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" THE MOLECULAR-BEAM ELECTRIC -RESONANCE SPECTRA OF
THE LITHIUM HYDRIDES

Elaine Rothstein

Lawrence Radiation Laboratory
and Department of Chemistry
University of California
Berkeley, California

February 1968

ABSTRACT
Radio-frequency spectrs have been observed in the first rotational
state of L17H, L17D, Li6H, and Li6D by the molecular-beam electric-
resonance method. Analysis of the speetra has made possible the deter-
mination of accurate dipole moments and nuclear-hyperfine interaction

constants.
The experimental values are compared to the available guantum

mechanical calculations. The polarizable ion model is also compared

to0 the experiment.
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I. INTRODUCTION

- The first molucular-beam electric-resonance (MBER) spectrometer was

o 1
constructed in 1947 by H. K. Hughes, who obtained a crude spectrum of

CsF. The idea was suggested by I. Rabi as an analogue to the magnetic-
resonance molecular-beam spectrometer2 which had been previously developed.
Subsequently, J. W. Tfischka introduced a new homogeneous C-field, to
obtain higher resolution, and many other improvements,B- Since then MBER
SPeetroscopy has proven to be a valuable tool in obtaining the molecular
electric dipole moments and nuclear hyperfine interaction constants of

the alkalil halides. For ﬁhe,background aﬁd history of MBER spectroscopy,
the reader is referred to a book by N. F. Ramsey,LlL a book by K. F. Smith5
and a review article by P. Kusch and V. W. Hughes. '

The present work is a continuation of “the radio- frequency studles of
the alkali halide molecules using a high resolution electric-resonance
spectrometer. The gpectrometer used in the“present experiments has demon-
strated very good resolution, even at strong Stark fields. This has made
possible an accurate determination of electric dipole moments, as well as
hyperfine interaction constants. This thesis presents the electric-reso-
nance studies of L17H, Li7D, L16H and Li6D -

This thesis compares the experimental results with all available

_ quantum mechanical calculations. The results of the polarizable ion

model are compared to the experiment.

II. EXPERIMENTAL PROCEDURE
A. Introduction

In molecular-beanm electrlc-resonance experiments the molecules effuse

from an oven and are focused or defocused onto a detector. In the vacuum
between the oven and the detector (see Fig. 1) the inhomogeneous electric
fields A and B deflect the molecules along an S-sheped path at resonance.
The homogeneous electric field'in‘the C region removes the degeneracy of
the Imjl states. Perpendicularly to the Stark field in the C region, a
radiofrequency field induces transitions which are detected as an increased

beam intensity at the detector.

.
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Flg. 1. A diagram of a typical molecular-beam MU-28374-D

electrlc-resonance spectrometer set up for
doing "flop-in" experiments.
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BQ . Oven

~ The ovens‘used in thése expérimenﬁs were made from type 304 stain-
less steel with outside dlemeter of %/8 inch and a ten-mil wall thick-
ness. The ends of the 6%-inch-long tube ﬁere plugged and a 1" x 5 mil’
 ‘siit cut 1n thevcenter of the tube. The oven was resistance heated by
passing current through the tube. When the width of the oven slit is
comparable to the mean freé path, the situation is called molecular flow
or Knudsen effusion. The apparat@s was constructed so that this condition
is met by the molecules in the oven and by those travelling from the oven
to the detector. o

Expressing temperature (T) in degrees Kclv1n, pressure (p) in mm of

mercury and the collision cross section (o) in en” (where o is caleulated
from thé hard sphere approximation to be 7 times the internuclear distance

,-squared), the mean free path is derived from the formula:
= T.321 X 10-%0 <—-§%—) in cm. (1)

For LiH at 700° C and 1 mﬁ Hg oven pressure, the mean free path in the

| oven is.lO mils. In the main chamber (see Fig. 2) with pressures on the -
. order ofvlbx 10-6 mm Hg at room temperature, the mean free path is on

the order of 147 meters. At the oven slit of width 5 mils and in the
vertical length of the main chaﬁber (6n the order of 1 meter), one may
consider that thefé are negligible collisions. ZFor a thin-walled aperture
the shape of the molecular beam follows the cosine law, with most of the |
molecules emerging in the forward dlrectlon.

After loading a stainless steel oven with lithium hydride and allowing
the oven to remain at about two hundréd degrees for approximately eighteen
hours, the oven chamber pressuré dropped rapidly, indicating water trapped
in the sémple had boiled off. The temperature was then increased to
500° C.. After a period of eight hours, the oven chamber pressure dropped
a factor of 1000 within a span of twenty minutes. The best spectra (sig-
nal to noise of 80 or 100 to 1) were taken at this time. This téchnique
is more an art than a science. In general, better spectra are obtained
after the oven has been heated ﬁp for a while than at the beginning.of a

run.
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(1) Hot wire and ion accelerator

(2) Glass cover port for optical alignment

(3) Permanent magnet, 60°, l-cm gap

(%), (5), (6), ana (7) Outlets. to liquid nitrogen
traps and oil diffusion pumps

(8) Gate valve and beam flag
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N C. Detection.

Detection is accomplished by surface ionization on a hot tungsten
wireﬂ The 1ntensity 1s of the order of lOl molecules per second im-
pinging on a one mil by ten mil strip of tungsten maintained at approx-
imately 1200° C. The positive ions are accelerated by an electric field
(about 3000 volts for lithium) into the field of a permanent magnet with
a radius of curvature of 5 cﬁ.; from there to a fourteen stage NRC elec-
~tron multiplier, with its firsﬁvdynode maintained at -3300 volts. Pulses
' from the electron multiplier can'either be fed to an electrometer and
dieplayed on a Leeds and Northrup chart recorder or amplified and fed
into a Hewlett-Packard 5253B counter. Radiofrequency is introduced into the
transition region and counted on another HP counter for one second
simultaneously with one second beam intensity count. The frequency‘and
counts are. recorded simultaneously on a HP 562A digital recorder.
Average time per spectra is about ten minutes. Several plots of beam
intensity versus frequency may be added together to reduce noise, or
a multichannel analyzer system mey be used.

,The analyzer has 100 channels and a time base of 5 x lO-u seconds
per channel. The reference voltage generator reproduces the voltage that
the RAMP generator affects in the frequency synchrbnizef (HP 8708A).
This voltage 18 balanced against that from the frequency generator (HP
608F or 606B) for a particuiEr channel end the frequency recorded. The
'RAMP generator generates a voltage of O to 10 volts, variable in fre-
quency, whose starting pulse 1s ‘obtained .from an UPGEN pulse generator.

; The frequency synchronizer locks on a particular frequency and sweeps
a range up to one megacycle wlth the help of the RAMP voltage. After
sweeping spectra for thirty to sixty minutes, the information (channel
number versus counts) is printed out and plotted.
D.I Stark Effect
In the absence of an electric field, the dipole moment of & heterow-

nuclear diatomic molecule averages to zero. In the more formal language,
g non-degenerate system of definite angular momentum cen have no odd
electric multipole moments. The electric field twists the dipole and
gives it a faster rotation when orlented in the direction of the'field.-

&
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¢




where

rotational constant

_rotational angular momentum -
dipole monent '
Stark field

12 12 - are nuclear spins.

c., €
T T2 :
c3 = glgguN (l/r ) where gl and g, are nuclegr g fact?rs.

H B 2 49 o
I

are spin rotation constants

and My is Fhe nuclea; magﬁeton
ey, = electron coupled spin~- spin intersction -
“Ql’ Q2 are nuclear quadrupole moments
4y, 9, are gradlent of the electric field at nuclei 1 and 2

The molecular béam experiment,measures, among other things, the
effective dipole moment, which is a product of permanent dipole moment
squared and the inverse of the rotational constanf. In most cases the
rotational constant.is knowp,,and the experiment measures the dipole
moment. Crawford and Jorgensonll measured the rotational constants for
L17H and L17D. Their B, vélues as given in thelr paper could not be
isotopically corrected to be conslstent with each other. In more recent
'-years, molecular g fa¢t0r512 have been measured. These are proportional
to the moment of inertia of the electrons. When the Be values are cor-
rected, as outlined in the following, the rotational constants can be
isotopically corrected. , Ny ‘

The Esionic) values for Li'H and LiTD were extracted using the
gJ(elec) and Be(exP) velues. Both the gJ(elec) and gJ(nuc) values are
inversely proportional to the moment of inertia, or directly proportionsl
to the rotational qonétant. The measured g velues and the B(ionic)
values were isotopically corrected for 141 end 1180, The Be(cale) valyes

~ were calculated and used to find the necessary B, values.

