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RADIAL FUNCTIONS OF DIATOMIC LITHIUM HALIDES X '.C+ 

FROM VIBRATION-ROTATIONAL SPECTRA 
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Academia S i n i c a ,  

I n s t i t u t e  of A t o m i c  and Molecu lar  S c i e n c e s ,  

P .  0 .  Box 23-166,  T a i p e i  10764,  Taiwan 

(electronic m a i l  : cc7b0001@twnmoe10. b i t n e t )  

ABSTRACT 
The radial functions for potential energy and 

adiabatic and nonadiabatic effects in the forms of 
polynomials with coefficients c hLi, h;, gki and gx 
of the reduced variable for internuclear distance 
z=2.(R-Re) / (R-tR,) to various non-negative powers have 
been determined for the family of diatomic molecules of 
the lithium halides, L i F ,  LiC1, L i B r  and LiI, with the 
corresponding results of LiH included for purposes of 
comparison. Trends are evident in the coefficients of 
lower order, but those of higher order are susceptible 
not only to the influence of the extent and quality of 
the data but also to the truncation of the power series 
in the representations. The various radial functions 
are valid with the specified ranges of internuclear- 
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1342 OGILVE 

distance depending on the maximum extent of vibrational 
excitation of the spectra. 

INTRODUCTION 
Although the binary compounds of lithium with the 

halogen elements and hydrogen occur as crystalline 
materials under customary conditions in the laboratory, 
at sufficiently elevated temperatures the vapours above 
these solids contain diatomic molecules and possibly 
aggregates thereof. Under these conditions one may 
observe the discrete spectra of the diatomic molecules 
in absorption or emission. For instance when a tube of 
alumina containing LiF was heated to at least 1200 X, 
about 1100 emission lines due to vibration-rotational 
transitions of ’Lil’F and 6Li19F in the sequence Av=l 
were detected in the mid infrared spectral region.’ 
Previously a further 3 7  pure rotational transitions of 
the same isotopic species had been measured in 
absorption in the microwave spectral region. 2-4 These 
combined data provide a basis to determine not only the 
principal function, the potential energy, that governs 
the vibrational and rotational motions of the nuclei, 
but prospectively also other minor functions that take 
into effect the failure of the discrete molecular 
energies to follow accurately scaling laws based on the 
atomic or nuclear masses. The deviations from these 
laws provide information about the adiabatic effects, 
arising because the molecular energy depends on not 
only the internuclear distance, according to the 
separation of electronic and nuclear motions achieved 
by Born and Oppenheimer, but also the relative nuclear 
momenta, and the nonadiabatic effects, arising because 
the electrons fail to follow perfectly the nuclei 
during the vibrational and rotational motions o f  the 
latter. Because the energies of electronic ground 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
5
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



DIATOMIC LITHIUM HALIDES 1343 

states of most diatomic molecules, within which the 
observable pure rotational and vibration-rotational 
transitions occur, are relatively remote from the 
energies of other electronic states, one can consider 
these adiabatic and nonadiabatic effects as 
perturbations such that the corresponding treatment of 
their functional dependence on internuclear distance, 
like that of potential energy, becomes feasible. 

We have developed an analytic theory that makes 
practicable the process of spectral inversion, i.e. the 
extraction by direct reduction, from the frequencies 
and wavenumbers of the known transitions, of the 
parameters of the various radial functions. Reduction 
to this form enables both the most compact and the most 
chemically and physically meaningful representation of 
the spectral data.6 In the application of this theory 
to several diatomic speciesI7f8 we have generated the 
coefficients of the pertinent functions in sufficient 
numbers that discernment of trends of the numerical 
values of the coefficients according to chemical 
relationships becomes practicable. One chemical family 
for which sufficient spectral data are available 
contains the halides of lithium-LiF, LiCl, LiBr and 
LiI-to which for comparison we add the related species' 
LiH. These diatomic molecules are strongly polar: 
their permanent electric dipolar moments lie in the 
range/10-3a C m [15, 301. 9 

PRINCIPLE OF THE METHOD 
The salient features of the procedure we recall 

here as a basis to understand the results of our 
calculations on the lithium compounds. The effective 
potential energy governing the internuclear vibration 
and rotation (about the centre of molecular mass) of a 
diatomic molecular species LiX within a particular 
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1344 OGILVE 

electronic state of type ’Z contains at most five 
determinable radial functions, expressed 
veff = coz2 (1 + C c. zj) + C m,hL$zj/MLi + Z m hxzj/Mx e l  

j=1 j=1 7 j=1 

+ B,J(J+l) [l + C megL$zj/MLi + 2 m e l  gxzj/Mx]R;/R2 (1) 
j =o j =O 

in which me is the electronic rest mass, MLi and MX are 
the masses of the separate atoms of types Li and X 
distinguished by their atomic numbers, and the reduced 
variable z for displacement of internuclear separation 
R from the equilibrium distance Re is definedloi” 

