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INTRODUCTION

The study of the thermodynamic properties and
the structure of gas molecules is becoming increasingly
important, not only for theoretical interest which
may help towards the understanding of the natural proc-
ess of nucleation phenomena, point defects, chemi-
sorption, the growth of small metal clusters and the
problems related to heterogeneous catalysis, but also

for the application of gas molecules1' 2) .

Early ab initio calculations on gas molecules
were attempts to describe the species observed experi-
mentally among the carbon gas molecules over graphite,

and the lithium hydride molecules.

A recent lithium molecule study suggests that these
gas molecules may represent some of the radiation damage
products occuring in materials subjected to intense
radiation. Metal clusters may also realistically repre-
sent systems involved in both homogeneous and heteroge-
neous catalysis. The photographic process, for example,
is known to rely on the catalytic activity of photo-
chemically produced silver clusters thought to contain

four or more atoms.



Al

Another interesting aspect of these molecules is
the way in which various properties of increasingly
large clusters approach those of the bulk crystal.
This problem was considered by Stoll and Preuss in

BX‘Particularly'dmzsystems

their study of lithium clusters
Li-H, Li-0, and the system of lithium clusters have

been much studied theoretically.

Lithium-Hydrogen System

The system of lithium~hydrogen molecules is one
of the most important and interesting objects for
theoretical investigation. Much theoretical work has
been carried out on the lithium hydride molecule, which
has lately become the work bench of the theoretical

4) 5)

chemist ', Wilkinson obtained for the LiH+ molecule

a binding energy of 1.3 * 0.5 eV from thermodynamic
cycle calculations. According to the results of
theoretical calculations by Hurst, Plats and Matsen6),
Lin® should not be a stable ion. Browne's7) ab initio
calculation yielded a dissociation energy of

‘ o L+
0,15 eV*iDo(Lzﬂ ) < 0,038 eV, The results of theoretical

calculations by Fraga and Ransilg) lie within these

limits.



Due to these discrepancies in the calculated
binding energy of the nint molecule, the estimates
for the I.P{LiH) lie between 6.5 and 7.9 eV: this
situation creates some hope that it might be possible
to detect the LiH+ ion by mass spectrometry under
suitably chosen conditions, and study the properties
of the LiH molecules.

9)

Companion has applied the diatomic—in-molecule

H molecule and concluded that a
2

theory to the L12

linear symmetrical

ZA,1 state are stable; two corresponding atomization

Zu+ state and an isosceles triangle

energies are predicted. Wu and EilisonTO) have used

the same theory to analyse and discuss the stability

of the ion Li2H+. Recently, England, Sabell and Wathz)

have reported a theoretical study of LiZH in the
reaction H + Li, ¥ Li.H ¥ LiH + Li. Sieghahn and

2 2
Schaeferjz) predict from theoretical calculations a

stable C geometry with 2A as lowest electronic state.

20 1

3)

Companion1 has also used the diatomic-in-molecule
theory to study the stability of the LiHZ molecule;

and has reported that for linear HLiH there is a disso~
ciation energy of 20.9 kcal/mol for the reaction:

HLiE (2rut) = m(%s) + nim('zh).



A second, more stable, LiH2 is predicted as a sz
isosceles triangular configuration with the hydrogen
atoms at their equilibrium distance in a diatomic
Hz molecule, and the lithium atom 3.66 Bohr units

from each. This author has given an atomization

energy: Dg(LiHZ) = 124,6 kcal/mol for the molecule

LiH2 with the CZV isosceles triangular configuration.

2

+ .
The heat of reaction for: Lin( A1) = Hz(zzg } o+ Li

is predicted to be 13.5 kcal/mol.

When the atomization energy of LiH2 predicted by
Companion is combined with the atomization energy of
Li2H+ (zero orbital overlap) predicted by Wu and

10)

Ellison using the same theory, the ionization po-

tential of LiHZ is predicted to be I.P(LiHZ) = 5,98 V.

J.D, Switalsk, J.T. Huang, and M.E. Schwarzi4)

have used the valence-only electronic structure theory

to predict the reaction energy for: LiH oot 4w

2 2
and given: AE = 3,8 kcal/mol.

Finally, Tyndall and Companion15) have studied
the stability of Li2H2 by application of diatomic-in=-

molecule theory and given the following heats of reac-

tion:



orin('zty - L1232(1B1 ) AH. = - 28.4 kcal/mol

9

<

and

iz Y + 5 sty > niw.('a)  AED = - 26.7 kecal/mol
2t 2y 2 2y oty U Ry 0
In the investigation of P, Kollman, C. F. Bender

16)

and S. Rothenberg by configuration interaction cal~-

o)

culation,a heat of dimerization AHO = ~47,2 kecal/mol

for L12H2 has been predicted.
From the results of the theoretical studies on the
molecules in the lithium~hydrogen system, the molecules
. . . Lt R . +
L12H, L1H2, L12H2, LiH , L12H and L12H2 could be
stable. The existence of these stable molecules had
not been demonstrated experimentaly prior to this investi=-

gation; this motivated us to investigate the existence

of these molecules and their stabilities.

The other aspect is the increasing importance of
the lithium~hydrogen system for the DT Fusion Reactor17)n
There are numerous principal fusion reactions. These
involve the isotopes deuterium (D), tritium (T) and

helium=3 (HeS):



A2

;He3(0.82 MeV) + n(2.45 MeV)

D+ D (1)

S 1(1.10 MeV) + H(3.02 MeV)
D+ T » He? (3.5 MeV) + n(14.1 MeV) (2)
D + He> > He (3.6 MeV) + H(14.7 MeV) (3)

Reaction (2) has the highest fusion reaction probabi-
lity at the lowest temperature, so that this is the

most promising reaction for the concept of a fusion
reactor., Deuterium can be obtained from natural sources.
The isotope tritium can be produced by neutron-lithium

reactions:
.6 4
Li~ 4+ n » He + T + 4,78 MeV
.7 4
i+ n-=>n-+ He + T - 2.47 MeV,

The successful use of lithium or lithium compounds as
blanket materials to breed tritium in fusion reactors
will depend on very detailed knowledge of their thermo-

dynamic and physical chemical properties.

Lithium~Oxygen System

The nature of the gaseous species over solid
lithium oxides has been the subject of considerable

speculation and experimentation.



18)

Brewer decided that there was no evidence

for the existence of important lithium oxide gaseous

molecules except possibly Li,O and LiO.

2

9)

Brewer and Margrave1 have used the Knudsen

effusion weight loss method to determine the total

20)

pressure of gaseous Li,0. Berkowitz et al. have used

2

mass spectrometric Knudsen effusion techniques to con-

firm the existence of Lizo(g) and determined the atomi-

21)

zation energy. In later works, White et al. and

22)

Hildenbrand have reported more precise information

on the ionization potential and stability of the species

1)

Li.0O. White et al.2 have used infrared matrix—isclation

2
spectroscopy to study the vapor species over LiZO(s},

and assigned two observed frequencies to the Li202

molecule without the 0-0 bond; and the remaining

frequencies have been predicted by using the ionic model

23)

calculation. The matrix-isolation work of Andrew on

the Li202 molecule produced evidence for a molecule

containing two equivalent lithium atoms and two equi-
valent oxygen atoms. The experimental vibrational
frequencies for infrared modes are given. These values
agree very well with the values given by Yates and

24)

Pitzer using ab initio calculations .



Because of the different interpretationsof the

23
structure of Lizoz by White et al.21), and Andrew )

24), it is interesting to study

and Yates and Pitzer
the thermochemical properties of LiZO2 and to investi-
gate whether other important gaseous lithium oxide
molecules exist besides LiO and LiZO.

25) that

It has been proposed by Powell et al.
solid blanket materials have certain advantages in
comparison with liquid metals or fused salts in a
controlled thermonuclear reactor, and in particular,
that lithium oxide has the highest lithium density
(pLi = (0,95 g/cm3) among the lithium compounds. This
property is essential for the efficient breeding of

tritium in the blanket of a controlled thermonuclear

reactor.

Detailed knowledge of the thermochemical proper-
ties is essential for the successful use of lithium

oxide as a solid blanket material in fusion reactors.

The emphasis on the study of the lithium-oxygen
system is relevant both from the theoretical and

practical points of view,.



Alkali Metal Systens

The study of polymer molecules of alkali metals
is becoming increasingly important, not only for
theoretical interest which may help towards the under-
standing of the natural process of nucleation pheno-
mena, the growth of small metal clusters and the
problems related to heterogeneous catalysis, but also

for the application of alkali metal vaporsEs).

By improvement on the method for semiempirical
and ab initio calculation, it is possible to predict

the existence of small clusters of alkali metal atoms.

27)

A,L, Companion has investigated the structure and

the stability of Li, and Li clusters by diatomic-in-

3 4
molecule theory, which was introduced by Ellison28>‘

Subsequently, a number of theoretical works on Li, and

3
. . 29, 30, 31)
Ll4 have been published .

In recent years some interesting alkali metal

clusters have been detected experimentally. Liz and Lig

molecules have been detected by means of high tempera-
ture Knudsen-effusion mass spectrometry in equilibrium
vapors, and their thermodynamic properties have been

determineé32}.
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The sodium clusters Na2 through Na14 have been
identified in supersonic nozzle beams of sodium, and
their ionization potentials have been measured by

phmt@ianizati0n33).

The alkali metal systems are particularly widely

used because of their unique propertiesz6)(see Table I).

Table I: Unique Properties of Alkali Vapors

1. Lowest ionization potentials

{(e.g., I.P(Na) = 5,139 eV I.P(Li) = 5.392 eV
I‘P(Liz) = 4,86 eV I.P(LiB) = 4,35 eV
I.?(Li4) = 4,69 eV I.P(NaLi) = 4.94 eV

I.P(RKLi) = 4.69 eV)
2. Strong visible-near IR absortion and emission

3. Theoretical simplicity (comparable with "visible

hydrogen atoms and molecules")
4. Reversible equilibria over a wide temperature range

5. Tritium breeding (°Li and ‘1i)

Some important energy related applications of alkali

metals are shown in Table T17T.
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Table II: Some Important Energy Related Applications

of Alkali Metals Systems

10.

11.

12.

13.
14.
15.
16,

17.

‘i8ﬂ

19.

20,

Arc lamps (Na)
Flash lamps (Cs, K)

High resolution optically pumped lasers

(Liz, Naz, Kz}

Infrared photography (XK, Rb)

Thermoionic converters (Cs)
Magnetohydrodynamics (X, Cs)

Coolant (Li, Na, K) (including heat pipes)
Tritium breeder (°Li, ’Li)

Shield for first wall structure of inertial con=-

finement fusion reactor (liquid lithium)

Neutral beam injection charge exchange cells
(Na, Cs)

Solar pumped lasers

Discharge pumped high energy lasers or laser

amplifiers

Optical devices

Thermoelectric solar energy converters
Solar boilers

Spin aligned atomic energy storage (Li)

Alternative negative ion for neutral beam injection
(Li")

C , . . .+
Diagnostic ion for inertial confinement (le )

Alternative clean fusion reaction

(H + 6Li > 3§e + 4He + 4 MeV) (no tritium or neutrons)

Measurement of tritium inventory in molten lithium

(L12, LiT, leT, L12T2)
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These applications are a strong argument for
selecting alkali metals for particularly intensive

basic research study.
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METHOD OF THE THERMODYNAMIC STUDY

High Temperature Mass Spectrometric Method

The mass spectrometric method is one of the most
powerful universal and effective tools for the study
of gas phase reactions and the reaction of the gas

phase with condensed systems at high temperatures.

34) 35)

Chupka and Inghram , and Honig studied the

equilibrium between carbon vapor and graphite by mass

17 ©2
and C3 have the same order of magnitude of concentra-

tion at a temperature of about 2500 K. This finding

spectrometry. They discovered that the species C

settled the long controversial questions of the behavior
of the vaporization of graphite. Thereafter, investiga-
tions extended rapidly to other chemical elements,
intermetallic and other chemical compounds, e.g. hydrides
nitrides, etc. The existence of a large number of mole-
cules has been proved for the first time by the mass
spectrometric method, Alsé, some molecules, of which the
existence had been predicted by theory, were identified
in this way. This method became increasingly important
as a sophisticated means of studying the thermodynamic
properties and the kinetics of vaporization of a con-

densed phase.
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The principles of the high temperature mass
spectrometric method, experimental procedure and the
evaluation of the thermodynamic data have been discussed
pmadoush96’37).The high temperature mass spectrometric
Knudsen effusion technique uses a Knudsen cell as a

source of an effusate.

By analysis of the species in an effusate from a
Knudsen cell by mass spectrometry, the thermodynamic

properties are calculated.

Identification of the ions with the corresponding
neutrals is usually achieved from their mass to charge
ratio, shutterability, appearance potential, isotope
abundance and the ionization efficiency curve. The
measured ion current, I+, for ions formed by electron
impact reaction with a neutral molecule, is related
to the partial pressure Pi of this neutral molecule in

the gas phase at equilibrium by the relation

T
P. = K

5 (1)
g.,v.AE0,
i'td i

where K is the sensitivity constant of the apparatus,

which can be obtained by the quantitative vaporization

of a standard substance.,
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oy is the isotopic abundance of the measured ions,
Gi is the ionization cross section, AE = E - A.P.
(E = electron energy and A.P. = appearance potential),

and Yy is the multiplier gain,

The multipler gains, Yyr are usually measured
for the major species in the gas equilibria. If the
multiplier gains are not available, the empirical

=1/2 could be used for heavier masses:

relation Yy ¥ M
and for polyatomic molecules the following relation

can be used

sm. /2
i

1/2
(Zmi)

The ionization cross section, o, obtained by ex-

periment is available for only a limited number of

8)

3 o
molecules. Mann has compiled the calculated ioniza-

tion cross sections of the chemical elements; this compi-
lation has been widely used for the evaluation of

absolute partial pressures. The ionization cross sec-
tion of molecules is obtained from the sum of atomic

2)

3
values. From the experimental results, Pottie ’

36)

Drowart and Goldfinger recommend taking 0.75 times

the sum of Mann's cross sections.
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The partial pressure can be obtained directly
by evaporation of standard substances according to

the relation

+ Py 9 g AES
P, = ii Ti(-“1”"*m)(;”)("M)(zg") (3)
Ig Ts i Yi i

where s means standard.