.
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Using ionic masses in the reduced mass formula and the molecular
mqgnetiC‘moméntle to find the ionic rotational constants from the data
© of Crawford and‘Jorgenspn,ll one obtains 0.563%21 for the ratio of the
'reducéd ionic masses of Li7H to that of Li7D is 0.56529. The value of
‘the equilibrium internuclear distance is 1.59UL3 +0.0000% & . This

ionic rotational constant of Li7D to that of Li7H. The ratio of the

method was applied to find the cdrresponding constants for the other
two isotopes. These rotational constants as well as vibrational frequen-

cies and molecular magnetic moments are listed in Table I. Preliminary

7

vaiues of thé constants for Li D and Li6D were presented by Pearson and
13 '

_Gordy™™ at the Spring American Physical Society meeting. A set of con-

stants for these molecules, using their values for IO and Y__ is listed -+

1 11
in Table II. . o Do
‘The fractidnal error in the Crawford and Jorgenson rotational con-
stants is of theiorder of 1 X lO-u. This w;ll produce'an uncertainty in
- the measured dipolé momenfs of the order of 3 X lO—u Debye. The fractibnal
| error between the rotationalvconstants of PearSOﬁ and Gordy and tHbse of

, " . .
Crawford and Jorgenson is 5 X 10 . for Li7D and produces an uncertainty

- of 0.0015 D in the dipole moment. For Li6D there is a 0.0027 D difference

between the two possible v = O dipole moments, however the Ue (equilibrium

dipole moment) values agree.

B. Rotational Constants

- Summary of formulas:
B, =Y, + Yll(v +4) + Y
Yo = Boll + Cy(B/w)?) |
11 = Be(Be/we) [6(1 +:él) + (Be/wé)gcllJ ,,
21 ,6Be(Be/We)2021 |

anharmonicity constant °

il

]

Y

I

Y

1!

il

!
B, = equilibrium rotational constant |
By = rotatiohal constant for vibrational state v

Yij Dunham coefficients

s



'= constants

iJ ‘
W = vibrational frequency at equilibrium
(ionic)_ . ) ,
WS M) " Moy M Moy
* ~u<1onlc)= u = reduced mass o :
F‘Mi = mass of nucleus i in amu
: N - ’
gJ(total) = gJ(elec.) + gJ(nuc.)‘

uN°J-gJ = rotational magnetic moment
M = proton mass
7. = effective nuclear charge
Uy = nm = nucleaf magneton
' (iont  (mxp .
Bo(tonte) _ 5 (FB)(1 g (elec. huy/u,)
Be(calc) = Be(ionlc)/(l-gJ(elec.)uN/uo).= calculated Be value

= experimentally measured B, value

= derived Be value
Ug = Bohr magneton
(ionic)

Isotopic corréction to_ Wé"and Be

v b - B P - (5

e T (6)
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S ~ Table I.

»

ke -

A | Yoy error
1i’p 4;23384v¢m-l - ~0.09198 et 6.7 x vlo"LL ~ 0.000k em™t
Li'H 7.5151 o™ 0w emt 7.5 x 107 0.000h en™
'»'L16H»v ~ :7.67o9o'cmfl. | -0.2198 em™ 1h;9j X 1o'”f 10.0006 emt
28 o k39015 et '-o;idh5f'cm’} 3  4.89 x 20" 0.0006 en™
Be(iénic). 3, : B,
1 heseo ent 0.125% x 107 ke 0122805 x 107
1178 .A . 7.5212 cm’l_ _ 0.2220473  x 10° ke .0.215701_-x'1o97kc~‘
’f;‘Li6H -_., - 7.6763% 'c-m.'1 :, 0.2266842  x 109:kc ] 50.2261756 xle9 ke
' _vLi6ﬁ ‘   '- “,h.5953 ™ 0.13005358k x 107 ke. 0.1269558‘x 107 ke
- gJ(Eléc) g, Meas. p;(ionic.)
: Li7Dl ©1055.015 cm™t ;0.692 - —0.272»nmv 1.5651743
Li’e  1405.%01 cm™t 21.545 mm  -0.654 mm 0.88164861
1% . 1420.120 em™t 1254 mm ' 0.86358830 -
| _'Li6p 2074103 emt ~0.7176 » 1.5091451 "
| rg = 1.59443 £0.00003 &
,Be(calc) o R Be(exp)?@
11Ty o | 0.1269kk1l x 107 ke
i " - | 0.22529107 x 10° ke
,L16H o 0;25602299 % 109 ke | -
p .

Li'D 0.131é5777‘g 109 ke




-13-

. Teble II.

- Y01_' ,'_ - T | Yo1
(x 10° ke) T ((x 109.kc) (X 10° ke)
L17D ‘ Vlo.1269o536 - =0.0027hU6): 0.000018
Li6b.‘ 0.13161507 . .0.00289890 | 0.000015
By , .Bl
(x 107 ke) (x 107 ke)
i’ . 0.12553756 f 0.12282896
Li6D _ O 0.13016937 - 0.12T30047
Be Te
11D 1 0.12696035 x 10° ke © 1.59k90 R
1% 0.1346727% x 10° ke . 1.59k90 R

Comparing the Crawford and Jorgenson values with the Pearson and
Gordy values, the Li7D values agreé well., The difference between the
. two causes an uncertainty of 0.001 D in dipole moment. The Li6D values
are quite different. Most.of the difference is due to the approximations

in the isotope correction.
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IV. DATA ANALYSIS AND SPECTRA -
A Fitting the Data

" A computer programlu

‘ calculates the matrlx elements of }{(deflned
by equation (4) on page 7) in a (J IlIQmelmQ) representatlon Since -

H is invariant under rotations about the electrlc fleld axis, the

v nrOJectlon of the total angular: momentum on the dlrectlon of the electric
' field (denoted by m, =Wy m o+, ) is a good quantum number at all
values of the electric fleld Thls means that. the matrlx is dlagonal

in mF; The last four terms of & are usuvally small 'and only matrix
elements diagonal in J are included for them. Quadrupole matrix ele-
ments diagonal in J uere included for the smaller. quadrupole. Quadrupole

matrix elements connecting J and J +2 for the second quadrupole term are

included. The Stark-quadrupole interactlon is 1ncluded for both quadrupole-.

terms. _

In calculating J = 1 eigenvalues, only the first four J states are
1ncluded in the matrlx.' Slnce the Stark operator connects J states w1th
J t1 states only, this amounts to a fourth order perturbatlon treatment
and second order for the quadrupole term. _

The computer program diagonallzes the energy matnlx’by the Jacobi
diagonalization method. The elements of the'matrik uhicn'diagonaliZes
the energy matrix, or the elements of the transformatlon matrlx are used
- as coefficients in forming the transformed wave functlon ¢ in terms of
the original basis ¥.  The intensity of a transmtlon from ¢y to ¢

proportional to the dipole matrix element - squared

l<¢ilui¢j)!2 = |§Z aiK%ﬂj<¢KI“|Wg)]2l: (7)
, = _ SR

&

The program calculates energy eigenvalueevby-diagonalining'the energy:
matrix and calculates the spectral line'positione andfintensities
correeponding to a given set of input parameters'accOrding to the selec-
tion rules AmF =0, 1, +2, etc; The unknown parameters are varled

~ to obtain a best fit to the observed spectra.
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| For thebLiéH:and Li6D spectra, indlvidual transitions could not be

extracted frbmvthe data; The output.from the program described was in-

‘troduced into_a program which plotted the calculated spectra assuming
vguaésian'line shapes at each calculated line position and summed the un- -
" resolved lines.. This plot was compared to the experimental data in

order to find the correct parameters. For LiTH, the single transitions

were well described by guaésians and the ihtensities calculated agreed

with the experiment; therefore this procedure éppears»to be justifiéd.
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‘B. Radlo-Frequency Spectra of Lilg
'Table III. Experimental and calculated line positions for Li7H
v.=0. at 750 volts (experimental values represent the average

of 13 runs) '
line . experiment = calculated composite calculated
. : position
1 3229.4 +0.2 ke 3229.130
2 - 3240.8 +0.2 ke 3240.917
3 | 3249.889
3251.3 0.2 ke . 3251.5
=" RO ' 3252,009 S
o5 o - 3273.267 _ )
6% . 3277.75 £0.b ke 377,249 ¢ 3278.85
1) | SR :3282,239‘ o |
8l 3504808 | ,
b 3305.3 0.2 ke : 3305.35
-9‘ ‘ L ) - 3307.439
110 . 3330.2 #0.2 ke .3330.317
R B | 3363947 |
12 ' 336&.& +0.2 ke  3369.032 r -~ 336h.3
15 | R 5575.017 ’
14 | - | 3375.868 | |
15 § 3376.0 $0.2 ke 337722} 3376.0
16 - | ' . 3378.00k4
17 34%2.8 +0.2 ke 3432,922
18] | 3451.325 -
3453.35£0.3 ke ) 3453.35
19 | 3455.730 . |
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7

Table IV. Li'H v =0 results and ‘comparison.

this work ~ Wharton, Klemperer

and Gold (ref. 15)

eqQ ;- 346,75 £0.25 ke - 346 21
ey | -9.05 #0.05 ke B S|
crs | '}. ~10.025 i0.075:kc won
&5 ©0.45318 £0.001 ke

¢ 0 +0.3 ke

dipole = 55,8820 *0.000% D © 5.882 £0.003
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‘Table V. Experimental and calculated line'positions for LiTH v =0
at 750 volts (experimental values represent the average of 12 runs).

