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As a further test of the me(hod of Wigner and Sexu.
(for the calculation of the energies of the
metals), the pressure variation of the compressibilities of
the alkali metals is determined and compared with recent

relative change in volume with pressure in close agree- ..
with Bridgman's results. The constants so deter:
agree fairly well with Frohlich's theoretical values. (
pressibilities of Li and Na, as obtained from the ;

experimental results of Bridgman which extend to pres

of the order of 45,000 kg/cm®. Frohlich's app
analytic expression for the dependence of the energies of
the alkali metals on volume suggests the following semi-
empirical form:

W=a/v4-b/vt—c/1h.
If the parameters are determined from (1) the lattice

constant, (2) the energy, and (3) the compressibility (all
at zero pressure), the expression gives values for the

I. INTRODUCTION

RIDGMAN! has recently obtained rough

experimental values of the compressibilities
of a large number of the more compressible
substances in the pressure range extending to
about 45,000 kg/cm?. Of particular theoretical
interest are the results he obtained for the alkali
metals. Thanks largely to the work of Wigner
and Seitz,? it is possible to make fairly accurate
calculations of a large number of properties of
this particular group of metals. A calculation of
the compressibility and its variation with pres-
sure provides a very sensitive test of the general
methods.

The instantaneous compressibility, K, of a
metal at the absolute zero of temperature is
determined from the energy, W, by means of
the following equation :

1/K = —v(dp/dv) =v(d*W/dv?), 1))

where v is the volume of the metal and p is the
pressure. Our problem is thus the calculation of
the energy of a metal as a function of volume.
We have given, in the preceding paper,® a
calculation of the energies of Li and Na. In
Section 111 of the present paper, we discuss the

‘Sov:ic!gof Fellows.

1 P. W, Bridgman, Proc. Am. Acad. 72, 207 (1938).
1E. \\"gnet nndl' Seitz, Phys. Rev. 43, 804 (1933); 40

509 (1934). E. Wigner, Phy! Rev. 46, 1002 (1934);

Seitz, Phys. Rev. 47, 400 (193
'(Bl the present issue. Tlm paper will be referred to
as

exact and f | calculations of the energies ; -
in the ling paper, are pared with the 1.
mental \ﬂ'\.lcl Theoretical values for Na :xre n g
agreement with but the cor g Vi

for Li are about fifteen percent too high. It is su\
that the polymorphic transition in Cs, which occurs .
pressure of about 22,000 kg/cm?, is a transition from
normal body-centered to a face-centered form, resu

i
from the nonelectrostatic interaction energy of the .. |

which favors close packing.

compressibilities and their vagiation with pr
sure. Frohlich® has given an approximate o
pression for the energy of an electron in .
lowest state. Using the free electron value |

the Fermi energy, he has determined the in:

compressibilities of the alkali metals, and «

tained rough agreement with experiment. °
modification of Frohlich's procedure is discus
in Section II. At the end of the paper, we givr
brief discussion of the polymorphic transiticn
Cs, discovered by Bridgman.

11. SeM1-EMPIRICAL CALCULATION OF THE Vb
ATION OF THE COMPRESSIBILITY
WITH PRESSURE

In the present section we assume that i
energy of the metal (per atom) is the sum
the energy of an electron in its lowest stat, /
and the Fermi energy, F. We neglect the sm
correction term to the interaction energy of 1"
valence electrons (given by Eq. (29), reference
and also the nonelectrostatic interaction encis'
of the ions.

According to Frohlich,* for values of r, 7
the energy minimum (or, in the neighborhe:
of the normal lattice constant), the energy /
(in atomic units®) is given by the folluw~

¢ H. Frohlich, Proc. Roy. Soc. 1584, 97 (1937): Ewi
nentheorie der Metalle (Berlin, 1936) p. 272.

