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Abstract 

We combined radial functions for the rotational g-factor and electric dipole moment, from molecular electronic computations 
but tested with experimental data, with spectral data of 557 pure rotational and vibration-rotational transitions of LiH in four 
isotopic variants; on this basis we evaluated separate radial functions related to particular terms in the effective Hamiltonian for 
adiabatic, nonadiabatic rotational and nonadiabatic vibrational effects of the separate nuclei, in addition to the internuclear 
potential energy that predominantly determines the wavenumbers of these transitions. The contributions of the former (extra- 
mechanical) effects to term coefftcients defining the energies of vibration-rotational states have comparable magnitudes. 

1. Introduction 

Van Vleck delineated adiabatic and nonadiabatic 
effects [ 1 ] in intramolecular dynamics of a diatomic 
molecule of electronic symmetry IX+ nearly sixty 
years ago. In a sense these nominal effects lack phys- 
ical significance because they are mathematical arti- 
facts: they arise from the endeavour to treat sepa- 
rately electronic and nuclear motions, according to 
the procedure originally devised by Born and Oppen- 
heimer [ 21, and developed later by many other sci- 
entists [ 3 1, whereby one imposes the classical idea of 
molecular structure on a quantum-mechanical sys- 
tem [ 41. According to a qualitative and quasi-physi- 
cal explanation, the adiabatic effects are attributed to 
the dependence of the internuclear potential energy 
not only on internuclear distance but also on relative 
nuclear momenta, hence on the masses of the indi- 
vidual nuclei. Nonadiabatic rotational effects are as- 
sociated with inertia of the electrons with respect to 
rotation of the nuclei about the centre of mass, and 

analogously the nonadiabatic vibrational effects to 
inertia of the electrons with respect to nuclear oscil- 
lations along the internuclear axis. Adiabatic effects 
involve formally only the electronic state of interest, 
commonly the ground state ‘Z+ for vibration-rota- 
tional spectra, whereas nonadiabatic effects can be 
calculated theoretically in terms of matrix elements 
connecting that electronic state to electronically ex- 
cited states, correspondingly of species ‘II for rota- 
tional effects and ‘X+ for vibrational effects [ 11. 

2. The effective Hamiltonian 

As the basis of a quantitative treatment we adopt 
an effective Hamiltonian for nuclear motion of the 
form [5] 

&=B[ 1+/3(R)]P/2p+ V(R)+ V’(R) 

+hcB,[ 1 +a(R)]J(J+ l)R:/R’. (1) 
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Here R is the internuclear separation and R, its value 
at the minimum of potential energy, p is the reduced 
mass, Be s h/ (8x*c&) is the equilibrium rotational 
parameter, and Js is the operator for linear momen- 
tum of the nuclei; B(R), V’(R) and a(R) represent 
nonadiabatic vibrational, adiabatic, and nonadi- 
abatic rotational effects respectively [ 5 1. To apply 
this Hamiltonian we transform to the reduced dis- 
placement variable 

z=2(R-R,)/(R+R,) (2) 

that possesses the property of remaining finite 
throughout the range of molecular existence: as 
O<R<co, - 2 < z < 2 [ 6,7 1. With units of wavenum- 
ber henceforth assumed for appropriate quantities 
and with SI units for all quantities as recommended 
by IUPAP [ 81, the potential energy V(R) formally 
independent of nuclear mass we represent in the form 

161 

V(Z)=COZ’(l+ jz, CjZj) * (3) 

For an assumed diatomic molecule AB having nuclei 
with protons of unequal number, the further func- 
tions dependent on individual nuclear masses M. and 
Mb we represent by means of separate expansions for 
the nucleus of each type A and B; we have for the 
nonadiabatic vibrational effects [ 9 1, 

/WV =B”W) +Bb(N 

= m, c ,zo sTzj/M,, + c $Z’lMb 
j=O > 

for the nonadiabatic rotational effects, 

a(R) =a”(R)+ab(R) 

= m, 

c 
go qz’/M, + 1 tjbz’lMb 

j=O > 

(4) 

