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MASS'SPECTROMETRIC STUDIESJOF INORGANIC VAPORS
David Hoover Feather
Inorganic Materials'Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Englneerlng,
University of California, Berkeley, California

ABSTRACT
Knudsen cell mass spectrometry was employed_in separéte stﬁdies
of the vapors in eéuilibrium with two inorganiq halide solids-sodium
chloride and gallium trifluoride.
Simultaneous measurements of the ion intensities attributable to

NaCl(g) and Na,Cl

data for the monomer that are in good agreement with the average of

3(g)_as functions of temperature yielded vaporization

eight previous investigations. These monomer date were used for;
purposes of pressure calibration and the resulting enthalpy and entropy
of sublimation for the trimer at 937°K are 6é.2 + 3 keal/mole and

30.5 t 3 eu/mole, respectively. The measured enthalpy for the frimer
agrees well with the prediction made by applying a normalization

factor to the ionic model caleculations of Milne and Cubicciotti. In
addition to the trimer, ions attributable to NahClh(g) were observed
for the first time. Since their low relative,céncentration prevented
measufemepts of the partial vapor pressﬁre of the.tetramer as a
function of temperature, the ionic model was extended to this molecule
to calculate an enth&lpy of sublimation at 1000°K of 70.9 kcal/mole.
Combining this calculated enthalpy with a single partial vapor pressure
measurement for the tetramer gives an entropy of sublimation of

29.5 eu/mole.
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Two molecules were observed in the vapor in equilibrium with
solid gallium tr.ifluoride-Ga.FB‘(g) and Ga2F6(g). The relative partial
vapor pressures as functions of temperature were measured using a
mass spectrometer ahd pressure calibration was échieved by using the
torsion-effusion method. The enthalpy and entropy of sublimation of
the monomer at 298°K are 58.8 * 3 kcal/mole and Lhk.6 * 3 eu/mole. The
enthalpy and entropy of sublimstion of the dimer ét 914°K are

71.0 * L kcal/mole and 42.8 *+ L eu/mole, respectively.

s e 0 e o e
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GENERAL INTRODUCTION

The accumulation of thermodynamic data for gaseous monomers and.
polymers in equilibrium with their condensed phases is important for
both practical and theoretical reasons. The practical importance of 
these data is that tﬁey can be used to‘predict the minimum life
expectancies of 6bjects fabricated from these condensed phases at

: . *
high températures by using the Hertz-Knudsen equation:
' "AFCi

_ T
Yy g n Xi e RT

J (males/cm“-sec) = LL4.33 —5
max ;:l: (MiT)l/g

Where Jmax is the total flux ésseséed as monomeré leaving the surface of
the 9bject5 Xi is the degree of polymerization of the ith ;pecie, AF%i is the
free energy of sublimation of the ith specie, M; (EE%%%) is the molecular
weight of the ith specie, R is the gas constarnt and T is the absolute
temperature;

These date are theoretically important sincé the measured
enthalpies of polymerization can be used to test the validity of
various bonding models and schemes which purport to describe gas
phase equilibria.' The verification of the applicability of these models
provides a basis for predicting the gas phase prpperties of heretofore

unstudied systems, thereby reducing or even eliminating the need for

investigating these systems experimentally.

J. L. Margrave, Ed., The Characterization of High Temperature Vapors,
(John Wiley and Sons, Inc., New York, N.Y., 1967) p.33.




The mass spectrometric fechnique is well suited to investigations
of complex vapors since it permits measurements of the relative
partiai vepor pressure of each gaseous speoie as a function of tempera-
ture. The mass spectrometer used in this laboratory is a flow through

device and the meaSuredvioh currents are related to the partial vapor

*%
pressures through the equation :

where Pi is the partial vapor pressure of the ith specie, Ki is a
proportionality constant for the ith sﬁecie, Ii+ is the measured ion
current of the ith épecie and T islthe absolute temperature. Hence,
if an observed ionvcah be shown to be the product_of electron impact
of_a particulaf neutrel molecule, then a plotvof 1n I+T vs; l/T yields
andvnearly etraighf line (ACp = 0) whose slope is‘the enthalpy of
sublimation ofbthe molecule. Additional experimente and/or data are
required to obtein the proportionality constant, Ki’ which is needed
to obtain’the accompanying entropy of sublimation for the molecule.
The followiné.report presents the results of applying the mass
spectrometric technique.to two different inorgaﬁic compounds. Part I
of the feport is'devoted to the study of.the trimer and tetramer in
equilibrium with solid sodium chloride. Part II is devoted the study
of the gaseous species in equilibrium with solid gallium frifluoride.

* * . .
J. L. Margrave, Ed., The Characterization of High Temperature Vapors,

(John Wiley and Sons, Inc., New York, N.Y., 1967), Chap. 8.




PART I.

THE STABILITIES OF GASEQUS SODIUM.
CHLORIDE TRIMERS AND TETRAMERS



I. INTRODUCTION

Good thermochemical data are available for gaseous alkali halide

monomers and dimers in equilibrium with their condensed phases,l’2

while data for trimers and higher polymers are scant. It is of interest,

therefore, to obtain as accurate data as possible for these higher
polymers, not only for their intrinsic value, but to allow comparison

3-T which work well for predicting the stabilities

with ionic models
of gaseous alkali halide monomers and dimers.
We have used a mass spectrometer to measure the enthalpy and

entropy for the reaction 3NaCl(s) = Na Cl3(g) and have obtained the

3
first intensity measurement for the thCIh(g) molecule. The value of
the enthalpy of dissociation of the trimer to a monomer and a dimer
calculatgd by Milne and Cubicciottih from an ionic model is compared
to the experimental date and their model is extended to tetrameric

molecules to permit the calculation of thermodynamic data for N&hClh

from the measured concentration.
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IT. EXPERIMENTAL

This study was carried out with a 60° sector, 24 cm radius, Atlas
mass spectrometer. The apparatus is a magnetic deflection device andv
is eQuipped with a 16-stage, Cu-Be, electron multiplier fof use as
an ion current detector. Reagent'grade sodium chloride was purchased
from the J. T. Baker Chemical Co. The only spectroscopicaliy detectable
impurities were .001% Ca and .0005% Mg.

All effusion experiments were carried out in copper Knudsen cells.
Temperatures were measured with a chromel-alumel thermocouple which
héd been previously calibrated at the freezingrpoint'of aluminum. The
thermocouple was securely clamped inside a hole drilled in the bottom
of the cell. The cell was heated by radiation from a tungsten filament
which was inside copper-clad tantalum hegt shields.

Experiments were perforﬁed using copper cell 1ids with two dif-
ferent orifice sizes in order to be sure that equilibrium had been
achieved. Orifice diemeters were .034% cm and .100 cm while channel
lengths were .017 cm and .100 cm, respectively.