' . line - experiment calculated :composite calculated
_l © ° interference 3459.121
2 with’ ~ 3470.567
3 V=0 csugg.oh7
. spectra ' '
N : 3481.296 .
5 ’ 3501.227
6%  3506.55 0.3 3905.228 © 3506.8
7 3509.907 |
8 | o  3531.770 o
o 3533.05 0.4 - : 3532.3
9 | , 5534-227
10 3556.7 *0.3 - 3556.403
11 | 13588.121 ‘
12 k 3588.6 0.3 3593,235 3588.5
_13} - 3597.231" |
14 ) - %599.,3%88 ‘
15 3 3600.0 *0.3 3601.433 ) 3599.6
16 , ; - 3601.91k )
17 - 36541 0.2 365k, 438
: 3674.35 £0.5 ' 3674,15
19 o 3676.539 S ,
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Table VI. Li7H v =1 results andlcompari$on.with previous work..

this work . Wharton, Klemperer,
‘ ' and Gold
4 | 2 10.5 ' 328 £l
‘quLi - 53 > b)
CHV B v -9 0.5 ' -6 £2
CCr4 - 9.8 #0.1 v 10 #2
e | © 0.43828 £0.001
. + - ’
C)+ . ) . 0 —0.5 .

dipole | 5.9905 #0.000% . 5.990 +0.003




Fig. 9. 1iH v =0 calculated:spéctra.
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Table VII. Li6H v = 0 results.

dipole

this work Wharton, Klemperer,
and Gold

7.2 0.8 ke
~9.3 #0.7 ke
3.9 :o.s'kc
;0.171109 +0.001 ke
0 16,5 ke

5.88%6 +0.0012 ke - 5.884 +0.003
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Fig. 10. L16H v = 1 experimental data (sum of seven sets of data)
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Fig. 11. Li6H v =1 calculated spectra.
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Table VIII. Li H v =1 results from this work.

eqQ 7.2 0.8
-9.% 0.
¢y 9.3 T
cry 3.9 0.5
cs - 0.1658819 £0.001
c), ' 0 +0.3%

dipole. . 5.9929 +0.0016
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D. Radio-Trequency Spectra of Li"D
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Fig. 12, LiD v = 0 experimental data (sum of 11 sets of data)
at 600 volts. - . ‘ :
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Table TX. 4% v =0 results.

€9,y 7.5 41 ke
. eqqy ‘ . 35 tlke
i | 3.2 %1 ke
ey : ,. -1.% #0.5 ke
c5 - : 0.026385 +0.00L ke
c), 0 +0.3 ke
dipole 2 5.8667 +0.0012 D

5.8694 +0.0010 D (using rotational
constants of Pearson and
Gordy. ) :
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Table X. 1% v = 1 results.

eq%ﬁ

1quD

dipole

 7.5 el

33 £1

3.2 41

-1.3 0.5
vo.02577o £0.001

0 %0.3

5.9443 +0.0012

5.9523 +0.0010 (using rotationsal
- constants of Pearson and
Gordy.’)
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E. Radio-Frequency Spectra of Li7D

Table XI. i v =0 experimental and calculated line positions .
~at 750 volts. - : :

line 'experimental calculated combosite calculated -
Ta 5761.901 +0.4 ~  5761.96k
™ 5777.528 0.2 O770-802 STT7. 4
_' 577784k |
ITa  5801.430 #0.8 ,58oi.é15'_
ITb  5816.676 0.5  019:203| . s5g16.q
. - | ~ 5818.251 S
iIiIa.li _5829L2h2,£0f7 - 5831.624
. IITb S8kk.627 +0.7.  OMO-15H 5846.2
, o 5848, 627
Tva  5890.103 0.2  5890.696
IV 5899.705 £0.3  5900.009
Ve 59Lb.3sk 0.2 PPV sonp
k . 5916. 755 ‘ .
Va 5960.431 0.3 15960.356
£0.5 597u,198] 97600

Vo . 597k.646
. 5977.758




Fig. 16.
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Table XII. ILi D v =0 results and comparison

dipole

this{work Wharton, Klemperer,
] ' and Gold (ref. 15.)

349 ma
349 41 - f'; 349 +1
0+ i | o

5.5 50,25 5.5 #1

10.0548k2 +0.001

0 %0.3 ke |
5.8689 io.ooos D 'vv 5.868 +0.003
5.8677 +0.0005 D ‘(using

rotational constants
of Pearson and Gordy)
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The values of the dipblevmoments'for the isotopes were fitted to
| the equation =+ (v + %).HI'. The values of i and py as well as
a summary of the experimental values of u and, u, are listed in Table
XIII. The errors‘listed arise from several sources. The error due to
uncertaintyrin the rotational constanté of Crawford and Jorgenson is
3 X 107* Debye for Ii'H and LiTp and 5 % 10~* D for 1% ana 1:%p.
Errors due to the rotational constants of Pe;rson and Gordy.are not
known. The errors due to their measurements of the frequency are of
the order of 1 ppm and will produce a 3 ppm dipole moment error. The .
fitting error, due to uncertéinties in the other molecular constants,
is 3 X lO“')+ D. The error due to variation in the full width at half
maximum of the guassians used to approximate the shape of the résonance
" distribution contributes 0.001 D in the case'of'Li6H and‘Li6D. This
occurs in the case of ‘these fwo.isotopes because :the spectra is not
well spread.out and many lines overlap. The errors due to C field"
measuremént and frequency calibration are 80 ppm and are negligible.
Lawrence, Anderson, and Ramsey,l2 measured the rotational magnetic
moments of Li7H and Li7D. From their data they célculated the sign and
- magnitude of the electric dipole moment . Forvthe purposes of making
the isotope correction, the equation for the isotope shift of the '
 molecular g factor, ugp/J (where ug is the rotational magnetic moment

and J the rotational quantum number) can be represented as:

8y - (Aa/Ab) 8a = -2 MF"eAX/eAb : (8)
A = moment of inertia
- M = proton mass
e = electronic Chérge
AX = displacement of the.center of mess

Mg = e (22;)(D-d), the dipole moment and D and d are the distance

~ from the center of mass to the centroids of thé'nuclear charge and of

- the electronic charge, respectively. The result is u, = +5.9 #0.5 Debye,

with the dipole pointing toward the lithium nﬁcleus. This convention is

the same as that used in the ionic model.



Table XIII.

Ho : p-l ' » U'e o

Lify 5.8820 to.doou ©5.9905 £0.000% '5.82775 0.1085
1408 ‘ 5.8836 £0.0012  5.9929 *0.0016  5.82895 0.1093
Li6H 5.8667 +0.0012  5.9443 +0.0012 5.8279 - 0.0776

* _ »,5.869u $0.0010 5.9523 *0.0010 5.82795  Q.0829
i D 5.8689 +0.0005 ' .

% 5.8677 £0.0005

= :
Using rotational constants of Pearson and Gordy.
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" The value ue/(du/dr)rzreré = 1.8 0.3 was extracted by James, Norris,
16 from‘measurements.of the relative line intensities of the
rotational fine structure. Li7H was heated to 1000° C in order to obtain

appreéiable abéorption. Line intensities in the 0-1 and 1-2 rotation

vibration band of LiH at 7w were measured. Assuming the second derivative

to be zero, ug calculated from this experiment is 0.06893% Debye.

