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An extension of deformationally self-consistent approach to a quanti-
tative analysis of adiabatic and nonadiabatic effects in vibration-rotational
spectra of diatomic molecules is presented. We consider vibrational displace-
ments of nuclei in the vicinity of dynamical reference conformation R,  that
depends not only on the rotational quantum number J through the action
of centrifugal force, but also on the vibrational v one, through nonadiabatic
vibrational effects of high order. The method is applied to LiH X X%, re-
ported wave numbers of transitions are reproduced with & = 1.090 and
F = 5.98 x 10'* using 14 independently adjusted parameters and 14 con-
strained parameters ti‘_i_'g[_(s, representing nonadiabatic rotational effects. The
latter have been evaluated from the rotational g-factor and electric dipole
moment of LiH, both electronically computed.

PACS numbers: 33.15.Mt, 33.20.Vq

1. Introduction

Highly resolved infrared and microwave spectra of diatomic molecules are the
source of important information about the internal structure and physical prop-
erties of the latter including mechanical, extra-mechanical and electromagnetic
molecular properties. The mechanical effects are customarily discussed in terms of
a Born—-Oppenheimer (BO) function of internuclear potential energy expanded as
a series
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(
=3 (BR—Ro)/R (b) (1)
2(R— Ro)/(R+ Ro) (c)

in the vicinity of the BO reference conformation Rg. For a chosen coordinate &
we obtain the common (1a) Dunham [1], (1b) Simons-Parr-Finlan [2] and (1c)
Ogilvie [3] expansions, respectively.

Extra-mechanical properties include adiabati¢c and nonadiabatic effects. The
former are attributed to the dependence of internuclear potential energy not only
on internuclear distance but also on relative nuclear momenta, whereas the latter
appear because electrons fail to follow the nuclei perfectly during their rotational
and vibrational motions. Adiabatic effects involve only the electronic ground state
X 15+ or 0t for vibration-rotational spectra, whereas nonadiabatic effects are
expressed in terms of matrix elements connecting the electronic ground state and
electronically excited states, commonly T for rotational effects [4].

In a quantitative analysis of molecular spectra these extra-mechanical prop-
erties are represented by radial functions [5]

VI(R)=me )y ufmge, (2)

(R~ Ro)/Ro a)
V(R) = cot? <1 +y cié") ¢

i=1

i=1 p=a,b
Ry=m.» Y thm;l¢, (3)
i=0 p=a,b
= Me Z Z S#mzlgi’ (4)
i=0 p=a,b

describing the adiabatic V/(R), nonadiabatic rotational (R) and nonadiabatic vi-
brational B(R) effects. In the above formulae me, m,, my, m are masses of electron,
nuclei and reduced mass of the nuclei, respectively. .

Electromagnetic properties of a molecule, including its dipole moment, elec-
tric polarity, and rotational g-factor connected with a molecular magnetizability,
can be deduced from the parameters ta(b) appearing in (3). They are related [4] to
the rotational g-factor gy and electnc dipole moment p (for an assumed polarity
+tAB~) in the following manner:

gr(R)y=mpy Y thmy e, (5)

=0 p=a,b
WR) = (eR/2) ) ([t —t) €' (6)

In the above equations m is protonic mass and e is protonic charge.

A standard procedure for evaluation of radial functions V(R), V/(R), a(R),
B(R) from pure rotational and vibration-rotational spectra of diatomic species in
an electronic ground state X L2+ or 0% is based on a theoretical model developed
by Herman and Asgharian [6] containing subsequent refinements by Bunker [71,
Watson (8], Herman and Ogilvie [9], and by Ogilvie [10-12]. This approach applies
an analytic formalism originated by Dunham [1] but with a treatment greatly
extended to include adiabatic and nonadiabatic effects.
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Another method is based on the deformable-body model (DBM) [13] and a
deformationally self-consistent (DS-c) procedure (DS-cP) [14] of the treatment of
spectral data. This approach was tested first on single isotopomers of several di-
atomic molecules [13, 14], and then applied in the quantitative analysis of adiabatic
and nonadiabatic rotational effects in GaH [15], LiH [16], and GeS [17] providing a
satisfactory reproduction of the transitions detected by making use of fewer fitting
parameters than in the standard approach [18-20]. Because the available spectral
data were insufficient to allow a separate evaluation of B(R) representing nonadi-
abatic vibrational effects, we used in calculations the simplified DS-cP with all
parameters SZS’O) constrained to zero.