Preliminary experiments indicated that ion iﬁtensities associated
with the trimer decreased below the equilibrium values when the mean
free path to‘diameter ratio (A/D), as calculated by the hard sphere
approximation,8 fell below ~ 1.7. It is interesting to note that, over
the same temperature range, the ion intensities associated with the
monomer were unaffected. Similar behavior has since been observed in

9

a mass spectrometric study of cerium trifluoride vaporization. More
recently, Meschi10 has examined this effect theoretiecally and has shown

that it is a consequence of monomer-polymer collisions within the



molecular beam at high pressures. In order to minimize errors resulting
from these intra-beam collisions, all subsequent trimer data were taken
with A/D > 1.7 to insure that molecular flow conditions prevailed.

+ +
201 . Na3012 , and

+
NahCl3 were observed and identified by means of the background spectra

. . . + +
Ion intensities corresponding to Na , NaCl , Na

and their isotopic abundances. A fragmentation pattern at 968°K with

TO eV ionizing electrons is reported iﬁ Table 1 where the ion intensities
relativevto Na+ hé&e been corrected for isotopic abundances. No ibns
aftributable to prodﬁcté of reaction with the cell were obseryea.

201+, and Na3012+ are the principai ion fragments arising
from electron.impact with NaCl(g), Na2C12(g), and Na3Cl3(g), respec-

- +
-tively.11 13 NahCl3 is the expected principal product of NahClh(g)

+
Na , Na

ionization. It has been suggested by Milne and Klein'3 that Nac1® may
originate éartly from a polymer in addition to the monomer. Higher
polymers thgn the dimer are improbable sources of a significant fraction
of the observed NaCl+ ion intensities because the ﬁigher polymers are
present at low concentrations.' Ir Na,Cl+ were the product of dissociative

ionization of Ne Clz(g), the Na+/NaCl+ ratio would decrease by ~ 35% in

2
going from 8T70°K to 1020°K. The results of two consecutive measurements
of the.temperature dependence of the Na+/NaCl+ ratio (Fig. 1), however,
indicate that the intensity ratio is constant between 870°K and 1020°K.
We conclude, as Berkowitz, Tasman, and Chupkalhvdid for the LiCl, LiBr,
and LiI systems, that simple ionization of NaCl(g) is the major source
of the obsérved NaCl+ ion intensities. |
It should be pointed out that the relative proportion of Na+ to

+
NaCl ion was observed to vary, depending on which mass peak we chose

to maximize our ion intensities. This effect is apparent when the




data.in Table 1 are compared to the intensity ratio.data in Fig. 1.
‘The data in Fig. 1 are particularly significant since they are the
results of consecutlve runs in which only the beam focusing voltages
were altered. Unusual M V8. MX ion intensity ratio variations have
begn hoted'by Berkowitz et al. 1h for the LiF system. They attributed
the behavior to the formation of Li+ fragments with excess kinetic
energy.

The intensities of the Na and Na3012 ions were followed as
functions of temperature using 70 eV ionizing electrons. Temperatures
were Vafied upwards and then downwards to minimize tempefature dependent
errors and approximstely 20 minutes were allowed betweeh ddtum points
to insure that equilibrium had been achieved.

The electron multlpller gain of Na_C ion was agsumed to Be

3
15,16 mne aaditivity rule of Otvos and

equal to thgt for Na ion.
Stevensoan was used to estimate an ionization cross section of 3.0
for the trimer relative to the total cross section of the monomer. It
was assumed the total cross section of NaCl(g) remains constant
relative to the polymer species while the Na+/NaCl+ ratio can vary.
Since Na‘ comprises ~ 66% of the total ﬁumber of Na' and Nacl' ions
produced by electron impact of heutral NaCl(g) (Table 1), we estimate
the 1onizat10n cross section of the trimer for N33012 production |
relative to that of the monomer for Na production to be 4.5. The

. : + ' '
appearance potential of Na Cl2 , measured by the method of extrapolated

3
. 18 +
differences from Hg , is 9.9 * .5 eV.



TII. RESULTS AND DISCUSSION

: Nine series of measurements for the monomer and eight for the trimer
were.performed to_measure the temperature dependences of the respective
ion intensities. The data'presented-in Fig. 2 are the results of the
best two mass spectrometer measurement series. The arithmetic average
of the‘calculafed enthaelpies frdm all monomer and trimer data agree to
 within .05 kcal with the enthalpies calculated from the data in Fig. 2.

The 1n I+T,vs, 1/T plots for Na® ion from cells with .034 cm and
.1 cm orifiées~wére made to coincide at 937°K; the midpoint of the '
experimental temperature range. All‘Na+ déta wére then normalized to
agree with the preséure éccepted in the JANAFl tables for the monomer
at 937°K. |

An qrithmetic aVerége of the least square anal&ses of all nine
© monomer méasufement seriés gives a second law énthalpy of sublimation
at 937°K of Sl.Sli_;B kcél/mole where the reported error is the average
deviation from the mean. The value accepted by JANAF at the same
temperature is 52.0 kcal/mole. The goodvagreement between the experi-
mental and accepted values indicates that température dependent errors
were smail,duringithe experiments.

The eﬁthalpy and entropy of sublimation for Na

C
-3
were calculated from the average of the least square fits of the data

13(g) at 937°K

to be 62.2 * 2.3 kcal/mole of trimer and 30.5 t 2.3 eu/mole of trimer,
respectively. The value for the enthalpy of sublimation for the trimer
is only in fair agreement with the seeond law value of T1l.3 kcal/mole

at 1002°K reported by Akishin, Gorokhov, and Sidorov.lg




Combiniﬁg tﬁe enthalpy and entropy of subiimafiqn for the trimer
with the corresponding JANAF date for_the monomer at 937°K, #e caléulﬁte :
the enthalpy and ehﬁfopy of tfimefization to be —93.8 # 2.3 kcal/mole
and -67.7 * 2.3 eu/mole, respectively. This entropy is consistent with
the enfropies reported by JANAF at 937°K_for the correspbnding gaseous
reactions in the LiF(g) and LiCl(g) syétems;— -70,5 eu and -69.2 eu,
respectively. .