(5) 

and for the contribution to the internuclear potential 
energy dependent on nuclear mass, i.e. the adiabatic 
effects, 

V’(R) = P(R) + Vb(R) 

=m, c & uTzj/Ma + c $Zj/Mb 
jr1 

(6) 

As nuclear masses are known generally less accu- 

rately than atomic masses and as the small differ- 
ences between these masses have immaterial effects 
on the ultimate parameters and their interpretation, 
we henceforth employ atomic masses [ lo]. We ex- 
press the discrete molecular energies within a partic- 
ular electronic state, or vibration-rotational terms in 
the form [9] 

x (v+ ~)q.T2+Jy. (7) 

Here the term coefficients Y, depend, in a nonlinear 
manner, on only the equilibrium force coefficient k, 
(through UL,o, defined below), the equilibrium inter- 
nuclear separation R, (through Uo,,, co= U~,o/4Vo,,), 
the reduced mass p and the coefficients Cj in the ra- 
dial function, Eq. ( 3), for potential energy. To take 
into account vibration-rotational ramifications of 
adiabatic and nonadiabatic effects, the term coeffi- 
cients ZY, of each nucleus a or b depend on the pre- 
ceding parameters plus coefficients ~7, UT and Ma or 
SF, uj” and Mb respectively, whereas for the addi- 
tional rotational consequences of these effects the 
coefficients Z& of nucleus a orb depend on parame- 
ters in the first group plus 37, t; and Ma or sj’, t: and 
Mb. In Eq. (7 ) the explicit dependences of E,,,, Ykl 
and various Z,, on the isotopic variant are sup- 
pressed. To treat adiabatic and nonadiabatic effects, 
which imply the coupling of electronic and nuclear 
motions, by means of radial functions of R, which 
imply the separate treatment of these motions, may 
appear incongruous; for the electronic ground state 
and in particular for its vibration-rotational states far 
from the dissociation limit, the formal interactions 
with energetically distant, electronically excited states 
may be sufficiently weak that they can be considered 
to represent small and homogeneous perturbations 

[51. 
Even though these adiabatic and nonadiabatic ef- 

fects are mathematical artifacts, experimental infor- 
mation is associated specifically with the nonadi- 
abatic rotational effects. The rotation of an otherwise 
non-magnetic diatomic molecule induces a small 
magnetic dipole moment [ 111. The factor g,, is for- 
mally an expectation value (ul] a(R) I uJ) or 
(vJlg,(R) 1 uJ) of a particular state denoted by vi- 
brational quantum number ZJ and rotational quan- 
tum number J. For an electrically neutral diatomic 
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molecule of polarity +AB-, there arise two contri- 
butions to the g-factor, gJ” attributed to interaction 
between electronic and nuclear motions and the other 
from the rotating electric dipole moment ,& [ 12 1, 

g,=gf;“+m,(M:’ -M;')b,leR, , (8) 

in which mp is the mass of the proton and e its charge. 
The equations, adapted from Ref. [ 13 1, for partition 
of the g-factor to contributions of the separate atomic 
centres thus become 

As previously discussed [ 9 1, there are radial func- 
tions of three kinds beyond mechanical effects em- 
bodied in the potential energy V(z), namely func- 
tions for the adiabatic, nonadiabatic rotational and 
nonadiabatic vibrational effects of atomic centres of 
each type; in practice information of at most two 
kinds can be deduced from spectra recorded for sam- 
ples without externally applied fields, namely the de- 
pendence on individual atomic (or nuclear) masses 
and the extra rotational effects. Measurement of the 
rotational g-factor in varied vibration-rotational 
states by means of the Zeeman effect provides fur- 
ther information that enables in principle separate 
evaluation of adiabatic and nonadiabatic effects [ 91. 
For few molecules has the vibrational dependence of 
g, been measured, and for even fewer its rotational 
dependence. No experimental method to yield data 
that pertain specifically to either adiabatic or nona- 
diabatic vibrational effects in the effective Hamilto- 
nian is known. 