* Unit of energy is the Rydburg (1£5 ev); unit of lerd
is the Bohr radius (0.528 X10"* cm).
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oximate expression,
3/r, )

e 1 is the radius of a sphere of atomic
me (s sphere). The repulsive energy is
| esely proportional to the atomic volume, and
. sttractive energy, resulting from the inter-
.n of the valence electrons with the positive
. is inversely proportional to the lattice

Ey=a/r}—

-tant,

“e assumptions on which this formula is
.4 are not very clear from Frohlich's treat-
.. It is not difficult to show that (2) follows if

=@=/3)r2[p(r) F=1, @)

in other words, if the value of the wave
ion at the boundary of the s sphere is
.l to its mean value. This relation must hold
. Il values of , for which (2) is to be applied.
«would expect that (3) will be approxnmately
Jied if the wave function of an electron in
iwest state is fairly flat throughout most of
wolume. There is reason to suppose that this
be the case for values of 7, near the actual

" mic radius, since both (dyo/dr),-r, and

I—

.+ dr),r vanish when Ej is a minimum.*
{0 derive (2) from (3), let us set R=ryo, SO
.+ the Schrodinger equation for R (in atomic
15) is:
d*R/dr*=(V(r)—Eo)R. (CY)
-+ potential V(r) is that of a free (positive) ion.
- boundary condition of Wigner and Seitz® is:
dR/dr=R/r at r=r. (5
h Ey and R are functions of r,, the point at
ch the boundary condition (5) is to be
fied. Denoting derivatives with respect to
v a prime, we have, differentiating (4),

d*R’/dr*=(V(r)— E)R'—E/'R, (6)

* that, multiplying by R, integrating, and

“king use of (4) to eliminate (V—EqRR’, we
“din:

[“Rdr= f “[R/(@R/dr)— R@R'/dr*) Xir
J L

=[R/(dR/dr)—R(dR'/dr)]ec . (1)

i ' a dllunuon of this point, see N. F. Mott and H.
Theory of the Properties of Metals and Alloys,
= «d 1936), p- 79. Values of « for Li and Na are tabu-
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Differentiating the boundary condition (5) with
respect to r,, we have:

[(@R/dr)+(dR'[dr)]omr,=[R /¥ rmr,  (8)

Making use of this relation, we can eliminate R'
from (7) and obtain

Ed f Redr=[R(@R/dr) Jomr,
=[V(r.) = Eo(r)IR(r)%. (9)

We thus get the following differential equation
for E,, if condition (3) is satisfied :

dEo/dre=3/r)[V(r)—Es(r)].  (10)

Frohlich’s result (Eq. (2)) is obtained by in-
tegrating (10) with V(r)=—e*/r.. The latter
will hold for values of r, larger than the radius
of the ion core.’

It is, of course, impossible to tell a priori
whether or not Fréhlich's formula will hold
without making an explicit calculation of the
wave functions using the actual potential of the
jon, as Wigner and Seitz have done for Na and Li.
Eq. (2) does give fairly good values for these
metals. We will use, for comparison with the
experimental data (of all the alkali metals) an
expression of the form:

Eo=a/r}—c/re, (11)

treating @ and ¢ as empirical constants. The
value of ¢ so obtained is then compared with the
theoretical value (3) given by Eq. (2).

The Fermi energy F, expressed in atomic

units, is
F=2.21a/r, (12)

where « is the effective number of free electrons
per atom. If the electrons are free, a is equal to
unity. In general, « may be either greater or
smaller than unity, and may be a function of ..

It is known that the value of « for Li is much
less than unity, and decreases as 7, decreases,
while for Na, a is slightly greater than unity and
increases slowly as 7, decreases.* As a first approx-
imation, we may assume that a=1, so that the
Fermi energy will be inversely proportional to
the square of the lattice constant.

T The author is indebted to Professor E. Wigner for a
discussion of Frohlich's formula.
* Tables I and 11, reference (I).
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Equations (11) and (12) suggest the following
type of equation for the energy of an alkali

metal :
W=A(vs v)+B(ve/v)1 — C(ve/v)},

of an electron in its lowest state;

(1) The lattice constant ;

(2) The energy, given by the sum of the
ionization potential and the atomic heat of

sublimation, and
(3) The compressibility, K.

The values of the constants so obtained are
checked in two ways. First, the empirical values
of B and C are compared with the theoretical
values given by Egs. (12) and (2). The semi-
empirical equation is then used to determine the
change in compressibility with pressure (or, what
amounts to the same thing, the relative change
in volume with pressure) and the calculated

values are compared with experiment.

