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Introduction

The OH radical is widely known primarily due to
numerous astronomical observations, being one of the
first molecules unambiguously identified in the interstellar
medium. It has been reliably detected in the spectra
of stellar atmospheres [1], including the Sun [2], in
interstellar clouds [3] and in the atmospheres of plan-
ets [4] . Radiative OH transitions serve as a probe for
determining the oxygen content near the surface of stars.
The OH radical is considered one of the main oxidizing
agents in the Earth’s atmosphere [5], capable of removing
toxic organic compounds due to its high reactivity [6,7].
Vibrational-rotational transitions OH (X?I1) are the source
of the nightglow of the atmosphere and are known as
the Meinel bands [8-10]. In addition to participating in
purely astronomical and atmospheric processes, the OH
radical is a key link in many high-temperature technological
processes [11].

There is an extensive literature on OH spectroscopy. The
electronic transition A2X* —X?I1 [12-22] has been studied
in the most. The spectral database HITRAN [23], which is
a compilation of experimental and calculated data, contains
more than nine thousand frequencies of the corresponding
rovibronic transitions. In addition, electronic transitions
have been registered and analyzed. B>+ —XI1 [14,24-27],
C2Z+—X11 [14], a?X~ —X2I1 [28] and C’211-XI1I [29).

The main disadvantage of the currently available spectral
information is the lack of a universal spectral model
with good extrapolation capabilities, which would allow
one to go beyond the current experimental data and to
simulate transitions not yet observed at the required level of

accuracy. The sets of molecular constants currently used to
analyze the structure of the A2X+ —XI1 transition [17] were
obtained in within the framework of the phenomenological
method of the effective Hamiltonian for a limited range
of vibrational-rotational excitation, which makes it difficult
to predict the energy and radiation characteristics at large
values of vibrational-rotational excitation, when it becomes
necessary to go beyond the adiabatic approximation. This
problem becomes especially topical when analyzing the
processes of water photolysis, when rotationally highly
excited OH radicals, the so-called superrotators [30], are
formed.

An alternative method for analyzing high-resolution elec-
tronic spectra, based on the direct numerical solution
of a system of nonadiabatic coupled radial Schrodinger
equations, makes it possible to model the rovibronic
structure taking into account both weak regular and strong
local intramolecular perturbations, which significantly affect
both energy and radiation characteristics — especially with
increasing energy of vibrational-rotational excitation. The
possibility of practical implementation of this method of
coupled vibrational channels is determined primarily by
the development of a rigorous quantum mechanical model
of nonadiabatic description and the use of high-precision
quantum chemistry methods for calculating the potential
energy functions and the corresponding electronic matrix
elements of spin-orbit and electron-rotational intramolecular
interactions. The purpose of this work is to implement
such a non-adiabatic approach for modeling the rovibron
structure of the electronic transition A?X*+—X°I1 the OH
radical.

95 1505



1506

S.V. Kozlov, E.A. Pazyuk

Non-adiabatic model

The values of energies and wave functions of nonadiabatic
terms necessary for modeling the rovibron structure of the
A2+ X1 transition in the framework of the coupled
channel method ( coupled channels, CC) can be obtained
by solving a system of three coupled radial equations:

R? d? cc
Izﬂ iR +V(R) —IE* @ =0, (1)
where I-is the identity matrix 3 x 3, ® -is the column vector
(3 x 1) containing the components of the vibronic wave
function @;, V is potential energy matrix (3 x 3), which,
taking into account spin-orbital and electron-rotational in-
tramolecular interactions, is arranged as follows:

V)?l//i =Ux - %éx +BY?, 2)
Vs :UX+%§x+B[Y2—2], (3)
VI —Us+B[Y2 T Y], ()
V;(el//z—xm = _B\/Yz——l, (5)
V)Z//Z—A = éxa + BLxa[l FY], (6)

% A= -BlxaVY2— L (7)

Here Y=J+0.5 (J is rotational quantum number),
B = 1/2uR? (u is reduced mass), Uy and Ua are potential
energy functions of states X*I1 and A2X* , &x is spin-
orbit splitting function of state X°I1, éxa and Lxa are spin-
orbit and electron-rotational interaction functions between
the X2IT and A?X* states. The sign of F is determined
by the parity: —, + for e-, f-levels respectively. It should
be emphasized that all the electronic parameters included
in the potential energy matrix are explicit functions of
the internuclear distance R and can be obtained in the
framework of ab initio calculations.