The functions involving the coefficients hLilx take 
empirically into account collectively the vibrational 
adiabatic effects and the nonadiabatic effects 
associated with vibrational inertia of the electrons, 
because other effects have different dependences on 
atomic mass which make them currently negligible with 
respect to the experimental error of frequency 
 measurement^.'^ The functions involving the 
coefficients gLifX embody the nonadiabatic effects of 
the rotational inertia of the electrons, and to some 
extent also the nonadiabatic effects of the vibrational 
inertia of the electrons. The two nonadiabatic effects 
may be considered to arise from interactions between 
electronic states induced by the vibrational and 
rotational motions of the nuclei respectively. Defined 
according to equation 1, all coefficients c gLifx and 
h t i f x  are formally independent of mass, and 
dimensionless (except co and hLifx having units m-l). 7 

Because for LiF and LiI data of F and I of only 
one nuclidic type each are available, we consider no 
further the effects of variation of the latter nuclear 
masses; hence we specify gqi and hti as the parameters 
to treat the features of the spectra of LiF and LiI 

Z 2 (R - Re)/(R + Re) ( 2 )  

3 

3 

j f  3 
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DIATOMIC LITHIUM HALIDES , 1345 

that depend on the mass of the Li nuclei. For the 
other molecules, even though data exist for transitions 
involving isotopic variants of each nuclide, these data 
may prove of insufficient quality and quantity to allow 
the significant determination of parameters of all five 
functions. A s  a consequence of the various 
contributions to the effective potential energy, the 
vibration-rotational terms consist also of several 
contributions; the expression for these terms is an 
extension of Dunham's systematic form, l3 

(v+!4)k[J(J+1) 1' . ( 3 )  
In this equation in which the explicit isotopic 
dependence of EVJ and the coefficients Ykl and Zkl has 
been suppressed to simplify the notation, the 
coefficients Ykl are supposed to reflect purely the 
internuclear potential energy V ( z )  and the centrifugal 
motion of the nuclei and associated electrons; the 
remaining coefficients, z k l  of four varieties, pertain 
respectively to the obviously corresponding terms 
considered as perturbations separately additive in the 
effective potential energy according to equation 1. 
The distinction between ZiiLi and Z$iLi, and 
equivalently for the other two coefficients Z k i x  and 
Zgix of each partner X, is practicable only because of 
the structure within each coefficient Zkl, i.e. its 
dependence on the parameters in the various radial 
functions containing coefficients g and h ; l2 hence 
the latter expressions are effective functions in terms 
of the more fundamental but difficultly separable 
adiabatic and nonadiabatic effects. 

The method of estimation of nonlinear parameters 

j i  
we apply to determine the applicable coefficients c 
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1346 OGILVIE 

g, and h, directly from the wavenumbers 5 of the pure 
rotational and vibration-rotational transitions as in 
each case pure rotational transitions have been 
measured in the microwave region and vibration- 
rotational transitions in the mid infrared region. 
Each wavenumber 5 of a transition is the difference of 
the two terms EvJ of the combining states; the 
criterion of convergence of a fit to a particular model 
is that the sum of the squares of the weighted 
residuals between the measured and calculated values, 

- Ccalc, is a minimum, hopefully the global ’ obs 
minimum (apart from possibly the united atom), with the 
weights being the squared reciprocals of the estimated 
uncertainties of the measurements. All uncertainties 
in the tables represent one estimated standard error; 
for Re and the force coefficient ke the stated 
uncertainties take into account also the error in the 
pertinent fundamental constants. The atomic masses 
of H I  Li, F, C1, Br and I are drawn from the latest 
consistent set. 15 

RESULTS &.NJ DISCUSSION 
The set of input data for LiH differs from that in 

previous determinations of the radial functions in that 
only 539 unduplicated transitions are included from 
measurements of pure rotational lines in the 
millimetre-wave region16 17 I and pure rotational and 
vibration-rotational lines in the infrared region , l8 I 
for the isotopic variants 6Li1H, 6Li2H, 7Li1H and 
7Li2H. Almost all data of Yamada and Hirota18 were 
excluded because the residuals between those measured 
wavenumbers and the ones calculated from the parameter 
sets in tables 1 and 2 generally significantly exceeded 
the estimated uncertainties of those measurements, 
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DIATOMIC LITHIUM HALIDES 1349 

although the residuals showed no systematic trend of 
signs, i.e. generally positive or generally negative 
differences between observed and calculated values; the 
removal of transitions that duplicated measurements in 
the larger set of data" led to an improved normalised 
standard deviation := 1.061, negligibly larger than the 
uncertainties attached to the various measurements. 
For this reason also the values of the corresponding 
parameters in tables 1 and 2 differ, although only 
slightly, from those previously reportedr2' but are 
determined more significantly. The maximum range of 
validity of the radial functions of LiH is 1.25(R/10-10 
m(2.18. 

