, tantalum carbide also has a

larger heat of atomization of 298, 15 = 196. 006 Keal/g atom, whereas
¢ of 185, 407 Kéal/g atom. This may be compared with the
heat of vaporization of metallic tungsten which is 202; 809 Kcal/g atom.
Other data is shown in figure

In summary, it may be stated that this review of the properties of
refractories, is necessarily limited in scope. Complete details will be
found in the existing quartérly progress reports or in the final report to be
issue& Also, it should be pomted out that most of the data obtamed on th1s

Ltat;ons o,f time have prevented even
‘hout the p'roject emphasis has been made

poss1b1e In many cases, however, 1;,
more thorough analyses. Throu
to prevent this work from becom
critical evaluation. With this v1ewpomt the work has mdeed been challengmg.

1. R. J. Barriault et. al., '""Thermodynamics of Certain Refractory
Compov“ nds, " ASD TR 61-260, Pt, I, Vols. I and II, May (1962),
Con
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Elements for JANAF  Elements Common te Elements for RAD
Only _ Both Groups Only

N=EH
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FIGURE 2. ELEMENTS COMMON TO RAD AND JANAF

E. Rudy and H. Nowotny 301165

Hafnium-Tantalum-Carbon Systems
Monatsh 94, 507-17 (1963)
CA 59, 7209

At T = 1850°C

Hf,C is w10 Kcal/mole less stable than a mixture of HIC, .+ Hf,
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PROPERTY FILE CODE NOVEMBER 1963
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BIB
CEMP
COPT
CPH
CPL
CRYS
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BI]JLIOGRAP Y
NS D PHASE E‘LEC @R MAGNETIC PROP

HIGH TEM *ERATURE EAT CAPACITY
LOW TE 7PERATU
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CHEMICAL REACTIONS
REVIEW
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SPECTRDSCOPIC DATA

SURFACE PROPERTIES

THERMAL CONDUCTIVITY

THEQRY

THERMODYNAMIC DATA
TRANSFORMATION TEMPERATURES
VAPORIZATION DATA

EQ CONST

vH
c
=

FIGURE 6. DEFINITIONS OF PROPERTY F
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CH IN PHYSICAL AND CHEMICAL PRINCIPLES 701014
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H = K. E. of electrons + P. E. of electrons in field of nuclei + P. E. due to
electron interaction (coulombic) + P. E. due to nuclei interaction (coulombic)

it

FIGURE 9. HAMILTONIAN OPERATOR

AH298 15

__Element Kcal/g atorn

B 133. 000

(=
=
Ny
N 3 N *

=3
=

T—y
=
i
N
2
(=]

v 123. 010

186, 522

=3
i

E3
Dissociation

FIGURE 10. HEATS OF SUBLIMATION OF ELEMENTS
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FIGURE 11
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484
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-140. 356
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000

Compound AHZ% i5 SZ ,
] gfw-l

Kecal/gfw=!  eal dégK'?gfw'l

TiO 13. 000 55. 989 5. 798 =10: 172 =29.838
ZrO 21.100 57.055 14. 165 =1.368 =20.520
HfO 18. 996 57.736 12. 281 =2.260 =20.668

091 38.984  23.400  3.057
. 568 44.774  28.739  1.719

NbO 46,017

@ o
oo =3

FIGURE 12. GASEOUS MONOXIDES

S,98, 15 .
cal efggBKl?gfw'l

56. 562

sN)

58. 551

H{O, +70. 000 60. 475
Vo, =55. 876 59.912 =57.076  -59,814 -62.654

NbO, -51.051 . 61.031 =51.953  -53.765 -56.477

o
(3%
o
i~
]
"
NN
-J

Ta0, -46.708 L781  -49.646 -51,558

FIGURE 13. GASEOUS DIOXIDES
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Kcal/é?g&)l— 200

Compound  DHyge 15 S208.15 LFs06 15
Kcai?gfv%rél cal degK‘ gfw "_? O 22

TiN -80.750 .24 -73.900  -58.115  -35. 801
ZTN -87. 3 ‘9; 29 58;0. 47‘7 =‘64. 76v2 —42. ’557