- Considering the energy of interaction of the magnetic‘moment'of the
th ’

i nucleus with the surrounding magnetic field using the rigid rotor

approximation -as-described in a paper by White,17 the energy of interaction
- . ‘

is -ﬁ;-ﬁ). The magnetic moment ﬁ; = quONIi where_gI is the gyromagnetic

ratio of the nucleus, U i1s the nuclear magneton and Ii the spin angular

momentum. The field at the 1% nueleus 1s:

(7 x Fig)

o §= _2% . -, (9)
5 JF : C(I'ij)5 B 73. R

_ qj_is the charge'of the jth particle of the molecule, vj'its velocity
" ‘and ry, the radius vector from the itP nucleus to this particle. This
. 13 ¥ :

. sum can be divided into two parts, the sum over nuclei and the sum over

electrons. .

Assuming that closed shell electrons can be accounted for by the
use of effective charge qj equal to the nucléér-charge minus the number
of inner shell electrons, then the electronic term deals with valence
electrons. The theory assumes that only one electron at a time will enter
an excited state, and that this electron will be a valence electron. . The

resultant formula for the magnetic‘interaction in a linear molecule is:

. (ol |n){2_ , .mAE‘

r- AV. ~F . —~ CI. . |

, n Ey-Eg J .
'Ak = moment of inertia of nuclear frame ( component, )
= Bohr magneton

HoB

Moy = nuclear magneton



=3

'(£%>AV = averaged over excitéd electronic wave functions
Lx = component of electronic angular momentum in x
direction
'En- = energy of nt excited state

~The x component of the electronic contribution to the molecular

g factor

ol ] 2y

N

~

.. 1s related to the electronic contribution to the spin-rotation constant.

The spin rotation interaction is proportional to the nuclear g facQ
tor and to the rotational constant. Correcting the LiTH spin rota%tion
constants (¢ = -9.1 agd ey = 10.0) for the isotope effectsé the con-
stants obtained for Li H are cy = -9.3% and i = 5,,, for Li™D they are
¢ = -Q.8 and ¢;y = 2.3 and for LiD they are cp = -0.9 and ¢, = 5. 6.
The experimental values (listing the H or D first and then the
Li) for Li6H are -9.3 0.7, 3.9 +0.5; for'LiéD, -1.% 20.5, 3,2 #1 and
- for Li7D 0 *1, 5.5 *0.5. The isotopically corrected values are all
within experlmental error. .
The spin rotation interaction arises from the reaction between a
magnetic moment and the magnetic field at that nucleus. For a diatomic
molecule AB, the field at nucleus A is due to nucleus B and to the
electrons. For hydrogen leecules17 and for the lithium hydrides the
éontribution from the nucleus is larger than that from the electrons.
For 117H at the hydrogen nucleus, the Li nucleus contributes -11.l ke
and the electrons +2.4 ke for a grand total of -9 kec.
The spin-spin interaétiqn (c5) as calculated, were sufficient to
_ explain the data, without the need to adjust the calculated values.
There is no evidence for the scalar spin-spin, interaction constant cu

in the literature nor in the experlments.
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. V. MOLEéULAR CONSTANTS
o Because the LlH molecule is the simplest polar molecule, having
’only four electrons, there exists a wealth. of calculatlono and theoretlcal
dlscu331on on this subject. Although the solutlon to the quantum mechan-
ical problem involves approximations, especially in the form of the wave
function, the results are encouraging. Calculations of the quadfupole '
coupling constants, spin rotation constants, and dipole moment are avallable.
These are one-electron operators and Hartree Fock wave functions should
give good values. The best test of theory involves calculation of-
derivatives of these Ywantities and comparison with (qu,)I and u;. TFor
this, functlons at varilous internuclear dlstances are necded. ‘lhere are |
not too many of theSe'calculations‘available, but wherever available v
these have been compared to the experiment. This is summarized in Table
"XIV. In this table the conver81on constant 27 2007 ev = 1 au has been - ,>
used where necessary. ‘ o

Introduction to thé-Dichssien: In Table XIV the ealculations are

" listed in order of their "goodness" as given by the "energy eriteria’—
i.e. the calculation giving the lowest energy 1s listed first.' As can
be seen from the table, success in predicting the molecular properties
" does not always follow the same order. In the following paragraphs a
 brief deecription and discussion  of eech'of the calculations is given.
For ease in referring to the table, the discussion is identified by the
'calculation number appearing in the first column of Table XIV. |
A, Calculation 12

RansilBO reported wave functions for first row diatomic molecules a

few years ago. The wave functions_have.also been used by others to cal-
culate molecular properties., He did self-consistent field calculations’ h
with three kinds of besis sets. They are called OSAMO, BAMO, and BLMO
because of the way in which the orbital exponent was chosen. The orbital-
exponent in the Slater orbital Spyp = Nn(g)rn'le'grY?(G,¢) was chosed
using Slater's rules in the SAMO calculation. For LiH, values 6.41 D,
1.34 ev, and -7.96666 au for dipole moment, dissociation energy and
molecular energy were obtained. The BAMO used best atomic ¢ values

determined from variational calculations on atoms. The values for the



Table XIV.

Calculated Molecular Properties

calen mo. __ - researcher ref. peqj- uIJr qu(D)* quI(Li7)* cLi# :pﬂf enefgy18§.
Experiment 5.85  0.11 33 A1k75 103k -9.08 © -8.0703
1 Bender and Davidson 19  5.965 30,5 -8.0606
2 Browne and Matsen 20 = 5.96  0.09 3k.2 ' e -8.0561
3 ' Matsen and Browne 21 5.57 ' | ' -8.04379
it Ebbing B 22 5.96 ~8.0k128
5 Kahalas and Nesbet 23 '
5a third calculation - 5.831 39.24 45,85 -8.0171 -
5h £ifth caleulation 5,8875 35,31 -18.91 .8.0171
6 Rovimson,Stuart, © on 6.8 | 8,007k
7. Karo and Olsen 25 6.05 .059 -7.99412
8 Platas and Matsen 26  5.86 | ~7.9882
9 . Ormand and Matsen 27  5.57 -7.9858
10 Csizmadia 28 6.0079 0.122 -+ =T.984206
11 Miller et al. 29 6.0k ~T7.9820
12 Rensil 30
123 BIMO. 5.92 -7.96992
12b SAMO 6. 41 -7.96666
12¢c BAMO ) 6.43 ~7.96598

1-units used are Debye
_ Qunits are kc/sec
Senergy isin atomic units

*SAMO refers to Slater Atomlc7(MO) calculatlon BAMO refers to Best Atomic (MO) calculation
BLMO refers to Best Limited (MO) calculation.

-6g-



Table. XIV. - continuéd

. 1 $ 1 7Y ¥ % F §
calcn no. - researcher ref. l'teq. p'I eqQ(D) quI(Ll7) ®Li °y . energyl8'
13 ' Kolker and Karplus gé’ _ L A Sl o
13a BIMO ™ | | 38 - 386 -17.0 -T.96992
13 sAMO” . N -37.3 -17.9  -7.96666
13c  BAMO" - ' 46.1 - -37.2 *-18.0  -7.96598
) , 31, _— ‘ R o o
l5§ _ _ o 33 o 55ﬂ5.. : o | ’
1k Kern and Lipscomb 3k C B o ' -7.96992
1lha calculation I : - o _ v -6.0 -5.6
1k caleulation I T e a8 \
Stephens and — o v S : _ : : S
1oa Lipscomb : 35 . L :9{51 -9.51 f7~96992
15 - ' | 36 EEE . ' 9.56 -9.60  -7.96922
Tunits used are Debye E L R R | o N

units are ke/sec

Jenergy is in atomic units ' ' R o

*SAMO refers to Slatér Atomic (MO) calculation, BAMO refers to Best Atomic (MO) calculation,
BLMO refers to Best Limited (MO) calculation, : '
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same'molecular constants as before are 6.48 D, 1.31 ev, and -7.96598 av.
The BIMO is the 'best limited molecular orbital' calculation.  The .
orbitals are constructed of innef'and valence shell Slater type orbitals
only. The orbital exponént was optimized with respect to molecular '
energy. The dipole moment, dissociation energy, and molecular energy
are 5.92 D, 1.41 ev, and -7.96992 au. The experimental values are
5.83 D, 2.516 ev, and -8.070% au. The BIMO calculation makes no great
improvement in enérgy over the SAMO or BAMO but does improve the dipole
moment calculaﬁion significantly.