Since the energy is a minimum when v=u,

(or p=0) we have:

2C/3=24+4B/3. (14)
The energy at zero pressure is given by :
—W=24+B. (15)

Finally, the compressibility at zero pressure

gives the relation:

3/Ko=24+2B/3.

of C given by Eq. (14).

Table I gives the relevant data for the calcu-
lation of A, B, and C for the alkali metals.
Row (d) gives the energies, obtained from the
sum of the ionization potential and the atomic
heat of sublimation. The compressibilities, given
in row (e) were obtained by extrapolating the
experimental results, taken at room temperature,
to T=0°K by means of the Debye equation of
state, as discussed below. From the values given
in these two rows, the constants 4 and B were
determined by use of Egs. (15) and (16): the

(13)
where 4, B, and Care independent of the volume,
and v, is the atomic volume at zero pressure.
The first and third terms come from the energy

the second
from the Fermi energy. To determine the values
of the three parameters, the following experi-
mental data are used (all refer to 0°K and p=0):

(16)
To obtain (15) and (16) we have used the value

BARDEEN

results are given in rows (f) and (g). Ro,

gives the values of $C obtained by substir,
these values of 4 and B into Eq. (14). Roy
gives the theoretical values of B as oy,

from Eq. (12) under the assumption that ,
(free electron value). Row (k) gives the

retical values of §C obtained from Eq. (2
“rohlich.

The empirical values of B, depending on
small difference between rows (d) and (e,
not at all accurate, but they are rather sma!

all metals except Li. The anomalous value f-
results from the fact that « is not constant.
decreases as the volume decreases. The [

energy cannot be expressed as a single term. !

is given in fair approximation in the regio:
interest by the difference between a large po-

term inversely proportional to the square of -
lattice constant, and a negative term inver.

proportional to the volume, The negative v,
of B obtained for K may pel’ilaps be explu:
in a similar fashion. The differences between

theoretical and experimental values of B for \
Rb and Cs, are probably within the rather L.

experimental uncertainties.

A much more significant test of the theor
obtained from a comparison of the empirical .
theoretical values of C given in rows (i) and

The agreement is good for all metals except *
for which the empirical value is somew:.

smaller than the theoretical.
As a second (experimental) test of the se
empirical equation (13), we compare the rels

TAIL:[F"' of the p in the
equation for the tuerglr: of the alkals =

W-A(v./t)-l—B(v./v)m—L(v./l')”‘
of B are obtained from the free electron formula for |
energy; theoretical values of C are obtained from Frox-
Jormula for the energy of an electron in its lowest state. i +
row @, 107 cm?*; rows b and ¢, ev/atom; rows d lo },
erg/atoms.

MeTat Li Na K Rb |

a Atomic Volume () 207 |38.5 % 86 td
b | Tonization Potential $37|7802| 482 ee
< Hrﬂ of Sublimation? 1L70) 113 03806 0=
d u2| o8 | s2 i
. h A“’ 84 924 89 sl
( Memp) 14 | 43 | sa 42
£ n.) a4 [ 12 | =21 | -006

R(lhtcr.) 4.5 | 30 23 15
i| w23Clemp.) 139 | 103 is i
i /) Citheor.) 132 1108 88 81

! Bictowsky and Rossini, Thermochemisiry of Chemical Swtses”
(Reinhold., 19.
* From !nd.m data, extrapolated to T’ =0°K.

The theoretical -
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. .ze in volume with pressure given by the
. with the experimental values of Bridg-
' It is first necessary to extrapolate the
+ «ved values to T=0°K. To do this, we use
; Debye equation of state,” although it
4 ably does not apply accurately to the alkali
_ls. The Debye equation is:

} p=— (dW/dv)—3kT(d6/0dv)D(6/T). (17)

' « Wand v are the energy per atom and the
. aic volume, respectively, and @ is the charac-
i .ic temperature. The function D(x) is de-
i
;al by:
T * pds
D(x)——-

0 ef— ‘

(18)

-small x (T large), D(x)=1. The value of
4 Jvis obtained from Griineisen’s law :
3a/K = —(d0/dv)(c./0), (19)

shich « is the linear coefficient of thermal
nsion,* K is the compressibility, and ¢, is
atomic heat capacity :