The main aim of this paper is an extension of our method to include nonadi-
abatic vibrational effects (NVE) in the DBM and DS-c scheme. In comparison to
our previous model we consider vibrational displacements of nuclei in the vicinity
of dynamical reference conformation R, that depends not only on the rotational
quantum number J, through the action of centrifugal force, but also on the vi-
brational v one, through nonadiabatic vibrational effects of high order. For a test
calculation we apply the generalized DS-cP to the simultaneous analysis of pure
rotational and vibration-rotational spectra of “LiH, ®Li'H, "Li?H, and Li’H in a
scheme with constrained ta(b) parameters. The latter were determined [4, 12] from
the rotational g-factor and dipole moment of LiH, both from quantum-chemical
calculations. Such an approach requires an application of high order parameters
s; ®) to achieve the satisfactory reproduction of the spectra; hence it is useful for
the test purpose. In the final part of the paper we introduce a parameter charac-
terizing molecular susceptibility to rotational and vibrational deformation; it is a
new property of molecules, evaluated from rotation-vibrational spectra, being an
objective criterion of molecular rigidity.

2. Method

The standard procedure for the reduction of spectral data, comprising wave
numbers of pure rotational and vibration-rotational transitions, to parameters of
radial functions (1)-(4) is based on the wave equation derived by Herman and
Asgharian [6]

{4 B g+ Us(R) — Bus s () =0, )
Us(R) = hzj(.] -{-2:’2‘[Rlz+ a(R)] +V(R)+ V'(R) (8)
or in an equivalent form [21]
h? dz
o+ (R ++(R) — Bus) 11+ BB Bus () =0, ©)
in which
R [1d28(R)  (dB(R)\® 1
WR) =5 15 dme ~ < iR > 41+ B(R)] (10)




716 M. Molski

s (R) = us(R)[1+ B(R)M?. ' (11)
The nonadiabatic functions a(R), B(R), appearing in (7), have the same absolute
order (me/m)? according to the nature of electronic matrix elements that they
represent [12, 21]. However, relative to their addends of unity they appear in (9)
as functions of intrinsic order m. /m; similarly adiabatic term V’(R) is of the same
order me/m relative to BO potential V(R) [12]. Consequently, the wave equa-
tion (7) can be significantly simplified by applying the linear approximation [12]

[+ B~ 1 - B(R) (12)
and ignoring all terms containing a ratio of electronic to nuclear mass to powers
greater than me/m [12]. As a result we obtain the Schrédinger equation [12]

~§’E;_{dd_}:2 + Uy (R) - EDJ] 7,(R) = 0, (13)
2 p—
Uys(R) = "I+ 1)[; T:J;(R) A(R)]
+V(R)[1 - B(R)] + V'(R) + EvsB(R) (14)

amenable to semi-classical Wentzel-Kramers—-Brillouin (WKB) treatment, pro-
vided that E,; appearing in (14) is treated as a known power series expansion in
J and v [6]. To this effect another approximation [6]

E,; ~ EBP (15)
is used, in which EBP denotes the BO term values obtained by solving Eq. (13)
for sa(b) = ta(b) = ua(b) =0.

To obtain eigenvalues of the wave equation (13) one expands [5, 12] the effec-
tive potential (14) into a series of Dunham’s coordinate = (R — Rg)/Ro and then
one applies Dunham’s semi-classical approach [1] or hypervirial theorem [10], vari-

ational [22], or perturbational [23] method. For the first two cases, the eigenvalues
take the form [5, 12]

Bor= Y (Ya+ 25" + 23" 0 + 1727 + 1), (16)
k=0
in which Yj; are Dunham’s term coefficients depending on Ry and c¢;, whereas
Z5"® and 29;°®) represent adiabatic and rotational (vibrational) nonadiabatic
terms depending on uf'b, tf’b
quantum numbers, respectively.