HIN -88. 24 10. 7 =81. 414 =65, 645 =44, 067

Nb,N =60.5 19. 0 .53, 975 39,170 =19, 455

NbN -56.5 10.5 -50.124  -35.898  -17.755

SN <64. 6 22. 0 =58 421 -44.770  -28.375

TaN =59. 95 12. 0 =53. 747 =39.973 <23, 663
FIGURE 16. NITRIDES

A\H (sublimation AH(Subhmatxon

or atemization) or atomization)
298. 15, Keal/gfw=1 298. 15, Keal g-atom=1

Compound M. P, éHZBls
(°K)  Kcal/gfw=l

e e =55.0 370.814 185. 407
Ta,C 3773 -46. 961 590. 895 log oot
Nbe 3753 -33. 376. 326 188. 163
HiB, 3523 -80. 490. 924 163, 641

NbyC 3363 -46, 561.162 187, 054

482.126 160. 708
479. 736 159. 912
445, 340 148. 446
530. 098 176. 699
588. 090 196. 030
382. 390 191.195
523,740 174. 580
830. 350 166, 070
498. 825 166, 275

ZrBp 3313 -73.
NbB2 3273 -41,
TiB, 3193 -66,
H{Op 3173 -266,
WaC 3068 -11.
ZrOp 2973 -261,
Mo3C, 2923 -13.¢
Mo, C 2693 -11,5

M h OO ®w OO O 6
ON W

[

U O
w 3
wm o

FIGURE 17. SUMMARY OF DATA FOR SOME REFRACTORIES
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THERMODYNAMIC STUDIES AT LOW AND HIGH TEMPERATURES

R. A. MecDonald; F. L. Oetting, and H. Prophet
~ Thermal Research Laboratory
The Dow Chemical Company, Midland, Michigan

The unclassified section ef Dow s physical chemistry work

heat capacities in the Arc Image Furnace. Taking them in ok
order, the first figure shows a cross-section of the adiabs
iiquid helium calorimeter. A 1is the sample c¢ontainer suspendeéc
by thread within the adiabatic shield B, which is in turn sus-
pended from the floating ring C and the upper block D. The
sleeve E connects the upper and lower blocks D and F; the whole
gystem belng enclosed by G, around the base of which 1liquid
helium is condensed:. By adding small measured amounts of heat
to the system the temperatureé increase can be measured and the
heat capacity calculated. Using the third law of thermodynamics
we can then obtain the entropy of the aystem by evaluation

;cp d in T.
©  BLE I. ENTROPY AT 296.15°K. IN CAL. DG.") MorE")
A1Cl,(c) =  26.45 + 0.10
P4010(c) =  55.75 + 0.10
Lici(e) = 14.185 + 0.05
L1BO,(c) =  12.36 + 0.05
BPO,(¢) =  14.91 + 0.05
BeCly(c) alpha =  19.77 + 0.05
BeCly(c) beta =  18.12 + 0.05

Table I shows the entropies of some of the materials
measured by Dr. Franklin Oetting, he also has values for several
other compounds which are still classified. We mignt note the
differences between the measured values and those estimated

earlier. AlCl3 had been given as 40 e.u. in Circular 500, and
in 1959 the Bureau estimated 22.4 e.u. - a difference of 4 e.u.

P4010 was estimated in 1959 by Dr. Sinke of the Dow Chemical

Company to be 64.6 e.u. or 9 e.u. different, and LiCl was esti-
mated 8s 12.3 e.u. by the Natl. Bur. Standards in 1959 a dif-
ference of 2 e.u. Thus while we might think we can estimate
entropy to + 1 e.u. these comparisons hardly support the notion,
and lend strong support for the necessity for further measure=-
ments. Figure 2 shows the smoothed heat capacities for LiCl(c),
this curve 1s the normal sigmoid shape. The sample was 99. 5%
pure and was -vacuum dried at 200°C. before use. Pigure 3 shows

a quite different curve, P401°. this has a small hump in the
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eurve; which may be due to impurity even though the sample was
99.2% pure.