The use of ratios in this manner permits the
determination of the partial pressure without a

direct determination of the sensitivity constant K.
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EVALUATION OF THERMODYNAMIC PROPERTIES

Properties of Molecules

The enthalpies of reaction of a homogeneous or
heteregeneous chemical reaction can be calculated by
the third law method or second law method using the
measured equilibrium constant. The third law method

will be evaluated by the following relation:

o] [s] o]
M = -RT1nK - TLA(Gy = Hy)/T] (4)

O
where AHO is the standard enthalpy of the chemical re-

action, K is the equilibrium constant and

is the free energy function. The equilibrium constants
are obtained from the measured partial pressures of
the species involved in the chemical reaction; but for
isomolecular exchange reactions, the equilibrium con-
stants are calculated directly from the measured ion
intensities of the species, since it is assumed that
the ionization cross sections and multiplier gains for
the species involved in the chemical reaction cancel

each other.
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The Gibbs energy funativns(G; - Hg}/T are taken
from literature compilations,or are obtained by using
the molecular parameters, which are obtained by opti-
cal spectroscopic methods or by estimations according

to statistical thermodynamical procedures.

The Gibbs energy functions are contributed to
by translation, rotation, vibration, electronic and
anharmonicity corrections. The following relations have

been used for the evaluation of the molecules4o' 41),

I. Monatomic gas
a) Translation

o o
‘(GO - HO)/T = 6.863426 log M + 11.439043 log T

- 7.282868 (5)
b} EBlectronic _ 1.438790 €4
o o] T )
”(GG - HO)/T = 4.,565717 log ¢ _ e
91 (6)

IT. Diatomic molecules
a) Translation and rotation
~(Gy = Hy)/T = 6.863426 log M + 11.439043 log T
- 4.575617 log (Bo/T) + 0.953038 (B/T)

+ 0.0457074 (B/T)% - 8.005804 (7)

b} Vibration

o] ] -
=(Gp = Hy)/T = -4.575617 (1 - e %) (8)



IiIT.

c)

d)

19

Electronic

Same as I(b) when the i th-state vibrational
partition function Qi, and the i th-state rota-
tional partition function, Qi, are egual to the
respective ground state partition function

_ i
0=0,0,0 0

Qo otherwise all the thermodyna-

mic functions are derived from
~ 14 i . .
Q = Qt § Qe Qv Qr’ where Qt is the translational

partition function and Qé = q; exp (51/KT)

Anharmonicity corrections

a 0 _ 8y $ 2 Xxu
(GT HO)/T = 1.987165 {tl + + %}(9)

(eu~?) (eu»1)

Linear polyatomic molecule

a)

b)

c)

d)

Translation and rotation same as for II a)

Vibration same as II b) for 3N-5 vibrational

degrees of freedom

Electronic same as II ¢) where levels and

quantum weight are known

Anharmonic correction neglected

IV, Nonlinear polyatomic molecule

a)

Translation and rotation



b)

c)

d)

20

*{G; - QEB/T - 6.863426 log M + 18.302469 log T
2.287809 log I.I. I X 1017
- 4.575617 log o + 2. og I,I.T,

- 10.297826 (10)

Vibration same as II b) for 3N-6 vibrational

degrees of freedom

Electronic same as II c¢) where levels and quantum

welght are known

Anharmonic corrections neglected
If the experiment is carried out over a wide range
of temperature, the enthalpies of reaction can be
evaluated by the second law method, where

o
AH,, = =R dlnk (11)

T 1

d (i)

o
Oi’
enthalpy in the standard state at temperature T,

To obtain the corresponding value AH the

O
Hyo

and the enthalpy in the standard state of O K
of the species involved in the chemical reactions
need to be known. These values are taken from the
literature, or calculated by the following equations

using an estimated molecular constant.
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I. Monatomic gas
a) Translation

)
(H

T 4.967913

il

[e3
- HO}/T

b) Electronic

(12)

1.438790 ¢,
i

T
Ze g e
o o , , ..
(Ho - HOfT = 2.859114 193 (13)
T 1:.438790 €i
L ooe T
g.
I1. Diatomic molecule
a) Tranglation and rotation
o]

(H;, - Hy) /T =6.955079 - 0.953038 (B/T)

- 0.091418 (B/T)? (14)
b} Vibration

] o -

(H,I? - H.)/T = 1.987165 ue” "/ (1-e™") (15)
¢} Electronic

Same as I b)
d) Anharmonicity correction

) o u o 2.u
(B, = Hy)/T = 1.987165 8r , ul = 2’“21‘) + 4X§ =
u (e” - 1) (e™=1)

IIT. Linear polyatomic molecule

Same statement as for Gibbs energy function

(16)
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1v. Non-linear polyatomic molecule
a) Translation and rotation
(Hy, - Hg) /T = 7.948662 (17)
b) Vibration same as II b) for 3N-6 vibrational

degrees of freedom

¢) Electronic same as II ¢) where levels and

guantum weight are known

d) Anharmonic correction neglected and the

o
corresponding value AHO is given by

O

o 0 + o (18)
AR, = AH, L(Hp + Ho)reactants

5 (He ©
Sy = Hp) brod.

The analysis of data by the third law method is
generally considered superior to the second law
method., It is definitely superior if the Gibbs energy
functions are reliable, because each data point is
independent of the others. It is to be recommended, that
for all the evaluations of thermodynamic properties,
a combination of the third law and the second law
methods is appropriate. The mutual consistence between
Gibbs energy functions and equilibrium data can be

proved by the second law method.
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It ig shown in eguation (11) that the second
law method requires only the knowledge of relative
values of equilibrium constants. Absolute values of
entropies and Gibbs energy functions need not be

known; this advantage has been stressed frequently.

The measured values for the reaction enthalpies
represent in many cases the desired thermodynamic
property, such as dissociation energy, heat of atomi-~
zation or heat of sublimation. In other cases such
thermodynamic quantities can be calculated from these

reaction enthalpies and additional literature data.

Jonization Potential of Gas Molecules

The ionization potential of molecules is by definition the
energy difference between the ground vibrational level
of the lowest electronic state of the molecule and the

ground vibrational level of the molecular ion.

The experimental determination of ionization
potential has been discussed in detail eisewhereQz)‘
There are several methods of determining the ioniza-

tion potential:
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a) linear extrapolation

b) initial break method

c) extrapolated voltage differences method
d) semi-logarithmic plot method

e) the critical slope method

f) energy compensation technigue.

The ionization potentials of the molecules
which were studied in this work have been determined
by means of the extrapolated voltage differences
method, so this method is discussed in more detail as

follows.

The extrapolated voltage differences method was

3)

proposed by J. W. Warren4 , and has been used for the

determination of the ionization potential of a number

of new molecules44)

. It is recognized as one of the
most reliable and satisfactory methods. The ionization
efficiency curves of the various ions from the effusate
and of the ion from the calibrant gas are determined.

The ion current scale of either the sample ion or the

calibrant ion is arbitrarily adjusted to make the

linear portions of the ionization efficiency curves

parallel.,
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The voltage differences, AE, at various values of

ion intensity ,I, are determined from the curves.
Finally, a new plot of AE versus ion intensity is
prepared, and the curve is linearly extrapolated

to I = 0. The value of AE at I = 0O is taken as the
difference between the ionization potentials of the
molecules in the effusate and the calibrant gas.
Once the ionization potentials of molecules are
known , the binding energy or dissociation energy

of the ion is obtained by the thermocycle calcula-

tion45),
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APPARATUS

The apparatus;cansisting of an effusion molecular
beam source and a quadrupole mass spectrometer
(Quad. 250 B, EAI, palo Alto, CA) for studying the
species produced in the Knudsen cell is shown schema-

tically in Fig. 1.

The Knudsen cells were heated by a rf generator
(6 kW, 0,5 MHz) which was maintained at a constant
power output by means of an alternating current stabi-
lizer. A cell temperature stability of + 1.5 K was
achieved. Cell temperatures were measured with a
PtRh/Pt thermocouple and with an optical pyrometer;
these instruments were calibrated in situ at the triple

points of Li (thermocouple only), Ag and Au.

To assure the attainment of equilibrium inside
the cell, the quantity of sample used and the crucible
size were such as to provide a sample surface area at

least 100 times that of the orifice area,

The cells were degassed by heating under vacuum
before loading of the sample. The distance between the
cell orifice and the electron beam of the ion source

was about 3 cm.
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Fig. 1 Schematic diagram of the experimental arrangement,
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The molecular, electron, and ion beams were

mutually perpendicular, and the geometrical arrange-
ment was such that the molecular beam passed through
the ion source without sticking to the walls and was
subsequently quenched on a water cooled copper plate

placed immediately behind the ion source.

A shutter was installed between the Knudsen cell
and the ion source of the mass spectrometer in order
to discriminate between the atoms and molecules
effusing from the Knudsen cell and the residual gas.

Ion getter pumps maintained the pressure at less than

30”8 Torr in the beam source region during the measure-

ments.

This gquadrupole mass spectrometric system has a

high sensitivity, and an ion current of ~ 3.5 x 10“16A

can be detected. This detection limit corresponds to

an effusion rate of ~ 2.1 x 10° particle x sec” .

7

¥

Furthermore, the dynamic range of the system is 10

This means that intensity ratios of 1 : §O7 for neigh-

boring masses can be well distinguished.

The ionization potentials of Li, Ag, Au, H,O, N

2
and Ar were used to calibrate the electron energy of

2!

the mass spectrometer.
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For the evaluation of the ionization potentials of
the newly identified molecules in this work, the
extrapolated voltage difference method was applied
using an lonization potential of 5.392 eV for lithium

as standard .
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EXPERIMENTAL AND RESULTS OF THIS STUDY

The System Lithium-Hydrogen

First generation fusion power reactors are
expected to operate by means of the deuterium~
tritium fusion reaction, because of the high cross
section of the D-T reaction. Tritium can be bred
by nuclear reaction of neutrons with lithium (see

introduction) .

Both economic and safety considerations require
rather low maximum allowable tritium concentrations
in the lithium blanket; and it is generally agreed
that safety considerations set the more stringent con-
straint., In particular, if liguid lithium is to be
used as both the breeding material and reactor coolant,
the steady state concentration of tritium must be main-
tained at a low level to prevent significant
permeation of tritium through the blanket structure
material and heat exchanger. It is belived that this
regquirement will limit the permissible tritium concen-
tration in the blanket to 1 -~ 10 ppm. An efficient
method for extraction and recovery of tritium from
very low concentrations of tritium in liguid lithium

is essential for fuel recycling in the fusion reactor,
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A number of authors have reported on the thermo-
dynamic properties of the system "Li-H"., Most of these
works are concerned with the measurement of the equi-
librium pressure of hydrogen by a static method, and
determined the enthalpy of reaction of LiH accordingly.
It is noteworthy that in all this work the composition
of the gaseous species was not observed. From the

46, 47},

recent experimental results it is seen that the

molecule LiH should play an important role in the re-
moval of hydrogen from the metallic lithium blankets

of fusion reactors. Also, the other polyatomic iithium-
hydrogen molecules could exist: and these will provide
important information on tritium breeding, removal

and recycling. In addition, it is apparent that there
is much scatter in the data, and an insufficient study
of the dilute solution region. This motivated us to

undertake the study on the Li-H system.

Experimental

The apparatus used for this work has been
described in detail in chapter A (introduction).
Fig. 2 shows the phase diagram of the lithium~lithium

hydride system.
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In the left part of the phase diagram, the "a"
phase is a solution of hydrogen in lithium, where the
partial pressure of hydrogen is dependant on the atom
fraction of hydrogen in lithium. The experiments have

been carried out in the region of the "g" phase.

Solutions of hydrogen in lithium have been pre-
pared by reaction of pure lithium contained in a
Kundsen cell with a known amount of hydrogen. The
hydrogen used in these measurements was purified by

formation and decomposition of uranium hydride.

In early work48) we have measured the partial
pressures of LiH(g), Lizﬁ(g), Lin(g) and LiZHz(g) as
functions of temperature and concentration of hydrogen
in the lithium. From the results of this study, it is
found that in a temperature range of 800 K to 1000 K,
and at a concentration of about 1000 ppm hydrogen in
liquid lithium, the partial pressures of LiH(g),
Lin(g), Lizﬁ(g) and Lizﬁz(g} are of the same order
of magnitude. For example, at 950 K and 1000 ppm, the

partial pressures are

\ - -8
PL12H2 6.2 % 10 atm
PLiH, ~1.9 x 1077 atm
PLi2H ~1,5 % 70-8 atm

8

PLiH ~4,0 x 10 ° atm.
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The experiments were carried out under these

conditions.

Results and Discussion
Thermodynamics of the Molecule LiZH(g)

The following gas equilibria have been measured

for the evaluation of thermodynamic data of Li2H:

Li,H(g) + Li(g) = LiH(g) + Li,(g) (19)

LizH(g) + Liz(g) = LiH(g) + LiB(g) (20)

The measurements of the gaseous isomolecular ex-
change equilibria (19) and (20) were carried out at

temperatures between 840 K and 950 K.

The equilibrium constants for the reactions

were calculated from the measured ion currents:

T(LiB ) T (i +)
_ 2
Kig = (21
I(L12H+)X(Li+)

and
I{Liﬁ+)i(Li3+}
Kgo = (22)

I(Li H+)I(Liz+}

2
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The heat content and the Gibbs energy function for
Li{g), Liz(g} and LiH(g) were taken from the JANAF
tables, and those for Lig(g), Lizﬁ{g) were calculated
by the statistical mechanical method with estimated
molecular parameters. The results of the third law

enthalpies are shown in Tables III and IV.

The measured equilibrium constants for reactions
(19) and (20) as a function of temperature are shown
in Fig. 3. The reaction enthalpies for reactions (19)

and (20), calculated by using the second law treatment,

o

= 10,1 = 4.8 kcal/mol and AH = 18.5 = 3.0

o
890 890

kcal/mol respectively.

are AH

Using the calculated heat content of Lizﬁ(g),
HSZO - Hg = 10.8 kcal/mol (linear symmetrical),
H8;Q - Hg = 11.4 kcal/mol (isosceles triangle), and
the calculated heat content of Li3(g) {ses chapter E2),
the corresponding AH; values were obtained as
11.6 * 4.8 (linear symmetrical) and 12.1 #* 4.8 kcal/mol
(isosceles triangle), respectively for reaction (19),
and 18.3 * 3.0 kcal/mol (linear symmetrical) and
18.6 = 3.0 kcal/mol (isosceles triangle) respectively,

for reaction (20).
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Table II1I: Third Law Enthalpies for Reaction:

.

