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First principles study of the OH radical: B2�+ −X2� and D2�− −X2� rovibronic transitions
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OH radical can be found in comets, stellar atmospheres, planetary atmospheres, interstellar clouds, exoplanets,
the solar photosphere, and sunspots, making it a significant astrophysical molecule. Its detection relies on its
emission properties, intrinsic to the molecules’ rovibrational levels. This work presents high-level ab initio calcu-
lations of the electronic structure of OH radical using complete active space self consistent field/multiReference
configuration interaction calculations, including Davidson correction methods with large basis sets and extensive
treatment of the electron correlation. The adiabatic potential energy curves of the low-lying doublet and quartet
electronic states of the hydroxyl, in the representation 2S+1�(+/−), are investigated. Additionally, a systematic in-
vestigation of the transition dipole moment function (TDMF) for the B2�+ −X2� and D2�− −X2� transitions
has been done along with the Franck-Condon factors of these systems. The computed TDMF and potential energy
function are used in Le Roy’s LEVEL and Western’s PGOPHER programs, in combination with experimental
literature line positions, to calculate rovibronic B2�+ −X2� and D2�− −X2� transitions. The corresponding
“first principles”-based line lists include line intensities, line positions with the relevant quantum numbers of the
upper and lower states, e/f parity, and Einstein A coefficients. The results show good agreement with previously
published experimental and theoretical data, including a corresponding updated MARVEL (measured active
rotational-vibrational energy levels) analysis of the lowest excited states of the OH molecule.

DOI: 10.1103/h853-qnjt

I. INTRODUCTION

The hydroxyl radical (OH) is a crucial component of
cometary gases, diffuse, dense, and shocked areas of interstel-
lar gas, combustion gases, and the pure and polluted terrestrial
atmosphere [1,2]. It exhibits a wide range of thermochemical
properties and plays a vital role in several chemical, com-
bustion, astronomical, and atmospheric environments [3]. It
is considered the most significant free radical in the Earth’s
atmosphere as it effectively removes accumulated organic
molecules from the troposphere, preventing their rapid accu-
mulation and potential harm to human beings [4]. Moreover,
OH molecules can be produced in the Martian atmosphere by
the photodissociation of water vapor and in several chemical
reactions, such as those involving thermal molecular hydro-
gen and energetic oxygen atoms O + H2 → H + OH [5,6].
Emission and absorption spectra of OH radicals within the
Martian atmosphere can lead to a better understanding of these
processes. For example, they can help monitor the variation of
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its abundance with altitude. Astronomical spectra of OH radi-
cals can be better interpreted through a detailed identification
of their line list. These line lists offer a valuable diagnostic of
the environments in which OH is present.

The rovibronic spectra of OH have been thoroughly ex-
plored using various high-resolution molecular spectroscopy
techniques. A significant number of OH transitions have been
studied, especially the OH Meinel bands (X2�–X2� tran-
sition) [7–10] and A2�+ −X2� transition [2,11–17]. The
A2�+ −X2� transition line list recently produced by Yousefi,
et al. [2] has proven its effectiveness in analyzing the solar
and stellar (HD196944) spectra, confirming its high accuracy.
Below, we only highlight a few critical works related to our
interest in B2�+ −X2� and D2�− −X2� bands. A com-
plete literature on OH for the B2�+ −X2� and D2�− −X2�
transitions can be found in Hwang, et al. [18] and Heays,
et al. [19], respectively. Langhoff, et al. [1] initially calculated
transition probabilities for the B2�+ −X2� in 1982. They
also estimated the radiative lifetimes of the B2�+, v′ = 0,
and v′ = 1 vibrational levels to vary between 235–350 and
410–590 ns, respectively. Sappey and Copeland [20] reported
the line positions for the B2�+ −X2� (0, 12) and the Meinel
bands (12, 8) using a two-laser double resonance method.
Coxon, et al. [21] examined the X2�–X2�, A2�+ −X2�,
B2�+ −X2�, C2�+ −A2�+, and B2�+ −A2�+ systems
using laser-induced fluorescence (LIF) [20,22] to derive dif-
ferent molecular constants for the X2� (v = 8, 12), A2�+
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(v = 4–9), B2�+ (v = 0, 1), and C2�+ (v = 0, 1) vibra-
tional levels. Later on, Copeland, et al. [23] measured the
line positions of the (0, 7), (0, 8), (0, 9), (0, 11), (0, 13),
and (1, 9) vibrational bands of the B2�+ −X2� transitions
using LIF and extracted the molecular constants for X2�
(v = 7–9, 11–13) and B2�+ (v = 0, 1). Hwang, et al. [18]
obtained rovibrational spectra of the B2�+ −X2� band using
LIF and measured the OH (B, v′ = 0) collision-free lifetimes.
The molecular constants for the X2� (v = 0–13) and B2�+
(v = 0, 1) states of OH were updated by Bernath and Colin
[24] in 2009, using previously published laboratory data and
lines [25] acquired from infrared sun spectra collected by the
ACE (Atmospheric Chemistry Experiment [26]) satellite. Later
on, ab initio potential energy curves (PECs) for the ground and
low-lying excited electronic states of OH have been computed
by Qin and Zhang [27] and Vamhindi and Nsangou [28].
Furtenbacher, et al. [3] recently gathered and analyzed us-
ing MARVEL (measured active rotational-vibrational energy
levels) all available experimental rovibronic data from the lit-
erature for transitions among X2�, A2�+, B2�+, and C2�+
states. The spectroscopic network (SN)-based method helped
determine energy levels for the four doublet electronic states
with reliable, statistically significant individual uncertainties.

The D2�− state of OH was first discovered by Douglas
[29] in 1974. They recorded the first absorption spectra of OH
and OD radicals for the D2�− (v′ = 0)← X2� (v′′ = 0) band
near the 1200 Å region photographically. A set of molecular
constants was generated for the lowest D2�− state of OH and
X2�, A2�+, and D2�− states of OD. In the 1980s, Langhoff,
et al. [1] and Van Dishoeck, et al. [30,31] have done a series
of theoretical studies to determine the photoabsorption and
dissociation properties of D2�− (v = 0 and v = 1 levels)
and other excited states of the OH radical. Moreover, be-
tween 1990 and 2005, several laser-based resonance-enhanced
multiphoton ionization experiments, such as those done by
Collard, et al. [32], Beer, et al. [33], McRaven, et al. [34],
and Greenslade [35], have recorded high-spectral-resolution
absorption spectra for the D2�− (v′ = 0)← X2� (v′′ = 0)
and other states of OH. Recently, Heays, et al. [19] detected
VUV photoabsorption spectra for the D2�− (v′ = 0)← X2�
(v′′ = 0), D2�− (v′ = 1)← X2� (v′′ = 0), and A2�+ (v′ =
0)← X2� (v′′ = 0) bands of OH and OD molecules, and
deduced the lifetime of the D2�− state for the v′ = 0 and
v′ = 1 levels.