! B. Calculation 13

The quadrupole moment, Q, is a measure of the departure of the nucleus
from being spherical. The quadrupole coupling constant, eqQ, involves
the product of two quantities, the nuclear gquadrupole moment and the

gradient of the electric field at the nucleus. Using three of Ransil's5o

31

wave functions, Kolker and Karplus”™ calculated the deuteron quadrupole
coupling constant eqQp/h for LiD. The SAMO gave 45.3 ke/sec, the BAMO
gave 46.1 and the BLMO 38.1 kc/sec. They used a quadrupole moment of
2,82 x'10°27 em. Using LiD wave functions, computed by Ransil,55 at
a number of internuclear distances and averaging over molecular vibra-
tions, their latest value was 35.5 kc/sec. They calculated (qu)V for
several vibrational states, fitting them to the equation (eq@)y =
_(qu)eq + (qu)I-(v+%) and in this way "averaged over molecular vibra-
tions" to find (eq@)eq- The BIMO is not much improvement in energy
calculations bult 1s signlficantly better for eqQ calculations.

' Using the SCT-LCAO-MO functions of Ransil,?? Kolker and Karplus3®2
made a'variation-berturbation calceulation tovobtain values of the nuclear
 magnet1c shilelding constants. These are related to the_spin-rotation
constant. Tor a nucleus of ‘magnetic moment uy in an atom or molecule
that is acted upon by a uniform magnetic field H, the shielding tensor

"GN is defined by the relation:
AE(uy,H) = -uy-H + ug oyl (12)

The electrons interact with the external field creating an additional
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field -GN-H at the ;ucleus. The shielding tensor cén be expressed as a

d and a paramagnetic part»ch .

sum of a diamagnetic part ox Once a
choice of gauge for the field had_been'made cNd can be calculated from
ground state wave functions. _GNP is more difficult to evaluvate; it

requires several approximations. ONP is related to the spin-rotation

constant. Using the rigid nuclear framework aLssum.ptionl7 and the for-
mula:
o
-e” 2.
p: __llI*_h._'];. A
oy™) 5 | "Wy (23)
. me R
Z = charge of the other nucleus

R = internuclearvdisfance:

I = moﬁent of inertia of molecule :
M‘¥_pr0ton mass

m = electfoh.mass
cN.= spin-rotation constant

g = proton g factor

Values ofﬂthe spin-rotation constant could be c¢alculated from the
’ paramagnetic pért of the shielding tensor. ' The épin—rotation constants
" for H using the SAMO, BAMO, and BIMO functions, in that order, were
-17.9, -18.0, and -17.0 kc/sec and the constants forrLi'were =37.3,
-37.2, and -38.6 kc/sec. The experimental values are -9.08 and 10.1k,
The calculations are very far from experiment. v

C. Calculation 14

Z, .3
Kern and Lipscomb)LL used Ransil's wave function)p'to calculate :spin

I

rotation constants for Li' and H in Li7H. The magnetic field can be

—3
described as VX (A+Vf(r)). The choice of AL or the gauge, is arbitrary.
They chose: v - ' :

Vi = Ha 2R (1k)
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Awhere R is the Vect04 from nucleus A to nucleus B and b is a dimension-

- less parameter, H is the external magnetlc field. In their first cal-

culation (I), b was chosen using the assumntlon that average excitation -

‘energies cancel. In particular that:

| =(AE,) ' |
(aEy) . ( 2>av. | (a5
=5 :
o (o xAu A Fyu!0) | |
(AE ) = 1 o (16)
E(m-Eo) (O, Ty, In) (nl®, o) |
3 o
(AE.) (OI xAu Au MkAulo) \ ' ,
e 2<En-Eo) (olu ry 2 Iny(alie, f0) e
X Au Au » XAu
where MxAu and Pyu are the x and y components of angular and linear
momentum respectively of electron u for nucleus A. The zeros are ground

th excited state. In a

state wave functions and n corresponds to the n
second calculation (II), b was chosen such that the origin is at the
center of electronlc charge. The reported values for the spin- rotatlon
constant for Li7
H the values are -5.6 and -18.1 ke/sec.
D.. Calculation 5 ‘
Kahalas and Ne_sbe_t23 made several series of calculations dn LiH.

\

They made various refinements in the basis set; they varied parameters

for calculations I and II are -6.0 and -1.7 kc/sec; for

in some runs to see how the computed values changed. From tvwo of their
runs, quI values were calculated. One of these gives a reasonable
agreement with experiment. In their third series of runs, they included
three 7 orbitals, two on Li and one on H. Also utilized were Li orbitals
in the 1ls shell with different radial vparts. There were thirteen or-
bitals in all. Without configuration interaction, the dipole moment

computed was 5.831 D at 3.02 au. The moleculsr enercy is -7.9353535h au
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_‘qu for D in L17D is 39.2h kc/sec using Qp = +2. 738 x 10727 cn®. q/ée'_ R

is made up of the sum of nuclear and electronlc parts, opposite in sign -
and nearly equal in magnltude. q/2e at equll;brlum is -0.02001720 au.
- Using these orbitals and allowing configuration interaction, it was

found that configurations withva'large'contribution to the electric field

"*  gradient also give a large contribution to the energy. The minimum

 energy is -8.0171 au at R = 3.0581 au.- The experimental value is -8.0703
“au. q/2e at equilibrium is -0.02070 @55 (aH is a Bohr orbital equal to

o 5 29167 x 10“9 cm).

In the fourth series of runs, the orbital exponent of the do orbital
~'ﬁ§s varied and the result compared to the second series in which no do-
orbitals were used. There is a T% change in the q/2e value, a 0.01%
‘change in the minimum energy and a 1% change in the dipole moment. This
. Implies that the agreement of calculated electric field gradient and exper-
" iment is a sensitive test for the accuracy of a wave function.
The fifth set of runs included do orbitals, 9¢ orbitals and two.ﬂ
ofbitals. Without configuration interaction eqQ for D in Li7D is cal-
B culated as 35.31 ke/sec and a dipole moment of 5.8875 D at R = 3.02 au.
' The minimum energy is -7.9859698 au. The .q/2e value is -0.01668187 aﬂfB.
. With configuration interaction the minimum energy was -8.01l71 au at R =
3.042% au. q/2e vas -0.01660 a, 2. |
Using the experlmental values for qu/h for L17H at v=0azand v =

in the equation:

(ea@), = (a)g + (ea@)+(v+2) 08)
. vaiues of (eqQ)e = 354.13 ke/sec and (qu)I'= -14.75 ke/sec were obtained.

Expanding the molecular quantity about ¢ = (R-R )/R and averaging over

vibrational states, using the anharmonlc oscillator approx1matlon

- B B 2
(eqQ), = (eaq), + "~531W‘i <1§§Q> + ﬁg <d ?SQ> » (ved)  (9)
L =0 |

e \a

(qu)I can be equated to the term in brackets and the first term is the

séme as the previous equation.

[ S I
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From the third set of calculation using~(qu) and the calculated
q/2e, the nuclear quadrupole moment for Lil is -3. 6410&20 X 10'26 ne.
 (eqq)y is 145.85 ke/sec. From the fifth set of calculations Q(LiT) =

462772 10'26 em? and (qu,)I = -18.91 ke/sec. This last value agrees
" better with the experimental value of -14.75 ke/sec. |
- E. Caiculatlon 15

Stevens, Pitzer, and Llpscomp)3 used parto of a o baois set of
eleven orbitals derived by Kahalas and Nesbet 3or four of Ransil' s)o
best o orbitals and a;ﬂ'baSlS set of fourteen orbitals to calculate
‘spin-rotation constants. The best values were 9.51 ke/sec for Li and
-9.51 kc/sec for H. Stevens and Lipscomb36 in avlater calculation,
tested the orbital set for completetiess. The energy was optimized at
;7.96992 at R = 3.015 aﬁ. The spin-rotation constants and molecular
- magnetic moment were calculated at three distances. The final values
were corrected for vibration. For v = O the values were o - 9.45,
cyg = -9.42 and uy/J = -0.6677. For v = 1 the values were 9.24, -9.07,
and -0.6536. The equilibrium values, using the formula: (c), =
(c)eq + {e)g-(v+3), were cp, = 9.56 kc/sec, cg = -9.60 ke/sec and ug/J =
- -0.6748 nm. The values of the first coeff1c1ent.were -0.21, 0.35, and

0.0141. The experimental equilibrium values arechl 10.1k,- ey = 9. 08
and u /J = ~0. 654 le This ,calculation agrees nicely with experiment.