3. Electronic calculations 

In the absence of experimentally based informa- 
tion on the relative magnitudes of these extra-me- 
chanical effects that cause departures from mass scal- 
ing in spectra of diatomic molecules [ 11, we sought 
to employ LiH as a test molecule for this purpose. 
Because of the relatively light masses of the nuclei and 
the availability of isotopic variants of both Li and H, 
this compound is expected to exhibit these extra-me- 
chanical effects relatively readily, and previous spec- 
tral analyses already indicated their presence. Rela- 

tively consistent and precise spectra are reported, for 
pure rotational transitions in the millimetre-wave ( 10 
lines with uncertainties 0.000167 m-i [ 141) and far- 
infrared ( 15 1 lines at 0.06 m- ’ [ 15 ] and 16 lines with 
variable uncertainties within the range/m-’ 
0.000167-0.0010 [ 16,171) regions, and for vibra- 
tion-rotational transitions in the mid-infrared re- 
gion (377 lines at 0.08 m-i [ 15 ] and an additional 
unduplicated three lines at 0.10 m-i [ 18 ] ), of four 
isotopic variants ‘Li’H, 6Li’H, ‘Li2H and 6LiZH. The 
electric dipole moments of ‘Li’H, 6Li1H and ‘jLi2H 
were accurately measured in the ground vibrational 
state [ 191. The rotational g-factors of ‘Li’H and 
‘Li’H were accurately measured in the state v= 0, J= 1 
[ 201, and a rough estimate of the rotational depen- 
dence of g, for Li’H in v= 0 was made [ 2 1 ] ; the latter 
information is inadequate to evaluate the nonadi- 
abatic rotational effects. Because of its few electrons 
and light nuclei, LiH possesses the advantage that 
calculation of electronic structure with relatively great 
accuracy is practicable. 

We chose to calculate the rotational g-factor and 
the electric dipole moment of LiH as a function of 
internuclear distance using a developed and tested 
computational method [ 221. The vibration-rota- 
tionally averaged results were thus tested (vide in- 
fra) against the experimental data [ 19-211. Com- 
bining these results with the spectral data enabled us 
to achieve our objective to distinguish these adi- 
abatic and nonadiabatic effects. 

The method [ 23 ] of polarization propagation en- 
ables direct calculation of second-order properties 
that depend on summation over the set of excited 
states. In this context ‘direct’ signifies that we calcu- 
late the property itself without actual evaluation of 
individual excitation energies and transition mo- 
ments that enter the sum over states. Apart from triv- 
ial factors, the electronic part of the rotational g-fac- 
tor is the same as the paramagnetic part of the 
magnetizability, thus a second-order property. The 
nuclear contribution to gJ is a simple function of the 
nuclear geometry; explicit expressions appear else- 
where [ 22 1. As already demonstrated [ 22,24-261, 
methods of polarization propagation are appropriate 
t0 Cahkite this IIIOkCUhr prOpCIty. we calculated gJ 

at the following levels of approximation of the polar- 
ization propagator - a random phase (RPA, a first- 
order approximation for the polarization propaga- 
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tor), a second-order approximation (SOPPA), and 
two coupled-cluster approximations [ 27 ] based on 
reference states for either doubles (CCDPPA) or sin- 
gles and doubles (CCSDPPA). For comparison with 
the experimental value -0.65842 f 0.00017 ofg,for 
‘Li’H in the state with V= 0 and J= 1, the computed 
values were (RPA) -0.6898, (SOPPA) -0.6962, 
(CCDPPA) -0.6717 and (CCSDPPA) -0.6351. As 
these approximations produced only small varia- 
tions and as CCSDPPA represents the theory at the 
highest level, all subsequent results refer to calcula- 
tions at this approximation made with the Odense 
version of the program RPAC 9.0 [ 28 1, according to 
basis sets of Li and H [29] with minor modifica- 
tions; f functions on Li were removed, d functions on 
Li and H were totally uncontracted, and p functions 
on Li with exponents 0.802261 and 0.362648 were 
also uncontracted. The resulting basis set, described 
as a set ( 13s8p6d) of Gaussian-type functions con- 
tracted to [ 8s6p6d] for Li and ( 12s7pSd] contracted 
to [ 8s5p5d] for H, consists of 104 functions. The sum 
rule of Thomas, Reiche and Kuhn states that the sum 
of all oscillator strengths equals the number of elec- 
trons; with this basis set at the RPA level the sums 
are 3.9909, 3.9912 and 3.9926 in the dipole-length, 
the mixed and the dipole-velocity approximations 
respectively. These results demonstrate that the basis 
set is complete and well balanced. Comparison of our 
SCF total energy - 3.4822704 x lo-” J and electric 
dipole moment 2.00231 x 10ez9 C m with the nu- 
merical Hartree-Fock results [ 301 - 3.4822721 x 
1 O- *’ J and 2.00243 x 1 Omz9 C m respectively at the 
same internuclear distance 1.59530 x lo-“r n allows 
the same conclusion. 