To summarize, to our knowledge, theoretical and experi-
mental studies have been done to investigate the vibrational
B2�+ −X2� transition of OH [1,18,20–24,36], but there
have been no rovibrational investigations in this area.
Similarly, experimental studies in the literature have ad-
dressed the vibrational D2�− (v′ = 0, 1)–X2� (v′′ = 0)
transition [15,19,29,31–37] without highlighting its rovi-
brational aspects. In this work, we present comprehen-
sive “first principles”-based investigations of the rovibra-
tional B2�+(v′ = 0–1)–X2� (v′′ = 0–13) and D2�− (v′ =
0–1)–X2� (v′′ = 0–13) OH transition. The calculations rely
on an investigation of the adiabatic PECs and the tran-
sition dipole moment curves (TDMCs) of the low-lying
doublet electronic states of OH, using ab initio complete
active space self consistent field (CASSCF)/multireference

configuration interaction calculations, including Davidson
correction (MRCI + Q) methods with a large basis. The cor-
responding spectroscopic parameters have been determined.
Additionally, we present an updated MARVEL analysis com-
prising the D2�− state and compare it with our results to
better evaluate their accuracy. To the best of our knowledge,
this is the first theoretically investigated rovibrational line
list for the B2�+ −X2� and D2�− −X2� systems. This
study offers additional insights into molecular structure and
spectroscopic analysis of a wide range of vibrational and
rotational levels of OH. These play a crucial role in analyzing
the emission and absorption spectra of the radical, as they
enable researchers to identify and characterize its correspond-
ing lines. Such data help in understanding the OH radical’s
behavior in different environments and for various applica-
tions, including astronomical [38–40], combustion [41–43],
and atmospherical [44,45] studies.

This paper is organized as follows: Sec. II presents the
computational methods used for the ab initio calculations, the
generation of the line lists, and the MARVEL method. Section
III displays the results and corresponding discussions.

II. COMPUTATIONAL DETAILS

A. Ab initio calculation

The ab initio study of the low-lying electronic states of
OH radical has been theoretically conducted using mol-
pro computing package [46]. Corresponding PEC of X2�,
A2�+, B2�+, 1 2�−, D2�−, C2�+ 2 2�, 1 2�, 2 2�,
1 4�, 1 4�−, 2 4�−, 3 4�−, and 4 4�− states and transition
dipole moment functions (TDMFs) of the B2�+ −X2� and
D2�− −X2� transitions were calculated. The study was per-
formed using the CASSCF method, followed by the MRCI
calculations, including Davidson correction [47]. Both the
oxygen and hydrogen atoms were treated in an all-electron
scheme using the large Dunning’s augmented correlation-
consistent polarized valence septuple-ζ (aug-cc-pV7Z) basis
set, including spdfghi functions [48] for the PEC and TDMF
of the B2�+ −X2� and D2�− −X2� transitions. The active
space includes 7σ (O: 2s, 2p0, 3s, 3p0; H: 1s, 2s, 2p0) and
3π (O: 2p±1, 3p±1; H: 2p±1) molecular orbitals, where all the
calculations of the active space are done in the C2v subgroup
of the C2∞ symmetry. The active orbitals are distributed into
the irreducible representation as 7a1, 3b1, 3b2, 0a2, denoted
by [7, 3, 3, 0].

The spectroscopic characterization of the PECs is done as
in previous work [49–52] i.e., Te, Re, ωe, ωexe, Be, and αe of
the bound states are obtained by fitting the energy data near
the equilibrium position to a Dunham polynomial as a func-
tion of the internuclear distance. The polynomial degrees are
selected based on the statistical errors of the coefficients. The
dissociation energy (De) of a state is calculated by subtracting
the energy at a large internuclear distance (where dissociation
occurs) from its equilibrium electronic energy.

B. Molecular constants

Accurate and precise molecular constants are critical in
describing the rovibrational levels in a given electronic state
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of a diatomic molecule. Previous studies have been done
to compute the molecular constants for the low vibrational
levels (v = 0, 1) of the B2�+ state of OH, such as Coxon,
et al. [21] and Copeland, et al. [23]. Bernath, et al. [24] ex-
tended the analysis to higher vibrational levels, reaching up to
v = 4. We used the molecular constants obtained by Bernath,
et al. [24] for the B2�+ and X2� states, who provided
improved molecular constants through the analysis of previ-
ously published laboratory data [8,53,54] together with lines
gathered from orbit-based infrared solar spectra recorded by
atmospheric trace molecule spectroscopy [54].

The energy of the lowest lying rovibrational level of
the D2�− (v = 0) state of the OH molecule is reported
in the literature as 81 797.95 cm−1, 81 795.8 cm−1, and
81 798.3457 cm−1, relative to the lowest rovibrational energy
level X2� (v = 0) F1e (J = 3/2) (where F1 represents the
spin component and e is the parity) as stated by Douglas
[29], Collard, et al. [32], and Heays, et al. [19]. A study by
Beer, et al. [33] valued the energy to be 81 815.8 cm−1, and
stated in the text to have a good agreement with Douglas’
results. This may indicate that Beer, et al. [33] have used a
different zero-point energy. In Western’s PGOPHER program
[55], the lowest nonrotational vibrational level (v = 0) is con-
sidered the zero-point energy for the corresponding molecular
constants. Considering the shift described above, we use the
laboratory molecular constants corresponding to v = 0 and
v = 1 of the D2�− state adjusted to the high-resolution ex-
perimental spectra in the recent study of Heays, et al. [19],
relative to the ground state X2� (v = 0). The resulting values
are as follows: T (D2�−, v = 0) = 81 778.576 98 cm−1 and T
(D2�−, v = 1) = 84 341.739 85 cm−1.

C. Transition dipole moment matrix element transformation

The computed TDMF and PEC were input to Le Roy’s
LEVEL program [56]. The TDMF and PEC were interpolated
using cubic splines with a radial range of integration of 0.50–
3.50 Å and a radial step size of 0.0006 Å. LEVEL program
produces vibrational wavefunctions of given electronic states
by solving the one-dimensional Schrödinger equation using
the procedure of Numerov-Cooley [56]. These wavefunctions
are then used to compute the transition dipole moment ma-
trix elements (TDMMEs) of the given transitions. LEVEL16
program does not account for electron spin, corresponding to
Hund’s case (b) basis. These matrix elements are expressed in
the form 〈

v′�′N ′∣∣T k
q

∣∣v′′�′′N ′′〉, (1)

where T k
q represents the dipole moment operator expressed in

the spherical tensor form, q is 0 for parallel and ±1 for perpen-
dicular transitions, and k is the transition rank equal to 1 for
single photon electric dipole transition. v′′ and v′, �′′ and �′,
and N ′′ and N’ represent the upper and lower vibrational levels
quantum numbers, those associated with the projection of the
total orbital angular momentum on the internuclear axis, and
the angular momentum excluding the spin of the upper and
lower states, respectively.