It is of intereststo compare the'éxperimental enthalpy of éublima_
tion for Na Cl3(g) with the enthalpy pfedicted from the ionic model

3
3,)4'

calculations of.Milﬁe and Cubicciotti. Tabie 2 presents their
calculated enthalpies at.O°K for the»reaction M2X2(g) = MX(g) where
their estimated differences in zero point energies héve been neglectedf
Table 3 lists the results of'Milné a,ndeu‘biccio'tti'sh calculations for
diésociation of a trimer into a ﬁonomer and dimer. A comparison‘of

the AHS (céic.)/AHg (exp;) ratios for the same alkali halide in Tables

2 and 3 indicates that they are the same within the implicit experi-
mental errors. _Félléwing,thié approacﬁ, Qe have divided the calculated
enthalpy for the regction N33Cl3(g) = NaCl(g) +‘N32012(g) by 1.10 to
‘give a predicted enthalpy at 09K of ﬁS.S kcal/ﬁole of'trimerﬂv'Neglecting

the small difference in AH® AHS (Table 3) and combining this result

_ 1000
with the JANAF ehthalpies of formation at 1000°K for the monomer, dimer
and condensed NaCl, we calculate a predicted enthalpy of sublimation for

the trimer of 62.0 kcai/mole, This result is in good agreement with the

value of 62.2 * 2.3 kcal/mole obtained experimentally.
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Cur measured NahCl3+ ion intensities were too low to permit experi-
mental determination of the eﬁfhalpy of sublimation, but the data were
used to calculate thermodyhamic dafa oy extending the ionic model of
Mi;ne and Cubicciotti to the tetramer. The customary procedure in
obtaining thermodynamic values from g single'vapor pressure determination
is to estimaﬁe thé.entropy of sublimation and then use the third law
method to calcu;ate.the enthaipy, Because of the difficulty inv
estimating the éntrﬁpies of complex polymers and of the success of the
ionic model correlations in'predictingvthé:enthaipies of the lower
alkali halide polymeré, we suggest that the bettér précedure for NahClh
may be to_estimﬁte.fhe enthgipy from the ionic model and calculate the
entropy from thevsingle vapor'pressureﬁdetermination.

Our ionic ﬁodel calculations for the tetramer incorporated the

N .
3 for monomers, dimers,

same aséumptions as did Milne and Cubicciotti's
and'trimgrs. We.employed a computeriﬁéd, iterative technique which
involved fixing the C1-Cl distances and allowing the Na-Na distances
to vary in .05 A increments (See Appendix A). This process was repeated
until a minimum enefgylwas achieved with respect_to‘the gaseous ions at
infinite séparation. |

Celculations were perfofmed for two diffefent molecular structureé-—
a planaf ring and a dodecahedron. 'Figure 3 illﬁstrates these structures
with their minimﬁm energy configuratidns{ The minimum enthalpies of
formation for the planar ring and dodecahedral structures relative to
the gaseous ions at infinite separation are -645.9 kcal/mole and

~-649.8 kcal/mole, respectively. The difference in these calculated

values is too small relative to uncertainties in the model to permit
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us to conclude that- the dodecshedral structure can be definitely assigned
to the tetfamer, but we can use its calculated stability to estimate the
heat of sublimation of the tetramer.

Combining this value with the calculated stability for Na Clz(g) of

2
Milne and Cubicciotti,3'we calculate an enthalpy of 45 kcal for the

reaction:

Nah01h(g) = 2Na 012(g)

.Dividing this result by 1.10, as was doné‘previously for the trimer,
and est1mat1ng AH lOOO-AO for the reaction to be ~ 0 we calculate the
enthalpy of the reaction to be'h0.9'kcal at 1000°K. Combining this
value ﬁith the JANAF'data for the enthalpy of sublimation of the dimer
at 1000°K ylelds a pred1cted enthalpy of sublimation for NahClh(g) of
70.9 kcal/mole. » B » .

Estimating an iﬁnization cross section of 6.0 for the tetramer
relatlve to Na and assuming the electron multiplier gains of the ions
to be equal, we calculate the pressure of NahCIh to be 4.3 x 10™ 10
atmospheres~at 968°K. This pressure, combined with the estimated

enthalpy of sublimation and the JANAF data for the monomer, gives an

entropy,of‘-99f8'eu for the reaction:
WNaCl(g) = NayCl(g)

This velue is in satiSfaétory agreement with the value of -110.4 * 20 eu

which we calculated:for the analogous reaction in the T1F system from

the data reported at 595°K by Cubicciotti.Qo
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It will be interésting to examine the validity of this technique
and of this extension of the ionic model to tetrameric alkali halide
molecules when eXperimental data become available to. compare with the
calculatéd.results. Thé data of Berkowitz and Chupkaull indicate that
significant concentfations of tetrameric molecules are produced by the
vaporization of the lithium halides and sodium fluoride and this makes

them suitable for such a study.
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PROGRAM PLANE{INPUTsOUTPUT s PUNCH)
DIMENSION B{200),E(200)

DIMENSION WORD(12)

READ 1,A

FORMAT (F10.6)

IF (A «GTe 0) GO TO 2

IF (A «LE. 0) GO TO 4130

PRINT 3,A

FORMAT (1H1s22HANION~ANION SPACING = sF10e4)
READ 49 (WORD(I)sI=1,12)

FORMAT (12A6)

PRINT 5s (WORD(I)s I=1,412)

FORMAT (12A6)

READ 63sNsRMsRXsTMsTX

FORMAT (11044F1046)

X ™ + TX

Y = X~1e

BO = «291/X

A = ANION,ANION SPACING

B = CATION-CATION SPACING WHICH IS BEING VARIED
TM AND TX ARE PAULING-S NM AND NX
DO 10 I = 1sN

B{I) = 6e=e06#FLOAT(I)

C = «7071#A~(B(1)/2.)

D = SQRT(((B(I1)/2s)3#%2,)+C%%2)

F = SQRT(({B(I)/2e)%%24)+(B(I1)+C)#%2)

El = 84%(—1./D+{BO*((RM+RX)*¥%Y) )/ (D**X))

E2 = B84%(-1¢/F+(BO¥((RM+RX)¥%Y) )/ (F*#X})

E3 = 44%(14/A+(4T5%BO*( (2 %¥RX)*%Y) )/ (A*¥X))

F4 = 44%(14/B{1)+{1.25%¥BO*((2,#¥RM)*2Y))/(B(])**X))

ES = 2¢%(1e/(1e4142%B(1))+(1425%BO*((2.*RM)¥¥Y))/((14142%B(
#1))%xX))

E6 = 26%(16/(1e4142%A)+(o75%BO*((2¥RX)*¥Y) )/ ((1e4142%A)%#X) )
E(I) = 343189E+2%(E1+E2+E3+E4+E5+E6)

CONTINUE

PRINT 7

FORMAT(///% DIMENSION BOND ENERGY#*)

PRINT 8s (B(I)sE(I)s I = 14N)

FORMAT (F10e35E2046)

GO TO 9

STOP

END
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APPENDIX A (cont'd)

Dodecahedron Structure

PROGRAM CUBIC(INPUTsOUTPUT s PUNCH)
DIMENSION B(200),E(200)

- DIMENSTION WORDI(12)

READ 1,A

FORMAT (F10e6)

IF (A «GTe 0) GO TO 2

IF (A «LE. O0) GO TO 4130
PRINT 3sA

FORMAT (1H1922HANION—-ANION SPACING = sF1044)
READ 449 (WORD(I)sl=1+12)
FORMAT (12A6)

PRINT 55 (WORD(I)» I1=1,12)
FORMAT (12A6)

READ 64NsRMsRXsTMsTX
FORMAT (110+s4F1046)

X = TM + TX

. Ea

10
7
8

41130

= X-1e
O = «291/X

= ANIONSANION SPACING ‘

= CATION-CATION SPACING WHICH IS BEING VARIED
TM AND TX ARE PAULING-S NM AND NX
DO 10 1 = 1N
BII) = 6e4—+05#FLOAT(I])