Lizﬁ(g) + Li(g) 5 LiH({g)} + Liz(g)

Linear Symmetrical Isosceles Triangle
T -R1In K -AL(G, - Ho)/TI  AH, -AL(Gy - Hy) /T AH
(cal molm1K-1) kcal/mol (cal mol” k™) kcal/mol

838 9,28 4,51 11.56 -3.93 4,40
840 8.61 4.50 11.01 -3.94 3.90
853 8.34 4.50 11.00 -3.94 3.80
857 7.16 4.52 10.00 -3.93 2.80
866 7.87 4.53 10.73 -3.,93 3.40
872 8.46 4,54 11.33 ~-3.,93 3.95
876 7.34 4.54 10,40 -3.94 3.00
883 7.88 4,53 11.00 -3.95 3.48
8580 8.24 4.54 11.37 -3.95 3.80
903 6.83 4.55 10.27 -3.95 2.50
908 7.68 4,55 11.10 ~3.95 3.39
910 7.65 4.66 11.20 -3.95 3.37
927 6.67 4.57 10.40 ~3.95 2.50
933 6.87 4,57 10.67 -3.96 2.73
941 6.87 4.57 10.76 -3.97 2.73
950 6.35 4.58 10.40 -3.,97 2.30

Av., 10.83 Av. 3.25

+ 0.45 t 0.62
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Third Law Enthalpies for Reaction:

Lizg{g) + Liz(g)

o
Y

LiH{(g) + Li3(g)

Linear Symmetrical

Isosceles Triangle

o] o] o] o] o] o
T =R 1In X "A{(GT - HO)/TJ AHO *A{GT - HO)/T3 AHO
{cal mcl”?ng) kcal/mol (cal molm1K~1) kcal/mol

845 17.58 7.24 20.97 ~1.16 13.87
853 17.25 7.25 20.90 -1.15 13.73
868 16.79 7.27 20.88 -1.13 13.59
873 16.81 7.27 21.02 -1.12 13.70
876 15.73 7.29 20.17 -1.11 12.81
883 17.18 7.29 21.61 ~1.11 14.18
883 16.867 7.29 21.16 “1.11 13.74
885 16.02 7.30 20.64 -1.10 13.20
888 16.47 7.30 21.11 ~1.10 13.65
887 15.97 7.31 20.88 -1.09 13.34
903 16.01 7.31 21.06 -1.19 13.38
903 16.09 7.31 21.13 -1.19 13.45
908  16.47 7.3 21.59 -1.19 13.87
927 15.49 7.33 21.15 ~1.17 13.27
933 15.79 7.32 21.586 -1.18 13.63
953 14.70 7.33 21.00 -1.17 12.90
Av. 21.00 Av. 13.52

£ 0.34 * 0.36
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A comparison of the third law values and the
gsecond law values for reactions (19) and {(20) is

given in Table V.

It is shown in Table V that there is good
agreement for reactions (19) and(20) between the
third law and the second law enthalpies for the linear
symmetrical structure of Lizﬁ(q). It is seen that the
measurements were conducted under equilibrium con-
ditions in the Knudsen cell, and the evaluated reaction
enthalpy,AHO,for LizH(g) with linear symmetrical struc-

ture has the greater probability of being correct.

Combination of the third law values for linear

symmetrical Li,H with the dissociation energies:

2
O
Dy(Li,y) = 1.12 * 0.03 eV, D;(LiH) = 2.,4288 * 0.0002 eV,

o
and DO(Li = 1.8 £ 0.17 eV, yields the corresponding

3)

heats of atomization:

Dg(LiZH) = 91,8 + 0.5 kcal/mol from reaction (19)
and

Dg(Lizﬁ) = 87.5 + 0.7 kcal/mol from reaction (20)
The average value is:

DE(Lizﬁ} = 89.7 + 5.0 kcal/mol.
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Finally, combining the atomization energy of

]
Lizﬁ(g) with the heat of formation of Li(g), AH, =

0
38.5 * 0.1 kcal/mol, and the dissociation energy

o
DO(HZ) = 103,25 kcal/mol, yields the heat of formation:

O
AHO(Lizﬂ) = 38.93 £ 5.0 kcal/mol
for the reaction:

2Li(s) + 1/2 Hz(g) > Lizﬂ(g)

Binding Energy of the Ion Molecule L12H+

The ionization potential of the LiZH molecule

was measured as:
Lk
I,P,{leﬁ y = 4.5 £ 0.2 eV.

When the measured value for the ionization po-
tential of Lizﬁ is combined with the atomization
energy Dg(Lizﬁ) = 89,7 * 5,0 kcal/mol and the ioniza-
tion potentials I.P.(H) = 13,598 * 0.002 eV and
I.P,(Li) = 5,392 eV, the binding energies are obtained

as follows:

Li gt » 2101 + mY AH

5 = 299,0 * 4.0 kcal/mol

LiaT - Li + LiT + H AH. = 110.0 * 5.0 kcal/mol

2

< 0O O
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Table VI: Comparison of Experimental and calculated values of
+
the Binding Energies for Li H and Li, H

2 2
)
Molecule Dy exp. . Dg calc.(s'g} DZ exp./Dg calc.
Lizﬂ 89.7 78.8 1.14
.t
Li H 299.0 257.6 1.16
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9)

Companion has applied the diatomic-in-molecule
theory and predicted the atomization energy of the

O
linear molecule as: DO(LiHLi) = 78.8 kcal/mol. Wu and

0)

Ellison1 have applied the same theory and predicted
the atomization energy of the linear ion as:

Dg(LiHLi+) = 257.6 kcal/mol for the dissociation to

2Li + H'. Table VI shows the comparison of the measured

and calculated results. It is seen that the molecules

Li.H and Li H' are more stable than expected by

2 2
theory.
E1.2.3 Thermodynamics of the Molecule LiH, (g)

The following gas equilibria have been measured
at temperatures between 836 and 998 K, and at a con-

centration of hydrogen of about 1000 ppm in ligquid

lithium,
Li(g) + Lin(g) = 2LiH(g) (23)
LiH,(g) + Li,(g) = LiH(g) + Li H(g) (24)

The gas equilibria were evaluated from the measured

ion currents using the following relations:
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_ Iz{LiH) (25)
Koz =
1(Li)l(Lin)

I(LiH}E(Lizﬂ}

24 , ,
I(Lle)I(le)

where T is the ion current,

.+
At constant temperature the ion currents of Li ,

Li and Li * are practically independent of the

e
27 3
concentration of hydrogen in dilute solutions in

lithium, whereas the ion currents of LiH and LiZH are

directly proportional to the concentrations of hydrogen

in lithium, and the ion current of LiH, is proportional

2
to the square of the concentration of hydrogen. To

keep the change in the hydrogen concentration in
lithium during the measurements as small as possible,
the measurements of ion currents were carried out in

the following sequence: LiH LiH, Li.H, Li. and Li.

27 2 2

The threshold appearance potentialsevaluated by

2*, L13+, Liu™T,

R + .
Li,H' and &1H2+ are 5.5, 5.0, 4.5, 7.9, 4.5 and 6.3 eV,

the vanishing current method for Li+, Li

respectively, the uncertainty being * 0.3 eV. The

" Li3+, Lin®,

R . .
and LlZH agree with the known ionization potentials

appearance potentials for Li+, Li

of the corresponding neutral gaseous species given in

the literature49’ 50, 32).
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Thus the appearance potentials showed that the ions
observed are produced by ionization of the correspon-

ding neutrals.

The relative ion intensities of the gaseous
species used in the evaluation of the LiH2 molecule

are given in Table VII.

The Gibbs energy functions, as well as the
enthalpy increments, for the calculation of AHZ from
AH; were taken from JANAF tables for Lif(g), Liz(g),
and LiH(g) ; and those for Lizﬂ(g) were taken from our

previous estimated values.

The Gibbs energy function for Liﬁz(q} was calcu-
lated by the statistical mechanical method with the
9 )

estimated parameter given by Companion . The resulting

numerical values are given in Table VITII.

The third law results of reactions(23) and (24)
are given in Tables IX and X, and the corresponding
second law plots are shown in Fig. 3. The reaction
enthalpies for the reactions (23) and (24) evaluated

by using the second law treatment are:
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Table VII: The Relative Ion Abundances as a Function of
Temperature
. , + .+
T(K)  I(Li") T(LiE™)y I(LLZH+) I(Lil ") 1(ri,")
7 1 2 5
836 2.88x10 6.20x10 2.70x10 8.00 9.00%x10
869 3.13x107  2.24x10°2 3.90%10 " 2.40%10°2 1.05x10°
890 5.69x107  2.30x10° 4.60%x10°% 2.00x10" 2.10x10°
850 2.50x107 1.10x10°2 2.75%x102 1.40%10" 7.50x10°
7 1 2 5
908 2.25%10 6.70%10 1.92x10 4.00 4.10%10
924 2.13x107  1.66x102 2.10x10% 1.25x%10 " 4.24%10°
936 3.25x107  2.60x102 3.60x10°2 1.95%10 6.90%10°
946 4.69%107  3.25%102 4.55%10° 2.20x10" 1.05%x10°
962 6.25x10’  3.00x10°2 4.25%10°2 2.10%10] 1.52x10°
967 1.00x10%  5.80%x102 9.20x10% 3.00%10] 2.50.10°
7 1 2 R 5
840  2.43x10 8.70x%10 2.36x10 3.50 2.92x10
855 2.13x107  3.50%x102 3.65x10% 1.40%10" 2.83%10°
968 6.18x107  4.30x%10°2 5.00x10°2 1.50%10 1.55%10°
978 6.06x10  4.05x102 5.55x10°2 1.70x10" 1.60x10°
998  8.75x10'  7.45x10%  8.30%102 3.10x10" 2.54%10°
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o o
Table VIII: Free Energy Functions (GT - HQ)/T in

cal mol”! k™7 for LiH, (g)

Temperature Linear Isosceles
Symmetrical Triangle
o o [+] o
(K) =(Gp ~ HO)/’I‘ = (G, - HO}/T
800 47.45 51.64
850 48,06 52.26
900 48.65 52.85
950 49.19 53.41

1000 ' 49,74 53.94
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Table IX: Third Law Enthalpies for Reaction:
Li(g) + LiH,(g) = 2 LiH(9)
Linear Symmetrical Isosceles Triangle
T -RInK  =A[ (G%-—HS)/T] AHZ ~AT (G%—Hg)/m AH;
(K) (cal mol™ k™) (kcal/mol)  (cal mol™'K™')  (kcal/mol)
836 21.86 -1.32 19.38 2.88 15.87
840 18.53 ~1.30 16.66 2.89 13.37
850  20.41 -1.30 18.45 2.90 14.88
855 15.49 -1,30 14.36 2.90 10.76
869 19.10 -1.30 17.73 2.89 14.09
890  19.82 -1.29 18.79 2.91 15.05
908 19.68 ~1.28 19.03 2.92 15.21
924 18.22 -1.28 18.02 2.92 14.14
936 18.17 ~-1.29 18.21 2.91 14.28
546 18.26 -1,29 18.49 2.91 14.52
962 19.05 -1.28 19.56 2.92 15.52
967 18.08 -1.28 18.72 2.92 14.66
968 16.93 -1.27 17.63 2.93 13.55
978 17.38 -1.27 18.24 2.93 14.14
988 16.87 -1.26 18.09 2.94 13.90
Av, 18.09%1.26 Av. 14,26%1.20
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Table X: Third Law Enthalpies for Reaction:
Lin(g) + Liz (g)y = LiH(g)} + LiZH {(g)

Linear Symmetrical Isosceles Triangle
T -RInK  -A E(G;-—Hg)/'l‘] AH, -A {:(G;-‘HZ)/T] AH
(K) (cal molanuw) (kcal/mol) (cal mol-jKHQ) (kcal/mol)
836 10.05 3.19 7.38 7.39 3.87
850 9.88 3.21 7.15 7.41 3.58
869 9.78 3.23 6.97 7.42 4,13
890 10.58 3.24 7.69 7.44 3.96
908 8.75 3.28 5.77 7.48 2.00
924 9.22 3.28 6.20 7.48 2.30
936 9.24 3.28 6.17 7.48 2,25
946 9.50 3.29 6.38 7.49 2.42
962 10.56 3.30 7.88 7.50 3.34
967 9.50 3.30 6,30 7.50 2.25
998 9.60 3.33 65.32 7.53 2.10

Av, 6.70x0.63 Av, 2.93x0.84
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&3920 = 17,3 * 1.2 kcal/mol
and
o
AHQZO = 12,3 +* 4.0 kcal/mol,
respectively.

Using the calculated heat content of Lin(g),

2 Ho = 9,7 kcal/mol (linear symmetrical) and

Hgo0 = Hyp

8920 - H; = 10.6 kcal/mol (isosceles triangle), and
[¢] o] .

for LlZH: H920 - HO = 11,0 kcal/mol (linear symmetri

o

0
16.85 = 1.2 kcal/mol (linear symmetrical) and

cal), the corresponding AH_, values were calculated as:
17.75 + 1.2 kcal/mol (isosceles triangle) for reaction

&)
(23), and AH, = 11.4 * 4,0 kcal/mol (linear symmetrical),

0

O
and AHO = 12.3 £ 4.0 kcal/mol (isosceles triangle) for

reaction (24).

The third law values and second law values for
reactions(23) and (24) are given in Table XI. It is
seen that the agreements between the third and second law
values for Lin(g) with the linear symmetrical structure
are better than those for LiH2(g) with the isosceles

triangle structure.