As was pointed out, a standard procedure to derive eigenvalues (16) is based
on an expansion of U, s(R) into a series of Dunham’s variable z = (R — Rg)/Ro.
This approach seems to be justified [15] only for purely vibrational systems de-
scribed by the BO potential (1). In a more general case of molecules endowed
with the effective potential (14), vibrational displacements of nuclei take place in
a vicinity of a modified equilibrium conformation R,; defined according to the
criterion for a minimum

[deJ(R)

=0. 17
dR ]R:R,,J ( )

and s{"’; J and v are rotational and vibrational -
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An alteration Ry — R,; is a result of the centrifugal deformation [14-17] and
NVE of high order (sg%)) responsible for the appearance of the term F,;8(R) in

the effective potential (14) and additional v-dependence of R, ;.
Starting from this basic idea we express all terms in the wave equation (13)
by a (v, J)-dependent variable

_R_Rv.]'

R (18)
applying the linear transformation
R,g—R
z =2y +n(l+2zys), Tpy = LJR——O, (19)
0
in which
¢ = (R~ Ro)/Ro (20)
is Dunham’s coordinate. In this way we obtain
d2
_Bde—nz + UvJ(n) —Eys !pvJ(n) =0, (21)
in which
By = R*/[2m(Ry)?) (22)
denotes an effective rotational constant, whereas
BysJ(J + D1 + a(n) — B(n)]
Uy =
+V ()1 = B(m)] + V'(n) + EvsB(n) (23)
is an effective potential.
Expanding (23) into a series of variable n
Uss(n) =Y 570", (24)
n=0
b = (n) =1 [d"Uus (n)/dn"]=0 » - (%)
we arrive at the Schrédinger equation
42
(—B’UJ F + Z bzy)lJ - Ev]) ¢UJ(T/) = 0) (26)
n n=0
and quantum-mechanical force (in Heisenberg’s representation)
3= (m)1[p, 1) = - 2@ (21)

dnp ’
in which & is a Hamiltonian operator appearing in (21).

The dynamical equilibrium state between deforming and restoring potential
forces is achieved when

P=0=— [M] =07 =0, (28)
dn n=0
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we consequently exclude a linear term 377 from (24) generating the effective
Schrodinger equation

{ Bqu£—+a”J 2 (1+Za” 3) EUJ~b0J)] Yos(n) =0, (29)

in which a3’ =837, a%d, = 0¥, /a8’

Equation (29) is amenable to straightforward solution in the WKB scheme [1]
providing the term values

Eyy = b7 + Z Yio(v +1/2), (30)
k=0
in which
b3 = BysJ(J +1)[1 + a(0) — B(0)]
+V (Ryg)[L = B(0)] + V'(0) + Evs B(0) (31)

and Yjo are purely Dunham’s vibrational coefficients Y30 [1], in which substitutions
{Ro,an} — {Rys,a%’} are made.

3. Generalized DS-c procedure

The obtained energies (30) depend not only on an unknown parameter Ry,
defined according to a general equilibrium condition (17)

b (Eys, Ros,q:) =0, (32)
in which
¢i = (Ro, cn,s2®, 120, uf®)y, (33)

but also on the energy levels E,; hidden in the coefficients b27. To determine
parameters ¢; from spectral data we must consequently work either in the DS-c
scheme with one circulating parameter z,; = (R — Rys)/Rys assuming E,; =
EBO or in the generalized DS-c approach with two circulating parameters z,s and
E, ;. The second case is interesting as then we eliminate the approximation (15)
employed in the standard scheme. Here we work with a doubly iterative scheme
involving two circulating parameters.