The PGOPHER program [55] uses Hund’s case (a) basis
set, where the orbital angular momentum and spin are strongly
coupled with the internuclear axis. Therefore, to use the

calculated TDMMEs for intensity calculations in PGOPHER,
it is required to convert these matrices from Hund’s case (b)
to Hund’s case (a) basis set, which includes electron spin (J).
This was done following Brooke, et al.’s method [10] through
the following equation:

〈η′�′∣∣T k
q (J ′�′J�)

∣∣η�

� (−1)J ′−�′
(

J ′ k J
�′ q �

)−1 ∑
N,N ′

(−1)N−N ′+S+J+k+�

× (2N ′ + 1)(2N + 1)

(
J ′ S N ′
�′ −� −�′

)

×
(

J S N
� −� −�

){
N ′ J ′ S
J N k

}

×
(

N ′ k N
−�′ q �

)〈
η′�′∣∣T k

q

(
N ′N

)∣∣η�
〉
. (2)

The transformation is expressed using Wigner 3- j and
6- j symbols, where 〈η′�′|T k

q (J ′�′J�)|η�〉 are the matrix
elements in Hund’s case (a) and 〈η′�′|T k

q (N ′N )|η�〉 are the
matrix elements in Hund’s case (b). � and � represent the
spin and total angular momentum projections on the inter-
nuclear axis, respectively. S is the rovibronic symmetry, and
η′ and η represent the vibrational quantum number and elec-
tronic state of the upper and lower states, respectively.

D. Line list calculations

The transformed dipole moment matrix elements in Hund’s
case (a) basis were imported into PGOPHER [55] to produce a
line list with line intensities, considering vibrational and rota-
tional dependence. The Supplemental Material [57] contains
extensive line lists for the electronic transitions B2�+ −X2�
and D2�− −X2� of the OH radical, which include line posi-
tions with relevant quantum numbers of the upper and lower
states, e/f parity, line intensities, rotational line strength, and
Einstein A coefficients.

PGOPHER calculates Einstein A coefficients Aη′J ′→ηJ

(given in s−1) using the equation

Aη′J ′→ηJ = 16π3v3

3ε0hc3

Sη′J ′→ηJ

(2J ′ + 1)

= 3.136 188 94 × 10−7 v3 Sη′J ′→ηJ

(2J ′ + 1)
, (3)

where Sη′J ′→ηJ is the line strength (in Debye squared) and v is
the wave number (in cm−1).

III. RESULTS AND DISCUSSION

A. Potential energy curves and spectroscopic constants

The PECs of the ground X2� and low-lying doublet and
quartet electronic states of OH molecule as a function of
the internuclear separation R are calculated over the range
0.50 Å � R � 5.00 Å, with increments of 0.02 Å. The result-
ing curves are shown in Fig. 1 in comparison with the PECs
from Langhoff, et al. [1] and the Rydberg–Klein–Rees (RKR)
PECs of Yousefi, et al. [2]. Our PECs are found to be in very
good agreement with the RKR potential energies of X2� and
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FIG. 1. PECs calculated in this work compared with Langhoff, et al. [1] (dotted blue) and RKR PECs by Yousefi et al. (dashed red) [2].
The vibrational levels added in green are for graphical representation and are not accurately located.

A2�+ of Yousefi, et al. [2]. However, Langhoff’s curves seem
to be systematically shifted to lower asymptotic limits, even
though their equilibrium points and well shapes agree well
with our and Yousefi’s RKR curves. The perfect accordance
between our curves and the RKR ones points, however, to
better confidence in our results compared to the ones obtained
by Langhoff, et al.

Based on this study, the bound 2 4�− and 4 4�− states are
in the vicinity of the D2�− state, causing a crossing between
the rotational series of the three states, which may represent
the local perturbation of spin-orbit interaction mentioned by
Heays, et al. [19]. This perturbation results in the shifting of
certain levels of the OH D (v = 0) due to a weak interaction
with neighboring states in its vicinity.

The investigated doublet and quartet electronic states
of OH radical correlate at large internuclear distances to
the [O (2s2 2p4, 3P) + H (1s1, 2S)], [O (2s2 2p4, 1D) +
H (1s1, 2S)], [O (2s2 2p4, 1S) + H (1s1, 2S)], [O (2s2

2p3(4So)3s, 5So) + H (2s1, 2S)], [O (2s2 2p3 (4So)3s, 3So) +
H (2s1, 2S)], and [O (2s2 2p4, 3P) + H (2p, 2Po)] dissoci-
ation limits. Table I shows the dissociation limit energies
and corresponding relative errors between our theoretical
values and the experimental ones by Kramida, et al. [58] from
the NIST atomic spectra database. The comparison shows a
minimal difference of less than 0.6% at all dissociation limits.

It is worth noting that, contrary to full CI methods, the
MRCI method is neither size-consistent nor size-extensive

[59]. The usage of the Davidson correction in this work aimed
to correct the lack of size extensivity in the adopted method.
At the same time, some studies presented comparisons about
the effect of different correction methods at the dissociation
limits. In particular, a recent study has shown that in some
cases, the implementation of the Davidson correction can lead
to an improvement of the Bond Dissociation Energy value
[60]. However, other investigations proposed to use alternative
correction methods that would better represent the molecular
behavior of molecules when the constituting atoms are far
apart, including the Pople correction [61]. Accordingly, the
authors performed additional calculations to better understand
and validate the behavior of the OH molecule at the disso-
ciation limit, including the use of the MRCI method (with
no correction), MRCI with Pople correction, and MRCI with
Davidson correction, and made comparisons on the value of
the dissociation energy with similar previous work [37,62].
In all cases, the MRCI + Q method followed in this work
gave the closest results and the least relative error with respect
to the dissociation energy of the separated atoms, at a large
internuclear distance.

The resulting spectroscopic constants are given in Ta-
ble II. The comparison of our calculated value of Re for
the ground and the investigated low-lying excited states with
those given in the literature shows very good agreement, with
relative differences smaller than 3.80%. Similarly, the remain-
ing spectroscopic parameters have average percentage errors

TABLE I. The lowest dissociation limit of the lowest doublet states of OH radical.