Table XI: Summary of Thermodynamic Properties cf the Reaction Involving the Molecule Lin(g)

AHZ {Second Law)

M, (Third Law)

kcal/mol kcal/mol
Reaction Linear Isosceles Linear Isosceles
Symetrical Triangle Symmetrical Triangle
Li{(gy + Liﬁg(g) = 2 LiH(g) 16.85 + 1.2 17.75 £ 1.2 18.09 + 1.26 14.26 + 1.20
11.4 = 4.0 12.30 = 4.0 6.70 £ 0.63 2.93 + 0.84

LiH, (g) + Li,(9) = LiH(g) + Li,H(9)

LS
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Combining the third law values for reactions (25)
Q
and (26) with the dissociation energies, DO(Liz) =
o]
25.5 + 1.5 keal/mol3?), D/ (LiH) = 55.86 * 0.005 kcal/mo1®"

50)

and D;(LiZH) - 89.7 + 5.0 kcal/mol°?), yields the corres-

ponding atomization energy for LiH2:

i

D (Lin) 130.0 + 1.5 kcal/mol (linear symmetrical)

o O 0

-+

DO(LiHZ) = 126.3 1.5 kcal/mol (isosceles triangle)

from reaction (23) and

I+
.
.

O

D;(Liﬁz) = 126,9 kcal/mol (linear symmetrical)

il

Dy (LiH,) = 123.1 + 4.0 kcal/mol (isosceles triangle)
from reaction (24).
The average values are

Dg(LiHZ) = 128.5 * 3,0 kcal/mol (linear symmetrical)

and

124.7 + 3.0 kcal/mol (isosceles triangle).

it

]
D0 (Lle)

The fact that there 1is no clear difference in
the magnitude of the atomization energies between the
linear symmetrical and isosceles triangle structures
for the Linfg) molecule shows that the average value
D;(Liﬁz) = 126.6 = 3.0 kcal/mol should be more reasonable.
Combining the atomization energy of Lin(g) with the heat
of formation of Li(g), AH; = 38.5 + 0.1 kcal/mol, and the
dissociation energy D (H,) = 103.25 kcal/mol, yields the

]
heat of formation AHG(Liﬁz} = 14,75 £+ 7,0 kcal/mol.
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-+

E1.2.4 Binding Energy ©f the Ion Molecule LiH2

An accurate evaluation of the threshold appearance
potential was made by the extrapolated voltage difference

method. The LiH2+ threshold was measured against Li+,
and the ionization potential for the LiH2+ ion was

determined as I.P.(LiH2+) = H.14 = 0.2 eV.

If the measured values for the ionization potential

I.P.(LiH +) = 6.14 eV and the atomization energy

2
o]
DO(Liﬂz) = 126.6 * 3.0 kcal/mol are combined with

I.P,(Li) 5.392 eV, and I.P.(H) = 13.598 * 0.002 eV,

O
the binding energy DO(LiH2+) = 109.3 * 3,0 kcal/mol

results for the dissociation to Li+ + 2H;y and
O
DO(LiH2+) = 298.13 * 3.0 kcal/mol results for the

, . , . +
dissociation to Li + H + H .

If the uncertainties in the calculated Gibbs energy
function (10 %) and in the assumption that the ioniza-
tion cross sections and multiplier gains in the isomole-~
cular exchange reactions cancel each other (30 %), are
taken into account, the following atomization energies

result:



54

DE(Lin) = 127.0 + 7.0 keal/mol

DB(L1H2+) = 109.0 *+ 8.0 kcal/mol
for the dissociation to Li+ + ZH and

Dg(LiH2+) = 298.0 + 8.0 kcal/mol

, +
for the dissociation to Li + H + H .

A comparison of these experimental results for
the atomization energies with the predicted values

of Companion 9{ and Wu and Ellison1o>

, by using the
diatomic-in-molecule theory is given in Table XII. It
ig seen that there is good agreement between the ex-

perimental values and those predicted by theory.

Switalski, Huang and Schwarz have used the value-
only electronic structure theory and ab inito calcula-

tions to predict the energy of the reaction:

LiH2 » Li  + H2 AE = 3.8 kcal/mol (valence-only
model)

AE

i

5.2 kcal/mol (ab initio

calculation)

If the atomization energy of the molecule LiH2

and ionization potential I.P.(LiHZ) measured in this

work are combined with the ionization potential of

49)

lithium, I.P. (Li) = 5,392 eV , and the dissociation
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Table XII: Comparison of Experimental and Calculated Values of

the Atomization Energies for LiH2 and L1H2+

Molecule Dy (exp) Dy (calc)'r? Dy (exp)/D (calc)
kcal/mol kcal/mol

LiH, 127.0 124.6 1,02

. -+ .

LiH 109.0 111.5 0.98
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o
energy of hydrogen DO(HZ) = 103.25 kcal/mol, the
reaction energy AE = 6.5 kcal/mol is obtained. The

agreement between these two results is excellent.

Thermodynamics of the Molecule Lizi—i2
When a dilute solution of hydrogen in lithium
with a concentration of 1000 ppm is heated in a molyb-
denum cell in the temperature range of 830 K to 1000 K,

the ions LiT, Li2+, Li3+, Liu', LiH2+, L12H+ and
L12H2+ are observed; and the appearance potentials for
these jions were found to be 5.5, 5, 4.5, 8, 6.5, 5 and
6 eV, respectively by the linear extrapolation method
with an uncertainty ©f * 0,5 eV. These agree with the
known ionization potentials of the corresponding
neutral gaseous species given in the literature.

Thus the appearance potentials suggest that the ions

observed are produced by ionization of the corresponding

neutrals.

The measurements of the gaseous isomolecular

exchange equilibria:
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Lizﬂz(g) + Liz(g) = 2L12H(g) (27)
Lizﬁz{g) + Li(g) = LiH,(g) + Li,(9) (28)
LijH,(g) + Li,(g) = Li,(g) + LiH,(g) (29)

il

leHz(g) + LiH {qg) leﬁ(g) + Lle(g) (30)
were carried out at temperatures between 830 and 1000 K.
The egquilibrium constants for the reactions were cal-
culated from the measured ion currents wusing the
relations:
1(Liuh)?
Kyq = N " (31)
I(Li, )I(Li,yH,")

2
I(LiH2+}I(LiZ+)

K28 = N A (32)
T(LiT) T (LiH,T)

I(L13+}I(LiH2+)
c - (33)

29
. +
I R %
(le )I(leHz )

. + R +
(LLZH )I(L1H2 )
and Rag = N A (34)
I{LiH )I(Lizﬁ )

2

where I is the relative ion intensity.
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The experimental values for the ionization cross
sections and multiplier gains, which are necessary for
the evaluation of the equilibrium constants of gas
reactions from the measured ion intensities, are not
available. Therefore, an assumption that the ioniza-
tion cross sections and multipler gains for isomolecular

reactions can cancel each other out has been mad@Sz).

By using the estimated molecular parameters given

15)

for the D diamond-shaped

by Tyndall and Companion oh

and sz dimer of LiH, one obtains the Gibbs energy
function for the LiZHz(g} molecule by the statistical
mechanical method; and the resulting numerical values

of the Gibbs energy functions as a function of tempera-

ture are given in Table XIII.

The Gibbs energy functions for Li(g) and Liz(g)
were taken from the JANAF tables, those for Li3(g),

LizH{g} and Lin{g) were taken from previous sections.

The measured equilibrium constants as functions
of temperature are shown in Fig. 4 and the third law
results of reactions (27), (28), (29) and (30) are

given in Tables XIV, XV, XVI, and XVII.
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Li,H,(g)+ LiH(g)==Li,H(g) +LiH,(g)

ee © _—

g

A Li;H,(g) +Liylg) =2Li,HI(g)
AT AA O A
o Lo O
VAN
O
. LiH,lg)+Lis(g) =Liy(g)+LiH,(g)
1,00 1,05 110 115 1,20

103/ 71

4 Fguilibrium constants of the reactions involving the

molecule Li.H. as a function of temperature,
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able XIII: Free Energy Function ~(G$~H§)/T in cal :mo}_m’E K

for LiZHZ(g)

60

-1

Temperature ~(G;»H;)/T
(K) Dzh Dimer szrDimer
298 44,79 42.67
400 47.71 45,81
500 50.19 48.45
600 52.37 50.75
700 54.33 52.79
800 56.11 54.63
900 57.74 56.29
1000 59.25 57.82



61

Table XIV: Third Law Enthalpies for the Reaction:
Lizﬂz(g) + Liz(g) = 2 Lizﬁ(g)
T K —al(Go-Ho) /T AHC
8o 0
{(cal mol“? K"}) {kcal molmw)
{K) DZh Dimer C'Zv Dimex D2h Dimer sz Dimer
836 2.70x10°° -2.10 -0.63 8.07 9.29
869 2.90x10"° -2.15 ~0.70 8.22 9.48
890 1.68x10 ° -2.18 ~0.72 9.35 10.66
850 2.52x10 > =2.13 ~0.66 8.29 9.54
908 4.07x10 > -2.23 ~0.78 7.91 9.22
924 2.23x10°° -2.25 -0.81 9.13 10.46
936 4.03x10°° -2.26 ~0.82 8.14 9.48
946 3.37x10 > -2.28 ~0.84 8.54 9.91
962 2.99x10°° -2.31 ~0.87 8.89 10.27
967 3.45%10 > -2.31 ~0.88 8.66 10.04
840 5.62x10 > -2.10 ~0.63 6.88 8.12
855 1.41x10°° -2.15 ~0.68 5. 40 6.67
968 4.53x107° -2.32 -0.88 8.13 9.53
978 5.30x10 > -2.34 ~0.90 7.89 9.30
998 3.91x10 > -2.39 ~0.93 8.61 10.06

Av.8.14x0.96

9.47+0.98



Table XV: Third Law Enthalpies for the Reaction:
Li2H2 (g) + LiH(g) = Lizﬂ(g) + LiH, (g)
~AL(GC-g°) /7] AH
T K (GT HD)/’I‘ HO
(cal mol '—1) (kcal molui)
(K) Dzh sz Dimer D2h Dimer sz Dimer
836 1.16 1.09 2.56 0.66 1.89
869 8.36x10 | 1.08 2.53 1.24 2.51
890 6.67x10 " 1.05 2.52 1.66 2.95
850 8.75%10 " 1.08 2.55 1.14 2.39
908 1.09 1.05 2.50 0.80 2.11
924 6.87x10° " 1.03 2.47 1.64 2.97
936 1.12 (.02 2.46 0.74 2.09
946 9.93x10" " 1.01 2.45 0.97 2.33
962 1.35 0.99 2.43 0.39 1.76
967 8.65x10 | 0.99 2,42 1.25 2.62
840 7.30x10° " 1.10 2.57 2.45 2.68
855 1.08 1.08 2.55 0.79 2.05
968 8.72x10° " 0.99 2.43 1.23 2.62
978 1.11 0.98 2.42 0.76 2.16
998 8.22x10 ' 0.94 2.40 1.33 2.78
Av. 1.07%0.37 2.39:0.37



Table XVI: Third Law Enthalpies for the Reaction:

Lizﬂz(g) + Liz(g) = Li3(g) + Lin(g)

63

o

T K mA{(G;~HZ}/T3 AHO
(cal mol™ ' k1) (kcal mol™ 1)
(K) DZh Dimer CZV Dimer Dzh Dimer CZV Dimer
836 7.56x10 ° 8.32 9.99 22.72 23.95
869 2.10x10" 4 8.35 9.80 21.88 23.14
890 1.31x10"% 8.37 9.83 23.26 24.56
850 1.37x10" % 8.33 9.80 22.11 23.35
908 1.22x10"% 8.37 9,82 23.86 25.17
924 2.30x10" % 8.38 9.82 23.12 24.45
936 3.47x10"% 8.38 9.82 22.66 24.01
946 2.84x10"% 8.39 9.83 23.29 24.65
967 2.75x10" 7 8.40 9.83 23.88 25.26
940 1.26x10°% 8.33 9.80 21.98 23.22
855 8.79x10° % 8.33 9.80 19.08 20.33
968 2.22x10"% 8.39 9.83 24.30 25.70
978 2.99x10"% 8.40 9.84 23.99 25.39
998 2.64x10" % 8.40 9.84 24.77 26.16
Av. 22.92+1.41 24.241.46
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Table XVII: Third Law Enthalpies for the Reaction:

LizHZ(g) + Li{g) = Lle(g) + le(g)

AL(Go~H ) /T AR
T K - {(GT--‘H0 /T1 0
(cal mol | ¥ 1 (kcal mol™ 1)
(XK} DZh Dimer D2v Dimer C2h Dimer sz Dimer

3

836 8.35x10 - 5.60 7.07 12.63 13.86
869 1.61x10™° 5.61 7.06 12.01 13,27
890 1.23x107% 5.59 7.05 12.75 14.05
850 1.05x10™% 5.59 7.06 12.45 13.69
908 1.46x10° % 5.61 7.06 12.72 14.04
924 2.20x107% 5.59 7.03 12.17 13.50
936 3.35x10°% 5.59 7.03 11.55 12.89
946 3.00%x10"% 5.59 7.03 11.88 13.24
962 4.20x107% 5.57 7.01 11.42 12.80
967 2.43x10°% 5.57 7.00 12.53 13.91
840 8.44x107° 5.60 7.07 12.67 13.91
855 3.41x10"% 5.61 7.08 10.54 11.80
968 3.55x10" 2 5.57 7.01 11.81 13.21
978 3.70x10"% 5.57 7.01 11.85 13.26
998 3.53x10"% 5.53 6.99 12.15 13.61

Av. 12.08%0.60 13.40%0.60
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The third law values of reactions (27), (28), (29)
and (30) were combined with the following atomization

energies :

o
Dg(Li,) = 25.5 * 1.5 kcal/mol”)
o . 50)
DO(leH) = 89,7 + 5.0 kcal/mol

o . 32)
DO(L13) 45,5 + 4.0 kecal/mol

il

o _ 57
DO(LlH) = 55,86 kcal/mol

o, _ 45)
D, (LiH,) = 127.0 * 7.0 keal/mol'” .

The atomization energies of LizH?(g} with different
configurations,which were obtained from the four inde-

pendent gas reactions,are given in Table XVIII.

The second law values of the enthalpies of reaction

for the reactions (27}, (28), (29) and (30) are
O

AH915 = 4,8 + 3.0 kcal/mol,
o]

O
AHQTS = 15,6 * 2.2 kcal/mol
0 E
Hgqg = 12.6 * 11.4 keal/mol and AHg, = 2.1 * 1.5 kcal/mol

respectively. These values agree well with the third

A

law values within the limits of error., However, the
third law values are much more reliable than those

from the second law. Therefore only the third law values
have been used for the evaluation of the atomization

energy of leﬁz,
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It is seen that the agreement between the
atomization energies derived from four independent
isomolecular exchange reactions is excellent. This
suggests that the measurements were conducted underx
equilibrium conditions in the Knudsen cell; and that
there is no serious error in the free energy function
for Lisz(g) and in the experimentally determined
atomization energies of Lizﬁ(g), Lin(g) and Li3(g)

given in this work.