We made calculations at all four levels of approxi- 
mation for each of six isotopic variants, namely all 
binary combinations of 6,7Li and 1,2,3H; in each case 
we calculated gJ at twelve internuclear distances in 
the range 1.17196<R/10-10 mG2.1774. Of these 
results we fitted [ 311 values of g, of species ‘Li’H 
from the approach CCSDPPA to a polynomial in z to 
yield the result 

gJ= (-0.6430283~0.0000019) 

+ (1.344196rtO.OOOO26)z 

f(-1.983927_+0.00031)z2 

+(2.15743f0.00105)z3 

+(-1.775174f0.0093)24 

+ (2.053018_+0.0087)z5 

+ ( - 1.329574 f 0.067)~~ , (11) 

that reproduces the input data quantitatively within 
the specified range; the standard deviation of the fit 
is 3.5x lO-‘j. Calculated at the CCD level with the 
same basis set and at the same internuclear distances 
as for g,, the function for the electric dipole moment 
is 

+ (1.107589+0.000018)z 

+ (0.930986 + 0.00021 )z2 

+ (0.04591 f0.00073)23 

+ (-0.36581 $_0.0064)z4 

+ ( -0.7603-t0.0060)z5 

+ ( -0.6268+0.046)z6. (12) 

According to the polarity +LiH- [ 2 1 ] and Eqs. (9 ) 
and ( lo), we calculated aLi (R) and (We at each 
internuclear distance and fitted each set of values to 
polynomials in z to yield values of coefftcients ty, 
Odj<6, and ty, O<j< 3, listed in Table 1; the asso- 
ciated standard errors reflect error propagated dur- 
ing the tit of calculated data, but we constrained these 
values of tcisH during the tit of spectral data. We de- J 

rived the electric dipole moment from calculated re- 
sults because the measured data [ 191 are insufficient 
to establish the radial dependence required in Eqs. 
( 9 ) and ( 10 ) . Partitioning the rotational g-factor be- 
tween atomic centres according to the latter equa- 
tions is valid because the function a(R) plays the 
same role in Eq. (1) as the conventional definition 
of the rotational g-factor in the same Hamiltonian 
[ 111, consistent with our previous usage for HCl [ 9 1, 
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Table 1 
Coefkients of radial functions and other molecular properties, all independent of mass, of LiH X ‘Z+ * 

i cj tFi I ti” 

0 (6572492.8 0.7742804 -0.75264 
k 8.6) m-r f 0.0000020 k 0.00024 

1 -0.8971881 0.597210 1.2104 
+ 0.0000 160 f 0.000028 + 0.0024 

2 0.347105 -1.18823 -2.3488 
f 0.000095 * 0.00033 f0.0091 

3 -0.085814 1.32281 1.4478 
f 0.00042 zk0.00112 kO.051 

4 -0.045456 - 1.5303 . . . 
kO.00219 f 0.0099 

5 -0.03125 1.4458 . . . 
+ 0.0064 f 0.0093 

6 0.08284 - 1.209 . . . 
Jto.0104 f 0.072 

so” = 0.6686 f 0.042 u~/106m-I=-5.7153k0.0207 
uy/106m-‘=7.830*0.297 

$=-0.3011f0.0079 u~/106m-‘=-5.2913~0.0026 
sH = 0.508 f 0.040 u~/106m-L=5.513f0.054 
$=2.017+ 1.9 u~/106m-1=-4.437k0.157 
U,,/m-‘u1~2=131994.713~0.106 
~~Nm-1=102.6511001t0.000176 