Dissociation to atomic levels O + H

Dissociation energy
limit of OH levels,
this work (cm−1) Molecular states of OH

Total dissociation
energy limit of O +
H atoms [58] (cm−1) Relative error (%)

O (2s2 2p4, 3P) + H (1s, 2S) 0 X2�, 1 2�−, 1 4�, 1 4�− 0 0.00
O (2s2 2p4, 1D) + H (1s, 2S) 15 856.364 A2�+, 2 2�, 1 2� 15 867.862 0.07
O (2s2 2p4, 1S) + H (1s, 2S) 33 806.384 B2�+ 33 792.583 0.04
O (2s2 2p3(4So)3s, 5So) + H (1s, 2S) 73 492.521 2 4�− 73 768.200 0.37
O (2s2 2p3(4So)3s, 3So) + H (1s, 2S) 77 239.757 3 4�− 76 794.978 0.58
O (2s2 2p4, 3P) + H (2p, 2Po) 82 137.481 D 2�− 82 258.919 0.15
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TABLE II. Calculated spectroscopic constants of the ab initio low-lying doublet bound states of OH at spin-free MRCI+Q level of theory
in comparison to experimental and theoretical data reported in the literature.

Te � Te Re � Re ωe � ωe ωexe � ωexe Be � Be αe De � De

State Method (cm−1) (%) (Å) (%) (cm−1) (%) (cm−1) (%) (cm−1) (%) (cm−1) (cm−1) (%)

X2� This work 0 0.970 3735.418 80.658 18.896 0.727 37 410.347
MRCI+Q/V6Z [28] 0.970 0.00 3734.016 0.04 85.708 5.89 18.872 0.13 0.712 37 440.237 0.08
MRCI/CBS [67] 0.970 0.00 3719.000 0.44 85.830 6.03 18.940 0.23 0.758
MCSCF [68] 0.974 0.41 3741.000 0.15 86.800 7.08
CI [1] 0.980 1.02 3614.51a 3.24 18.32a 3.05 36 053.000 3.76
CCSD(T) [69] 0.980 1.02 3739.080 0.10 85.127 5.25 18.870 0.14 37 141.812 0.72
Exp. [64] 0.970 0.00 3737.761 0.06 84.881 4.98 18.910 0.07 0.724 37 270.861 0.37
Exp. [70] 0.970 0.00 3737.761 0.06 82.660 2.42

A2�+ This work 32 627.42 1.012 3180.554 89.456 17.363 0.839 20 825.745
MRCI+Q/V6Z [28] 32 602.00 0.09 1.010 0.20 3178.252 0.07 84.608 5.42 17.262 0.58 0.825 20 881.683 0.27
MRCI/CBS [67] 33 148.00 1.56 0.960 5.14 3230.000 1.53 101.570 11.93 17.400 0.21
MCSCF [68] 33 912.00 3.78 1.021 0.88 3124.000 1.78 101.000 11.43 19 196.000 7.83
CI [1] 1.010 0.20 2910.94a 8.48 17.96a 3.32 18 470.090 11.31
Exp. [64] 32 684.10 0.17 1.012 0.00 3178.860 92.917 3.72 17.358 0.03 0.787
Exp. [65] 0.05 20 405.816 2.02

B2�+ This work 69 987.75 1.809 898.253 218.709 5.391 0.737 1211.803
CI [1] 1.840 1.68 793.080a 11.71 806.55 33.44
Exp. [64] 69 774.00 0.31 1.869 2.74 660 26.52 5.086 5.66

D2�− This work 82 817.62 1.040 2925.203 163.981 15.522 1.159 34 560.985
Exp. [29] 82 130.00 0.84 1.081 3.79 2954.00 0.97 15.218 7.89 0.711

aCalculated in this work using Langhoff, et al.’s [1] PECs.

of 0.93%, 3.30%, 5.33%, 1.24% 7.44%, and 6.57% for Te, ωe,
ωexe, Be, αe, and De, respectively.

The values of Te generally agree with previous experimen-
tal and theoretical work for the investigated states. One has
to note, however, that in performing ab initio calculations, a
multitude of factors, such as the basis sets and active spaces
used, affect the resulting spectroscopic constants. For exam-
ple, Langhoff, et al. [1] used the configuration interaction
(CI) method to calculate the electronic structure and transition
properties of the OH molecule. In their work, the authors have
shown that the use of two different types of basis sets led to
changes in the values of Te that can reach up to hundreds of
wave numbers; in fact, they had obtained for the B2�+ a Te

value of 68 799 cm−1 with one basis set and 68 235 cm−1 with
another.

The Te value obtained in this work for the B2�+ state
shows agreement with the experimentally obtained value by
Barrow, equal to 69 774 cm−1 [63], as portrayed in the Hu-
ber and Herzberg’s database [65]. The difference of about
200 cm−1 between the two values can be attributed to several
factors, one of which, explicitly mentioned by Barrow, is the
high uncertainty in the procedure that he followed for the de-
termination of the zero point energy (G0) of this excited state.
This last was used for the determination of Te, in combination
with spectroscopic constants by Herzberg [64]. In fact, the
author states that the vibrational levels of the B2�+ probably
depart very considerably from those of a simple harmonic
oscillator, and that the best he could assume was following
a three-constant expression for the determination of G0. He
also cites “uncertainties in the values of G0” in the same
manuscript.

Such uncertainties are also highlighted through the
important differences in the values of T00 (about 40 cm−1)

mentioned in Ref. [63], and the work published in 1969 by
Carlone and Dalby [65]. This difference probably stems from
a better accuracy in the experimental setup of the most recent
work.

The same experimental uncertainty issue applies to the
D2�− state, qualified as “uncertain data” according to Huber
and Herzberg’s [64] notation. Finally, the Te value obtained in
this work for B2�+ (69 987 cm−1) shows very close agree-
ment with previous work [18,66] following similar MRCI
methods, with respective values of 70 048 and 70 069 cm−1.

B. Transition dipole moment function

The precision of the TDMF is essential to obtain accurate
line intensities. For this reason, we chose to use the augmented
correlation basis sets mentioned in Sec. II A, which contain
diffuse and extra polarization functions. Curves obtained in
this work for TDMF of B–X transition are presented in Fig. 2.
These are compared to those of Langhoff, et al. [1], who
calculated them following the CI method using different basis
sets. Ours agrees closely with set I, consisting of a Slater
basis set that incorporates correlation effects in the low-lying
valence states but differs slightly from sets II and III, which
include a Slater and a Gaussian basis set, respectively, and do
not account for the correlation effects [1].