By using the same error treatment as mentioned

50)

elsewhere ;, an estimated uncertainty of *10 kcal/mol

is obtained for the atomization energy of LizHZ(g).

Finally, combining the atomization energy of
o]
Lizﬁz(g), DO(LiZHE} = 164 t 10 kcal/mol, and of LiH({(g),

D;(Liﬂ) = 55,86 kcal/mol, with the heat of formation

o

of Lil(g), bH ) = 38.5 * 0.1 kcal/mol, and the dissociation

energy ngz) = 103.25 kcal/mol, yields the heat of
formation: AHE(LJLzHZ) = 16.0 *+ 10 kcal/mol, and the

heat of dimerization:

2LiH - Li2H2 AHO = =(52.6 * 10) kcal/mol

16)

Kollman, Bender and Rothenberg have predicted

[
a heat of dimerization: AHQ = =47,2 kcal/mol, by

electronic structure calculation.
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Milne and Cubicciotti53) have applied ionic

models to calculate the heats of dimerization for

gaseous alkali halide dimer molecules, and the results

are as follows:

2LiF » Li,F, Aﬁg = -57.6 kcal/mol (35)
2LiCl » LiCl, A, = -54.7 keal/mol (36)
2LiBr - LiBr, AH; = -52.3 kcal/mol (37)
2LiI » Li,I, Aﬁg = -48.9 kcal/mol (38)

The calculated stability of Li2H216) agrees well
with our experimental results, which place the dimeri-
zation energy of LiH close to that of LiBr given above.
This supports the statement that the LiH dimer is

similar to the alkali halide dimers.

In previous studies of vapor-solid equilibria

54)
2 2 oG,

halidessa), using a velocity selector with a molecular

involving Li 12, Li Brz, Li and other alkali

beam technique, it was concluded that the wvapors in
equilibrium with solid lithium halides consisted

predominantly of dimeric species Li + From the

2%2
phase diagram of the Li~H system (see page 32 )

it is seen that at 850 K, when the atom fraction of hydrogen

5

exceeds 10 ppm, the LiH(g) phase exists, and by using

the following relations determined from our previous

work48}:
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Li.D 4
n Xz 2 _ 1,225Tx 108 L 11s (39)
D
and
PriD 2.368 x 10°
ln"-"}"{*'”: e 2 + 14.8 (40}
D T

, /P ... =
L12H2 LiH
one obtains the partial pressure ratic

Further, when it is assumed that P

P.. /P, .
D 1
L12 5 LiD

of the dimer LiZH2 t0 the monomer LiH:

- -5
P 138.7 (PLi o= 2.96 x 10 atm) ,

ri.g /Frig ©
252 ;

2
...7 _ _
LiH 2,13 x 10 atm at XH = 107 ppm and T = 850 K).

V]

Il

P

This means that the dimer LiZH2 is predominant.

This is in accord with the statements made for alkalil

halide systems byother authors.

Binding Energy of the Ion Molecule L12H2+

A more accurate determination of the ionization
potential has been carried out by the extrapolated
voltage difference method. Fig. 5 shows an ionization
efficiency curve for Lit and i H +. Five determinations

272

of Li2H2+ gave: I,P.(L12H2+) = 6.6 eV, with a repro-~

ducibility of 0.05 eV; the estimated accuracy is 0.3 eV.
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Table XIX: Thermochemistry of the Molecule Lizﬂz*

Jonization Potential Binding Energy Productg of Reaction
o +
I.P. DO(L:Lsz 3
(eV) (kcal/mol)
.+ ;
136.5 = 11 Li + Li + 2H
6.6 * 0.3

325.3 £ 11 vt o+ ® o+ 2Li
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When the measured values for the ionization

potential: I.P.(Li = 6,6 eV, and the atomization

2H5)
energy: DZ(LizHZ) = 164.3 * 10 kcal/mol are combined
with the ionization potentials:

49
I.P.{(H) = 13.588 % 0.002 eV49), and I.P.{(Li) = 5.392 eV 1

one obtains the binding energies for the ions, and

these are given in Table XIX.

Finally, by using the thermodynamic properties

of LizH(g), Lin(g) and Li Hz(g) measured in this

2
work, the energies of some reactions which are probably
interesting for the study of molecular beam kinetics

and the theoretical chemistry of the Li-H system56’57’58)

were calculated:

+

Li + 2H - LiH2 (exothermic by 10.91 eV) (41)

Li + 2H - LiH2 (exothermic by 5.52 eV) (42)

Li + Hy > Lin (exothermic by 1.04 eV) (43)

Li* + H, - LiH, (exothermic by 6.43 eV) (44)

L12 + ZH -~ LiH2 + Li (exothermic by 4.41 eV) (45)

L12 + H2 > LiH2 + Li (exothermic by 0;07 eV) (46)
+

L12 + 2H - LiHZ + Li (exothermic by 9.27 eV) (47)

Li2+ + Hy » LiH, + Li  (exothermic by 4.79 eV) (48)

ZLi 4+ H - LiZH (exothermic by 3.90 eV) {49)
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Liz + H - LiZH (exothermic by 2.80 eV) (50)
L:Lz+ + H > LiH (exothermic by 7.66 eV) (51)
2Li 4+ 2H - Li2H2 {exothermic by 7.14 eV) (52}
2Li + H2 > Lizﬁz (exothermic by 2.65 eV) (53)
Li2 + 2H - LiZHZ (exothermic by 6.03 eV) (54)
L3’.2+ + 2H > LiH, (exothermic by 10.89 eV)  (55)

The Alkali Metal Systems

The importance of the available physical chemical
properties for the technical application of alkali

metal vapors has been described in detail before.

Using low temperature matrix spectroscopic

techniques, several groups have reported ultra violet

and visible absorption spectra of Agn (n =1~ 6)59),

. 4)60) 61)

Cun(n = 1 and Nin(n = 1 ~ 3) .

Raman and IR measurements have been carried out

62),aﬁd an ESR spectrum ©Of Na clusters

a®3).

on Ag clusters

has been observe
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Some good results concerning cluster investigation
were obtained by matrix spectroscopic techniques, but
the interpretation of the spectra is made difficult
by many problem§2):

1. Several different clusters are present in the
matrix at the same time. The assignments of
spectroscopic features to one species rely heavily

on additional hypotheses (non-overlapping of bonds,

statistical growth of cluster),

2. The spectrum of the metal cluster is more or less
perturbed by surrounding rare gas atoms (matrix
shift) and neighbouring metal atoms and clusters.
The amount and direction of spectral shifts as
compared with the gas phase is very difficult to

account for.

3. Low sensitivity of the matrix spectroscopic tech-

nigques.

We used the quadrupole mass spectrometer with high
sensitivity to investigate the existence of lithium

clusters.
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Thermodynamics of the Lithium Clusters Liz(g) and

LiB(q)

Experimental

The apparatus used and the experimental procedure
has been described elsewhere. The Knudsen cells
used were machined from molybdenum. The inside diameter
of the cell was 13 mm and the orifice diameter was
0.6 mm. The cells were degassed by heating under wvacuum
before loading with 0.5 g of 99.99 % lithium (Research

Organic/Inorganic Chemical Corporation, Sun Valley, CA).

The measurements of the gaseous equilibria
Li(s,1) - Li(g) (56), 2Li(s,l) =~ Liz(g)(57), Li,(g) ~
2Li(g) (58), 3Li(s,l) - Li,(g)(59) and 2Li,(g) » Lij(g) +
Li(g) (60) were carried out in a temperature range from

550 to 1050 K.

For the evaluation of third law enthalpy changes
in pressure dependent reactions, 2 knowledge of ioniza-
tion cross sections and multiplier gains is essential;
whereas in pressure independent reactions, the assumption
that these factors mutually cancel each other is a

reasonable approximation.,
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Partial pressures Pi were determined from the relation

;7T
Py = K
Gig Yi

where Ii is the ion intensity, oy is the relative

ionization cross section, B is the isotopic abundance

for which the following values are used:

7Li = 92.6 %, 'Li’Li = 85.7 % and 'Ti’Li’Li = 79.4 %,

Yy is the multiplier gain and K is the pressure cali=-
bration constant. The pressure calibration constant
K was obtained from a direct comparison of the partial

pressure of lithium with the Li+ ion current at a

number of temperatures before the ions Liz* and L13+

were observed. The multiplier gains were measured as

> and 1.20 x 105 for Li and Liz. The multiplier
= 1.25 x 10°

1.25 % 10

gain for triatomic lithium Yei. = Yii
3

was assumed, Atomic ionization cross sections were

taken from Mann , while the molecular ionization cross

section was calculated by taking 0.75 of the sum of

Mann's atomic cross sections38). It was assumed that

a similar relation holds between the trimer and ﬂuédbmﬂﬁ7)

and deduced that GLi3 = T,BSGLi.
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E2.1.2 Thermodynamics of the Molecules Li2 and Li3

The Gibbs energy functions for Li(s,l), Li(g),
and Liz(g) were taken from the data of Stull and Sinke64%
and from the JANAF tables. The Gibbs energy function
for Li3(g) was calculated on the basis of the two
proposed kinds of molecular structure: one with a
bond angle of 137° and the other with a bond angle of
340, and estimated molecular parametersgiven by Com-
panion, Steible and Starshak65). The resulting numerical
values of the free energy function at 800, 900, 1000,
1100, and 1200 K for Li,(g), with bond angle 1379, are
59.99, 61.31, 62.50, 63.57 and 64.56, and those for
Li,(g) with bond angle 34° are 64.29, 65.81, 67.18,

68.43, and 69.58, respectively.

A comparison of the second and third law values

O
of AHO for reactions (56), (57), (58), (59) and (60)

is given in Table XX.
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It is shown in Table XX that there is good
agreement for reactions (59) and (60) between the third
and second law enthalpies for the structure with a
bond angle of 34°, Because of this agreement and of
the fact that the second law enthalpies are independent
of any chosen structure, it may be concluded that
the measurements were conducted under equilibrium
conditions in the Knudsen cell, and the value of
AHO evaluated for LiB(g) with a bond angle of 34° has

0

a greater probability of being correct.
From the evaluation of the third law enthalpies,
the average values,with estimated errors, of the atomi-

zation energies are obtained:

25.5

I+

1.5 kcal/mol

i

DD i
O(L12)
and

o
DO(L13) 41.5

=

4.0 kcal/mol.

i

The following heats of formation were also obtained:

AH (Li) = 38.5 * 1,0 kcal/mol

e

AH (Liz) = 51.5 * 2.0 kcal/mol

Lo T © B v B o}

and

AH;(L3'.3} - 73.0 + 4.0 kcal/mol
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E2.,1.3 The Binding Energies of the Ion Molecules Li2+ and

4

LlB

The Li + and Li + thresholds werenmﬁsumXiagammﬂ:Li+,

2 3
and the results were evaluated by the extrapolated

voltage difference method.

The ionization potentials for Liz and Li3

were determined as:

I.?,(Liz) = 4,86 * 0.1 eV
and

I,P‘(LiB) = 4,35 + 0,2 eV.

e

The binding energies of Li2 and Li3+ were:

L o

. .+ o
Li - Li 4+ Li DO(Li

+
2 )

2 = 37.7 * 2.0 kcal/mol

o+ , , .o
Li, > it 4 Li o+ Li D, (Li

e

3 ) = 65.5 = 4.3 kcal/mol
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Thermodynamics of the Lithium Cluster Lié(g)

Identification of the Molecule Li4

The apparatus used for this work has been described
in detail earlier, To minimize the interference
contributed by impurities such as nitrogen, oxygen and

hydrogen66)

in the lithium sample in the identification
of gas species, three different compositions of lithium
have been used in this series of experiments:

enriched ®Li > 97 % and natural lithium ('Li = 93 %,

6Li = 7.0 %), as well as a mixture of 6Li and natural

lithium (°Li = 56.8 %, 'Li = 43.2 %).

The isotopic abundance and relative ion intensities
for three different kinds of sample at a temperature

of about 1000 K are given in Tables XXI, XXII and XXITI.

The measured relative intensities for the iso~-

topes of Li, agree very well with the theoretical values

4
for lithium samples of three different compositions,

so that the presence of Li4 is undoubtedly proved.

The threshold appearance potentials evaluated
. . .+
by the vanishing current method for L1+, L12+, and LlB
are 5.5, 5.0 and 4.5 eV, respectively, the uncertainty

being +* 0.3 eV.



82

Table XXI: Isotopic Abundance and Relative Intensity of the Lithium
Species for Sample A (6Li = 7,0%, 7Li = 93,0%)

Calculation Experimental
Molecule Isotopic Relative m/e Relative
Abundance (%) Intensity Intensity

b1, 5.0x10" 5.78x10"° 12 5.70x10"°>

6ri’ni 13.0 1.50x107 13 - 1.47x10""

L1, 86.5 1 14 1

°Li, 3.43%x1072 4.27x1074 18

®Li, i 1.37 1.70x10"2 19 1.72x10" %

®Li’Li, 18.2 2.26x107 " 20 2.1 x107

"L, 80.4 1 21 1

°Li, 2.4 x1073 3.21x107° 24

6L137Li 1.28%x107 " 1.71x10"3 25

®Li, i, 2.54 3.4 x1072 26 3.0 x1072

bLi’Li, 22.5 3.0 x107 " 27 3.2 107

7

Li4 74.8 1 28 1
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Table XXII: Isotopic Abundance and Relative Intensity of the Lithium
Species for Sample B (GLi = 56.8%, 7Li = 43.2%)

Calculation Experimental
Molecule Isotopic Relative m/e Relative
Abundance (%) Intensity Intensity
6. . -1 -1
le 32.30 6.58x10 12 6.35x10
6i’Ld 49.10 1 13 1
7L12 18.70 3.81x10" " 14 3.75x10"
GL. -1 -1
i, 18,30 4.38x10 18 4.2 x10
6L127Li 41.80 1 19 1
6. .7, . -1 -
Li le 31,80 7.61x10 20 7.80x10
"L, 8.06x10 | 1.93x10" 21 2.1 x107
6. . -1 -1
Ll4 10.40 2.88%10 24 4.0 x10
6L137Li 31.70 8.78x10" " 25 8.8 x107
6., T.. :
le le 36.10 1 26 1
6. .7 . - -
Li L13 18.30 5.07x10 27 5.0 %10
Tri 3.48x10" 9.64x10" 2 28
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Isotopic Abundance and Relative Intensity of the Lithium

. 7
species for Sample C (6L1 = 97.0%, 'Li = 3.0%)
Calculation Experimental

Molecule Isotopic Relative m/e Relative

Abundance (%) Intensity Intensity
oLi, 94.10 1 12 1
6ri’14 5,82, 6.18x10 2 13 6.00x10 2
7L12 9.00x10" 2 9.56x10"% 14 9.50x10" 4
6. .
Li, 91.30 1 18 1
6Li2?Li 8.47 9.28x10 2 19 9.14x10 2
6Li7Li2 2.62x10" 2.87x107°> 20 2.85x10 >
"L, 2.70x10" 3 2.96x107° 21
6. .
Li, 88.5 1 24 1
6L137Li 11.0 1.24x10"" 25 1.20x10
6L127Li2 5.08x10 | 5.76x107° 26
6Li7LiB 1.05x10" 2 1.19x10"4 27
Tri 8.1 x10” > 9.15x10"/ 28
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These appearance potentials agree with the known
ionization potentials of the corresponding neutral
gaseous speclies given in the literature; thus the
appearance potentials showed that the ions observed
are produced by ionization of the corresponding

neutrals.