For the initial values of Ey; = EBP and ¢;, the roots R,; of Eq. (28)
are calculated using Newton-Raphson algorithm. After substitution of R,; and
E,; = EBP into eigenvalues (30) the parameters ¢; are fitted to experimental data
using a weighted nonlinear least-squares routine with weights taken as the inverse
squares of uncertainties of experimental data. The parameters ¢; and new values of
Ey 5 evaluated in the previous step are again introduced to (32) allowing evaluation
of a more accurate value of R,; employed to calculate the new values of ¢; and
Eyy. This iterative procedure is continued to obtain the best fit according to the
following criteria: the minimum number of fitted parameters N consistent with
the minimum value of normalized standard deviation & = 1, the maximum value
of F-statistic, and the optimal values of estimated standard error o; of each fitted
parameter ¢ and of correlation coefficient cc(7, ) between parameters ¢ and j.
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4. Application

"The proposed method is tested on spectral data of “Li *H, 6LiH, "Li2H, and
®Li’H, investigated in Refs. [4, 22]. These data comprise 543 unduphcated rota-
tional and vibration-rotational transitions measured with an individual precision
from 1.67 x 1078 cm~! to 1.0 x 10=3 cm~! [24-28)].

TABLE I

Radial parameters® of LiH X Xt generated by Radiatom
programme and DS-cP.

Radiatom DS-cP
co [em™1] 65724.857(72) 65723.17(10)
c1 -0.897208(12) -0.897091(15)
e 0.347847(76) 0.348249(30)
3 -0.086373(42) -0.08863(38)
Cq -0.04529(18) -0.04611(72)
cs -0.0307(52) -
Ce 0.0921(96) -
u}/10* [em™1] -5.740(44) ~5.704(45)
utl/104 [em~?) -5.2787(31) -5.2706(44)
ul/10% [em™1] 7.245(70) 6.452(55)
ul/10% [em=Y] | -7.53(14) ~7.02(19)
ufl/104 [em™1] - 9.55(58)
5161 -0.194(11) 2.064(14)
g -0.567(10) -0.4359(86)
i -0.591(112) -2.99(17)
Ro [A] 1.594912(14) 1.59491217(51)
- 1.095 1.090
F 5.0 x 1014 5.98 x 104

¢All parameters ¢ =0-6 and t{L,_, are constrained to
the values spec1ﬁed in Ref. [12]

Table I presents the values of radial parameters obtained in a standard
approach employing Radiatom programme [5, 6, 12], and in a generalized DS-c
scheme. The uncertainty in parentheses is a one-estimated standard error in units
of the last quoted digit of the fitted values. In the calculation 14 parameters ¢; (bo> 6
were constrained to the values specified in Ref. [12]; all other parameters were
constrained to zero. The parameters t; (0) ¢ were calculated [6, 12] from the rela-
tionships [6]

EtL’z = mlgs(R)/mp + 2u(R)/eRmu], (34)
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> tHz = mlgs(R)/mp — 2u(R)/eRmy], (35)
=0 .
z=2(R— Ro)/(R+ Ro), (36)

including the rotational g-factor gs(R) and the electric dipolar moment p(R) of
LiH, both electronically computed.
Working in the DS-c scheme we used Dunham’s vibrational coefficients [1]

3
Yio = ZYJ%L» (37)
h=0

up to the sixth order for 0 < k < 4, including an, 0 < n < 6 potential parame-
ters. The expansion coefficients b2/ of effective potential energy (24) contain the
derivatives up to eighth order calculated using the Maple processor.

The proposed iterative DS-cP with 2 circulating parameters requires in the
case of LiH 15 iterations to produce parameters in a final set such that the values
alter less than their standard errors, and affect insignificantly the precision of the
calculations. The initial values of the fitted parameters were taken from Ogilvie’s
calculation [12].