¢,=3k[D(6/T)—(6/T)D'(6/T)].  (20)

ng (19) and (20), we have, for small values

p=—(@W/dv)+A4p, (1)
“re
' (3aT/K)[1—(30/8T)
+(1/10)(0/T2—-++1. (22)

The second term of Eq. (21), Ap, represents
“ pressure due to the thermal motion of the
< which must be subtracted from the ob-
“ed pressures (at room temperature) to obtain
pressure at T=0°K. Although this term
~wnds on the volume, the change is probably

very great except at very high pressures.
“his region, the correction term is but a small
tion of the total pressure. We have therefore
imed that Ap is independent of volume, and
determine its value we have used the values
+. K, and 6 for zero pressure and room tem-
“iture, Table 11 gives the values of Ap for the
«lis, together with the relevant data used in

¢ for example, J. K. Roberts, Heat and Thermodynam-
Lackie, 19.

v m‘.be :ozfuxd with the effective number of free
~ vns per atom, for which the same symbol has been
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the calculation. The total relative change in
volume due to thermal expansion from room
temperature down to 7'=0°K is also given.

A plot of the relative change in volume of the
different alkalis as a function of pressure is
given in Fig. 1. The heavier lines represent the
experimental values extrapolated to the absolute
zero of temperature; the lighter lines are the
theoretical values obtained from the semi-
empirical formula (13). From this equation we
find

=y'y—1)[24+3B+A4(—-1)],
y=(ﬂn/")'~

The values of 4 and B which were used are
given in rows (f) and (g) of Table I.

The agreement is good for all metals except
Rb. Professor Bridgman informs me that the
initial compressibility for this metal is less certain
than for the other alkalis. The initial com-
pressibilities were used in the determination of
the parameters, so that the slopes of the theo-
retical curves agree with the slopes of the
experimental curves at the origin. It is the shape
of the curve which is important for a test of the
validity of the theory. The shape is determined
mainly by the factor y*(y—1) in Eq. (21).
(The term A(y—1) in the brackets is small.)

There is a tendency for the theoretical curves
to be slightly above the observed at the highest
pressures. The nonelectrostatic interaction en-
ergy of the ions, which we have neglected, is not
large enough to account for this discrepancy.
The general agreement would have been better
if the parameters had been adjusted to make
the experimental and theoretical curves match at
some high pressure, rather than to fit the initial
compressibilities.

(21)

with

I11. CompRrESSIBILITIES OF Li AND Na

It is much more desirable to have a calculation
which is based on fundamental principles, so that
there are no parameters to be determined from
experiment. In order to determine the com-

pressibility and its variation with pressure, it is
necessary to have an accurate calculation of the
energy as a function of volume. Such a calcula-
tion for Li and Na is given in the preceding
paper.? In Fig. 2, we show the theoretical curves
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of the compressibilities as a function of volume,
as determined from these energy values. For
comparison, experimental curves derived from
Bridgman’s data! extrapolated to T'=0°K, as
indicated above. are also given. The abscissa
gives the relative change in volume from the
observed volume at zero pressure. The smallest
volumes correspond to a pressure of about
40,000 kg/cm®. The curves for Na are in very
good agreement, but the theoretical values for Li
are about 15 percent too high. The difference in
the latter case is perhaps due to our neglect of
terms of higher order than those in £* in the
calculation of the Fermi energy.

The reciprocal of the compressibility is given
essentially by the second derivative of the
energy with respect to volume. It is interesting
to note that the second derivative of the Fermi
energy of Li is negative, and that the main
contribution to 1 K comes from the energy of
an electron in its lowest state, E,. On the other
hand, the second derivative of E, is small for
Na, and the main contribution comes from the
rapid increase of the Fermi energy with de-
creasing volume,

IV. PoLymorpuic TraNsITION IN Cs

At ordinary pressures, the alkali metals are
body centered. It is not yet known why this
structure is preferred over, for example, the
close packed cubic structure (face centered).
Fuchs' has shown that, for equal atomic volume,
the energies of the valence electrons in the two
structures differ by only about 107 ev per
electron. He attributes the face-centered struc-
ture of the noble metals (Cu, Ag and Au) to the
repulsion between the closed d shells of the ions,
which naturally favors the close packing. The
nonelectrostatic energy of the ions in the alkali