lJ,,,/m-‘u=662.709146+0.000194 
R,/10-10m=l.5949123+0.00000136 

a Each uncertainty denotes a single estimated standard error. All parameters t,w were constrained to the specified values during the tit 
of spectral data; their indicated standard errors result from the tit of theoretical data. The tit of 557 spectral transitions with 17 indepen- 
dently adjustable parameters 4, c, s,w” and ug*” attained a normalized standard deviation 1.095; the F value was 5.0~ 10”. The 
maximum range of validity of all functions is 1.2i<R/ lo-” m6 2.20. The points . . . signify that the pertinent quantities are indeterminate. 

4. Radial functions 

By means of the computer program Radiatom [ 9 1, 
we fitted 557 experimental differences fi= E,, -Ed 
between spectral terms to the parameters, pertinent 
coeffkients of radial functions in Eqs. ( 3 ) - ( 6 ) , based 
on analytic functions [ 91 of term coefficients Y, and 
various 2, in Eq. (7) in terms of these parameters 
according to the theoretical foundation [ 5 1. Result- 
ing values of the coefficients c, s,G*~, u,U*~ and other 
parameters in Table 1 constitute the best fit accord- 
ing to the unbiased test of the F statistic. The nor- 
malized standard deviation 1.095 is equivalent to that 
of a fit [ 121 of the same data according to an essen- 
tially empirical relation [ 32 ] 

E d= k;o,;o %p- (fk+‘)(v+ $)k(.P+J)’ 

x t1+%(~t;l~a+&lwl . (13) 

Table 1 demonstrates that of seventeen indepen- 

dently adjusted parameters the least significantly 
evaluated are cs and s?. Although sB appears poorly 
evaluated, its presence was essential in the fit; with- 
out it the best normalized standard deviation was 
greatly increased ( > 1.7) whereas the F statistic was 
much smaller than the value presented in Table 1. Of 
136 independent values of correlation coeffkients 
from the matrix of variance and covariance, only 
three magnitudes exceed (slightly) 0.95; none in- 
volves Sy . Values of coefficients Cj for potential en- 
ergy and the related distance R, are statistically indis- 
tinguishable from those derived from tits of the same 
spectral data both through the coeffkients U, ac- 
cording to Eq. ( 13 ) and separately by means of the 
program Radiatom without constrained values of 
tbi*H, j> 0 [ 121. Values of uI’,~ that are insensitive 
t’o vibrational nonadiabatic effects [9] also repro- 
duced those from the earlier fit of the same data [ 121. 
Values of A$H that are incidentally produced by the 
program Radiatom reproduced the corresponding 
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values evaluated separately by means of Eq. ( 13 ) 
[ 121. Hence application of this procedure to reduce 
spectral data of LiH yielded statistically meaningful 
results. 

The ratio of the estimated standard error to the 
magnitude of u’: is near the ratio of the electronic 
and nuclear masses; a value of suH/ 1 u’: 1 signifi- 
cantly less than the latter ratio would indicate treat- 
ment at a higher level to be required, as the adiabatic 
and nonadiabatic effects in the theory [ 51 were 
treated according to perturbation theory of first or- 

der in MK,,iear relative to adjacent terms in Eq. 
( 1) . The absence of SF but almost significant evalu- 
ation of SF (Table 1) is worthy of note. During pre- 
liminary fits of spectral data in which ST was allowed 
to vary, its magnitude was both relatively small and 
smaller than its estimated standard error; in further 
fits its value was constrained to zero. Term coeffr- 
cients Zi,, of either atomic type are identically zero 
for all values of k, consistent with their origin in extra 
rotational contributions to the spectral terms. The 
absence from Table 1 of coefficients of zj beyond s$? 
and uy indicates that the values of coefficients tFH 
are meaningful; although it would be possible in prin- 
ciple for coefficients s,g*” to assume values during 
fitting of spectral data so as to compensate for the 
effects of tyH, in that way the imposed values of 
tFH and further values of siLi,” , and even of u kisH, 
might generate meaninglessly small values of Z&‘and 
ZV, for both Li and H that would have a negligible 
effect on spectral terms Ed. That the latter cancella- 
tion failed to occur provides confirmation of the sig- 
nificance of all radial functions defined according to 
coefficients in Table 1. 