In Table II, the parameters 2,7 = (Rys — Ro)/Ro for LiH in four isotopic
variants are reported; they are evaluated with an accuracy € = 10~15 to be achieved
in 30 iterations using the Newton—Raphson procedure. The quantity oo in Table II
denotes an adiabatic-nonadiabatic reference conformation defined according to the
criterion of minimum potential energy '

Uvo(n) = V(m)[L = B(m)] + V'(n) + EvoB(n)- (38)

5. Results and discussion

The application of the generalized DS-cP with two circulating parameters
enables a reduction of wave numbers of 543 rotational and vibration-rotational
transitions of LiH to 14 independently adjustable radial parameters reproduc-
ing the reported wave numbers within 1.09 times (on average) the uncertainties
of the measurements. The value of the F-statistic was 5.98 x 104; deviations
of only 8 data exceed three specified uncertainties, none greater than 4.57, and
397 lines were reproduced within 1.00 or less stated uncertainties of measure-
ments. Of 91 independent values of correlation coefficients from the matrix of
variance and covariance, only two magnitudes exceed 0.96; cc(ull, sil) = 0.967 and
cc(el, c4) = 0.981.

Fitting data with parameters quoted in Table I, enriched with ¢5 and cg,
we evaluated c; = —0.0014(53) and ¢ = 0.017(11) with § = 1.071 and
F =5.25 x 1014, Hence, by the virtue of the criterion of the maximal F-statistic
we eliminated cs and cg from the final parameter set; their omission only slightly
deteriorates the accuracy of spectral reproduction. These results differ from those
of Ogilvie [12], who evaluated ¢5 = —0.0307(52) and c¢g = 0.0921(96); they were
indispensable to fit the input data.
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TABLE II

Mass-dependent deformational parameters zy; = (Rys — Ro)/Ro for LiH.

"Li'H

"Li?H

SLilH

SLi2H

Ol r Ot O Ut R R R DWW W NN N H == 2 OO0 O\

2.52156788 x 10—4
2.52165313 x 10—*
2.52173558 x 10—*
4.80809278 x 10™*
4.80825533 x 10—
4.80841252 x 10—*

9.38066837 x 10—
9.38098548 x 10—
9.38129215 x 10—*

1.62383536 x 10—3
1.62389025 x 10—3
1.62394333 x 103

2.53797556 x 103
2.53806133 x 10—3
2.53814427 x 10—3
2.53822444 x 102
3.68030510 x 103
3.68042945 x 10—3
3.68054970 x 103
3.68066593 x 10—3

1.43151361 x 10—
1.43153194 x 10—*
1.43154981 x 10—*
2.71969051 x 10~¢
2.71972533 x 10—*
2.71975929 x 10—*
2.71979240 x 10—¢
5.29589240 x 10—
5.29596021 x 10—*
5.29602633 x 10~*
5.29609081 x 10—*
9.15981682 x 10—*
9.15993409 x 10—*
9.16004845 x 10~
9.16015996 x 10—
1.43110133 x 10—2
1.43111965 x 10—3
1.43113752 x 103
1.43115494 x 10—3
2.07488877 x 10~3
2.07491532 x 103
2.07494122 x 103
2.07496648 x 10—3
2.07499109 x 10—3

2.57811960 x 104
2.57820764 X 10™*

4.91243868 x 10—4
4.91260644 x 10—*
491276861 x 10~4

9.58058284 x 10—*
9.58090998 x 10—¢
9.58122622 x 10—¢

1.65815719 x 103
1.65821380 x 103
1.65826852 x 103
1.65832140 x 103
2.59139552 x 10—3
2.59148398 x 10~3
2.59156949 x 10—3
2.59165212 x 10—3
3.75758350 x 10~3
3.75771174 x 10—3
3.75783571 x 10—3
3.75795549 x 10—3

1.48803420 x 10~4
1.48805359 x 10—*
1.48807250 x 10—*
2.82402282 x 104
2.82405962 x 10—*
2.82409550 x 10—%

5.49583674 x 10—*
5.49590837 x 10—*
5.49597819 x 10—*

9.50315082 x 10—*
9.50327466 x 10—*
9.50339538 x 10—*

1.48454810 x 10—3
1.48456744 x 10—3
1.48458630 x 10~3
1.48460468 x 10—3
2.15221888 X 103
2.15224692 x 10—3
2.15227426 x 10—3
2.15230090 x 103