F. Calculation 7

A value of “I can be computed using the anharmonic oscillator

aﬁproximation and computed values of the first and second dipole moment

 derivatives. The equation 1is:

- 3 Pe (an) ', P [ (20)
LLI”“a’lw—e o, E d°

In paber‘I, by Karo and Olsen,25 a valence bond approach using numerical
Hartree-Fock Li orbitals and a 1ls hydrogen orbital as a basis function
was undertaken. The ground state VB description uses a filled 1s Li
shell and a covalent bond,describing the pairing of the 2sLi and the

lsH. In another calculation an s,p hybrid was used instead of the 2s
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dorbital. The‘CI(configuration'inferaction) t;eatmentnwaa super imposed v
on the Heitler-Ldndon type VB approximation. ’Calculaﬁion of energy,
Lblndlng energy, and dipole moment. in the range 2 to 8 au were made.
The dissociation energy at the equilibrium distance was 1. 669 ev, the
dipole moment +6.05 D, and the energy r7.99h12_au. From the information
presented, the values -1.0 D/R and 0.86 D/AZ, were calculated for the
first and second dipole derivatives. The computed value of U is 0.05902
Debye. 'Compare this to 0.1085 D, the experlmental value. In paper II, 5T
a SCF ICAO-MO approach was used. The AO's (the same.as in paper I) were
used to form MO's. Six configurations were included. At the infernuclear
distance, the results were the same as in paper I. The VB approach is '
expected to be more accurate at larger distances, but tnis could not be
confirmed. , o
G. Calculation U |

Ebbing,22 used a self- consistent fleld procedure whlch 1ncluded con-
- figuration interaction. He used 70 orbltals and 5ﬂ orbltals and as

much as 53 configurations.. The energy was calculated as -8. 04128 au at
an internuclear distance of 2.99 au; the dipole was +5.96 D.

H. Calculation 11

Miller, Friedman, Hurst, and Matsen29 did a palence—bond calculation.
They considered twenty configurations. ©Only six of them were of great
importance: 1522518<H), lSEQPlS(H), lselsg(H), 182232,11u22P2) and
152232p. A dipole moment of +6. Ou D was calculated ionlzatlon energy
was 7.52 ev, and total molecular energy 7 9820 au (experlmental energy

is -8.0703 au).
I. Calculation 9 :

‘Ormand and Matsen®! used a ten-term'wave.functiOn’in elliptical

coordinates. In this coordinate system, the center of coordinates is
not on . either atom. After variation of the orbital exponent and minimi-
zation of the energy, the best calculated energy was -7.9858 au. The
dlpole moment calculated was +5.5T4 D.

J. Calculatlon 8

included "hydrogen atom polarlzatlon by in-

26

Platas and Matsen

cluding the structure Li+(lsg)H“(132p) in configuration interaction.
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They used{five Slater orbitals and six of the more»importgnt configurations
in their caleulation, The energy calculated was -7.9902 au and dipole

was +5.86 Debye. ‘

' K. ~ Calculation 3 v .

argue that ACC (atomic orbital configuration) °

Matsen and Browne21

methods are in practice more advantageous than SCFQMO_(self-consistent
field molecular orbital) methods. .Evenvthough SCF-MO's lend themselves

to perturbation theory easily, AOC“give accurate results with the ﬁse_of
modern computational methods. They constructed a fwenty-term wave function
from twenty-one atomic lorbitals. Their results are at equilibrium inter-

nuclear distance R = 3.075 au, energy = -8.04379 au, binding energy of

| 1.795 ev, and dipole moment of 5.57 D.

L. Calculation 2

In a léter calculation, Brown and Matsen2o'used mixed orbital sets

composed of both Slater-type orbitals and elliptical orbitals. The

.Slater-type orbitals provide a good representation of the inner shell

electrons and the elliptic orbitals provide good electronic distributions
for delocalized valence electrons. Thej used a valence bond configuration
interaction method with up to twenty-eight configurations.. The orbital
exponents for the Slater-type orbitals making up the core, were taken
from an elight-term calculation of the Li atom which gave an energy of
-7.&70 au compared to the experimental value of -7.479 au. The orbital
exponents for the elliptical orbitaLs were determined from a twelve-term

calculation of LiH using only a ls2 configuration for the Li core. They

calculated an energy of -8.0561 au and a’' quadrupole coupling constant of

34,2 kc/sec for D in LiD. The dipole moments for the zero, first and
second vibrational states were calculated at 5.93 D, 6.00 D, and 6.05 D.

 Fitting this to the formula:

), = (), + (ap)(vid) + (ubppe (vi)? (21)

The equilibrium value is 5.96 D, and the first and second coefficients ‘
are 0.09 and -0.04, The experimental equilibrium dipole moment is 5.83 D

and ugt is 0.11L D.



U8

M. Calculation 6

Recognizing that the neglect or incomplete allowance for electronic
‘correlation is an important source of error in calculations, Robinson,

Stuart, and MatsenQA

used different orbitals for different electrons in
valence-bond -wave functions.. The three most important cbnfigurations
are (1s,1s!,2s;h), (1s,1s',2p;h), and (1s",1s"';h",h"'); primes indicate
different orbital exponents. The lowest energy was ~8.0074 au. The
dipole moment associafed with this energy is 6.18 D.

N. Calculation 10

28

Using gaussian-type functions, Csizmadia~- calculated energy and /
dipole moment at various values ofiinternuclear.distance. The equilibrium
internuclear distance was 3.02 au. Using a six-term gaussian the energy;
ueq and ur values, are -7.975811 au; 5.9179 D, and 0.043, With an eleven-
term function the values are -7.969016 au, 6.0929 D, and 0.056. With
a sixteen-term furiction the energy, equilibrium dipole moment, and first
dipole moment coefficient are -7.970022, 6.0159 D, and 0.057. - With
twenty-one terms the values are -7.985366 au, 6.0079, and 0.122.

| 0. Calculation 1

Bender and Davidson19 devised an iterative procedure for simultaneous
calculation of natural orbitals and energy. With this procedure they - '
have calculated a wave function that gives the lowest energy yet calculated;'
. ‘wadinBBintroduced the_conéept of natural spin orbitals and equations for
compﬁting them. These orbitals, which diagonalize the first order density
matrix, form an orthonormal set. The occupation number of each orbital
gives a direct measure of its importance in' the wave function. With
forty-five configurations the energy caléﬁlatéd-at R = 3.0L47au is
~8.0606 au. The equilibrium dipole moment is 5.9650 D and eq@y = 30.5
ke/sec (ap = 0.0460 au).

VI. POLARIZABLE ION MODEL FOR LITHIUM HYDRIDE
Bonding in the alkali halide molecules is generaily assumed to be
39,40,41

strongly ionic and this has been the basis of several attempts

to propose a simple ionic model of the alkali halides. Since the electron
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affinity of hydride ion is only-O.715 ev as compared to over 3 ev for
the halidé iohs one would expect a completely ionic description of LiH
fo be somewhat less satisfactory than for the lithium halides. None-
theless, the large dipole moment”of LiH (5.85‘D) indicates substantial

ionic character -and the ionic model should give at least an approximate

déscription of the molecule. Rittnerug.used such an ionic model, con-

sisting of polarizable ions, to prédict and correlate the dipole'moments
and dissociation energies of the alkali halides. He assumed that the
alkali halide molecule is composed of two lons, each of which is polar-
ized by the electrostatic field of the other. Using the same approach
as Debye,39 who first treated the polérizable ion problem, the total

mdlecular dipole moment can be eipressed as:
w=er - (u +uw) . (22)

Here +e and -e are the charges on the ions; uy and u, are the induced

dipole moments, and r is the internuclear separation. Designating the

electrostatic field at the center of each ion as El and E2 and the

dipole polarizabilities as 0y and Oy, the induced moments can be written

as:
‘ /o 2u
: r » r
‘ | . -
up = OpFy = <“§ + —5—> (24)
. ‘ r r

Solving these equations simultaneously and substituting into Eg. (22),

we obtain: :
o,
r e(o,+0,) + Lreq o
u=er - M 62. 12 (25)
ol
r Lozlag

Lo, L
Using the crystal lattice theory of Born, ’ . Rittner expressed the

potential energy as: : ,
M=o+ ae~T/P (z5a)
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“The . ¢ tefm arises from electrostatic interactions between the lons:

charge-charge, charge-dipole, and dipole-dipole interactions. This is

written as ’