Depending on the purity of the lithium sample
{in most cases for enriched 6Li), the mass numbers
(m/e) 25 and 26 are sometimes observed. It could be
deduced from the intensity ratios that these spectra
are caused by the presence of magnesium as impurity.
However, the contribution to the intensity of mass
number (m/e) 24 caused by 24 Mg could be calculated
by using the isotopic abundance of magnesium. In
most of these measurements magnesium has not been

observed,

Equilibrium Measurements, Atomization Energy, and

Heat of Vaporization of Li4(g)

The measurements of the gaseous exchange

equilibria:

AT.i(s,1) - Lié(g) (61)

Li,(g) + Li,(g) = 2Li,(9) (62)

and
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Li4(g) + Li(g) - LiB(g) + Liz(g) (63)

were carried out at temperatures between 980 K

and 1135 K. For the dissociation reaction (61), the
absolute pressures necessary were calculated from
the relation Pi = K IZT/GiYiCi, where K is the pres-

sure calibration constant, o; the ionization cross

section, Yy the multiplier gain and Ci the relative
isotope abundance for the Li sample. The sensitivity

constant was determined by using the known dissocia-

o]
tion emergy of Li,, D, (Li,) = 25.5 keal mo132),

The ionization cross section for Li4 was calcula-

ted as: o., = O-75(0Li + 0., ), ).

o,
L14 5 le le

The atomic cross section for lithium was taken from
38)

= 0.75(6Li-kcLi

Mann's compilation . The multiplier gains were

2; that for L14
5

= 1,20 x 107. The free

measured as 1.20 x 105 for Li and Li

was assumed to be: =y,
4 L

energy functions for Li(s,l), Li(g) and Liz(g) were
41)

Y14

taken from the JANAF tables , and that for LiB(g)

32)

was taken from previous work . For the Li4(g) cluster
the free energy function has been calculated for four

different structures:
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square planar (Déh}' dispenoid {Dzd), rhombic (Dzh}

and linear cluster. The fundamental vibrational
frequencies of the square, disphenoid and rhombic
structures, which are needed for the calculation of

the free energy function, have been taken from the
literatur627#“); those for the linear c¢luster have

been estimated. Table XXIV shows the free energy function

for Li4(g) as a function of temperature.

A typical set of relative ion currents measured

at 1100 K: Sample A: 'Li = 93%, ©°Li = 7.00%

7 7 2

Li = 1 Li'Li = 4.67 x 10

7 5 7 6

Li’ni’Li = 4.70 x 10” £i’Li’ni’ni = 6.70 x 10°

The third law results for the dissociative reaction
(61), and the isamplecular reactions (62) and (63), are given
in Tables XXV, XXVI and XXVII. The error terms quoted
are standard deviation. The reaction enthalpies for
reactions(62) and (63), calculated by using the second
law treatment, are AHTO%O = 20,5 + 3,0 kcal/mol (62)

and AH = 9.80 * 6.0 kcal/mol (63).

o
1080
(Because of the small range of temperature in the
measurement of the reaction (61), the second law value

has not been evaluated).
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[¢] o] - s
Table XXIV: Free Energy Functions,w(GT - HO)/T,in cal mol 1 K L
for Li, (g)
(o] (o]
Temperature K Free Energy Function,~(GT~H0)/T
Square Dispenoid Rhombic Linear

900 71.95 67.90 72.85 68.38
1000 73.67 69.60 74.76 70.00
1100 75.34 71,15 76.49 71.49
1200 76.70 72.49 78.09 72.85
1300 78.13 73.89 79.57 74,12
1400 79.56 75.29 80.94 75.29

1500 80.99 76.69 82.27 76.39



89

L1°0% 9g°0% 9L*0% £Z°0x%

SLzL €GTLL §e° 2L £V 9L
L6 zZL 98" LL 9g°2L £L°9L AN YA FLope ¥6°8Z g0 € £z ¥ gLol
LLZL 6G°LL Le*zL 8y °9L AR T4 zZe ve y0 62 ZiLt€e Lz y 2001
86°¢ZL €grLL gL°zL vZ 9L ¥5°62 (01300 25 Pl 6z lz-ge A4 866
L9 2L ZE"LL 62°2L LT 9L 69762 oy ve 0g 67 yeree 8 A 986
IeBUTT OTqUOUY ptousydsTg axenbg IesuTT DTqWOU prousydstqg axenbg (31}
(, _Tou Hmvxvmm< (, d  _Tow ﬁmovmaxhwmcwwwqa AUTE~ &

L

L1

v
(B) "T7« (1's) Ty ‘uoT3oesy oy3 x03 soTdTeylzud MeT PITYL :AXX 9Tdel



90

Tow/Teny 0°¢ T §°02 =

ammwmﬂ 9NTEA MET DUODSS
o

0% °0F 2y 0¥ 0%° 0% Oy " 0%
6L°LE 91°2¢ ¥oC LT zeted TAY
Litie 50 4 6% LT 6l°¢gd gL74i 62701 £57¢i E38 A 1g ol £volL
0Z°LZ 0gree L5 L2 L ed 91761 67701 LGt gpril gLl gz01L
OL*LE gi1°¢zZ 8y L2 zeree si'st 6201 AR 19 0 4 Lyl gLot
y0 LT tizZe 6¢" LT L2t GLTG1L 62701 086l £p Ll gacil £LOoL
Z1° L2 Ze-Z2Z gy L Syred Zi7s1 6701 6751 A AN 6Lzt £66
z29° L2 L9227 007 ge 0g°te LGl 62701 25751 et ii g6 L1 gL0o1L
YA A4 LE"ZE 08" L2 057 ¢e £LTsl 6Z 0L 05°¢1 135 2 O 8 i6 Lt 8001
81792 i6°1Z ozt L (0] S N4 21761 6Z°01L 05751 38 A A A 2Lt 866
Lt 9e Fec LT 9% 93¢ 3 A LLrel 62701 gy et Z¥ Lt et 986
L8712 £8°17 008 0Z-te sgtal 62°01L oLrst (0L ¥6°g R
oE L o0tZe e Lz Liee L9761 62701 L8761 il 9501 £501L
£2782 00" g2 09 872 vo v gz %t 62701 £9°%1 $roLl 090t £601L
TesuTl oTogwouy prousyds Tl s1enbs FTesuT] DTOWOUN pTousydsTd saenbg ()
(,_Tou T2 Dy (1 _tou te)ta/ (Yu-0) 39- ST - A

(Byttaz « (B)“11 + mmwwﬂa ruoTiorey 8y3 303 sardreyiug ArT pITUL TAYY 3TORL



91

TOW/TEOY 0°% F 8°6 = mmwwmm ranTeA MRT DUODES
e

2L0% €87 0% vLo0% 0gr0%

EER-E 96" 6 2051 g it
g9yl GL°8 Z07gi 2701 Lol £ L GL7TL 1978 8¥ O R
5 g Ly 0L 009t 69711 lgtZi gE" L 29721 658 16+ < £501
0961 €170 LT 94 gLl el £gT L oLz 0978 P61 €601
6EGL 55701 6L°91 izt oyl £z L G4°¢1L 198 Lite Ottt
IeauTy oTOWOuY prousayds g sxenbg IesUTT OTAWOUY prousydstg axenbg {3)
mwzﬂaﬁ Mﬁumwmmm mwim wsﬂeﬁ Mmawmammmmiwwwwm; AUTH~ &

(5)%11 + B)E11 « (B)1T + (B) V17 :uorjoeey oy 03 seordreyjud meT pATyL IIAXX @TqRL



92

It is shown that the second law enthalpy of
the reaction (62) agrees very well with that of the
third law values for the sguare and rhombic structures.
Good agreement between the second and third law
enthalpies in the reaction (63) has been found for
square and rhombic LiQ. It follows that of the four
possible structures for Li4, the square and rhombic
configuration are the most probable; but from the
results of calculation and experiments made up till

now, it is not possible to decide between these two.

The heat of vaporization for Li4(g) has been
obtained directly from reaction (61); the selected
value of the heat of vaporization of Li4: AH;(Li4)
77.0 + 3.0 kcal/mol, was obtained from the average

value of the square and the rhombic structures.

Combining the third law values of reactions (61),
(62) and (63) with the atomization energies:
Dz(LiZ) = 25,5 + 1.5 kcal/mol, D;(Li3) = 41.5 + 4.0
kcal/mol, and the heat of formation: AH;(Li) =
38.5 + 1.0 kcal/mol, yields the corresponding atomi-

zation energies for Li These are:

4a
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o

DG(Lié} = 76,6 * 1.0 kcal/mol (rhombic),
o

Do(Li4) = 77.6 * 1.0 kcal/mol (square) from reaction (61),
O

DO(Li4) = 78.5 * 3,5 kcal/mol(rhombic),

o
DO(L14) = 79,5 * 3.5 kcal/mol (square) from reaction (62)

and

il

G
DO(Li4} 77.0 * 3,0 kcal/mol (rhombic),

O
DO(Li4) = 78,0 * 3.0 kcal/mol (square) from reaction (63)

respectively. The atomization energies for Li4 obtained
from these three reactions are in good agreement.
The selected mean value for the rhombic and sqguare

O
structures is: Do(Li4) = 77.8 =z 3.0 kcal/mol.

Ionization Potential of Li4 and Binding Energy of L14+

The ionization potentials of Li, Ag, Au, Hzo, N2
and Ar were used to calibrate the electron energy

of the mass spectrometer.

Fig. 6 shows an ionization efficiency curve for
Li+ and Lié+. An evaluation of the threshold appearance
potential was made by the extrapolated voltage
difference method. The Li4+ threshold was measured
against LiT(I.P. = 5.39 ev), Li,*(I.P. = 4.86 eV) and

Li3+(I*P. = 4.35 eV).
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Three determinations of the ionization poten-
tial gave : I.P.(Lié) = 4.69 eV, with a reproducibility

of 0.05 eV; the estimated accuracy is 0.2 eV.

There is no information about the electronic
spectrum of gaseous Lié; therefore no correction for
the measured ionization potential due to thermal
population is possible. The fact that the measured
* and ni, "

2 3
are very close to the known ionization potentials of

threshold appearance potentials for Li+, Li

the respective neutrals shows that one can expect that
the measured appearance potential of Li4+ is close to

the ionization potential,

If the measured value for the ionization potential
I.P.(Li4) = 4,69 eV, and the atomization energy
Dg(Lié) = 77.8 + 3.0 kcal/mol, are combined with
I.P.(Li) = 5.39 eV, a binding energy: Dg(Li4*} -
94,0 = 3.0 kecal/mol is obtained for the reaction
+ +

Li4 -+ Li + 3Li.

Ez2.2.4 Discussion

By using the method of diatomics-in-molecule

27)

{(biM), A.L. Companion has predicted the atomization

o
energy of Liéf and given: 39(314) = £3.94 kcal/mol.
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29) has used the same method 'DIM'

B.T. Pickup
to calculate the atomization energy and given a value
of D:(Li4) = 68.16 kcal/mol for square Li4. Many

67) has recalculated by

vears later, A.L. Companion

DIM, with more accurate 32; potential, an atomization
o

energy of: DO(L14) = 71 kcal/mol. The atomization

energies of Li, obtained by using the DIM method are

4
lower than the value presented in this work. One
should mention, that by using more accurate input data
for the DIM calculation, a higher value of the atomi-
zation energy is obtained, Companion's latest value

of Dg(Li4) = 71 kcal/mol, is very close to the

results presented here.

31)

Beckmann et al. have used the ab initio C.I.

method to study the properties of the Li4 cluster, and

predicted the ionization potentials of Li4 to be:
I.P.(Li4} = 4.54 eV for the rhombic structure and:
I.P.(Li4} = 4,67 eV, for the sguare structure. These

are in excellent agreement with the measured value:
E.P.(&ié} = 4,69 eV, obtained in this work, This
supports the statement, deduced from the experiment,
that the square and rhombic structures are the most

favorable for the Li4 cluster.
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In Table XXVIII are shown the properties of some
lithium clusters. It is seen that the energy per Li-Li
bond decreases with increasing number of atoms in the
cluster; this has been found also for the Na and Li

clusters by thecretical calculation (Na to Na4) 68}*

The ionization potential of Li, is lower than

3
that of Li4. Herrmann, Schumacher and Wéste33)

made
a similar investigation by means of photoionization
study in the Na and K system, and found that:

I.P.(Na3) < I.P.(Na4}, and I.P.(K3) < E.P.{Ké)*

Fig. 7 shows the ionization potential, heat of
formation and bond energy per Li-Li bond as a function
of the number of lithium atoms n in a cluster. It
seems that all of these three properties each tend
to a guasi constant value above Li4' Further detailed
study on lithium clusters with higher numbersof atoms
is necessary to confirm the observatiomsmade in this

work.,

The heat of formation of lithium clusters can be

calculated by the equation:

O O
AHOCLln) = n « AR = DO(Lln}, (64)
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Table XXVIIT: Some Thermochemical Properties of the Lithium Clusters

Cluster Enthalpy of Atomization Ionization Energy per
Formation Energy per Atom Potential Li~-Li Bond
(ev) (eV) (ev) (ev)
Li 1.67 - 5.39 -
Liz 2.24 0.56 4,86 1.11
Li3 3.17 0.60 4.35 0.90
Li 3.35 0.85 4,69 0.85
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where AHS(Lin) is the heat of formation of the lithium
cluster in eV. AE = AHZ(Li) is the cohesive energy of
atomic lithium in eV. Dg(Lin) is the atomization
energy of the lithium cluster in eV. n is the number
of lithium atoms in the lithium cluster.