TasLe 11. Data used in the extrapolation of Bridgman's
results to T=0°K. ¥ o

MeTaL Li Na K Rb Cs

X104 5.6 ) 83 9.0 9.7
sIA') X107 (dynesicm?) | 120 58 L)) 2 19

. 15 |05 | 040 |"020 | 020
:Xlﬂ“ (dynesjcm?) s 28 20 16 L5
-'—.1'- (cale)) 0.031| 0.043| 0060| 0.080| o084

* K. Fuchs, Proc. Roy. Soc. A151, 585 (1935).
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© 20 30 «©

PRESSURE « 107 (DYNES /CM")

FiG. 1. Relative change in volume of alkali mer
pressure. Light lines are theoretical yalues obtai:
the semi-empirical equation (13). Bridgman's expe
data, extrapolated to T=0°K, are represente:
heavy lines. The initial compressibilities have bee:
fix the values of the paramcters in the semiempis
tion, so that the slopes of the experimental and theo:e
curves are in agreement at the origin. The break .-
curve for Cs is due to a polymorphic transition,

metals (resulting both from the exchangr
pulsion and the van der Waals energy) will
be lower in a face-centered lattice than
body-centered lattice, but this energy is so +
at ordinary pressures that it has little influ
on the structure. As the volume is decrei-
the energy of the ions will increase relative!
the energy of the valence electrons, so that
would expect that at very high pressures

alkali metals would take up a close pa+- ©

structure. The rare gas solids are, of o
face centered, and it is likely that the 2
metals are also face centered at very '.
pressures.

The metal for which the transition should :-+
place at lowest pressure is Cs, since it not «

has the largest ion of the alkali metals, but - - :

nas the highest compressibility. Bridgman

sure of about 22,000 kg/cm? The chanir
volume at the transition point is 0.00336 ¢’
and the latent heat, determined from the

i

B 006 oo oss 020 025
-ayM

. 2. Compressibilities of Li and Na as a function of
re. Theoretical values are obtained from direct cal-
ns of the energies (given in the preceding paper);

~ental from Bridgman's data, extrapolated to

i

cn/g (0.2 cal./g). The small latent heat
. ~s that the difference in entropy between the
| phases is small.
i 1 rough test of the theory that the transition
;= to the nonelectrostatic energy of the ions
'« be obtained from the change in volume at
; ‘ransition point. Let the free energy of the
« pressure phase be Fy(r) that of the high
. wure phase be Fi(v), and the corresponding
| mes at the transition point be v, and va.
rssing the condition that the pressures of
w0 phases are equal at the transition point,
“ave, for vy —vy small,

¢ K; is the compressibility of the low

- # wure phase. The right-hand side may be
found a polymorphic transition in Csata ;™ |

sated from experimental data. The result is
*10* dynes/em*." In order to obtain a

““s value is for room temperature. In order to com-

§ oms 3 Ly " xth theory, we should take the value at absolute zero.
in transition pressure with temperature s *° |

"t a knowledge of the thermal expansion in the two
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rough theoretical value for the left hand side of
the equation, we will assume that the main
contribution comes from the difference in the
repulsive energy of the ions in the two phases.
The difference in energy of the valence electrons,
which presumably favors the body-centered lat-
tice, will not change rapidly with volume, so
that the derivative will be small. If we assume
that the van der Waals energy of the ions varies
as 1/r%, the difference between its values for
the body-centered and face-centered structures
is very small.

The exchange repulsion between the alkali
jons has been estimated by Mayer and collabo-
rators”? from an analysis of the alkali-halide
crystals. They find, for the mutual repulsive
energy of two ions a distance r apart,