The 1152 data of LiF include 37 pure rotational 
transitions in the microwave regionI2-* and 1115 
vibration-rotation transitions in the infrared 
region21r1 in the sequence Av=l up to v'=8, for the 
isotopic variants 'Lir9F and 7Li19F. A s  the 
uncertainties of measurement associated with most 
infrared data were estimated conservatively,' the 
resulting normalised standard deviation of the fit, 
0.707, was significantly less than unity. The previous 
fit' of the major collection of data was not applied to 
produce a potential-energy function. In our fit all 
parameters of that function were well determined; of 
the four parameters to describe the adiabatic and 
nonadiabatic effects hti exhibited only moderate 
significance. The maximum range of validity of the 
radial functions of LiF is 1.32(R/10-10 m(2.03. 

The 2577 data of LiCl consist of 68 pure 
rotational transitions in the microwave region, 2r2 2 t 2 3  
and 2509 vibration-rotational  transition^^^,^^ in the 
infrared region in the sequence Av=l up to v1=8, for 
the isotopic variants 6Li35C1, 6Li37 C1, 7Li35C1 and 
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1350 OGILVIE 

7Li37C1. The normalised standard deviation of the fit, 
0.993, is essentially unity, as a result of both the 
careful weighted constituent data and an efficient fit. 
BY means of our improved fitting program we achieved 
this fit by means of only 13 independent parameters, 
all significantly determined, compared with 16 
independent parameters in the results previously 
reported.26 The maximum range of validity of the 
radial functions of LiCl is 1.72QR/10’10 mQ2.54. 

The 1018 data of LiBr consist of 14 pure 
rotational lines in the microwave region , 27 28 and 
1004 vibration-rotational lines2’ in the infrared 
region in the sequence Av=2 up to v 1 = 9 ,  for the 
isotopic variants 6Li79Br, 6Li81Br, 7Li79Br and 
7Li81Br. The normalised standard deviation of the fit 
was 1.0052 with only nine independent parameters; 
although hki, previously undetermined , 26 was only 
marginally determined here, the related parameter A k f l  

appeared well determined in that fit to the 
coefficients Ukl and Akf1.2g We obtained a value of 
hii not by a direct fit but rather by separate trials 
with varied values to discover which set of parameters 
yielded the maximum value of the F statistic. The 
maximum range of validity of the radial functions of 
LiBr is 1.84<R/10-10 mQ2.73. 

The 116 data of LiI include seven pure rotational 
transitions in the microwave region,2f27 and 109 
vibration-rotational lines in the infrared region in 
the sequence Av=2 up to ~ l = l O ; ~ ~  of all these data 
only two microwave transitions belong to 6Li1271, the 
remainder pertaining to the dominant isotopic variant 
7Li1271. Being based on only these two measurements, 
determination of the coefficient hki proved difficult; 
after its value was found reasonably precisely in a 
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DIATOMIC LITHIUM HALIDES 1351 

preliminary fit, this value was constrained in later 
fits to determine the potential-energy coefficients 
with decreased correlation coefficients. According to 
this strategy, the normalised standard deviation of the 
fit became 0.774, indicating conservative estimation of 
the uncertainties of the infrared data.30 The maximum 
range of validity of the radial functions of LiI is 
2.0 3 6 R/ lo-'' rns 3 . 0 0. 

CONCLUSION 
On the basis of the generated sets of coefficients 

of the radial functions (within the specified ranges) 
of diatomic molecules in this family of the lithium 
halides, some trends are discernible in the values of 
the parameters. For instance, according to table 1 the 
magnitudes of cot c2, c3 and ke decrease systematically 
from LiF to LiI, whereas the magnitudes of Re and c1 
increase in the same order. Trends for c4-c6 are less 
evident because these coefficients are more susceptible 
both to the extent and quality of the data sets and to 
the truncation of the polynomials in the 
representation. In table 2 the values of hti, hti and 
gki of LiF and LiCl are comparable. These similarities 
and trends indicate the physical and chemical 
significance of the results in the forms of these 
effective radial functions. Even though according to 
some chemical and physical properties LiH might be 
considered to resemble the lithium halides, there are 
more contrasts than similarities in the corresponding 
spectral data appearing in tables 1 and 2. 
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