By using the literature values of AE = 1.66 eVBZ),

O -y
32) Do (Li,) = 1.80 ev3?) | and the

Dg(Liz) = 1.11 eV
here measured Dg(Li4) = 3,38 eV, one obtains the heats
of formation from equation (64): AHQ(L12)==2.21 eV,
AH;(L13) = 3,18 eV and AH;(Li4) = 3.26 eV; these agree
well with the measured values (see Table XXVIII), suggesting
that the measured values of the atomization energies

and heats of formation of lithium clusters are consi-~

stent.

From the eguation:

s} o o
Li D (Li,) AT(G,, = H,)/TI
T
-1 = 0 4 4 0 (65)
P, RT R

where PLi is the equilibrium partial pressure of atomic

lithium over metallic lithium in atm, PLi is the
4

equilibrium pressure of Li, over metallic lithium in

4

e}
atm., DO(Li4) is the atomization energy in kcal/mol,

[¢] o}
A{(GT - HO}/T] is the change in the free energy function in

1

(cal mol KMT) for the reaction Li,(g) ~ 4Li(g);
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one obtains the partial pressure of L14 as a func-

tion of temperature, which together with the measured

partial pressures of Li, Li2 and Li332) is given by
the following equations:
4
(1.869 * 0,19) x 10
lnPLi = - . + (11.6 £ 0.12) (66)
(2.463 + 0.43) x 10%
2 T
(3.594 + 1.20) x 10°
InP_, = - + (17.8 £ 1.2) (68)
L13 T
(3.48 + 0.14) x 104
InP . =~ + (14.40 * 0.16) (69)
i
4 T
e.g. the equilibrium partial pressures of lithium
clugsters at 1000 K are Li = 8.334 x ?O~4 atm;,
Liz = 4,869 x 10”5 atm, Li3 = 1,324 x 10“8 atm, and
Li, = 1.382 x 10 ° atm.

In order to obtain a reasonable second law value

for the reaction Li4 + Liz(g) > 2Li3(g),the measure-

ment of the eqguilibrium constant has been extended to

high temperatures. The lithium pressure ranges from

4 to 10"2

5 x 10 atm in this experiment,; so one may
expect that the transition from molecular to viscous
flow could occur in the high pressure region and the
assumption of Knudsen effusion will no longer be

justified.
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By critical investigation in the measurement of the Li

partial pressure (pLi ~ I X T), it has been found

Li
that the plot of In Ir; X T vs. 1000/T deviates

from the extrapolated line at a temperature of about
1137 K (see Fig. 8),at which the Li partial pressure

is about »10—2

atm. The deviation may be caused
mainly by the transition from molecular to viscous
flow. The deviation remains constant with a factor of

1.8)

(I xT) extrapol. ~ .

meas./(I x 1)
Another investigation has been made by measuring
the equilibkrium constant for the reaction
Li4{g) + Li2(g) - 2Li3(g). Ag is shown in Fig. 9,
the transition has occured at a temperature of 1137 K
also. Consequently, the evaluation of thermodynamic
data has been made by using the measured results below
1137 K., One should point out that the slope of the

second law plot is the same for both molecular and

viscous flow.

The quadrupole mass spectrometric system used

has a high sensitivity,and ion currents of ~3.5 x 1546 y:

can be detected. This detection limit corresponds to
<
an effusion rate of 2.1 x 10° particles x sec 1.

Furthermore,the dynamic range of the system is 107‘
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During the measurement of the ionization potential

of Li, molecules, a vacuum of £ 1072 Torr was

maintained, so a good reproducibility of ~0.05 eV
has been achieved. The same experiences were made in the
measurements Of the ionization potential for the low

intensity species LiH, Li,H and LiH., in the Li-H

2 2
44, 45, 50)

system » An accurancy of * 0.2 eV for Li

4

is confident.

Finally, by using the atomization energies of

o Li3 and Li4,

Liz, L13 and Lig, the energies of some interesting

Li and ionization potentials of Li,
reactions for the study of molecular beam kinetics
and the theoretical chemistry of the lithium cluster

system were calculated:

Lit + 11 > 11 (exothermic by 6.5 eV) (70)

2
it + 2ni - Li, (exothermic by 7.2 ev) (71)
Li* + Li, > Lig (exothermic by 6.1 eV) (72)
Li + Li, ~ Li3 (exothermic by 0.7 eV) (73)
Li + Li3 > Li4 (exothermic by 1.58 eV) (74)
2ni2 > L14 (exothermic by 1.17 V) (75)
Liz + 2Li - Lié (exothermic by 2.27 eV) (76)
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4.1 - Li4 (exothermic by 3.38 eV)
Lit + Liy - Li," (exothermic by 2.28 eV)
Li* + Li, »1i,” (exothermic by 1.34 eV)
Li," + 20 - Li," (exothermic by 2.44 eV)
Lit + 3ni » Li4+ (exothermic by 4.08 eV)
L13+ +Li>Li," (exothermic by 3.04 eV)

Experimental and Predicted Stability of Heteronuclear
Diatomic Alkali Metal Molecules

- Application of the Pauling Model.

The Pauling model has been successfully used
to predict the stability of diatomic molecules. A
number of workers have predicted the stability
of these intermetallic compound337)‘

The dissociation energy of the heteronuclear
diatomic molecule, D(A-B) can be estimated by the

formula for the Pauling model of a polar bond:
D(a-B) = 1/2[D(A-A) + D(B-B)1 + 23(X,-X,)°

where D(A-B) is the dissociation energy of a compound

AB, D(A-A) and D(B~B) are the dissociation energies of

(77)

(78)

(79)

(80)

(81)

(82)

(83)

the dimers A2 and 52 and X, and XE are the corresponding

A

electronegativities.
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The dissociation energies of the alkali metal

molecules Lizr Naz, Kz, Rb, and Cs together with

2 2!
the electronegativities, are given in Table XXIX.

In the previous work69}

, the dissociation energies
and the ionization potentials of the molecules NalLi,
NaK and KLi have been determined; and the following

relation was found:

I.P.(A-B) = 1/2 {I.P.(Az) + E.P‘(Bz}3 (84)

where I.P.(A-B) is the ionization potential of the
heteronuclear diatomic alkali metal molecules,
I.P.(Az) and I.P.(Bz) are the ionization potentials

of the dimeric alkali metal molecules Az and Bz,

Finally, the calculated dissociation energies
and the ionization potentials for alkali metal com~
pounds ,together with the experimentally determined
values,are given in Table XXX, The binding energies
of the alkali metal ion molecules were deduced by
using the values given in Table XXIX ; and the calcu-

lated results are shown in Table XXXI.

It is seen that there is good agreement between
the experimental values and those calculated from

the equation of the Pauling model.
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Table XXIX: The Dissociation Energy and Electro-~
negativity of the Alkali Metals

Molecule Dissociation Electronega-
Energy 51) tivity 76)
8]
DO(kcal/mol)

Li, 25.5 1.0
Na, 17.3 0.9
K, 11.8 0.8
Rb, 10.8 0.8
Cs 10.4 0.7
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Table XXX: Comparison of the Calculated Ionization Potentials
and Dissociation Energies of Alkali Compound Molecules

with those of Experimental Values

S—
I-Pecalce I'P‘expt Pralc Dgexpt
Molecule {eV) {(eV) {(kcal/mol) {(kcal/mol)
NaLi 4.88 4,94 21.63 21.40 20.7
4.5
Nak 4.45 14.78 14.60 14.6
4.57
NaRb 4,18 14.28 14.05
NaCs 4.05 14.77 13.85
RbLi 4.16 19.07 18.15
CslLi 4.03 20.02 17.95
CsK 3.60 11.33 11.10
CsRb 3.33 10.83 10.60
RbK 3.73 11.3 11.30

KLi 4.43 4.69 19.57 18.70 18.70



Table XXXI: The Binding Energies of the Hetero-

nuclear Diatomic Alkali Metal Ions

Ion Binding Dissociation
Molecule Energy Products

[¢]
Do(kcal/mol

LiNa™® 31.10 Lit + Na
Lik™” 34.84 it + x

LiRb" 47.39 LiT + Rb
vics® 51.33 Lit + cs
Nak " 27.69 vat + K

NaRb™" 36.34 Na® + Rb
Nacs™ 39.82 Na® + Cs
KRb™ 25.35 k¥ + Rb
kest 28.37 kKt o+ cs

rRbcst 30.28 rRbT + Cs
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THERMOCHEMISTRY OF THE SYSTEMS

Li-0 AND Li-C-N

The chemical elements O, C and N could be
present in lithium as impuritiesg:; or when the con-
centrations of O, C and N in lithium exceed a

2 2C2 and

Li3N could be formed. Therefore, knowledge of the

physical chemical properties of the systems Li-0,

certain limit, new phases such as Li.,O, Li

Li-C and Li-N is important for the interest of

basic science, as well as for fusion technology.

Thermodynamics of the Molecules Lizoz(g} and LiBO{g)

When the platinum Knudsen cell loaded with
pretreated lithium oxide was heated to above 1170 K,
the ions LiT, ni.¥, nio®, ni.o*, ri0" and ri ot

2 2 3 272
were observed; and the experimental results suggested
that the ions were formed by direct ionization of the

corresponding neutrals .

The measurements of the gaseous isomolecular

exchange equilibra:

LiO(g) + Li,(g) = LiBO&ﬂ + Li(g) (85)
2Li§3@ﬁ = Li3Q(g) + LiO (g) (86)

Li,0,(g) + Li,(g) = 2Li,0(9) (87)



and

Li,0,(g) + Li,(g) = Li,O(g) + LiO(g) (88)

were carried out at temperatures between 1360 and
1670 X, The eguilibrium constants for the reactions
were calculated from the measured 1on intensities

using the relations:

I(Li30+)I(Li+)

‘85
R + R
I(Li,0M)1(Li,")
I(Li3o+)I(LiO+)
K86 - . {(90)
Iz(Li20+)
Iz(Li20+)
Kg, = (91)

. -+ .+
I (Li,0,")T(Li,")
and
I{Li30+)I(LiO+)
Keg = N N (92)
I(Li,0,7)T(Li,")

The Gibbs energy functions of Li30 and Lizo

were calculated by using the estimated molecular

2

parameter82313@, The third law results together with the
second law enthalpies for reactions (85, (86), (87)

and (88) are given in Table XXXII.
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By combining the third law values with the
dissociation energies:D;(Liz) = 25,5 + 1.5 kcal/mol,
Dy (Li0) = 80.5 * 1.5 keal/mol and D (Li,0) =
178.3 * 1.1 kcal/mol, the following atomization
energies were obtained:
= 279.1 + 4.0 (without O-O bond)

O
DO{L1202)

Dg(Li202) 293.4 + 4.0 (with 0-0 bond)
and

DZ(LiBO) = 228.7 + 2.0 kcal/mol

It is seen that within the experimental error
of the measurements, there is good agreement between
the second and third law values for the reactions
involving the Lizo2 molecule with an 0-0 bond. The
fact that there is excellent agreement on the vibra-
tion freguencies between the theoretical work of

24)

Yates and Pitzer , and the infrared work of Andrew523)
makes it reasonable to recommend the structure of
LiZOz with an 0-0 bond, and an atomization energy

O
DO(LiZOZ) = 293,4 + 4,0 kcal/mol.

By using the same error treatment as mentioned
previously , the final results of the atomization

energies were obtained:



F1.1

115

o]
DO(Li202) = 293.0 * 12 kcal/mol (with 0~0 bond)

(o]
DO(Li3O) = 229.0 = 10 kcal/mol

Binding Energies of the Ion Molecules Li30+ and

. +
L1202

The ionization potentials of Li202 and LiBO
were measured as I.P. (Li3o} = 4.54 * 0,2 eV and

The binding energies of the ions were found to

be as follows:

.ot . + o . .+

Ll30 -+ 3Li + O DO(L13O y = 438.,0 * 15 kcal/mol
. + .+ . Q . -+

LlBO - Li 4+ 2Li + O DO(L13O y o= 249.0 * 10 kcal/mol
. + , + ° . +

Li. O > 2Li + O + O D.{Li,O, } = 425.0 * 16 kcal/mol
272 0 272
. + .+ . ° . +

leoz -+ Li 4+ Li + 20 DO(L1202 ) = 236.0 * 10 kcal/mol

Finally, combining the atomization energy of

Lizoz(g) and LiBO(g) with the heat of formation of

o
Li(g), AH, = 38.5 + 0.1, and the dissociation energy

0
m;(oz) = 117.97 + 0.1 kcal/mol, yields the following

o}
heats of formation: &HO(Lizez) = =(98,0 + 12} kcal/mol

and AHS(LiBO) = -(54.5 * 10) kcal/mol.
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Table XXXITII: The Thermochemical Properties of the Molecules

in the Li~0 System

Molecule Heat of Formation Atomization Tonization
AHg(kcal/mol) Energy Potential
D;(kcal/mol) I.P. (eV)
LiO 8.3 + 3.32) 89.2 + 3.3%) 8.96 + 0.22)
16.5 + 1.5 80.5 + 1.5°) 8.45 + 0.2°)
16.0 + 5.0%) 80.9°) 8.60 + 0.2°)
Li,0 -42.3 + 1.13) 178.3 + 1.1%) 6.41 + 0.22)
-43.7 + 2.5 178.9%) 6.19 + 0.2P)
6.9 + 0.3
Li0 -54.5 + 10%) 229.0 + 10%) 4.54 + 0.2%)
Li,0, -98.0 + 123 293.0 + 122) 7.88 + 0.2%)
a}this work
b)Hiidenbrand
c)

White et al.
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The thermochemical properties of the neutral

molecules in the Li-0 system are given in

Table XXXIII.