W=A;exp [(2ri—1)/p], (23)

where, if A is taken to be 1.25X107* ergs, the
ionic radius r,=1.455A for the Cs ion, and
p=0.345A for all the alkali and halide ions.
Using these values, we have estimated the con-
tribution of the repulsion of the ion cores to (22)
and find a value which is only about one-fifth of
that observed. However, direct calculations' of
the repulsion between the rare gas atoms He
and Ne show that the energy can be given
approximately by the form (23), with p=0.21A,
a value much smaller than that of the above
authors. The larger value probably results from
the fact that it is a kind of a mean between the
values for the alkali ions and the halide ions,
and the latter are probably much larger than
the former. If we take p=0.21A for the Cs ion,
and take the same value for 4;(1.25X 107" ergs)
we estimate, from the lattice constant of the
corresponding rare gas solid, that ri~1.75
—1.80A. With these values, one obtains results
of about the right order of magnitude for (22).
Due to the difficulties in estimating the differ-
ence between the energies of the valence electrons
in the two different structures, and also to the
difficulty in estimating the interaction energy of

phases, the change with temperature cannot be deter-
mined, but it is probably not very great. As we are inter-

ested only in the order of magnitude, we use the room-
temperature value. .
12 M. Born and J. E. Mayer, Zeits. f. Physik 75, 1 (1932);
M. Huggins and J.E. Mayer, J. Chem. Phys. 1, 643 (1933).
1 J. C. Slater, Phys, Rev. 32, 349 (1928) (He); W. E.
Bleik and J. E. Mayer, J. Chem. Phys. 2, 252 (1934) (Ne).
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the ions, one cannot be certain, but it does seem
probable that the transition in Cs is from a
body centered to a more close packed structure,
which is probably face centered.

JuLy, 1938
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the First Row Hydrides
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Stehn's formulae for the energies of the first row hydrides, BH to FH, in terms of Heitler-
London exchange integrals have been applied to more recent data. The empirically derived
values for the integrals are now smooth functions of the atomic number, Z. They are also
considered as functions of the internuclear distance, 7., and taken in conjunction with data
on BeH, and with the facts that r, and the forceconstant, &, are smooth functions of Z, but
invariant to electronic excitation, the results show that it is 25— 15 exchange that predomi-
nates in fixing the internuclear distance and force-constant. On the contrary, the dissociation

energies cannot be d to be hly d

of NH is calculated by Stehn’s f 1

on Z, r. or k. The heat of dissociation

after i

INTRODUCTION

RESENT theories of heats of dissociation of
molecules with more than four electrons are
quite crude, and any correlation between theory
and experiment, even for the simplest molecules
would have value in giving theoretical thermo
chemistry a better quantitative basis. Stehn!
made a considerable contribution in deriving
formulae for the energies of the first row hydrides,
BH, CH, NH, OH, FH, in terms of exchange and
Coulomb integrals which can be determined em-
pirically and tested for self-consistency. Since
his publication new data have appeared, and in
this paper the integrals are recalculated. The
three classes of integrals are now smooth func-
tions of the atomic number, and combined with
facts known about the internuclear distances and
force-constants give a more detailed picture of
the orbitals in these molecules,

REDETERMINATION OF THE INTEGRALS

Stehnapplied the usual Heitler-London theory,
building the molecules from a hydrogen 1s elec-
tron and various configurations of the heavy

atom, to obtain expressions for the electronic

- N IR

1]J. R. Stehn, J. Chem Phyt 5 136 (1937).

ing one integral.

energy
W=A4+4a,B+a:K+aJ,.+aJ,,

where A is the atomic level of the heavy :
into which the molecule adiabatically d-
poses, B is an atomic exchange integral, X
exchange of the hydrogen 1s electron w:
electrons plus Coulomb terms, J, and /,
exchange with = or op electrons. The a™
numerical coefficients of the matrix eleny
Stehn noticed that the internuclear distan:~
mains practically the same in all excited stat
any one molecule, so that the J's and K rr
the same, permitting simultaneous equatior
them to be set up and solved. In this applics
then the principal defect of the Heitler-L:-
method, that of nonorthogonality, cancel-
but other corrections, such as higher order 1
destroy the linearity of Eq. (1).

DiscussioN oF THE Data

The excitation energies »mor and ¥Fase <
usually known quite accurately, and some® =

the J integrals can be calculated from them s
But a complete solution also depends on on¢
sociation energy, which is invariably the weot
datum. However, for any one molecule onis

VOLUMy .|

1 . energy need be known, by virtue of the
5, wmown cycle connecting upper and lower
. . dissociation energies, D,/ and D,”,

Yot +Ds' = varom+D.". (2)
e literature on the dissociation energies of
, wries of hydrides has been investigated
?_ ~ughly. In our calculations we have not used
i approximate D's, e.g., [rom the formula
_ {ra,, or from extrapolation to the limiting
ational quantum numbers, but only those
saed from dissociation through rotation,
4 gives an upper and a lower limit to D,,
i CH), or from thermal data, (OH, FH).