Similarly, the calculated TDMF of D2�− −X2� transition
is shown in Fig. 3, with a comparison with those calculated
by Dishoeck, et al. [31] and Van der Loo, et al. [37]. The
basis set I used by Dishoeck, et al. [31] contains Slater func-
tions without a diffuse function on the oxygen atom (only s
function on H atom). In contrast, basis sets II and III contain
diffuse functions (3s and 3p to the oxygen atom), with Slater
and Gaussian functions, respectively, and basis IA includes
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FIG. 2. Ab initio transition dipole moment curve of B–X transi-
tion of OH compared with Langhoff, et al. [1].

diffuse functions to the oxygen atom that are added to the
augmented basis set I. In general, our calculated TDMF
is closer to Van der Loo, et al.’s [37] TDMFs, which are
computed using (doubly) augmented correlation-consistent
polarized valence 5-zeta with active space including 6σ 1π

molecular orbitals.

C. Einstein A coefficient and radiative lifetime

The Einstein A coefficient, as represented in Eq. (3), de-
pends on two significant parameters: v (wave number) in its
cubic form and S (line strength, which represents the square
of the TDMMEs [55]), representing the coupling between
the potential energy and transition dipole moment curves.
The Einstein A coefficients with relevant quantum numbers,
including rotational and vibrational dependence, were cal-
culated in this work for all possible bands by summing all
possible transitions from J ′ = 2.5 in the F1 spin component
for both the B2�+ −X2� and D2�− −X2� transitions of
OH. The summation of the Einstein A coefficients Av′v′′ at

FIG. 3. Ab initio transition dipole moment curve of the D–X
transition of OH compared with Dishoeck, et al. [31] and Van der
loo, et al. [37].

different rotational levels J ′ and F1/F2 spin component gives
approximately similar results.

The B2�+ state minimum is at a considerable internuclear
distance R, which indicates that the transition probabilities
with the ground state will be more significant for higher vibra-
tional levels. Table III compares the B–X transition Einstein A
coefficients (Av′v′′ ) for the bands (v′ = 0−1 and v′′ = 0−13)
obtained in this work with those reported by Langhoff, et al.
[1]. The values of Einstein A coefficients exhibit significant
differences, around 3.2% � � Av′v′′

Av′v′′ � 30.9% for the lower

vibrational levels, 0 � v′′ � 6, and around 3.3% � � Av′v′′
Av′v′′ �

97.6% for the higher vibrational levels, 7 � v′′ � 13. This
discrepancy arises from differences in both the PEC and
TDMF calculated in this work compared to those of Langhoff,
as illustrated in Figs. 1 and 2. In fact, the former shows a
significantly visible deviation in the PEC. The spectroscopic
constants describing Langhoff, et al.’s [1] potential energy
curves PECs are displayed in Table II. The comparison be-
tween our values and Langhoff et al.’s for the B2�+ state
shows an excellent agreement with percentage relative differ-
ences of 0.0%, 0.0%, 0.5%, and 0.7% for Te, Re, Be, and De,
respectively. However, there is a significant divergence in the
value of ωe (% relative difference = 11.71%). Figure 1 agrees
with our findings, where the value of ωe for Langhoff et al.’s
PEC (ωe = 793.08 cm−1) is smaller than that obtained with
the present work (ωe = 898.253 cm−1), reflecting a broader
curve in Langhoff et al.’s PEC compared with our curve. This
discrepancy is probably the leading source of the coupling
term (S) difference, resulting in different Einstein A coefficient
values at the lower and higher vibrational levels. One has to
note, however, that our MRCI PEC is closer to the RKR PEC
by Yousefi, et al. [2] and that Langhoff, et al. [1] reported a
relative error of ±20% to account for the range of lifetime
across the three different basis sets they used. Given such
discrepancy, we also calculated the Einstein A coefficients
using our PECs and Langhoff et al.’s TDMF basis set I along
with Bernath, et al.’s [24] molecular constants (Scenario I)
for the B–X transition, presented in Table III. A significant
decrease in the percentage error was observed, with an aver-
age reduction of 70%, indicating that the primary source of
the discrepancy is Langhoff et al.’s data.

In this analysis, the wave numbers (v) are computed using
the laboratory molecular constants provided by Bernath, et al.
[24]. At the same time, the TDMMEs are derived by solving
the Schrödinger equation for the nuclear motion using the
potential energy curves with the transition dipole moment
curve. Both the Einstein A coefficients and line strength S
show similar trends for the calculations obtained using this
work’s PECs and TDM, as well as those of Scenario I, as
represented in Fig. 4.

For 0 � v � 7, the Einstein A coefficient values calculated
in Scenario I are slightly higher than those in this work be-
cause the corresponding line strengths (S) are somewhat larger
than ours in this range. As v increases, the difference between
the two S values increases, and they both reach a maximum
at v′′ = 8, then decrease until the line strength values (S) are
nearly equal around v′′ = 12. The same behavior is reflected
for the Einstein A coefficients, suggesting that the TDM plays
a crucial role in their determination.
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TABLE III. The Einstein A coefficient in s−1 and the radiative lifetimes τ for the v′ = 0 and 1 vibrational levels of the B2�+ state to the
vibrational levels of the X2� state of the OH molecule.