2 ee(a ) et | , ‘

o = _ 1 27 12 A (26)
" T T T T B

2er S

The remaining term 6f.the potehtial energy 1s the expohential repulsibﬁ
term, Ae-r,,/p°

The repulsion constants, A and p, are determinéd by use of the

relationships:

| v . o -
<dr >r*re ='K'v'v‘g;’ _  >‘ 5;_1;55.(28)

The force constant, k, 1ls related to the vibrational frequency, Vos DY ;""

the relationship:

Vo = Kb, @)
where — = Wg (the vibrational constant) and u, is the reduced mass.
Thus the experimental values of the equilibrium internuclear dlstance, '

Tas and the vibrational. constant we, are input data for this ver31on »
of the ionie model ' v _ ‘

Honig et al. i3 extended Rittner's model to predict the Dunham

coefficient al.Zm The potential energy W(r) can be expanded about Te
and written as:

| e (P ()
W(r-r) = Wlre)+(rre JWlre)s ——gy— W'(xg)+ ——,

A,(50)
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"defined as:
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-or written in the usual Dunham form as:

..o ' ‘
W = Wy +agk + aoalgj + e _ ' (51).

r-r_ : . .
- and a, = Kre2/2' and the second Dunham coefficient is

’ . 5 1"y v .
a.- _ re W (I‘e) v . (52)
1 3lag
The coefficiéntval can therefore be calculated'knowing the form of the

potential energy curve and compared to the experimental value:
8y == —m -1 ; (33)
. 6Be

As additional,iﬁput data for ﬁhe‘ionic model, one needs reasonable .
estimates of the effective polarizabilitles of the positive and negative
ions. The values of the polarizabilities that are uSually extracted '

from expérimental data or calculated are large distance, low-field,

polarizabilities; that is they are the polarizabilities when the per-

turbing charge is entirely outside the electron distribution of the ion.

A commonly used set of pblarizabilities is that of Pemling.LL5
Klemperer et al.”é’u7’u8 examined the model for the alkall halides and
found that the experimental dipole moments did not agree with the pre-
dictions— the calculated values being too small in all cases. They
argued that the.polarizabilities s@puld exhibit a saturation effect in
diatomic molecules and decrease with field strength. They forced the
dipole mgments to agree with experimental values by decreasing the
halide polarizabilities and then calculated the values of the dissociétidn
energy, Wé,.and the Dunham coefficient, 8y

Cohen,49 however, has shown that the polarizabilities do not

necessarily decrease with increasing field strength, as Klemperer has

argued. Therefore Klemperer's explanation for the apparent decrease in
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polarizabilities might not be_co%rect.

50

Recently Bufns has calcu}ated the dipole, quadfupole; octupole,
and hexadecapole polarizabilities of F~ and C1~ in order to determine
the antishielding factors for an interpretation of the quadrupole
coupling constants in the alkali halides. The polarizabilities were
caiculated for the alkali halide internuclear distances and were often
much smaller than those for the free ion. These polarizabilities aiso
'exhibited a variation with internuclear separation, that is they ihcréasea
- with ipcreasing r. These results seem consistent since it would be ex-
pected that the polarizability should decrease with charge penetration.
At alkali halide interhﬁclear distances. the positive alkali core pene-
‘trates the electron density of the large halide ion, but the electron
density is penetrated only for a few of the alkali ions, and thus this
penetration effect is primarily important\in the case of the halide
polarizabilities. This effect should be much more extreme in the case
.of the iarge diffuse H™ ion. ’

It seems reasonable to expect the‘polarizébilitieé to fit an S-
shaped curve varying from zero at r = O to the free ién value at some
finite r value, R. This R value; approximates the limit of the electroﬁ
distribution contributing to the polarizability. -

In choosing values for the effective polarizabilities in the ionic
model of LiH, the Li+ ion presents no serious difficulty. The ion is
small and penetration of 1ts electron distribution is unimportant at
the equilibrium internuclear distance. In addition the polarizability
is small and accurate values are available. Some of the reported values

‘are given in Table XV. Of these the most accurate are undoubtebly the
O.Q285 of Edlén,51 obtained from an analjsis of‘sﬁectroscopic data; aﬁd

the 0.0286 of Baber and Hassé,6lvwhich they calculated using a wave function
of the Hylleraas type. A brief summary of the methods used in calculating
polarizabilities is given in the Appendix. )

The situation for H™ is much less satisfacﬁory; here, as mentioned
above, penetration of its electron distribution by the small Li* ion
should have a large effect on its effective polarizability. A number

of Values for the infinite distance polarizability of H~ ion are available

3
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“the 31.4 of Schwartz”
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in the litefature. Some of theée are given in Table XV. Of these -
5eishould be. b¥ faf the most accurate. He used an
18-parameter wave function of the Hylleraas type.

That a large reductlon in the effective polarlzablllty of H™ is
necessary for even an approximate descrlptlon of LiH by the ilonic model

can .be seen by calculatlng the dipole moment using Eq. (25). Using inter-

. 0]
_nuclcar distunce r = 1.59443 R, 31.4 x 10 2% um? as the dipole polariza-

blllty of the hydride 1on,52 and 0.028 x lO"QLL cm”? as the polarlzablllty55
of Lit , the dipole moment calculated 1s -69.5 Debye The llthlum end of

*the molecule is negative!  Even using the smallest H™ polarizability in

.Table XV helps only slightly— the sign is still wrong.

Unfortunately no calculations are available for the effect of pene-
tration on the polarizability of H ion, and there are only a few cal- |
culations for other ions. Callaway_5lL has calculated a polarization

potential for some of the alkali ions, byvperturbation theory, which

' vanishes at the origin. Allowing rq and rp to denote the core electronic

coordinates and ry to represent the valence electron, .the polarization

'_ potential Vp(rv),ls given by:

r _ ' :
va(rv) = <-£%%>ES_/NVui<o)<rl)rlcos e ui(l)(rl,rv)drl (54)
| v/io - |

He used numerical values of the perturbed wave functions, which were

. computed by Sternheimer. Self-consistent wave functions were used for

the unperturbed core functions. These were computed by LEWdin65 for Na .

and Li; by Hartree and Hartree66 for K. Multiplying his potential by ru,'

where r is the distance from the core, if one neglects quadrupolarizability

~and higher order terms, equating’®this to dipole polarizability one obtains

numerical values for'pplarizability versus distance. These are plotted

+ +
- for K+, Na , and Li in Figs. 18 through 20, The infinite distance

polarizabilities obtained from these plots, agree reasonably well with
values obtained by Sternheimer; these are summarized in Table XV. A
distance corresponding to the "ionic radius" (Paulingb7) is indicated

on the figures. All the polarizabilities are characterized by a very
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L‘-Table Xv.,:Dipble polarizabilities,

ion Callavay

other methods

‘Li

iirNa+

+

18.2 &7

0.148 &

1.27h 3>

0,030 K5» :

13.8
S BL.b
T A
13
1k.9
10.0
38.7
17.33
7.56
30.2
0.0307
0.0305
0.02k
0.030k
0.0286
0.0283
©0.027
0.0280
0.0304

0.0281
O-lu‘8
0.14%0
0.152

1.26
0.811

- 55

ref.
lo Cohen, coupled HF
52 Schwartz,'exaét calculation
55  Yoshime and Hurst
56 Wikner and Das
57 Sternheimer.
: Pauling
51  Edlén
/51 Edlén
Schwartz
59 Geltman
57 Sternheimer
. 56 Wikner and Das
60 - Mayer and Mayer
Yoshime and Hurst
61"  Baber and Hassé
51  Edlén
- 58 Schwartz
Lo Cohen, coupled HF
62 Dalgarno and McNamee,un-
, coupled HF v
62 Dalgarno and McNamee, coupled
_ HF
51 Edlén
49 Cohen, coupled HF
63 Sternheimer
6L Sternheimer
‘51 Edlén -
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Vlrapid aecrease'at'about'the ionic radius. = _
' The dipole polarizabilities'of F~ and C1  calculated by Burns
are shown in Fig. 21. He used the variation of parameters method.to
calculate the polarizabillties-for the F and C1 ions at several
values of r and assumed a cancellation of the p—s and o—9p contributions
to the d}pole calculation. Sternhelmer68 has shown that these terms do
not cancel in the case of the halides. However these contributions are
reasonably small and Burn's calculations should give at least a quali--
tative description of the variation of polarizability with distance. It jV
is evident from Fig. 21 that the decrease in polarizability as one
approaches a distance corresponding to the "ionic radius" is even more
extreme for the larger, more loosely bound halides than for the alkali
ions. v | _ .
Thus 1t is probably reasonable to expect an even larger effect for ‘
the very large and loosely bound H ion. It is difficult to give a
- definite'meaning to "ionic radius” for H™, nonetheless, Pa_uling67 gives
a value of 2.08.8, obtained by extrapolation from other ions. vAt the
equilibrium internuclear distance in LiH, 1.59 K the Li* ion is "inside"
the "ionic radius". Thus one is led to expect a very small effective
polarizability for H in the LiH molecule.
Since there are no quantitative calculations of the effect of pen-
etration on the polarizability of H we will adopt the procedure of
Rice and Klemperer and force the effective polerizability of H to fit-
~ the measured dipole moment of LiH. Using u, = 5.828 D, r, = 1.5% &,
o = 0. 028 KB in Eq. 25, we flnd 0é 0.91k ﬁa —a very small but per-
" haps not unreasonable value in v1ow of the prccednng argumenta. Uolng
these values (and Wy = 1405.65 cm~ ) we can calculate the dissociation
energy {(to the ions), W,'from Eq. 25a; the second Dunham coefficient,
aq, from Egq. 32; and the change of the dipole moment with vibrational