The data in the HITRAN [23] database for transitions
between the rovibronic levels of the states X?IT and A2X*
are limited by the ranges of rotational J € [0.5, 36.5]
and vibrational v € [0.9], v’ € [0.4] quantum numbers,
which allows us to assume the regular nature of mutual
perturbations caused by interactions between these states
(Fig. 1). To simulate these transitions, the quantum chemical
model can be simplified, and within the framework of
a reduced version of the coupled channel method [31]
intramolecular interactions can be estimated using Van
Vleck contact transformations. Then the original matrix is
reduced to a block-diagonal form. For the state XII, the
effective matrix has modified matrix elements:

~o/f ;
;1//2 = ;(31//2 +Vs+2Ve [l FY]+V 1 $Y]2, (8)

\”/e/f :VE/f +V|_[Y2 _ 1]’ (9)

X3/2 X3/2

H(S) + O('D)

H(S) + OCP)

ab initio
—X211
—A2y"

2
R, A

Figure 1. Potential energy functions of the electronic states of
the OH radical converging to the first two dissociation limits. Solid
and dashed curves are calculated ab initio functions, squares and
circles -i.e. RKR potentials of states X?IT [10,33] and A?=" [15].

~e/f f /
V)?{/27X3/2 = V)Z//27x3/2 + (VSL + VL[I :F Y]) Y2 - 1’ (10)

where the introduced second-order corrections are defined
as

&
Vs(R) = —==— 11
_ n Sxalxa
Vo (R) =B O —U (12)
2 L%(A

For the state A>X*, the effective potential has the form
VI VT Vs — Ve 1Y —-VL1FY]R  (14)

The potential energy functions, electronic matrix elements
of nonadiabatic interactions and the dipole moment of the
electronic transition, necessary for the implementation of
the proposed model, were obtained in the framework of ab
initio calculations.

Ab initio calculations
All performed ab initio calculations were carried out in

the MOLPRO 2010 [32] package. The aug-cc-pV5Z and
aug-cc-pwCVS5Z basis sets were used to describe the H
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and O atoms, respectively. To take into account the static
correlation, we used the method of multiconfigurational self-
consistent field in the full active space with averaging over
target states (SA-CASSCF) with the inclusion of 6, 2, 2
and O orbitals of symmetry A;, By, By, and A, into the
active space (including the oxygen core orbital). To account
for dynamic correlation, the multiconfiguration reference
configuration interaction (MRCI) method was used. When
calculating the potential energy function for doublet and
quartet states converging to the first two dissociation limits,
all 7 states were included in the averaging (SA-CASSCF).
The results are shown in Fig. 1. The main series of
calculations was performed with optimization only for
the target states A’X* and X?II. All calculations were
performed in the range of internuclear distances R from
0.6 to 8 A with a step of 0.05—0.1A to R=5A and with a
step of 0.5 AA next.

The deviation of the calculated excitation energy
Ua(R) — Ux(R) from the analogous value obtained for
the RKR potentials X*IT [10,33] and A?X*t [15], in the
region of internuclear distances 0.8—1.5A lies in the range
from 50 to 180cm™!, which corresponds to ~ 0.5% of
the absolute value (~ 33000cm~'). At the dissociation
limit, the difference between the calculated energies for
the states A’Z* and X?I1 was 15828 cm~!. This value
is close to the atomic transition energy O(*P)—O('D),
which, taking into account the averaging over the spin
of the components, O(°P) is 15789.887cm~! [34]. The
calculated values of equilibrium internuclear distances for
X2[ and A2+ are 0.9699 and 1.0118 A respectively. These
values practically do not differ from the experimental data
(0.9701 A for X211 [10] and 1.0114 A for AZE* [15)).