B–X transition

Av′v′′ v′ = 0 % Error 1 % Error

v′′ = 0 a 3.199 × 10−1 7.674 × 10−1

b 2.400 × 10−1 24.9 7.000 × 10−1 8.8
c 3.503 × 10−1 8.7 8.385 × 10−1 8.5

1 a 7.535 × 100 1.676 × 101

b 5.200 × 100 30.9 1.400 × 101 16.5
c 8.367 × 100 9.9 1.858 × 101 9.8

2 a 8.093 × 101 1.659 × 102

b 5.600 × 101

c 9.077 × 101 30.8 1.400 × 102 15.6
10.8 1.859 × 102 10.8

3 a 5.523 × 102 1.032 × 103

b 3.900 × 102 29.4 0.850 × 103 17.7
c 6.221 × 102 11.2 1.164 × 103 11.3

4 a 2.605 × 103 4.381 × 103

b 1.900 × 103 27.1 3.800 × 103 13.3
c 2.920 × 103 10.8 4.929 × 103 11.1

5 a 8.983 × 103 1.332 × 104

b 7.000 × 103 22.1 1.200 × 104 9.9
c 9.878 × 103 9.1 1.475 × 104 9.7

6 a 2.278 × 104 2.894 × 104

b 1.900 × 104 16.6 2.800 × 104 3.2
c 2.413 × 104 5.6 3.096 × 104 6.5

7 a 4.181 × 104 4.351 × 104

b 3.700 × 104 11.5 4.500 × 104 3.3
c 4.195 × 104 0.3 4.407 × 104 1.3

8 a 5.381 × 104 4.254 × 104

b 4.900 × 104 8.9 4.700 × 104 9.5
c 5.074 × 104 5.7 4.027 × 104 5.3

9 a 4.491 × 104 2.321 × 104

b 4.300 × 104 4.2 2.700 × 104 14.0
c 3.995 × 104 10.9 2.065 × 104 11.0

10 a 2.001 × 104 4.518 × 103

b 1.900 × 104 5.0 6.000 × 103 24.7
c 1.666 × 104 16.7 3.873 × 103 14.3

11 a 2.373 × 103 2.396 × 10−1

b 2.600 × 103 8.7 10.00 × 100 97.6
c 1.440 × 103 39.3 3.404 × 10−1 29.6

12 a 3.834 × 102 6.183 × 101

b 2.300 × 102 40.0 20.00 × 101 69.1
c 7.438 × 102 48.5 3.984 × 101 35.6

13 a 1.152 × 103 1.025 × 103

b 1.000 × 103 13.2 0.590 × 103 42.4
c 1.173 × 103 1.7 1.303 × 103 21.3

Sum (s−1)= Av′v′′ a 1.994 × 105 1.627 × 105

b 1.800 × 105 9.7 1.706 × 105 4.6
c 1.903 × 105 4.6 1.622 × 105 0.3

τ :(s) = 1/Av′v′′ (ns) a 5051.56 6815.48
d 5549.96 9.7 5861.50 4.6
c 5254.24 4.6 6164.13 0.3

aPresent work using this work’s TDM with adding extra symmetries.
bLanghoff, et al. [1].
cUsing this work’s PECs and Langhoff, et al.’s TDM (basis I).
dCalculated in this work using Langhoff, et al.’s [1] data.
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FIG. 4. The variation of Langhoff, et al.’s published and Scenario I results of Einstein A coefficients and line strength with those obtained
in this work with respect to the vibration quantum number (v′′).

The summed transition probability of the B2�+ into the
discrete levels of the ground state X2� is also calculated and
presented in Table III, which shows percentage differences
of 9.7% and 4.6%, respectively, as calculated with Langhoff,
et al.’s published data.

It is worth noting that even though these results were
obtained using a high level of ab initio calculations, the
comparison of the spectroscopic constants of the B2�+
state did not show excellent agreement with the experimen-
tal values. Thus, the results of the B2�+ −X2� transition
could be improved by performing more accurate calculations,
which would take into account considering the core-core and
core-valence contributions in their electronic structure com-
putations or by refining the ab initio PEC of the B2�+ state
of OH by fitting it to experimental energies for achieving
experimental accuracy.

There are no accurate values yet of the band Einstein A
coefficients of the D–X transition of OH in the literature.
Dishoek, et al. [31] calculated the summed transition prob-
abilities from D2�− to the discrete levels of the ground state
X2� as 2.3 × 108 s−1 for v′ = 0 and 2.4 × 108 s−1 for v′ = 1
using basis set I PECs and basis set IA TDMF (defined in
Sec. III B) and 1.5 × 108 s−1 for v′ = 0 and 1.6 × 108 s−1

for v′ = 1 using basis set II PEC and TDM (also defined in
Sec. III B). In this work, we calculated the band Einstein A
coefficient values for the D2�− −X2� transition, as presented
in Table IV.

To better compare our results with the literature, we calcu-
lated the band oscillator strengths ( fvalue ) for the D–X (0–0)
and (1–0) bands, using the formula

fvalue = 1.499 193 68 Av′v′′/v2, (4)

where Av′v′′ is the Einstein A coefficients (s−1) and v is the
wave number (in cm−1).

The oscillator strengths are f00 = 0.0125 and f10 =
0.0024, for the 0–0 and 1–0 bands, respectively, showing good
agreement with the theoretical values calculated by Heays,
et al. [19] using Van der Loo, et al.’s [37] PECs and TDMCs,
f00 = 0.0127 and f10 = 0.0025. Moreover, these values are in
very good agreement with the values reported by Heays, et al.

[19] in their experiment, which cited f00 = 0.0135 ± 0.0010
and f10 = 0.0021 ± 0.0003. Additionally, the result of the 0–0
band is in good agreement with that calculated by Dishoeck,
et al. [31] ( f00 = 0.012) using basis set I (defined in Sec. III B)
but is somewhat smaller than that of 1–0 band, in which they
reported f10 = 0.0044.

The radiative lifetimes τv′ for B2�+ −X2� and
D2�− −X2� transitions were calculated using the following
formula:

τv′ = 1∑
ν ′ Aν ′ν ′′

. (5)

The values of lifetimes are represented in Tables III and IV
for B2�+ −X2� and D2�− −X2� transitions, respectively.
In literature, all the computed lifetimes of B2�+ encompass
the entire lifetime involving B2�+ −X2�, B2�+ −A2�+,
and the continuum transition B2�+ −2 2�. No one seems
to have solely calculated the specific lifetime of the transi-

TABLE IV. The Einstein A coefficient in s−1 and the radiative
lifetimes τ for v′ = 0 and 1 vibrational levels of the D2�− state to
the vibrational levels of the X2� state of the OH molecule.

Av′v′′ v′ = 0 1

v′′ = 0 1.107 × 108 2.307 × 107

1 5.817 × 107 4.849 × 107

2 1.009 × 107 8.927 × 107

3 6.510 × 105 2.759 × 107

4 1.251 × 104 2.275 × 106

5 1.629 × 102 3.270 × 104

6 2.064 × 100 8.661 × 101

7 6.680 × 101 2.282 × 100

8 4.617 × 101 3.565 × 100

9 4.199 × 100 2.220 × 101

10 2.775 × 100 2.061 × 101

11 9.335 × 100 7.008 × 100

12 7.706 × 100 4.138 × 10−1

13 3.421 × 100 4.941 × 10−1

Sum (s−1) = Av′′v′ 1.796 × 108 1.907 × 108

τ (ns) = 1/Av′′v′ 5.568 5.243
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FIG. 5. Calculated FCFs of the B2�+ −X2� transition of OH
radical.

tion B2�+ −X2�. The radiative lifetimes of B2�+ −X2�
transition alone, based on Langhoff, et al.’s [1] Einstein A
coefficients, using Eq. (2), are in agreement with those in this
work and are displayed in Table III. The results obtained using
Dishoeck, et al.’s [31] data are more or less in accordance
with those obtained here, (4.35 ns for v = 0) and (4.17 ns for
v = 1), probably due to the discrepancy in the TDM trends
along the investigated internuclear range.

D. Franck-Condon factor

The Franck-Condon factors (FCFs) of B2�+ −X2� and
D2�− −X2� transitions of OH radical between 0 � v′ � 13
and 0 � v′′ � 1 have been calculated considering only the
vibrational levels using Le Roy’s LEVEL program [56]. The
data are reported in Tables TS1 and TS2, respectively, in
the Supplemental Material [57]. To better understand their
behavior, the FCF plotting is shown in Figs. 5 and 6, where

FIG. 6. Calculated FCFs of the D2�− −X2� transition of OH
radical.

both transitions are off diagonal. It is clear from Fig. 5 of
B2�+ −X2� transition that the FCFs start to show at v′′ = 6
for the ground state. This is probably the reason why experi-
mental spectra are available at this level and not at lower ones.
Furthermore, these lower values of FCFs reveal the accuracy
of the small Einstein A coefficient values obtained for these
bands.