Figure 4 shows a schematic of the dropping calorimeter
which has a maximum temperature of 1700°K. The furnace, B, is
platinum=rhodium wound and the calorimeter, C, a copper block,
while the sample container A can be platinum, platinum-rhodium,

results obtained by R. A. McDonald. Figure S is the heat capa-
city of elemental Boron (1) up to 1700°K., showing the agreement
with the low temperature values, while figure € shows a similar
plot of the data for boron nitride (2); again up to 1700°K.
Thesé measurements on B and BN have been valuable in fixing the
t rmodynamic properties of boron compounds &t high temperatures.
Figure 7 has the heat capacity of ZrF, (3) plotted from 300°K.
to 1200°K., also measured were AH = 15.35 + 0.10 keal. mole™l,
the m. pt. 1205°K., and the 1iquid heat capacity of roughly 29

cal. deg.™* mole™t.

The next few figures are plots of both low and high tem-
perature data determined at the Thermal Research Laboratory by
. L. Oetting and R. A. McDonald. Figure 8 has the results for
solid and liquid AlCls, here the drop measurements were also

taken below 298° K., this can be done because the furnace is water
cooled. Figure 9 shows the combined results for BPO4 up to

1200°K. and Figure 10 for lithium metaborate. In addition to
the data on the slide the heat capacity of the liquid up to

1700°K. was found to be 34.56 cal. deg.il mole 1, the melting
point 1117 + 1°K. and the heat of fusion 8.16 kcal. mole-l,
Pigure 11 bFings us up to date on BeClz, these values being

previously unreported. Dr. Oetting recently completed the low
temperature measurements on a sample of Beta-BeCl2 which fit well

with the drop calorimeter values and give 8298 15 = = 18.12 cal.

deg. -1 mole l. McDonald's measurements show that at 676°K. the
beta form goes over to the alpha-BeCl2 and at 688°K. this melts.

The al_pha-BeCl2 was reported earlier to have an entropy of 19. 77

cal. deg. -1 mole -1 at 298°, indicating that the two forms have

(m .#;.d‘

ct

Moving on to the determination of high temperature heat
capacities in an arc imaging furnace, which are of interest be-
cause we can go higher in temperature, 2100~ .2200°K., and obtain
results with much less labor than in a drop calorimeter. Figure
12 shows a schematic view of the furnace, the rediation from the
1.3 cm.2 anode crater at roughly 3800°K. 1is transferred by means
of the elliptical mirror system to the sample. The basis or the

method is the fact that at any instantaneous temperature T°K.
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qinput élgain + éloss ) . )
where qvain = m. Cp.dT/de, the rate of gain of heat; m being the

mass, Cp the heat capacity, and dT/d® the rate of change of tem=
perature with time.

Also &, .., ¢an be split into three parts:
: ) - (n 4,
Qpadiative = (T “To%) = Ky 1* (above 1300°K.)

Yeonvective KZ(T‘TO)

deonquctive = Ka(T=To)

In the specilal c¢ase when §, = @, that i1s heating to & high
1nput

temperature and then removing the power input and allowing to
¢060l, we obtain:

=M. C  +dT/306 k. 1% @ k. (Top.) 4 ¥ (P=m_)
em.cp.dT/dG K75+ KZ(T-TO) + xa(w @Q)

W

KE(T) + K,

Thus if K and K. can be kept the same for materials of dif-
ferent heat capacity, then by measuring the cooling rates the
heat capacity can be compared to a standard. Because of the high
temperatures and small containers the cooling ratés are extremely
high and we found it impractical to measure the direct c¢ooling
rates. The system shown in Figure 13 is the one developed for
&ctual use. This shows the sample container at the focal point
of the mirror, with its supports, shields, and temperature
measuring system. The shield and sample always have the same
spatial relation to each other and so if the surface of the
shield 1is reproducible, then, the environment is one which still
has the heat loss rate by radiation a function of the temperature
of the container. Similarly the conduction is defined by the
temperature of the container and the brass support, if the gra-
phite support is reproducible. The temperature of the brass
support is unaffected by the limited amount of heat conducted
down the graphite support during the two minute heating cooling
cycle. Thus conduction is a variable only of the temperature of
the contalner. Convection is also made & function of the vessel
temperature by keeping a constant temperature flow of argon
through the system.