state, u from Eq. 25, and Eq. 20 on page 45, Table XVI compares the

I)
results of this calculatlon with experiment. Also shown ave the results
of a similar calculation for LiF. LiF is the alkali halide expected to most

closely resemble Lil and is generally considered an lonic molecule.
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As can be seen from Table XVI {and not unexpectedly) the simplé
;ionic model gives a somewhat poorer description of LiH than of LiF.
The calculated quantities deviate from experiment in the same direction -

for both molecules but the deviations are considerably larger for LiH.

Table XVI. Simple ionic model

LiH

caleulated ' experiment - ref,
W 7.00 ev . T7.17 ev
aq -1.02 ev . . -1.88 ev
uI' 0.122 D 0.109 D
LiF | |
W : 7.88 ev . - 7.9%3 ev . 69
: al ' -2.39 ev . : . =2,70 ev 8
!
up | 0.09k D - 0.082 D *
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. APPENDIX
In calcuiating‘polarizabilities quantum mechanically, there are.
several ways to proceed.. Variational calculations,-perturbatidn tech-
niques,  Sternheimer's method, coﬁpled and uncoupled Hartree-Fock methods,w
oscillator strength'formulgs,or,Thomas-Fefmi model calculations. '

If an external charge Z' is located at r'and r' is large, the in-

: téraction potential can be written as:

o0
— T
= -, - . ,2. Z i
v(r,r") 7, KT (cos g, )
i=1K=1 T
0 V ’
- , K(I"
v(r,r') = Z'ZE KL
K=1 T

The perturbed wave functlon wK(fv can be expanded as:

K2y 4 ...

() (r>+z¢l‘ (@) v 2%,

- g (K) 2 (K) -
EK = Eo + Z Elf o+ Z E2 T ouee
The wave equation of the perﬁurbed system: (H + Z'VK"EK)WK = 0 can be
replaced by the -sequence: (H- E )w = Oy e e
oy, a(rem, By =0, ete.

This may ‘be solved formally by the approximation:

) = S e,y @)
t

where wt(;v is the eigenfunction of the tth excited state of the
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-unperturbed Systém, satlsfying thé equation:
‘ . » 4 »
(H'E.t)"//t(r ) = 0
; The general formula for the polarizability is:
A B . v .
. ! l(%Ut b VLV/aI ’
oL = 222 ~ -

;,. - . t - Et-EO

where thé,prime means to.exclude t = 0 in the sum. _

: This formula can be used to derive values of dipole polérizabilities
for atoms for which oscillator strengths are known. The electric dipole
oscillator strengﬁhs'corresponding to the transition from state wo to

state wt is defined by:

} X I\L
(B Y i)

fot, = |
| | &

WS

24
.

Substituting this into the preceding equation, the polarizability

formula isi.
. ' o
%ot =§2 J!"o'c/(Et"Eo)
% , _

Geltman59

arrived at the value 350.2 & for the H polarizability using
this method. -Donath

70

-essentially used the oscillator strength formula.
The wave functions of some of the discrete sﬁates were dérivéd from
variational methods and used in some parts of th¢ sum.

¢, is sensitive to the adopted representation 6f the unperturbed

d 61 (1) +
wave function. Baber and Hasse ™ chose wl for Li as

2 3 2 3
wl(l)(rl,rg) = {(arl+brl +cr12)cos 91+(ar +br, “rer,” cos @2} Vo

2 2 2
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For w they used a 51x—parameter wave function and found 0.02862 ﬁB
for the polarizablllty

-In the Hartree approx1mat10n the unperturbed functlon is written in

the form:

) =TTy, °)<r )

i=1 -

The first ordef perﬁurbed wave_function is defined by:

»

. N (1)(r )
.Wl(r) =§5 ;TTBTZ;_; ¥y (r)
ci=1 i i

°

. The polarizability is given by the_following formulas:

T - ey feos ) - (0, (%), com 0,) 5, (%)

¥

0L = z o,L(n, £)

ng

Iu(n',z'),Viu(n,f)Ig .
e(o)(n'z') -'6(6)(n£)

2L(n,z) = -2 22

n't'

#nl

The (n{) summation is over the occupied orbitals and (n'f") is over all

possible orbitals and includes an integration over the continuum. In
the Sternheimer procedure, in summing over ail shells there occurs a
near cangellation of contfibutions from transitions between occupied
orbitals. The cancellation is not complete because vi(ri) differ for
different electron shells and u(nl) are not members of the same com-
plete set. Upward transitions from the outermost shells provide the

major contribution to the polarizability. Tor Na', s-ternheimer65 finds
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g oh(Qs-P),= 0.117 and'Oﬁ(Ep-s) = <0.098. The largest contribution to

a, is Oé(?p-d) = 0.133. The net polarizability is 0.152 30,
In the evaluation of the self-con?istent interaction potential
Vi(ri),'Sternheimer solves an equation numerically. This numerical
integration is one of the chief characteristics of the Sternheimer pro-
cedure. » »

Instead of a perturbation approaéh, a variational approach using a

trial function such as:
(1) _ 7, (o)
u, (ri) = vy (ry)uy (ri)

A

or a more flexible'trial function such as

: ﬁi(;)(ri) = (aw+vbri + crie)Vi(ri)ui(o)(gi)

5

which was used by Wikner and Das” can be used.

Sternheimer modified the uncoupled Hartree approximation by using

* Hartree-Fock orbitals. Parkinson71 used anti-symmetrized combinations

. of product tjpe '

' T u_i("_)(ri)

i=

“solutions. In the uncbupled Hartree—chk approximation, unphysical

transitions between occupied orbitals, such as occur in the Sternheimer
procedure, are removed. The unperturbed wave function is written as an

antisymmetrized product of one electron orbitals.

- ‘ N
; '{//O(r) =AE ui(O)(ri)
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,

The first order perturbed wave function is:

1”1(1" EAW o)<%;)uj(%)(fj)'

1=1 1%J

"

Theipolarizability is given by the formula:

_-ez (0,9, 70, ) | z( >>(u<1;uK<o>)

parallel spins

o

Altérnatély a variational method can be used with the trial function

t

Wy o TS () y
ug o (ry) ‘J% vy (zdu ) E
° which yields the formula:

. N (ui(o'),rigui(o)) _zll‘l(ui(o))riuj(o)){g
o _ b ‘ ' i
% = 522 . I ‘

i=1 D,
i

i<0)(ri)uk(O)(ri)ui(é)(rK)uK(o)(rK)

/ splns

[ri-rK|

The values obtained using the uncoupled approximation are much
smaller, generally, than those from the Sternheimer procedure. The
fully coupled approximation usually gives lower bounds for polarizabil-

ities. 2 The values from the Sternheimer, uncoupled Hartree-Fock and
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coupled Hartree-Fock for L1 are 0.0307, 0.030L, and 0.0281;, as an

: example The previous formulas for polarlzabllltles from the uncoupled

perturbatlon method remain valld in the fully coupled Hartree-Fock

'_approx1mat10n. The wave function is written differently, as:

)(r ) +uy (a )(r ) o

ATT

, The perturbed orbitals are coup;ed both by direct and ‘exchange inter-

actioné in the Hamiltonian. The polarizabilities derived in this way
are more exact; they are correct to first order. For polarizabilities
‘derived from the uncoupled approx1matlon there is a non-vanishing first

order correctlon
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