E. Spectra comparisons

1. OH B2�+ → X2�

We show the intensities and positions of several lines for
the (0–8) and (0–6) vibrational bands in the B2�+ → X2�
emission spectra observed by Hwang, et al. [18] at a rotational
temperature of 187 K in Figs. 7 and 8. We compare these
spectra with the spectra calculated in this work using this
work’s PECs and TDM and using Langhoff, et al.’s [1] PECs
and TDM to compute the TDMMEs, along with Bernath’s
[24] molecular constants to account for the wave number.
The results show an excellent agreement in the line position;
however, some peaks differ in intensity. Many effects might
contribute to the differences in peak intensities between our
spectral data, the spectra calculated using Langhoff, et al.’s [1]
PECs and TDM, and the observed one by Hwang, et al. [18].
First, the reason behind the difference between our spectra
and those obtained using Langhoff, et al.’s data is that the
intensities depend on the values of the Einstein A coefficient,
for which differences were justified in Sec. II C. As an illustra-
tion, our spectra of the B–X (0–8) vibrational band give good
correspondence with Langhoff, et al.’s intensities, as shown
in Fig. 7. This is due to the agreement in the values of the
Einstein A coefficient at this band. For the B–X (0–6) band,
the value of the Einstein A coefficient in our work for this
transition differs from the calculated value by Langhoff, et al.
[1], with a percentage difference of 16.6%. This discrepancy
is the main reason for the difference in the intensities of many
of the peaks in that vibrational band. At the same time, our
spectra show better agreement with Hwang than those using
Langhoff, et al.’s data for a majority of the peaks, such as
Q11ef (J ′′ = 7/2, 3/2), Q21ff (J ′′ = 7/2, 5/2, 3/2), and P11ee

(J ′′ = 5/2, 3/2).
Furthermore, Sappey, et al. [20] measured the ratio of the

two observed bands of the B–X system, where the experimen-
tal result is I (0, 9)/I (0, 10) = 2.0 ± 1.0, which is in good
agreement with our calculated value (of 2.1) and Langhoff,
et al.’s theoretical value (of 2.3). The same authors mentioned
the difficulty in calculating the weak transitions of the higher
vibrational levels (v � 10) of the X2� state because it re-
quires determining the relative magnitude of two different
electronic transition moments.

The discrepancy between our calculated spectra and the
experimental spectra obtained by Hwang, et al. [18] could
be due to experimental conditions, such as calibration is-
sues or perturbations of the B2�+ state. In fact, Hwang,
et al. [18] mentioned that the experiment was initially de-
signed to avoid collisional relaxation of the nascent OH,
but the spectral analysis revealed that collisions did occur,
causing partial relaxation of vibrational populations. This re-
laxation could result in the energy levels of the OH being
partially redistributed to other vibrational states during the
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FIG. 7. Comparison between the spectra calculated in this work using our investigated PECs and TDMFs, the observed B–X (0–8) spectra
of OH by Hwang, et al. [18], and the spectra calculated using the PECs of Langhoff, et al. [1] in this study.

collisional relaxation process and rotational populations being
equilibrated to approximately room temperature. The colli-
sional relaxation could affect the intensity of spectral lines by
causing line broadening, altering line shapes, redistributing in-
tensity among transitions, and overall modifying the spectral
profile [71]. Thus, the above mentioned effects can explain the
discrepancy in the intensities for some of the detected 0–6 and
0–8 transitions.

2. OH D2�− ← X2�

Similarly, we compare the peak intensity and line positions
of several lines of the simulated absorption D2�− ← X2�
spectra with the observed one by Heays, et al. [19] at a
rotational temperature of (395 ± 7) K. The comparisons of
the (0–0) and (1–0) vibrational bands spectra, presented in

Figs. 9 and 10, respectively, show excellent agreement in
terms of wave number; this suggests that the theoretical model
successfully captures the fundamental characteristics of the
observed spectra. Additionally, the comparison of the line
intensity of 0–0 bands presented in Fig. 9 shows good agree-
ment. To enhance the clarity of the comparison, we subtracted
the background from the initial published figure of Heays,
et al. [19] by selecting background regions of the spectrum
and then subtracting them from the entire spectrum. This
process allowed us to isolate the absorption features more
effectively, ensuring a more accurate comparison between the
spectra. Furthermore, the comparison of the line intensities
of the 1–0 bands shown in Fig. 10 reveals good agreement.
However, we noticed that certain peaks of the 1–0 bands at
higher rotational levels, which are present in the spectra of
Heays, et al. [19], were not identified by them, likely because
they did not calculate these higher rotational levels. We have

FIG. 8. Comparison between the spectra calculated in this work using our investigated PECs and TDMFs, the observed B–X (0–6) spectra
of OH by Hwang, et al. [18], and the spectra calculated using the PECs of Langhoff, et al. [1] in this study.
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FIG. 9. Comparison between the D–X (0–0) spectra calculated in this work and that by Heays, et al. [19]. Noting that the spectrum of
Heays, et al. was shifted and normalized for the sake of visualization. The black circle denotes the H2 absorption lines observed in Heays’
spectrum.

attempted to assign these peaks to our spectra, as shown in
red.

F. MARVEL analysis data comparison

In general, the assessment of the accuracy of a molecule’s
rovibrational energy levels obtained through our line lists
calculation is a rather complicated task, given the multitude
of available experimental data with which to compare. In
this case, a possible solution is to compare the energy levels
obtained with the MARVEL method. The MARVEL approach
[72–74] is a technique used to convert a given set of exper-
imental transition frequencies into empirical energy levels.
During this conversion, the uncertainties linked to the input
transition data are considered and carried forward to the re-
sulting energy levels. This process relies on the creation of

experimental SNs [71,75–77] that contain all interconnected
transitions. Specific descriptors are employed to differentiate
the rovibronic states of OH through this approach. These
descriptors consist of the electronic state, the vibrational quan-
tum number level (v), the total angular momentum quantum
number without nuclear spin (J), the rotationless parity (e/f),
and the spin components (F1 and F2).