The electronic transition dipole moment functions
A?Z+—X?I1 and nonadiabatic matrix elements are calcu-
lated using the corresponding one-electron operators built
into the package MOLPRO, and electronic wave func-
tions obtained within the configuration interaction method.
Fig, 2 shows the spin-orbit splitting functions (&x(R)) of
the X211 state; spin-orbit (£xa(R)) and electron-rotational
(Lxa(R)) interactions and dipole moment electronic transi-
tion (dxa(R)) between states X?IT and A?Z* Comparison
with the data available in the literature [15,17,35] shows that
there is good agreement between them.

The resulting matrix elements of the spin-orbit £(R) and
electron-rotation L(R) interactions were used to estimate the
fine structure parameters of the considered states [36):
of spin-orbit splitting X°I1

AW") = (@} [&x(R) = Vs(R)|@yo), (15)

of A-doubling parameters in X°I1
a(v") = 2@y M(R) @), (16)
p(v") = 4{py Ve (R) @y, (17)

of y-doubling parameter in A?X*
y(v') = 4@l IVsL(R) @) (18)
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Figure 2. (a) Spin-orbit splitting for the X°II state and spin-
orbit interaction between the X*IT and A’Z* states: solid curves
(data obtained in this work) and black circles (values calculated
in the paper [35]) (b) Electron-rotational interaction between the
XM and A’XZ* states. (c) Dipole moment of the electronic
transition X*II—A*X": solid curves is the data obtained in this
work, black circles are values calculated in the work [17], light
circles is empirical function [15].

Here Vs,V and Vg — are the above corrections for
perturbation theory (11), (12) and (13). The vibrational
wave functions of the levels X, and ¢%, were found by
solving one-dimensional radial Schrodinger equations with
potential energy functions Uy and Ua.

Fig. 3 shows the dependences of the obtained quantities
A(v"), q(v") and p(v”) on the vibrational quantum number
and their empirical analogs obtained by processing the ex-
perimental data within the effective Hamiltonian model [10].
The spin-orbit splitting A(v”) coincides with the empirical
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Figure 3. Calculated (ab initio) and empirical (emp) [10] spin-
orbit splitting A(v”) (@) and parameters A-doublings q(v”) (b)
and p(v”) (c) for state X°I1. Squares and circles are absolute
values, triangles are relative errors.

Table 1. Calculated and empirical [17] values of the y-doubling
parameters (cm™') for the lowest vibrational levels v’ of the
A’SCtate+

UI J}emp J}calc 8, %
0 0.2261 0.2281 0.9
1 0.2169 0.2174 0.2
2 0.2130 0.2064 -3.1
3 0.1960 0.1946 -0.7
4 0.1864 0.1813 —2.7

data for all vibrational levels. The deviation of the calculated
values from the empirical ones practically does not depend
on v” and does not exceed 0.9% up to the level of v”/ = 8,
and for v =10, 11 it is 0.9—1.1 %.

The parameter q(v”) is described with an error of 1—5%
for levels v’ =0-6, then the deviation monotonically
increases with growth v” and for v” = 10 reaches 12%.
The parameter p(v”) is described somewhat worse. And for
v = 0—6 the error is 5—15%, but then it sharply increases
and reaches 50% for v” = 10.

Table 1 shows the calculated and empirical [17] values
of the p(v’)-doubling parameters for the A2Z* state. The
error in the description of this parameter increases almost
monotonically from 1 to 3% as v’ grows.

Ab initio estimates of the fine structure parameters
confirm the reliability of the results of the calculations of
potential energy functions and intramolecular interactions,
as well as the adequacy of the proposed nonadiabatic model.
An increase in the discrepancy with empirical data observed
with an increase in the vibrational quantum number makes it
possible to judge the range of excitation energies for which
the perturbation theory is valid.