Y
B
A
B

C = ¢612355%B(1) —  .20416%A
D = SQRT(((e577352%A)#%2)+C*%2)
F = ¢612355%(A+B(1)) 3
F1l = 12e%(=14/D+(BO*( (RM+RX)¥%Y) )/ (D*%X))
E2. = 4o*(=1e/F+(BOX((RM+RX)¥%Y) )/ (F##X))
E3 = 6% (1e/A+ (o TEHBOF( (2 ¥RX)X*Y) )/ (AR¥X))
= 6e*(1e/BII)+(1e25%BO*((2,%RM)*%Y)) /(B(1)*%X))

E(I) = 3+3189E+2%(E1+E2+E3+E4)

.. CONTINUE '
PRINT 7 : ,
FORMAT ( // /% DIMENSION BOND ENERGY*)

PRINT 8s (BII)sE(I)s I = 1sN)
FORMAT (F10e39E2046)

GO TO 9

sTOP

END



Table 1. Relative Ion Intensities at 968°K.

Ton Relative Intensity
Nat 1.00
Nac1® R N
+ .
Nazcl .88
Na_C1,.* 0068
#3¥"2 - 000!

+
Nah013 ‘ .00010




Enthalpies for the Reaction M X, (g) = 2Mx(g)

~18-

Table 2. ' Comparison of Calculated and Experimental

AHC (calc.)3v AHS (exp.):L AR (calc.)
System 0 0 o 0 -

’ vkcg.l -keal AHg (exp.)
LiF 57.6 61.8 .93
LiCl sk 48.9 1.12
LiBr - 52.3 45,7 1.1k
LiI 48.9 ho.7 1.15
NaF 55.9 56.0 1.00
NaCl 53.0 48.4 1.10
NaBr - 51]6. L7.} 1.09

Nal 48.2

o 482 49.5 97
KC1 L7.4 L5.1 1.05
KBr 46.8 43.3 1.08
KT e 39.3 1.13




Table 3. Comparison of Calculated and Experimental

Enthalpies for the Reaction: M3X3(g) = MX(g) + M2X2(g)

AHg (calc.)3’h AR® (exp;)l AR® (calc.) .
0 0 - o o}
System — AHlOOO-AHO
kcal keal , AH g (exp.)
LiF 65 59.5 1.09 -1.091
Licl 56 k9.3 1.1% - .003
NaCl 50
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PART TI.

THE VAPOR PRESSURES OF GALLIUM TRIFLUORIDE
' MONOMER AND DIMER



) Iy

- I. INTRODUCTION

Limited datal-3 exist to describe the gas phase compositions énd
vapor pressures ovef gallium trichloride, gallium tribromide, and ‘..
gallium triiodide but apparently no measurements of the vapor pressure
,Of gallium trifluoridé as a function of temperature have been reported.
_ This paper reports measurements mede with a mass spectrometer. Cali-
bration of the mass spectrometric intensity data was achieved by using
the torsion—effusion method to measure the absolute vapor pressure of
the monomer.

The partial vépor pressure of the monomer is reported for the
temperature range from T714°K - 1015°K and the enthalpy of sublimation
at 298°K is given as calculated by the second and third law methods.l'l
A small amount of dimer was shown to exist in the equilibrium vapor
and its partial vapor pressure is reported for the temperature range

from. 824°K - 1003°K.
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IT. EXPERIMENTAL

Gallium trifluoride was purchased from Research Organic/Inorganic
Chemical Company. A spectroscopic analysis showed 0.05% mooybdenum

and 0;002%_iron to be the principal metallic impurities.

. A, Mass Spectrometer Studies

The mass spectrometer used thfoughout the investigation has been
described iﬁ Part I of thie report. Samples were:contained in Knudsen
celis fabricated from>either nickel or graphite. .Orifice diameters
employed with the nickel cell were 0.03h cm and 0.100 cm while 0.034 cm,
0.051 cm, and 05100 cm diemeter orifices were used with the graphite
cell. Each orifice channel length was less than the channel diameter
and, to insure moledulaf flow, data were only collected in pressure
ranges for wﬁich the'vapor mean free path to diameter ratios, as
calculated by the hard sphere approximation,5 were greater than unity.

The Knudsen cells were heated by radiation ffom a tungsteh
filament that encircled the cells. Heat shields fabricated from copper
surrounded the cell and filament assembly. Temperatures were measured
by means‘of a chromel-alumel thermocouple which was securely clamped
inside a hole drilled in the bottom of the cell. The thermocouple had
been calibrated at the freezing point of aluminum..

Two celibratien measufement series were made in the graphite cell
using lead as a standard. The first series of 1L measurements in the
temperature range from 813°K to 1013°K gave g 1inedr least squares

enthalpy of vaporization of 43.02 £ 0.59 kcal/mole from measurement
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of the slope of the LﬁI+T‘vs. 1/T plot, where the reported error is
the standard deviation from the mean. The second series ofveight
measurements.in the temperature range from 845°K to 995°K yielded
Lh.29 + 0.72 kcal/mole. Hultgren et'al.6 report Lh4.26 kcal/mole for
the enthalpy of vaporization of lead at 91L4°K, the approximate mean
temperature for each run.

Experiments performed with gallium trifluoride yielded ion
intensities corresponding to GaF +, GaF+, Ga+ and small ambunts of
* (1235Ga F +/IlOTGaF * o 0.0021 at 885°K). . In each case the ion

s s 2

identity was verified by means of the background'spectrum and the

Ga

isotopic abundances. ' At low temperatures, a large peak of mass 20,
attributable to HF+, was observed which decfeased in intensity with
time. No other_species were observed to effuse from the cell region
when the spectrum'was scanned to mass 500. By analogy with the mass
spectra of A1F3(g),7’8 A12F6(g)8 and 131?3(g)9’10 GaF,", GaF', and cat
are the expected>fragments of dissociative ionization of GaF3(g) by
electron impact fragment of dissociative ionization of the dimer -
Ga2F6(g). |

Fragmentation patterns for GaF3(g) produced by TO ev ionizing
electrons were measured at a variety of temperatures (Table l); The
intensifies of GaF+ and Ga+ ions relative to GaF2+ ion varied in a
non-systematic manner with temperature. The vafiation could result

because a) changes in the ion source focussing potentials or the source

vlocationll altered the lonization efficiency for the various species



from experiment to experiment or b) small amounts of GaF(g) and Gé(g)
are present in the system as a result of the reduction of GaFB(g) by the
cell assembly. Appearance éotential measurements support the second
éxplanation. |