=er details

= error in D for CH or NH will not change the values
«r J, or J,, which are obtained from the »'s. The
_tum is reliable, so K of CH is a good point, Fig. 1.
-« is not enough data for the evaluation of all three
7als in the case of BH. However, if J, of BH is
~=ato fit in with J, of C, N, OH, thcn J. automatically
& in with Jy of C, N, OH, and K will fit with the
+4 CH and OH. Since J, and J, of NH fall smoothly
Ser respective curves, we can expect to interpolate
< NH.
wre is no value for the heat of dissociation of NH;
= the appendix we show this interpolated value of K
sably very good.
‘e heat of dissociation of FH can only be obtained
ke help of thermochemical data. Three investigators
«*a heat of formation of +63.0 kcal. To get the
{ svaton energy of FH, the dissociation energy of Fs
needed. This has been evaluated as —62.6 kcal.
~anck’s method from the onset of continuous absorp-
a the spectrum.? This value can be verified from
1+ escopic constants! as follows:
{ ¢ upper state of Fy, I, has an w,=837 cm™ and
i oonicity xwe=140. The formula wl/4xw, gives a
= ol D, that is usually too high, but the absolute
= this case is very small, of the order of magnitude
Jitself, 0.155 ev. Mulliken* has shown that the
¢ v siate dissociates into normal atoms. Hence the
i =raton energy of the lower state, D,”,(which cannot
“.ably determined by w,/?/4x."w.”), is DJ)+vmet
'542.575=2.73 ev or 63 kecal, as above. The D,
“I¥ then is 6.35 ev.
“skpatrick and Salant® obtained bands with high

—_—

wski and Roseini, Thermockemisiry of Chemical
ey (l9.!b) 5

7 Wartenburg, Spren;
*. Bodenstein Festsc

i ner, Molekulspekiren 1, p.

g % Mulliken, Phys. Rev. 36 701 (1930)

¢ G E kukpatnck and E. O. Salant, Phys. Rev. 48, 945

!

Y .

r and Tnylm, Zeits. f. physik.
rift, 6I (19,

ELECTRONIC STRUCTURE OF HYDRIDES

25
20"
15/
10 .
+J
05t
+K,
OBR BH CH NH OH FH

Fi1G. 1. Values in electron volts of the exchange mtegral:
Je and J,, the total Coulomb terms plus 2s*—1s excha ge
K, and the 2p—1s Coulomb term K, as functions of the
atomic number.

| quantum bers in the inf!
polated to get D, =6.1 ev.?

d, and extra-

DISCUSSION OF THE INTEGKALS

The solutions obtained for J,, J,, and K are
plotted against the atomic number Z in Fig. 1
and against the internuclear distance in Fig. 2.
The principal remark is that the integrals are
fairly constant for the series and that the curves
are quite smooth. The values for K especially
have become less erratic than in Stehn's figure,
and show less variation. The fact that fairly con-
stant values are obtained, even though the inter-
nuclear distance has changed markedly (from a
constriction of the wave functions with increas-
ing Z) shows that overlapping occurs to nearly
the same extent and in the same relative
positions.

The integral J, is large, as to be expected. As
will be shown below the equilibrium distance is
fixed by 2s?—1s interchange. The minimum of
J. is beyond this point, because the radius, and
also the maximum value, of a 2p electron in a
“dumbbell” orbital is larger than that of the 2s
electron. The relative positions of the minima
of 1s—2s and 1s—2p exchange can also be

7 Landolt-Bornstein, Tabellen, Vol. 3, p. 2873, state
thermochemical data f,““ D, =120 keal. or 5.2 ev, but
this probably was old thermal data, ibid. Vol. 2, p. 1489 un-

corrvcled (or polym:nzahon. :lnd Vol. 3, p. 2746 and also
Rossini, 2
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