Simulation of rovibronic spectra

Taking into account the spin-orbit splitting in the XTIl
state, the splitting between the rotational e- and f-parity
levels, and the selection rules for the rotational quantum
number (AJ=J —J"=0,+1) in each v’ —v” vibra-
tional band of the A>X*(v’, J') transition — X°TI(v", J”)
there are 12 rotational branches.

Q-branch (J' — 3" =0):

Q; — transition A?X*(e) — X*1I3)5(f),

Q1 — transition AZZt (e) — X2H1/2(f ),

Q> — transition A’EZ*(f) — XMy 2(e),

Qa1 — transition A?ZF(f) — X°I3,5(e).

P-branch (J' —J" = —1):

P, — transition Azt (e) — X2H3/2 (e),

P, — transition Azt (e) — X2H1/2 (e),

P, — transition A>Z*(f) — X°II; 2(f),

Py — transition A2X*(f) — X?II3,5(f).

R-branch (J' —J3" =1):

R, — transition A>Z*(e) — X*13)5(e),

Ry, — transition A?Z*(e) — X*11;2(e),

R, — transition A>X*(f) — X2II;2(f),

Ry — transitionsAQEﬁ(f) — X2H3/2(f )

The assignment of transitions to the components X°IT;/»
and X[z, is conditional ie. by the diagonal element in
the potential energy matrix

Using the obtained ab initio potential energy func-
tions and matrix elements of nonadiabatic interaction,
within the framework of the proposed model, we
calculated the frequencies of all possible transitions
A2E (v, ) — XPTI(v"”, J") for the experimentally stud-
ied range of vibrational-rotational excitation. As a result, it
was found that the ab initio frequencies of rovibronic tran-
sitions (v = E(v’, ')—E(v”, J")) differ by 50 —150cm ™!
from the experimental analogs for all the studied transitions,
which agrees with the previously obtained error in estimat-
ing the excitation energy X2[I—-A’Z*. As an illustration,
Fig. 4 shows the frequency deviations (Av = p<I¢ — pxP)
for the Q;-branch depending on the rotational quantum
number J' = J” =J and vibrational quantum numbers in
the ground (v”) and excited (v’) electronic states. Fig. 4,a
shows the dependence of the frequency deviation of the
Q-branch for the band v/ = 0 — v’ = 0 on the rotational
quantum number J . As can be seen, the absolute
and relative errors increase monotonically with J, but the
dependence is very weak (the relative error even at J = 35

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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Figure 4. Absolute  (black circles) and relative
(red circles) deviations of the calculated transition
frequencies of the Q; branch from the experimental

values: a A’V =0,J) — XM(v” =0,J)
depending on the rotational quantum  number J;
b is A’ST(v =0,)=1.5) - X I(v",J = 1.5)

depending on vibrational quantum number v”; ¢ is

ATV, 3 =1.5) = XTI(v" =0,J =1.5)  depending  on
the vibrational quantum number v’.

>

is only 0.15%). The next panel (Fig. 4,b) shows the
dependence of the frequency deviation of the Q-branch
on the vibrational quantum number v” for fixed values
of v/ =0 and J = 1.5. For these transitions, the absolute
value of the frequency decreases with increasing v”/, passing
through a minimum at v” =1, while the relative error
remains in the range 0.2%. Dependence of the frequency
deviation of the Q;-branch on the vibrational quantum
number v’ for fixed values v/ =0 and J = 1.5 (Fig. 4,¢)
shows an increase in the absolute error with an increase
in v’, since the absolute value of the frequency increases
for these transitions. The relative error also increases
from 0.05 to 0.3%. For other branches and bands, a
similar dependence of the errors in the calculation of the
frequencies of rovibronic transitions on the value of the
vibrational-rotational excitation is observed. These results
indicate that the calculated functions included in the poten-
tial energy matrix have a correct radial dependence, and the
proposed model correctly takes into account intramolecular

Optics and Spectroscopy, 2022, Vol. 130, No. 12

interactions. This also makes it possible to count on a
correct description of the nodal structure of the calculated
vibrational-rotational wave functions both in the ground and
in the excited electronic states, which determines to a large
extent the probabilities of the corresponding transitions.