The appearance potentials of GaF +, GaF+, and Ga+ ions were
measured by the method of extrapolated differenéesla using H20+ as the
standard. Three measurements for GaF2+ ion gave an appearance potential
of 15.1 % 0.5 ev, compared to 16.k ev for BF2+ and' 15.2 ev for A1F2+
frém the neutral MF3(g) molecules. > The appearance potential measured
for GaF'@ ion, 10.7 £ 0.6 ev, is close to the value of 10.6 * 0.4 ev
reported by Murad et &l.l.l)4 for GaF+ pfoduced by simple ionization of
GaF(g). The measured appearance potential for Ga’ ion was approxi-
mately 9.0 ev. Since this value is less than that for.GaF+ ion, it
is reasonable to associate this ion with Gé(g). The 3.0 ev discrepancy
between the meésﬁred appearance potential and the reported ionization

5

potentiall could result because only a small amount of Ga(g) was

+
present in the system and since the majority of the Ga ions observed

are produced from dissocigtive ionization of GaF3(g).

oT

+ o
Ga.F2 jon was measured as a function of

temperature using three different orifice sizes with the nickel and

The intensity of 1

carbon cells. Temperatures were raiséd and lowered with approximately
20 minutes allowed between datum points to be sure that equilibrium has
been achieved. The results of linear least squares treatments of the data
from each measuremeﬁt series with erroré listed as the standard deviations

from the means are summarized in Table 2. A composite curve was formed
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by making the least squares lines from each measurement series coincide
at 865°K, the mid-femperature for all measurements (See final column,
Table 2). |

. Dimer data are summarized in Table 3. Using the value ACp =
-11 cal/dégree for sublimation of a mole of dimer, as estimated by
Skinner énd Searcyl6 for LaQFG(g), and the 60°K temperature difference
between the ﬁi—pbints of the high and low tempersture data, we calculate
that the change in fhe enthalpy -of sublimation due to the temperature
difference betweeﬁ the two sets of data amounts to 0.66 kcal/mole of
dimer. Consideration of this result and the cdmbined error limits on
the two sets of data indicates that they are in satisfactory agreement.
Accordingly, the dimer measurements were fitted together at 91L4°K, the
midpoint of the teméerature range for tﬁe 22 datum points (See final
column, Table 3).

The ion intensities attributable to the dimer were fixed relative
to those associated with ¢he monomer by using measurements of the con-
centrations of boﬁh species at a single temperature. The electron
multiplier gains of the two ions were.assumed to be equal and the

17

additivity rule of Otvos and Stevenson ' was used to estimate a

relative ionization cross section of 2.0 for the dimer as compared to
- +

the monomer. The appearance potential of Ga2F5 ion, measured by the

\ +
method of extrapolated difference512 with Hg used as the reference,

is 15.6 £ 0.5 eV.
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B. Torsion-Effusion Studies

Torsion-effusion measurements were made to obtain the absolute
pressure of_GaF3(g) for calibration of the massvspectrometer intensity
measurements. The techniques used in this laboratory have been described

. .. 18-20
prev1ously._

The tungsten fiber used to suspend the torsion cell measured

3.8 x 10'3

cm in diameter and approximately 45 cm in length. The
torsion constant of the fiber, determined by measuring the périods of
rotational oscillation of two.suspended weights with different moments
of inertia, was 0.8233 dyne-cm/radian.

The torsion cell used in the experiments was made of Nationsl
Carbon ZT101 grade graphite. The cell measured 4.1 em in length by
1.9 cm in height and width. ‘The two cell orifices mesasured 0.0998 cm
and 0.0997 cm in diaméter with channel lengths of 0.15T4 cm.

Tempefatures.ﬁere measured with a éhromel—alumel thermocouple
mountéd directly below the suspended torsion cell. The cell tempera-
ture was correlated with the fixed thermodouplé temperature by installing
another thermocouple fitted witﬁ a dummy cell in the same position as
the torsion cell and measuring the difference in temperature between
the two thermocouples. Both thermocouples were‘previously calibrated
at the freezing point of zinc..

In order to_check the accuracy of measurément with the experimental
arrangement, the vapor pressure of lead was measured over the tempera;

ture range from 976°K to 1083°K. A least squares fit of the five

datum points gave second law values for the enthalpy and entropy of
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vaporization at 1029°K of ﬁh.9 + 0.33 kecal/mole and>22.l + 0.03 eu/mole,
respectively, where the reported errors are_the sténdﬁrd deviations
from the means. The values accepted by Hultgren6 at this temperature
fof the heat and entropy are hh.Oé-kcal/mole and 22.07 eu/mole,
reépectively. The absolute pressuresimeésured at the midpoint of the
experimental temperature.rangé exceed the pressure accepted by Hultgren6
by approximétely 19%.

A gallium trifiuoride sample that was first degassed at L20°K |
and thén‘heated to approximately 1000°K over a two day period inter-
rupted by overnight sforage in vacuum at room temperature showed an
initiael pressure that was anom@iously high and never leveled off to a
constant value. -X-ray analysis of the sample remaining in the cell
after heating showed.B—Ga203. Since the m@ss spectrometer studies
showéd that HF(g) effuées from the cell at low temperatures, hydrolysis
of GaF3(s) is almost certainly responsible for this observed behavior.
Samplé detérioratidn océur:ed more rapidly in thé torsion apparatus
than in the mass spéctrometer because the background pressure in the

p

torsion apparatus (~ 10 7 torr.) is approximately 2 orders of magnitude
higher than that in the mass spectrometer.

To minimize ihterference from hydrolysis a second series of
measurements was taken during whicﬁ the sample Was.not allowed to cool
to room-temperature after low temperature degassing. Datum points 1
through 4 indicated that a gradual decrease in pressure occurred with

time. Points 5 through 10 fell on a straight line when plotted as 1n P vs.

1/T and points 11-16 described a line at about 1/2 the total pressure of
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the line ‘described by pointsAS through 10. The decrease in pressure
observed duringlfhe measurement of points 1 through 4 is ascribed to
high temperature aegassing of residual H20 and HF? while the decrease
' observed in points ll'through 16 indicated the depletion of one of the
Knudsen cells. Points T through 9 were accepted és being accurate
méasuremeﬁts of the absolute vapor pressure.,‘These points were cor-’
rected by a factor of 19%, due to the discrépancy in the lead data,

and'appear-in Fig. 1.



~32-

III. RESULTS AND DISCUSSION

Linear leést squares fits of the monomer and dimer data gave slopes
of 55.36 * 0.24 kcal/mole and 70.98 * .88 kcal/mole, respectively,
where the errors are the standard deviations from the means. Mass
spectrémeter values of 1n I+T,were multiplied by a factor that made
the least squares plots of the monomer_maSs spectrometer data coincide
with the absolute pfessures meésured at 953°K, the midpoint of the
temperature range of the torsion-effusion messurements. The resulting
absolute‘pressureé for the monomer and dimer aré plotted in Fig. 1.
and'tébulated in Tables k4 and 5, respectively.

Lineér least squares fits of these aebsolute pfessure data yield

the equationsf

: | v )
oK- o o - _(1.210 * 0.005) x 10
(TIh K-1015 K)-Loglopmonomerv T

+ 8.36 * 0.06

}

+ 9.35 % 0.21

ox_ ow _ . _ f(1.551 % 0.019) %10
(824°K-1003°K) LoglOPdimer - =

where, again,_the'reported errors are the standard deviations ffom
the means. | | |

| The enthélpy'of sub1imation at 298°K for GaF3(g) was calculated
by both the second and third law methods.h The second law calculations
require heat capacity data and the.third law calculations require
knowledge of the freg energy functions.