5. Discussion 

According to experimental data in relation to the 
Hamiltonian in Eq. ( 1 ), what are the relative mag- 
nitudes of adiabatic, nonadiabatic rotational and 
nonadiabatic vibrational contributions to the spec- 
tral terms? Underlying Van Vleck’s work [ 11, this 
question is answered here within the framework of 
various term coefficients in Eq. (7 ) . In Table 2 we 
compare various contributions to each term coeffi- 
cient Zfk or ZV, of finite magnitude. We readily 
achieved this quantitative assessment by means of 

analytic relations [9] that link the parameters, of 
which values appear in Table 1, with various term 
coefficients in Eq. ( 7 ) . 

Here follows a synopsis of notable qualitative fea- 
tures from Table 2. The magnitudes of ratios of aux- 
iliary term coefficients Z; or ZV, of Li or H in ‘Li’H 
to the dominant coefficients Ykl are, if not zero, about 
1 Om4, i.e. comparable with (Z&/w,)’ or me/p (data 
not presented). The magnitudes of coefficients ZhLi 
or ZsLi are smaller than those of corresponding coef- 
ficients of H generally in accordance with the ratio of 
masses of H and Li. Net contributions of nonadi- 
abatic vibrational effects to the sum of term coeffi- 
cients ZG,y +Z$r are lacking because the contribu- 
tion of each term containing Sj in ZF$ is exactly 
balanced by a contribution of opposite sign within 
Zg:fl, and correspondingly for ZI$ and Z;:y [ 5 1. 
Adiabatic and nonadiabatic rotational contributions 
have generally comparable magnitudes. The magni- 
tudes of contributions of nonadiabatic vibrational ef- 
fects to Z>y or Zh,” are smaller than those of corre- 
sponding nonadiabatic rotational effects, although to 
this trend an exception exists. In contrast, contribu- 
tions of nonadiabatic vibrational effects to Zi$’ are 
smaller than those of adiabatic effects, but larger than 
contributions of the former to ZkF for those cases of 
k and I without exact cancellation. No particular trend 
of relative signs of contributions to Z;lH to ZkH is 
discernible. In some cases the contributions thereto 
have comparable magnitudes but opposite signs, so 
tend to cancel one another. Although for rotational 
coefficients (Z,,/, 1s 0) the nonadiabatic vibrational 
effects make no net contribution because of exact 
cancellation between Z& and the corresponding 
Z;,,, no such cancellation occurs for Z,, with k>O. 
Our deductions apply specifically to ‘Li’H; whether 
they are applicable to other diatomic molecules or 
even to other hydrides remains to be ascertained. The 
nonadiabatic rotational contribution to Zg , of atomic 
centre either C or 0 in CO [ 331 was much larger than 
the corresponding adiabatic contribution in Z;,, , un- 
like the prevalence of comparable magnitudes in 
‘Li’H here or ‘H35C1 [9]. A general expectation, to 
which results for LiH, HCl and CO conform, is that 
adiabatic effects are larger, relative to nonadiabatic 
effects, for hydrides than for nonhydrides. 