To estimate the probabilities of rovibronic transitions,
one can use the corresponding Finstein coefficients for
spontaneous emission A2Z* (v/, J') — X?II(v”, J”), which
can be calculated as

812

— v3IM2 1
3hey | (19)

A‘U/.]/U//.]” =

Here v is transition frequency, M is matrix element of
transition dipole moment [37]:

J/I 1 J/
M_Ml/z(—l/z 1 —1/2)

J// 1 J/
+Ms2 (—3/2 1 —1/2> ’ (20)
M1/2 and M3, re integrals of the form
Ma = (@} 3 |dxa(R)|@)% 1), (21)

where dxa is the dipole moment function of the electronic
transition X2IT — A’Z+ (Fig. 2,¢), (pff}} Jv are components

A (W=0, J)>XTI(v"=0, J+1)

7 -
[m]
6Fa HITRAN
~ L "o « P,
> Sr" * Ppp
Sy ab initio
23
VQ i
_
~ 2 L
1
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7
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Figure 5. Dependence of the Einstein coefficients of the

transitions A2XT—X?II for Pi-, Ps-, Pia- and Paj-branches of
the band v/ = 0 — v” = 0 of the rotational quantum number J
(=33 =J3+1)
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of the wave function for rovibronic levels of states X*Ilg
obtained by solving the system of equations (1) with the ma-
trix given by expressions (8)—(10), ¢’); is wave function
of rovibronic levels of the state A>X* obtained by solving
a one-dimensional radial equation with potential (14). The
sign in expression (20) is determined by the branch type:
»— for main branches (with indices 1 and 2) and ,,+* for
satellite branches (with indices 12 and 21).

According to these expressions, the Einstein coefficients
Ayrypryr were calculated for all transitions in the ex-
perimentally studied range of vibrational and rotational
quantum numbers. As illustrations, Figs 5—7 show the J-
dependences of the calculated Einstein coefficients for the
main and satellite branches of the band v/ =0 — v" =0
and their analogues from the HITRAN base [23]. For
all values of the rotational quantum number, there is
a systematic overestimation of the ab initio coefficients
Ayrgyrye rtelative to the data [23] by 10—12%.  This,
apparently, is caused by the calculated function of the
dipole moment of the electronic transition overestimated
by 5-6% (Fig. 2,¢), since the non-empirical frequency
values for these transitions differ from the experimental
ones by no more than 0.2% (Fig. 4,a). However, it should
be noted that the deviation practically does not depend
on either the type of branch or the value of rotational
excitation.

AT (1'=0)> X?TI(v"=0)

Avvvvy/los, SA1

7k
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Figure 6. Dependence of the Einstein coefficients of the

transitions A2Xt—X2IT for Q;-, Qz-, Quz- and Qy-branches of
the band v’ = 0 — v” = 0 of the rotational quantum number J
@ =J"=J).

A (W'=0, )>XTI(v"= 0, J-1)
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Figure 7. Dependence of the Einstein coefficients of the
transitions A’XT —X?I1 for Ri-, Ry-, Ryz- and Ry;-branches of
the band v/ = 0 — v” = 0 of the rotational quantum number J
=33 =3-1.