3

We have accepted Glassner'soT estimate of Cﬁ = 18.8 + 10.h x 107°T

for the heat capacity of solid GaFg. Our independent estimate of the

heat capacity, using Kelley'szz-method and our extrapolated value of
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14489K for the sublimation point of GaF_ yields a value for Cb at

3
1000°K which differs from Glassner's estimate by only 1.9 cal/degree-

mole.

23

Brewer;3 GlaSsner,zl_and Kelley and King' have estimated the

entropy of sblidvGaF at 298,15°K to be 26 eu/mole, 28 eu/mole, and

3

20.0 £ 0.5 eu/mole, respectively. We made an independent'estimate by
. o N _

means of a modification of Latimer's rule2 which states, 8298

(eu/g - atom) = 3/2 Rin(at.wt.)-0.94, where the constant was deduced

empirically from available data for metal chlorides. We recalculated

the value qf the constant as being equal to .3.38 using the known

entropy data for YF325 and CeF3.26’27 Applicatioh of the modified
equation to'Gan gave 8598 = 25,5 eu/mole, leading us to accept Brewer's

estimate.

Invérder toipalculate the heat capacity and free energy functions
for GaF3(g) by the methods of statistical mechaniés, it was necessary
to estimate mblecular>constants. The Ga-F stretch force constant for
GaF3(g) wés estimated by first calculating values for the ratio of
force cdnstants for the M-F bond in the diatomic molecule and the MQF
bond in the corresponding trihalide. For the B-F and Al-F systemslh’28
these ratios are.0.910 and 0.918, respectively. The mean of these
ratios was applied tovthe férce constant reported by Murgd et al.;h
for GaF(g) to giVe 3;71 X lQSd cm-l for_the estiﬁdted stretch force

constant, k., in_GaFB(g).

1

Before proceeding further, 1t 1s of Interest to compare the

result of this calculation with that found by epplylng the empirical
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eqnation”formulatedibj Henechbach andAﬁauriezg which has been shown . -
to give’reasqnable_valnes for the stretch force constants of rafe'earth
trihalides.' Akishiﬁ‘etval.e report a length df 1,88°i:o;02A for the
Ga-F bcnd.in.gaeeoue'Gafsﬂmolecule'asjmeasured by electron diffraction

»techniques U51ng thls value in the Herschbach and Laurie equatlon

9

glves a value for k of 2 82 X 10 d ‘em l whlch is qulte different from

1
' the value we estlmate by using the normalizing factor In an attempt
Vto understand the reason for the discrepancy, values for the M—X bond
lengths in the monohalides and trlhalides were tabulated (Table 6).
Inspectlon of these data indicate that to' a good approx1mation, the
MfX bond:lengthvin;the trihallde is equal to that measured in MX(g).
With this relationship in mind the reported value for the lemgth in
GaFl(g) appeane'todbe'scmewhat high'and‘when it is reduced’to 1.7758,
the Herschbach and Laurle equation glves kl as being equal to k. 13 X
05d cm whlch 1s 1n better agreement w1th our estimate In light of
v .this analysis,:wegsuggest‘that Akishin,s data may_be in erron but have
acceptedthis valne for our thermodynamic calculations aince the question
-remains to be neSOlted experimentally. |
Semilogarithmic plots of the out-of-plane bend force constants

kA/l and. of the 1n—plane bend force constants, kG/l , where % is the
cation—anion distance, versus k for D h p01nt group species show

1 3
30

straight line relatlonships kA/z “and k6/2 for GaF (g) were

assumed to fall on. this line and were accordingly estimated to De

2.93 X thd cm ;fand,l.33-x lohd cm l, respectively. Using the three

31

'force constants_and the valence force model,” the vibrational frequencies _
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for GaF3(g) were calculated to be 575 em —, 218 cm_l, 686 (2) cm-l,

and 213 (2) cm_;.
The electronic contribution to the heat capacity was assumed to

3 33 have shown that

be the same as that for Ca¥ ion.3? Brewer et al.
this assumption yields good agreement with knbwn data for the transition
metal dihalides. Heat capacities for gaseous GaF3 were calculated at

100° intervals from 300°K to 1800°K as shown in Table T and the
: 5

equation Cy = 19.361 + 2.886 x 1074 - 242%§§5¥39e ~was fitted to these
values.

The ffge energy fgnctions for solid and gaseous Ga.F3 were calculatéd
from the estimated heat cépacities and entropies at 298°K. These results
are given in Table 8 at 100° intervals over the temperature range from
- 300°K to 1800°K. The free energy functions when combined with the
absolute pressure datum points using the relationship:

o _ o
MHS g =-RTIn Py -7 <é§2——55232§>
gave 58,27 3 17 kcal/mole as a third law value for the enthalpy of
sublimation_at é98°K where the reported error is the standard deviafion
from the mean of the heats given in Table k4.

A second law treatmeﬁt of the monomer data by the sigma plot

method% gave the éQuation

+ 42.32 % 0.31

'Z'_ 58.16  0.26
- T
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where the errors are the standgrd deviations from the means. The values
‘'of I are plotted in Fig. 2 and appear in Table 9. Combining this

result with the appropriate equations gave second law values for the
enthalpy and entropy of sublimation at 298°K of 58.83 * 0.26 kcal/mole
and 44.58 + 0.31 eu/mole, respectively.

Since the lead calibration-data showed systematic errors in tempera-
tuiesand temperature aependence of the mass spectrometer measurements to
bé low, greétef‘coﬁfiéencé is placed in.the secoﬁd law calculations
than in the third iaw values which are moré strongly dependent on the
estimated data. These considerations lead to values for the enthalpy
and entropy of sublimatibn at 298°K of 58.8 * 3 kcal/mole and LL.6 *

3 eu/mole, reépectivelyf

A 1iﬁear least squares fit of the 22 data péints for Ga2F6(g)
molecule yields.Values for the enthalpy and entropy of sublimation at
914°K, the midpoint of the experimental temperature range, of 70.98
0.88 kcal/mole ‘and 42.76 + 0.98 eu/mole, respectively. Combining
these results with the second law_values for the.enthalpy and entropy
of sublimatign of the monomer corfected to the same temperature gives
an enthalpy and entropy of dimerization at 914°K of -38.48 kcal/mole
of dimer and -32.20 eu/mole of dimer, respectively. This value for the
entropy is in good égréement with the reported28 entropies of dimeriza-
tion at 900°K for tﬁe A1F_, AIC1l_, AlBr

AlIB,.and FeCl., systems which

3? 3 3° 3
are -36.3, -32.4, -34.2, -29.4, and -31.6 eu/mole of dimer, respectively.
The estimated error limit on the enthalpy of subiimation of the dimer

fqr which 90% confidence can be assigned is £ h'kgal/mole. This 1limit



léads to fiﬁal yalués for the enthaipy and entrdpy of sublimétion of
the dimer at 914°K of 71.0 * L4 kcal/mole and h2.8vf 4 eu/mole,
respectivély. |

Our equation for the Qapor pféséu?e of GaF3(g)vin equilibrium
with GaF3(s) yields 1448°K for the extrapolated sﬁblimation point. The
dimer partial pressure at this temperature is L.k x 1072 atmospheres.
This result.differs.markedly from the approximété value of 1225°K * 50°K

reported by Hannebohn and Klemm.3h

Since our méss spectrometrically
determined ehthalpies of gublimation were reproduéible from run to run,
we feel that the.only possible source 6f a8 large er;or in our data is
in our absolute préésure méasurements. An increase in our pressures
by a factor of about 30 would be necegsary to give an extrapolated
‘sublimation point in agreement with that reported by Hannebohn and
Klemm.