10 1.28058202 x 102 | 7.22083139 x 103 | 1.30734415 x 10~2 | 7.48890881 x 103
10 1.28062522 x 10~2 | 7.22092373 x 10— | 1.30738871 x 10~2 | 7.48900630 x 103
10 1.28066700 x 10—2 | 7.22101378 x 10~3 | 1.30743176 x 102 | 7.48910133 x 10—3
10 1.28070736 x 10—2 | 7.22110158 x 103 7.48919393 x 103
15 2.75908287 x 10—2 | 1.55675391 x 10—2 | 2.81661303 X 10—2 | 1.61444913 x 102
15 2.75917575 x 10~2 | 1.55677379 x 10~2 | 2.81670879 x 102 | 1.61447012 x 10—2
15 2.75926552 x 10—2 | 1.55679318 x 10—2 | 2.81680132 x 10—2 | 1.61449058 x 102
15 1.55681207 x 102

20 4.79922913 X 10—2 | 2.70966813 X 10~2 | 4.89914963 x 10—2 | 2.80994998 x 10~2
20 4.79939026 X 102 | 2,70970268 X 10—2 2.80998645 x 10—2
20 4.79954591 x 10—2 | 2.70973637 x 10~2 2.81002199 x 102
30 5.96329692 x 10-2

o8]
o

H O N O W NRE O WK KH OB WNH=OOWN®HMOWNREOWNDQOWNRKRODN-®REO|e

Absent from the set of the fitted parameters is sif but si =

5.96337266 X 10—2

—2.99(17) is

significantly evaluated, in comparison with s§ = —0.591(113) in the conventional
scheme [12]. In the preliminary fits of data in which sfl and s} were allowed to
vary, we discovered that their magnitudes were relatively small and associated
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with relatively large errors, moreover their presence in the fit led to the divergent
DS-cP due to a strong correlation between s¥!, s} and other parameters. We thus
decided to constrain their values to zero. A similar condition arose in the standard
approach {12].

According to the method employing the Radiatom programme, a fit of the
same data required 17 free fitted parameters and 11 parameters 14, ¢, fL,_5 [4]
constrained; the normalized standard deviation was 1.095 whereas the F' value
5.0 x 104, Fitting the same data with 14 parameters t},_5, tiL,_, constrained,
Ogilvie [12] evaluated 15 adjustable parameters, at the same statistical characteris-
tic of the fits (J.F. Ogilvie — private communication). Thus, we conclude that the
reduction in the DS-c scheme of 543 spectral data of LiH to 14 radial parameters
in Table I is more efficient than the one obtained previously [12].

The inspection of Table II reveals that a dynamical reference conformation
R, of LiH increases not only with J because of centrifugal force but also slightly
with v because of NVE of order greater than zero (for Sf&)) This effect was not
previously reported in the theoretical spectroscopy.

TABLE III

Mass-dependent deformational parameter Zo; =
(Ro1 — Ro)/Ro for various diatomic molecules.

Ref. Zo1

LiH 2.71 x 10-4-4.91 x 10~
GaH | [15] | = 5.97x 10=% -1.17 x 10~¢
ArH* | [31] | 6.10 x 10—5--1.16 x 10~¢
NaCl | [29] 2.80 x 10-5-2.86 x 10—¢
Ny [30] 5.36 x 10~5-5.74 x 106
GeS | [17] 8.24 x 10~7-8.58 x 10~7
BrCl | [31] 9.00 x 10-7-9.42 x 10~7

A parameter x,7 = (Rys — Ro)/Rp is a source of important information on
molecular susceptibility to rotational (v = 0, J = 1) deformation; this piece of
information is unavailable in a standard approach. The value of z¢; is known for
LiH (see Table II), GaH [15], GeS [17], NaCl [29], N, [30], ArHt and BrClI [31];
they are reported in Table III. Its inspection reveals that GaH, ArH+ and LiH

may be classified as soft, Ny and NaCl as semi-rigid, whereas BrCl and GeS as
rigid molecules. :
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