The system A?X+ —X°IT is practically diagonal, and with
increasing vibrational excitation the Einstein coefficients
Ayryryryr in progressions decrease sharply. The range of
their change is 6—7 orders. Table 2 gives the Einstein
coefficients Ay:jyvg+ for the Qi-branch at a fixed value
J' =J" = 1.5, calculated within the framework of the
proposed model for the vibrational bands registered in the
work [15]. To estimate the effect of the transition dipole
moment function A2E+—X°II, the same quantities were
calculated with the function found from the experimental
data [15]. Comparison of both versions of the calculation
with the HITRAN [23] database data indicates that in this
case the discrepancy between the ab initio and experimental
frequencies of rovibronic transitions makes a significant
contribution to the error of the Einstein coefficients A2P,
which agrees with previous estimates (Fig. 4,5, ¢). Despite
rather large errors in the absolute values of A", the
Einstein coefficients, calculated only on the basis of non-
empirical data, absolutely correctly reproduce the sharp
drop in literary analogues [23] with an increase in v” in
each progression in v’, which also confirms the adequacy of
the proposed model.
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Table 2. The Einstein coefficients A, (s™') for the Q-
branch at J’ = J” = 1.5 calculated by the equation (19) with non-
empirical function dxa (Fig. 2,¢) (A%) and with empirical function
of transition dipole moment [15] (A"™); HITRAN is data from the
HITRAN database [23]

v =" AP AP HITRAN
0-0 4.627-10° 4.222-10° 4173 -10°
0—1 3.012 - 10° 2.424 - 10° 1.743 - 10°
0-2 28.73 66.50 34.92
0-3 2.109 2.946 2623
0—4 1.071-1072 1.148 1072 1.141-1072
1-0 1.492 - 10° 1.388 - 10° 1.355-10°
1-1 2.770 - 10° 2.474 - 10° 2.488 - 10°
1-2 3.996 - 10° 2.850 - 10° 2.145 - 10°
1-3 1.304 - 102 2.760 - 10% 1.629 - 10°
1-4 12.46 16.99 15.70
1-5 9.330-1072 | 8.452-107% | 9.793.1072
2-0 3.124 - 10* 2.843 - 10* 2.778 - 10*
2—1 2.176 - 10° 2.018 - 10° 1.984 - 10°
2-2 1.473 - 10° 1.277 - 10° 1.310- 10°
2-3 3.417 - 10° 2.008 - 10° 1.565 - 10°
2-4 3.817 - 10% 7.420 - 102 4.803 - 102
2-5 4539 59.98 5841
3-0 5.929 . 10° 5.166 - 10° 5.101 - 10°
3—1 7.779 - 10* 7.151 - 10* 7.041 - 10*
3-2 2.196 - 10° 2.020 - 10° 1.998 - 10°
3-3 6.605 - 10* 5.498 - 10* 5.768 - 10*
3—4 2.048 - 10° 8.248 - 10? 6.486 - 107
3-5 8.919 - 10? 1.600 - 10° 1.131 - 10°
3-6 1.321-10° 1.669 - 10° 1.738 - 10°
4—0 1.154 - 10° 9.511 - 102 9.538 - 10?
4—1 2.186 - 10* 1.947 - 10* 1.942 - 10*
4-2 1.204 - 10° 1.114 - 10° 1.104 - 10°
4-3 1.759 - 10° 1.592-10° 1.586 - 10°
4—4 2.246 - 10* 1.773 - 10* 1.927 - 10*
4-5 7.343 - 102 88.08 5594
4—6 1.795 - 103 2.955-10° 2.276 - 10°
4-7 3.487 - 10? 4.076 - 10° 4.503 - 10°

Conclusion

A non-adiabatic model for describing the energy and
radiation parameters of the A?X+—X°II system of the
OH radical based on non-empirical calculations of the
electronic structure is proposed. The numerical experi-
ments performed have shown that the accuracy of the
obtained ab initio estimates of the potential energy curves
and nonadiabatic electronic matrix elements is sufficient
for unambiguous vibrational assignment of the available
experimental terms. The use of the analytical dependence
of the matrix elements of the transition dipole moment on
the rotational quantum number makes it easy to estimate
the intensities of rovibronic transitions for high values
of J, which is extremely important in identifying new lines
recorded in high-temperature spectra. Further refinement
of the structural parameters to the experimental level of

Optics and Spectroscopy, 2022, Vol. 130, No. 12

accuracy is planned to be carried out within the framework
of solving the inverse spectroscopic problem using the
iterative method of solving the coupled radial Schrodinger
equations using the precision spectral data on the energy of
the rovibronic terms of the considered states available in the
literature.
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