To provide an independent check on the accuracy of the absolute
pressures determined by the torsionreffusibn téchniéue, a series of
three consecutive experiments was performed with the mass spectrometer.
In the first experiment, a sample of lead was vaporized from a graphite
cell and the 208Pb% iqn intensity was measured as a function of
temperature over the range from 845°K to 995°K. The secondary electron
multiplier gain for Pb* ion was found to be 3.71 X 10°. Lead was
' 107

C* v
GaF ion intensity was

-replaced with gallium trifluoride and the 5

measured as a function of temperature over the overlapping temperature
range from T66°K to 914°K. The secondary electron multiplier gain
for this species was found to be 8.73 X 105. Finally, the lead sample

was returned to the apparatus and the resulting ion intensity data was
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found to agree to within 25% of the ion intensities obtained during
theAfirst run, indicating that the machine constant‘throughout all
three experiments remained approximately the sﬁme.

Using relative ionization cross sections as given by Otvos and
Stevenson,17 the knowﬁ vapor pressure of lead,6 the measured gains for
the two species, and correcting the data for isotopié abundances yields
8.2 x 10_6 atmospheres for the vapor pressure of the monomer at 900°K.
This result differs by only 3% from the value measured in the torsion-
effusion experiments at the same temperature.

Gallium trihaiides are eésily reduced to the gaseous monohalides.35
It appears possible that the approximate suﬁlimatidn point reported by
Hannebohn and Klemm is in error because of & reaction to yield GaF(g).
An additional or altérnative possibility for error is pointed out by

36

Brewer, Garton and Goodgdme who were unable to synthesize stoichio-
metric semples of GaF3(s) by the technique employed by Hannebohn and
Klemm. The samples of Brewer et al. sublimed in the same temperature
range &as those of Hannebohn and Klemm but did not analyse chemically
as GaF3(s) or show the x-ray pattern of a known form of that solid.

It is intereéiing to examine the results of this and other similar
studies of metal trihalide vapors in light of Brewer's discussion of
_ the factors that influence the stabilities of the condensed phases
relative to the vapof and of the dimers relative to the monomers.
Among Brewer's comments are the ﬂollowing:37

1) "The size [of the ions] is important in two respects. The

M-X distance or the distance between the cation and anion is
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importent in that the strength of an electrostatic bond increases
as the M-X distaﬁce is decreased. The cation-snion radius ratio
is an important measure of fhe contribution ef'cation—cation
repulsion or anion-anion repulsion toward dec;easing the stability
of the condensed phase. Because coordination numbers are higher
in the condensed phase than in the gaseous molecules, crowding
of cation or anioﬁ has an important effect upon stability of the
solid phase."

é) ", . . with compounds of very low cation to anion ratio,

' dimefization does .not occur because the dimer would be very
unstable owing tovthe large anion repulsion, which prevents any
increase of coordination number above the stoichiometric ratio.

Thus BCl_ does not form dimers because AHD for BQCls would be too

3
smell owing to the difficulty of putting a fourth Cl atom around
the B atom."

In his original discussion Brewer next presented his very important

arguments which show that minor species of an equilibrium vapor become

more important with increasing temperature. The quotations already

given, however, are sufficient for our present purposes. They lead to

the expectation that the stabilities of both the metal trihalide solids

and dimers relstive to the monomers, while must importantly influenced

by the interionic distance, will also .depend upon the cation to anion

radius ratio. Given in Table 10 are the radius ratios, heats of

dimerization and heats of sublimation to monomers for the various

trihalides for which data are available . In general the heats of



~Lo-

dimerizatioﬁ and sublimation decrease with decreésing radius ratio
describing a trend which is consistent with Brewer's discussion.

A low radius ratio will usuglly have a more adverse effect on
the stability of fhe solid relative to the monomer thaion that of the
dimer. Consequently, the seemingly paradoxical situatipn arises that
those dimers with the highest heats of dissociationvto monomers are
found in the vapor gt low concentration relative to the monomers while

dimers with low dissociation enthalpies are major species.
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Table 1. ~Fragmentatibn Patterns Relative to loTGa.F-2+ ion

| | ‘using T0 eV Ionizing Electrons

Temp(°K) = Cell %6ar), 885ar %96e*
901 Com - '100.00 8.29 8.62
L8 - Ni 100.60' | 9.25 7.55
813 c 100.00  6.28 6.32
881 "-';_ c -~ 100.00 5. 00 k.39
881 _:" c 100.00 3.06 4.20
o1 . ¢ 100.00 3.52 5.12
908 ' C 100.00 3.62 5.72
918 ¢ 100.00 2.66 4.36

| 953 o c 100.00 - 2.73 h.17
95k ¢ ~ 100.00 'S.Ah 6.68
960 o c | 100.00 2.94 3.07

973 . ¢ 100.00 ' 3.88 7.23

1020 C 100.00 L.70. 2.8k




Table 2.

Mass Spectrometer Runs on 1 GaF2+ Using TO eV Ionizing Electrons
Run 1 2 3 b ‘Composite
Cell Ni - Ni ol c -
Orifice diameter (cm) 0.03k 0.100 0.051 0.051 -
Temperature Range (°K) 808-1015 756-926 TT71~955" T14-826 T1k-1015
No. of datum points 15 A 12 10 51
AH® . atmean temperature 55.99 £ .55 55.20 1 55.60 .49 54.89 + ,96 55.36 £ .24

(kcal/mole)

_g n_
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Table 3. Mass Spectrometer Runs on 235GazFS+
Using 70 eV Ionizing Electrons

Run 1 2 Composite

Cell c c -

Orifice diameter (cm) 0.034 0.100 -
Temperature Range (°K) 875-1003 ' 82L-93L 824-1003

No. of datum points 10 12 22
AH® . at mean temperature 69.52 % 1.61 T72.1k *'1.37 70.98 + .88

sub  (keal/mole)




Table 4. Temperatures, Preséures, and the Third Law Heats
‘of Sublimation of GaF3(g) in Equilibrium with GaF3

(s)

Temperature (°K

0.034 cm diameter orifice
867 |
gk2
916
972
899
854
829
955
931
995

1015
883
8ko
808
ok7

0.100 cm diameter orifice

855
926
90k -
81k
864
(s
846
831
891
756
7oL
769
8ok
876

W N &= = 0N ONND W

Pressure (atm)

.827x10”
L5Tx1072
.386x107°
.086x10™?
.7OBX10‘6
. 39kx10~6
.0kox10~7
.217%1072
Llhx1072
.T10x10~
.918x10™%
.09lx10~6
.021x10-6
.567x10-T
.9TTX10™?