Thermodynamics of the Gas Molecules LiNC and Li NC

2
The alkali cyanides in both the gas and solid

phases provide a rich and topical field of study.

Near Hartree Fock molecular orbital calculations

on the gas molecules LINC and LiCN have been carried

out by B. Bak et 31.70). In further theoretical

calculations, E. Clementi et al.gg} have shown that

the equilibrium configuration is the linear iso-

cyanide LiNC,

An ab initio molecular orbital study of NaCN
and KCN has been made by M.L. Klein et al*72); and
the rotational spectrum and structure of KCN have

been investigated experimentally by T. Torring

et al.?3)*

The existence of the gas molecules LiNC and
Li NC has been proved experimentally by mass spec-

trometric measurements.
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The experimental procedure in this study is the
same as described in the paragraph on the Li4(g)
molecule, To minimize the interference contributed by
impurities such as Na, K and Mg in the lithium sample
in the identification of gas species, three different
compositions of lithium have been used in this

series of experiments: enriched 6Li > 97 % and natural

lithium ('Li = 93 %2, °Li = 7.0 %), as well as mixtures

o3

of ®Li and natural lithium (°Li = 56.8 %, 'Li = 43.2 2).

The commercial lithium contained a few hundred
ppm of nitrogen, and some tens of ppm carbon as im=-
purity. One could expect that the nitrogen pressure
will not be too high when lithium is vaporized for mass

spectrometric analysis.

The experiments were carried out at temperatures
between 973 and 1313 K, and the following gaseous

equilibria were measured:
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LiNC(g) + Li(g) = Liz{g) + NC(g) (93)
Li,NC(g) + Li(g) = LiNC(g) + Li,(g) (94)

Li,NC(g) + Li,(g) = LiNC(g) + Li,(g) (95)
and the equilibrium constants were evaluated from

the measured ion intensities, using the following

relations:

1(L12+) x T(NCT)

Kgz = N
T(LiNC') x I(Li)
1(ninct) x I(Liz+)
Kog = N N
I(LizNC }) x I(Li)
and
r(uinct) x 1(xiy)
K o
7 rinct) x T(mih
1o X 2
F2.1 Gibbs Energy Functions and Enthalpies of the Molecules

LiNC and LizNC

The existence of stable molecules LiNC and LiZNC
has not been demonstrated experimentally prior to this
investigation; and the structures of these molecules

are not known,
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For the calculation of Gibbs energy functions
and the enthalpies, a linear configuration of LiNC
and two different structures for LiZNC, Li~-NC~Li
and NC<:£§ (<110°) are assumed. The parameters of
the molecules which have been used for the calcula-

tion and the thermodynamic functionsare given in

Tableg XXXIV, XXXV, XXXVI, XXXVII.

The Thermochemistry of the Molecules LiNC(g) and

LizNC(g)

The measured equilibrium constants and the third
law enthalpies of the reactions (93), (94), and (95)
as a function of temperature are given in Tables XXXVIII,

XXXIX and XL.

Combining the third law values for reactions
(93), (94) and (95) with the atomization energies:
° _ 51)
DQ(NC) = 178.0 + 5 kcal/mol

32)

RS

&)
DO(Liz) = 25,5 1.5 kcal/mol

and
32)

T4

o
DO(LiB) = 41.5 4.0 kcal/mol

vields the atomization energies for LiNC and LizNC:

o
Do (LiNC) = 232.0 * 8 kcal/mol
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D, (Li,NC) = 270.0 * 10 kecal/mol
for linear configuration, and

Dy (Li,NC) = 265.0 * 10 keal/mol
for the structure N*C::ii ( <110%).

The stabilities predicted by B. Bak et al.’®)

~254.0 kcal/mol and ~262.8 kcal/mol, respectively,

agree well with the results of this experiment.

Binding Energies of the Ion Molecules LiNC+ and
Li,NC*

The accurate determination of the ionization
potentials of LiNC and LiZNC has been carried out by

the extrapolated voltage difference method.

The ionization potentials of LiNC and LizﬁC
were determined as 8.79 £ 0.2 eV and 7.70 = 0.2 eV
respectively. When the measured ionization potentials
and atomization energies of LiNC and Lizmc are combined

with the following ionization potentials:
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I.P.(N) = 14.53 + 0.12 ev

I.P.(C) 11.3 £ 0.2 eV

i

and

I.P.(Li} = 5,392 eV,

the binding energies that are deduced are given in

Table XLI.
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The Parameters

and Li.NC

2

of the Molecules LiNC

Molecule Vibrational Frequencies Bond Bond
and Degeneracies Distance Angle
“9 = 250 em ' (2) Li-N
-1 1.764A LN~
LiNC w, = 787 cm (1) O
2 N=C 180
wy = 2371 em™ V(1) 1.156A
_ -1
Wy = 120 om (1)
w, = 210 em™ ! (1)
N~C Li
_ -1 . S
Wy = 230 cm (1) 1.156A N C\\L‘
i
w, = 652 em™ ! (1) Li-c | .
1.921A < 110
wg = 815 em™ ' (1)
wg = 2363 em™ V(1)
LiZNC
_ . -1
wy = 127 cm (2) Li=N
w, = 330 em” ! (2) 1.764A
iy N-C Li-N-C-Li
w3 = 625 cm (1) 1.159A 180°
wy = 830 cqu (1) C-Li
-1 1.9214
= 2396 cm (1)
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Thermodynamic Functions of the Molecule

LiNC

_ OmHO
. quﬂz (GTT o’
(K) cal mol™ " cal mol” ! g1
298 2735.5 45,0998
300 2756.2 45,1567
400 3904.8 47.8822
500 5102.9 50.1101
600 6338.5 52.0036
700 7605.7 53.6553
800 8800.4 55.1235
900 10219.1 56.4474
1000 11558.8 57.6545
1100 12916.5 58.7649
1200 14289.6 59.7939
1300 15676.1 60.7530
1400 17073.9 61.6518
1500 18481.5 62.4975
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Table XXXVI: Thermodynamic Functions of the Molecule

Li=-N-C~Li
T Ho - HQ *{Gﬁ - H.}
T T 0
T

(X) cal mol cal mol” ! K7
298 3550.3 50.0890
300 3579.3 50.1627
400 5203.3 53,7499
500 6915.8 56.7449
600 8689.0 59,3263
700 10508.3 61.5998
800 12364.8 63.6342
900 14252.2 65,4771
1000 16165.4 67.1630
1100 18100.4 68.7176
1200 20053.7 70.1606
1300 22022.5 71.5074
1400 24004.6 72,7705
1500 25997.8 73,9599
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Thermodynamic Functions of the Molecule
Li

Table XXXVIT:

N-~C< ( <110°)
Li
o O o] o]
T Hy - HO —(GT HO)
T
-1 -1 =1
{K) cal mol cal mol K
298 3603.2 55.3710
300 3631.1 55.4459
400 5188.4 59,0522
500 6822.4 62,0220
600 8511.0 64,5591
700 10242 .4 66.7804
800 12008.8 68,7596
900 13804.6 70.5470
1000 15625.1 72.1782
1100 17466.5 73.6796
1200 19325,5 75.0710
1300 21199.5 76.3683
1400 23086.2 77.5836
1500 24983,7 78.7270
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Table XXXVIII: Third Law Enthalpies for the Reaction

LiNC(g) + Li(g) = Liz + NC(g)

T K ~AT(Go = H) /T AH

r ~ Hy 0
(X} {cal mol“i3 K”Q) {kcal molm})
1263 1.055 x 1073 ~7.242 26.35
1223 7.949 x 107% -7.266 26.23
1183 1.321 x 1074 -7.290 29.61
1123 2.435 x 107> -7.327 . 31.93
1093 3,968 x 107° ~7.345 30.04
1023 5,357 x 107 ° ~7.383 27.54

28.62
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Table XXXIX: Third Law Enthalpies for the Reaction:
Li ,NC(g) + Li(g) = LiNC(g) + Li2(g)

2
O [4] ‘A o
T K =AL(Gy = H) /T] H,
(K) (cal mol™ ! k™1 (kcal/mol)
L - 0 /Li CO - 3 /Li
Li-NC-Li NC“Li Li-NC~Li NC\Li

1263 1.00 x 10 5.323 4.511 x 10~ 12.487 6.333

1223 8.174 x 1072  5.359 4.631 x 10| 12.640  6.652
1183  6.019 x 1072  5.394 4.751 x 10" ' 12.987 7.168
1163  5.183 x 1072 5.410 4.811 x 10" 13.130  7.398
1123 4.025 x 1072  5.442 4.931 x 10" 13.280 7.722
1093 3.424 x 1072  5.467 5.029 x 107" 13.300 7.878
1023 3.759 x 1072  5.537 5.410 x 10" ' 12.333  7.223
973  2.539 x 1072  5.587 5.530 x 10° ! 12.538  7.640

12.837 7.252

6.449 * 0.220 kcal/mol

o
Second law value: AH?118 =
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Table XL: Third Law Enthalpies for the Reaction:
LiZNC{q} + Liz(g} = LiNC{g) + Li3{g}
T ] O O
~AL(Gy - Hy) /T] am,
(K) (cal mol”! ™1 (kcal/mol)
N _Li o _Li
Li-NC~Li NCI 13 Li-NC-Li NC— %
973 1.943 x 1073 8.414 3.382 20.26 15.36
1023 1.170 x 10°°  8.405 3.401 22.32 17.20
1093 8.428 x 10°%  8.391 3.427 24,55 19.12
1123 8.214 x 10°%  8.385 3.437 25.29 19.71
1163  1.198 x 107> 8.377 3.449 25.29 19.56
1183 5.885 x 104 8.373 3.455 27.39 21.57
1223 4.627 x 107 8.384 3.488 28.91 22.93
1263  3.692 x 10°%  8.408 3.536 30.46 24.30
1283  3.263 x 10°%  8.420 3.560 31.27  25.03
1313 6.307 x 107> 8.447 3.602 24.31 17.95
23.47 18.55
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Table XLI: The Binding Energies of the Ions rinct

and Li.NCT

2

Ion Molecule Products of

Reaction

Binding Energy
Q
Dc(kcal/moi)

mt+ v +c
ninc’ i + N+ C
i+ N+ cf
A ,
Li + Li + N + C

i nct 2Li + NT + ¢

2Li + N + ¢

154.0
364.0

290.0

217.0
212.0

427.0
422.0

353.0
348.0

i+ i+

i

I+ 1+

4+ 4

4

I+

{linear)
(< 1109}

(linear)
(< 110°)

{linear)
(< 110°)
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CONCLUSIONS ON AND IMPLICATIONS OF THE USE OF

LITHIUM AND LITHIUM OXIDE AS BREEDING MATERIALS

IN FUSION REACTORS

It is seen that the quadrupole mass filter
combined with RF heating has been successfully applied
to high temperature chemistry74). The favorable advan-

tages of the quadrupole mass spectrometer are:

1. High sensitivity, combined with high efficiency,
particularly for the identification of molecules

of which the concentrations are very low.

2. High dynamic range; in a usual case a dynamic
range of 107 can be attained easily, and it may

even be extended to ?09.

3. The optimal geometrical arrangement in the appara-
tus can easily be achieved. The distance between
the cell orifice and the electron beam of the ion
gsource is only about ~3 cm; this makes it
possible to identify the molecules at low concen-
trations. The disadvantage of the guadrupole mass
spectrometer, i.e. that the sensitivity is strongly
mass dependent, could be eliminated by calibration

of this mass spectrometer.
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o Lizﬁ, Li2H2’ Li30,

LiZOZ, Li3, Li4, LiNC and LizNC have been detected here

experimentally for the first time; the ionization

The molecules LiH®, LiH

potentials of these molecules were determined, and
the ion binding energies were deduced. These results
are compared with those predicted theoretically, so

far as such are available,

The application of the Pauling model has been
demonstrated for the heterbnuclear diatomic alkali
metal molecules., The values which were calculated by
using Pauling's model are in good agreement with the

measured values.

In previous warkég) we have found that the validity
of Sievert's law was confirmed for extremely dilute
solutions of deuterium in lithium; and wvalues for
Sievert's constant were measured between 773 and 973 K
over a concentration range of

0.5 x 10°° < x_ < 1074,

However, at these low concentrations of deuterium

{or tritium) which are of interest for fusion reactor
blankets, and at high temperatures, it is not DZ but
rather the lithium containing species LiD, Lizb, LiDZ,

Li. and Li which are detected and measured.

Liy, Lig 47
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The partial pressures of the gas species in
eguilibrium with liguid lithium as a function of tem-
5

perature at a deuterium concentration of X = 10~

are given in Fig. 10.

The partial pressures as functions of temperature
and the deuterium concentration in ligquid lithium are

given in Table XLII,.

From these results, it can be deduced that at
high temperatures the ratio of the deuterium atomic
fraction in the gas to that in the liguid exceeds
unity, and deuterium is enriched in the gas phase upon
digtillation. This finding has been confirmed by
Rayleigh distillation experiments?S}; the enrichment
factor, R = XD(g)/XD(l)’ is independent of the concen-
tration in dilute solutions of tritium in lithium.
Therefore, thermodynamically, it is possible to separate

tritium from the lithium blanket at very low concentra-

tiongof tritium (XT from 1 to 10 ppm).

From this study it is found that the gas phase
composition over solid lithium oxide (LiZQB is guite

complex.
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Fig. 10 Partial pressures over a solution of 10 ppm deuterium
in liquid lithium.
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Lioc, Li.O, Li30 and Li O, are present if Li O

2 272 2
is used as fusion blanket containing low concentrations

of tritium. One can expect that the tritum will react

with these lithium-oxygen species to form LiXO Tz

Yy

species, which complicates tritium recovery from a Lizo

blanket.

The compatibility of lithium oxide with structual
materials has been studied by means of vaporization.
It is found that the partial pressures of the gas species

over solid Li,O are dependent on the choice of the

2
structural materials. Fig. 11 shows the partial pressures

of lithium over Li, 0O as a function of temperature for

2
different materials used as Knudsen cells. The very
pronounced increase in the lithium pressure in the

presence of molybdenum or graphite is probably caused

by formation of the volatile oxides L12M004 and CO, with

an associated reduction of oxygen pressure in the system.
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Fig, 11 Partial pressures of lithium over Li.O as a function of
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temperature for different materials used as Knudsen cells.
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