Although we utilized data from quanta1 computa- 
tions of gJ and electric dipole moment rather than 
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Table 2 
Partition of term coefftcients/m-’ Z; and Zg (defined in Eq. (7)) of Li and H in ‘Li’H into adiabatic (ad), nonadiabatic rotational 
(nr) and nonadiabatic vibrational (nv) contributions ’ 

k 1 GI -%I 

0 1 
0 2 
1 0 

nr 

0.04553 
6.401 x 1O-6 
. . . 

nv 

. . . 
-4.498x 1O-6 

. . . 

ad 

-0.0511 
11.84x 1O-6 

-4.664 

nv 

. . . 
4.498x 1O-6 
3.675 

c; 1 -0.3081 . . . 
0 2 1.272x 1O-4 0.1410x 10-4 
0 3 -4.315x 10-a -0.6451 x lo-* 
0 4 1.281 x 10-l’ 0.1975x lo-” 
1 0 . . . . . . 
1 1 0.418x 1O-3 -1.316x lo-’ 
1 2 1.96x 1O-6 0.334x 10-e 
2 0 . . . . . . 
2 1 . . . 0.203 x lo-’ 

’ The points . . . indicate that the pertinent quantities are indeterminate. 

-0.3296 . . . 
0.6395x 1O-4 -0.1410x lo-’ 

-1.425x10-* 0.6451 x 10-s 
0.317x10-” -0.1975x IO-” 

-40.172 - 11.52 
5.749x 1o-3 5.314x 10-r 
. . . -0.974x 10-e 
.,. 0.624 
. . . .., 

from experiment as the origin of the radial functions 
aLi*H (R ) , these data could in principle be derived ex- 
perimentally if g, and k were measured in suBi- 
ciently many states of diverse v and J. Hence our 
computed results simulate prospective experimental 
results. The computed expectation values (0, 1 lg,l 0, 
1) of ‘Li’H or ‘Li2H, -0.6351 and -0.6714 or 
-0.2653 and -0.2840 at levels CCSDPPA and 
CCDPPA respectively, bracket the experimental value 
-0.65842+0.00017 or -0.27674+0.00011 [ 191. 
The small difference, less than 3.5 percent, between 
either computed value and the experimental value has 
an insignificant effect on the interpretation of our re- 
sults; the relatively larger difference between the two 
computed values may signify that the perturbative 
calculation is not quite converged. The coefficient of 
the linear term in Eq. ( 11) is consistent with the ro- 
tational dependence of the rotational g-factor [ 2 11. 
For molecules such as LiH all our computational 
methods at a level of approximation SOPPA or bet- 
ter are expected to yield reliable estimates of second- 
order properties, such as gJ, within at least the range 
0.4 d R/R, < 2, which is larger than the range within 
which Eq. ( 11) applies. The computed value of pL, 
(the constant term in Eq. ( 12) ) at R, deviates slightly 
from the experimental value ( 1.94407 f 0.00022) x 

1 O-29 C m [ 191, but as the difference is less than one 
percent the effect on the interpretation of our results 

is insignificant. We are therefore confident that pa- 
rameters in Table 1 constitute collectively the best 
representation of the specified spectral data of LiH 
in terms of radial functions related to the effective 
Hamiltonian in Eq. ( 1) . 

In summary, in order to reduce available data of 
wavenumbers of pure rotational and vibration-rota- 
tional transitions of LiH in its four isotopic variants, 
we constrained parameters pertaining to nonadi- 
abatic rotational effects to values consistent with 
quanta1 results for radial dependence of the rota- 
tional g-factor and the electric dipole moment; we fit- 
ted spectra to evaluate other parameters of intemu- 
clear potential energy (independent of mass) and of 
adiabatic and nonadiabatic vibrational effects of each 
nucleus. Thereby we demonstrate for LiH that con- 
tributions to molecular terms associated with radial 
functions of adiabatic, nonadiabatic rotational and 
nonadiabatic vibrational effects in the effective 
Hamiltonian have roughly comparable magnitudes. 
The sums of adiabatic and nonadiabatic vibrational 
contributions to Z;,O for both Li and H in ‘Li’H as- 
sociated with the dominant pure vibrational term 
coefficient Y,,O have negative signs; this result for LiH 
signifies that the potential energy independent of mass 
(i.e. that produced by a calculation in which elec- 
tronic and nuclear motions are treated separately ac- 
cording to the procedure of Born and Oppenheimer 
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[ 21) produces an upper limit of the true vibrational 
energy, at least within the range of small v to which 
the present results apply. These effects must be taken 
into account in quantitative treatments of molecular 
spectra and intramolecular dynamics according to 
conventionally applied quantum mechanics. 
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