Figure 14 shows a cross-section of our graphite container
and support. Here we can see the temperature sensor = the re-
entrant black-body well, down which a total radiation pyrometer
is sighted. The system is automatically in alignment because the
spatial position of the container is always the same. The sample
is shown interleaved with graphite. This 1s done to approximate
the situation within the container during calibration with gra-
phite. The large surface area for radiant energy transfer helps
to maintain uniformity of temperature, in practice we use disks
roughly 0.009" thick. Because of the fact that our temperature
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detector doées not always follow temperature changes rapidly
enough; it is necessary to calibrate with a Mnown material and
an empty vessel. However, as such & dual calibration can be
made easily in an afternoon this is not & real hardship. Our
procedure is then to heat our sample up to around 2300°K.,
extinguish the arc, drop the shield, and then follow the cooling
curve down to 1300°K. This is repeated until identical cooling
curves are obtained; the time temperature curve is then fitted
by computer and the rate of cooling at specified temperatures
calculated: These are combined with similar values from the

C bration runs and the heat capacities are then caléulated by
computer.

The basis for all our work, the heat capacity of SPK gra=
phite was determined by R. A. AeDOﬁald usiﬁg dﬁ@p.calofimétry
and extrapolated to 2300 K.’*"= i 1

iguy

published in the 11terature (4), b“ ie remaining results have
not been given before. The values for BeO are given in Figure

17, there is a long story behind this result - we have probably
made as many measurements on the BeO system as all our other
determinations. This arose because our first samplée of cold
pressed=fired beryllia exhibited a dual nature, occasionally we
obtained the curve shown but more often we obtained res
from 10-80% higher - which were quite reproducible. Apparently
the form and thermal history of the sample were involved as we
have no such troubles with the hot pressed sample shown here.
Figure 18 shows the excellent agreement with eariier work for
titanium nitride and Figure 19 similar good agreement with
zirconium nitride. Figure 20 is titanium diboride - showing
fair agreement, Figure 21 zirconium diboride showing the dis=
tinct difference caused by the sample form. Westrum and Felck
(5), and Margrave, et al. (6), used the same zone refined single
erystal, all the data on the upper curve was done using powdered
or sintered material (8)(9). Figure 22 is for WB, this was most
unusual in that an exotherm was detected on the cooling curves
at 1278°K. This was thought to be due to a solid state tran-
sition and is supported by the large difference between the
values measured above and below this temperature. WZBS shown 1in

Figure 23. The agreement is not too bad especially in view of
the difficulty of characterizing these refractory borides.

Now we come to a series of carbides which were given to us

by Dick Kebler and Ira Binder of Union Carbide Corporation. They
were very pure, highly characterized hot pressed samples which
were much thicker than our normal disks. To check that this
would not affect the results the first two were repeated with
normal samples from a commercial source. Figure 24 shows the two
samples of tantalum carbide agreeing very well and recently
Levinson of Los Alamos has published (7) nigh temperature drop
calorimeter values which have been included. These results in
excellent agreement with each other are 7-15% lower than one

would expect from extrapolation from the lower temperature data
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of Margrave, et al. (1) and S:W.R.I. (8). Figure 25 shows
similar data for niobium carbide, again the two samples agree

Feick and of Margrave 18 zote refined single crystal, whereas
ours is hot pressed. Hafnium carbide shown in Figure 27 agrees
well with S.W.R.I. and the data for tungsten carbide, Figure 28,
are the only reported measurements .

(1) ?. A.)McDonald and D. R: Stull, J. Chem. Eng: Data 7, 84
1962).

(2) ?. A.)McDonald and D: R. Stull, J. Phys. Chem. 65, 1918
1961)

(3) R. A. MeDonald, G. C. Sinke, and D. R. Stull, J. Chem. Eng.
Data 7, 83 (1962).

(4) H. Prophet and D. R. Stull, J. Chem. Eng. Data 8, 78 (1963).

(5) %. F.)Westrum and G. Feick, J. Chem. Eng. Data, 8, 193
1963).

(6) R. H. Valentine, T. F. Jambois, and J. L. Margrave, private
communication, April, 1963.

(7) L. S. Levinson, J. Chem. Phys. 39, 1550 (1963).

(9) D. Barnes, R. Mezaki, E. Tilleaux, and J. L. Margrave, Proc.
Intern. Symp. Nucl. Mat., Vienna (1962).
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