LOI\)I—'U‘I_[\)HT\)U‘IW!—‘%]G)I—'LA)I\)

6

.210x107°
.987x10~>
.01kx107
.522x10~"
.600x10~6
.830x10~8
.063x10~6
.921x10~1
.056x10~6
.378x10-8
.326x10™7
.0lgx10-8
.120x10~7
.832x1070

AHS

298.15

(kcal/molé)

58.
58.
58.
58.
58.
58.
58.
58.
58.

o7
o7

58.
58.

58

58.

58.
58.
58.
58.
58.
58.
58.
58.
58.
58.
58.
58.
58.
58.

129
134
312
172
340
529
595
09k
13k
.91
.968
068
230
.262
156

818
2h1
1h9
159
100
191
437
413
283
283
350
436
282
148
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Table 4. (continued)

Temperature (°K). Pressure (atm) AHS98.15(kca.l/mole)

0.051 cm diameter orifice |
900 | 7.671x107° | 58. k2L
940 - 3:175%10™? 58.179
890 5.726x1070 . 58.306

- 855 1.628x10-6 . 58.31L

798 © 1.599x10~T ' 58.297
880 3.706x10~6 58.440
837 7.616x10"7 -~ . 58.398
815 3.123x10-1 58.387
917 1.47hx1072 58.230
771 4.9hlx10-8  58.260
786 9.165%x10-8 58.371
955 5.781%x107> | 57.885

0.051 em dismeter orifice o
787 ' 9.8u42x1078 58.329
738 1.026x10-8 - 58.194
765 3.073%x10-8 © 58.509
T1h 2.679%x10~9 58.291
779 6.495x10~8 “ 58.411
752 1.921x10-8 58.289
725 5.428x10~9 o 58.113
826 5.448x1077 58.251
802 2.219x10~ 1 : 58.051

. 815 3.117x10~7T 58.%07




Table 5. Temperatures and Pressures of Ga2F6(g) in

equilibrium with GaF_(s)

3
Temperature (°K) _ Pressure (atm)
0.034 cm orifice
9kk 9.1_1ox1o"8
919 3.473x10™8
976 2.702x10~1
902 1.463x10-8
875 3.968x10™9
93k - 5.802x10~8
906 1.871x10-8
1003 6.233x10" 7
966 1.765%10~ 1
887 6.477x10~9
0.100 cm orifice
884 7.029%1077
8hT 1.206x10~9
896 1.187x10-8
916 2.791x10~8
900 1.351x10~8
93k 5.116x10-8
852 1.259x1079
825 2.938x10-10
863 2.045x10-9
920 2.799%x10-8
886 7.222x10~9
920 3.069x10~8
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Table B. M-X Bond Lengths in Monohalides and Trihalides

System  Mopohalide (A) Ref. Trihalide (&) Ref.
BF 1.265 28 1.307 28
BC1 1.7157 | o8 1.75 28
BBr 1.887  8 11.87i,02 o8
ALF C 1.6su7 o8 1.63.01 2
macr 2.1298- o8 2.06 28
AlBr | 2.295 28 2.27 . 28
GaF ' 1,775 , - 38 18802 2

Pl ——————— s ——
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Table 7. Calculated Heat Capacities for GaF_(g)

3

Temperature (°K) Cp (cal/deg/mole) Temperature (°K) Cp (cal/deg/mole)

300 16.230 1100 19.486
Loo 17.479 1200 19.546
500 , 18.21k4 1300 : 19.593
600 - 18.667 ~ 1hoo 19.631
700 5 18.962 1500 19.661
800 ©19.162 , 1600 | 19.686
900 | © 19.30k | 1700 | 19.707

1000 ; 19.408 1800 ' 19.725




‘Table 8. Calculated Free Energy Functions for GaF

-52-

3
rem. () - ( -,_H;28> _ <F - % > ] (AF - AH398>
v T . s T g T sub
(cal/®) (cal/®) (cal/®)
300 26.000 70.051 Lk, 051
400 26.873 70.705 143,832
500 28. 55 71.976 43,1422
600 30.479 73.433 42,95
700 32.453 T4.920 Lo, heT
800 34.399 76.375 41.976
900 36.291 TT.773 L1.482
1000 38.118 79.107 %0.989
1100 39.878 80.37k - -40.496
1200 1,574 81.579 40.005
1300 43.210 82.723 39.513
1400 1. 790 83.812 39.022
1500 . 146.318 84.849 38.531
1600 | | 85.838
1700 86.783
87.688

1800




-53-

Table 9. Calculated Values of Sigma Used in the Second Law
' Analysis of the GaF,

Temperature (°K) Sigma Temperature (°K) Sigma,
867 ' 2k . 606 769 33.417
gh2 19.326 8ok 29.998
916 21.248 876 23.966
972 17.516 900 22.489
899 22,1485 9ko 19.50k4
854 26.061 890 23.112
829 28.180 855 25.750
955 18.455 798 30.582
931 20.062 880 2h.018‘
995 15.932 837 27.331

1015 14,783 815 29.187
883 23.37h 917 21.125
8h2 26.730 TT1 33.013
808 29.601 786 31.731
okt 19.027 955 18.252
855 26.339 787 31.586
926 20.493 738 36.259
90k 21.919 765 33.983
81k 28.950 yati 39.010
86k 2L, 783 779 32.442
77 32.349 752 3k.962
846 26.632 725 37.570
831 27.855 826 28.038
891 22.996 802 29.915
756 34.523 815 29.190
TOU ~ 30.967
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Table 10. Radius ratios, heats 6f dimerization, and heats of sublimation

to monomers for metal trihalides at 298°K.

+3) -1 '

dimer as éstimatéd by Skinner and Searcyl6 for LaF,.

3

System r ~AH® dimerization AH® sublimation Ref.
LeF, 0.85 59.3% | 107.0 39, 40
CeF 0.82 56.6" 102.2 30, 39
éaFB- 0.46 ho.9* _58.8 This work
AR, 0.37 51.4 ) 2.0 28
FeCl, 0.35 35.h ' 35.0 28
ALCL, 0.28 30.2 29.0 28
AlBr, 1 0.26 29.3 . 2k 28
A1, 0.23 23.0 - 24.9 28

*

Corrected to 298°K using ACp = 4 cal/deg for the reaction 2 monomer -+
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Fig. 1. Vapor pressure of gallium trifluoride.
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