Furtenbacher, et al. have published an extensive MARVEL
analysis of the OH molecule [3] that contains 15 938 measured
transitions of the X2�−X2�, A2�+ −X2�, B2�+ −X2�,
B2�+ −A2�+, and C2�+ −A2�+ of 16OH. This analysis re-
sulted in a total of 1624 empirical rovibronic energy levels to
the X2�, A2�+, B2�+, and C2�+ states. In the current work,
modifications have been done for the entries of B2�+ −X2�
and B2�+ −A2�+ transitions sourcing from Copeland, et al.
[23] and Sappey, et al. [36], to account for calculated term

FIG. 10. Comparison between the D–X (1–0) spectra calculated in this work and that by Heays, et al. [19]. The black assignments originate
from Heays et al., while the red ones are deduced from this work.

013069-11



RANIA AL ABDALLAH, et al. PHYSICAL REVIEW RESEARCH 8, 013069 (2026)

TABLE V. MARVEL and calculated term values (cm−1) of B2�+ (v = 0, 1) state of OH radical with respect to the X2� (v = 0) F1e

(J = 1.5) level.

v = 0 v = 1

Type MARVEL Calculated MARVEL Calculated

J F1e F2f F1e F2f F1e F2f F1e F2f

0.5 68 406.299 29 68 416.460 94 68 406.302 03 68 416.447 54 69 066.1188 69 074.138 44 69 066.133 33 69 074.339 44
1.5 68 416.4902 68 436.766 59 684 16.486 98 68 436.755 86 69 074.336 63 69 090.656 16 69 074.339 44 69 090.636 36
2.5 68 436.821 05 68 467.163 52 68 436.8212 68 467.168 92 69 090.697 63 69 115.022 55 69 090.688 54 69 114.999 32
3.5 68 467.2615 68 507.6199 68 467.259 56 68 507.618 63 69 115.103 33 69 147.202 94 69 115.069 47 69 147.212 86
4.5 68 507.740 93 68 618.239 09 68 507.733 76 68 618.234 52 69 147.296 25 69 186.993 62 69 147.298 09 69 186.999 52
5.5 68 558.154 82 68 767.560 58 68 558.151 45 68 767.557 05 69 187.091 12 69 233.950 91 69 187.0961 69 233.9595
6.5 68 618.391 65 68 558.008 39 68 618.3952 68 558.0129 69 234.057 84 69 287.545 94 69 234.062 87 692 87.535 41
7.5 68 767.764 27 68 688.134 68 68 767.757 14 68 688.139 84 69 287.645 76 69 346.956 94
8.5 68 688.32084 68 856.283 24 68 688.3211 68 856.284 35 69 347.056 93 69 409.110 21
9.5 68 856.503 14 68 954.089 98 68 856.501 26 68 954.087 69 69 409.092 54 –
10.5 68 954.338 77 – 68 954.319 19 – – –

values initially presented by Bernath, et al. [24]. In total,
171 lines were updated from the first source and 8 from
the second.

At the same time, a preliminary investigation of the MAR-
VEL transitions involving the D2�− state is presented in this
work. Table TS3 of the Supplemental Material [57] lists the
available work in the literature that has not been considered by
Furtenbacher, et al. [3] on OH molecule emission properties.
From the list, and up to our knowledge, only two sources
contain experimental data on transitions involving the D2�−
states: Douglas [29] and Heays, et al. [19]. The last provided
term values for v = 0 and v = 1 of D2�−, but only for the
rotational levels J = 0.5 to J = 5.5. Douglas [29] did provide
energy levels up to J ′ = 17.5, but for v = 0 only. Addition-
ally, the first reported an uncertainty of 0.01 cm−1, while the
second indicated that the relative error for the highly accurate
lines exceeds 0.05 cm−1, but with more significant errors ob-
served for overlapping lines. To avoid any risks, we assumed
Douglas’ uncertainty to be 0.5 cm−1 in our MARVEL anal-
ysis. One has to note that practically, two sources are usually
insufficient to create an accurate MARVEL dataset, especially
when there is scarce overlap between them; however, we are
using this method here as a means to crudely assess the preci-
sion of the energy levels obtained in this work. A much deeper
investigation is planned in the future as more experimental
transitions involving this state are made available. Still, a com-
parison between this work’s MARVEL D2�− state energy
levels, and those reported by Heays, et al. [19], as calculated
using effective Hamiltonians to fit the observed transitions,
shows deviations that are less than 0.0035 cm−1 for all of the
energy values, whether one considers Heays’ transitions only
or those of Heays’ and Douglas’ combined, in the MARVEL
process. This is a possible indicator for a homogeneity in both
Heays and Douglas’ transitions.

Overall, with this method, a total of 46 approximate em-
pirical energy levels of the D2�− state are determined in
the SN, derived from 212 measured D2�− −X2� transitions.
The obtained empirical energy levels of the X2� and A2�+
states are in accordance with the previously published work

of Furtenbacher, et al., as very similar results are obtained
through comparisons with MoLLIST [78]. The updated term
values of the B2�+ and D2�+ electronic states of OH re-
sulting from the analysis are displayed in Tables V and VI,
respectively. The transitions file and the energy levels of this
study are available in the Supplemental Material [57].

G. Comparison of our line list results and our MARVEL
analysis for B–X and D–X transitions

The comparison of the theoretical energy levels of B2�+
state of OH, obtained in this study from the calculation of
line lists, with the empirical (MARVEL) rovibronic energy
shows an excellent agreement with a deviation of less than
0.035 cm−1, as shown in Fig. 11. This supports that the
molecular constants obtained by Bernath, et al. [24] are very
accurate and align well with the line positions of B2�+ −X2�
transition.

For the D2�− state of OH, when comparing our theoret-
ical energy levels obtained using line lists with the empirical

FIG. 11. Differences between the updated MARVEL energy lev-
els of the B2�+ state and the energy levels obtained in this study.
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TABLE VI. MARVEL and calculated term values (cm−1) of D2�− (v = 0, 1) state of OH radical with respect to the X2� (v = 0) F1e

(J = 1.5) level.

v = 0 v = 1

Type MARVEL Calculated MARVEL Calculated

J F1f F2e F1f F2e F1f F2e F1f F2e

0.5 81 798.216 27 81 828.987 18 81 798.241 51 81 828.986 83 84 361.405 31 84 391.278 11 84 361.404 38 84 391.2775
1.5 81 828.461 55 81 889.954 47 81 828.463 54 81 889.907 43 84 390.828 65 84 450.533 27 84 390.8275 84 450.532 46
2.5 81 889.092 06 81 981.228 16 81 889.057 85 81 981.110 97 84 449.784 03 84 539.237 85 84 449.782 46 84 539.2367
3.5 81 980.015 43 82 102.395 02 81 979.961 56 82 102.500 49 84 538.189 84 657.267 61 84 538.1867 84 657.266 38
4.5 82 101.030 45 82 253.964 22 82 101.073 45 82 253.953 26 84 655.918 97 84 804.458 18 84 655.916 38 84 804.456 38
5.5 82 252.273 79 82 435.412 47 82 252.251 73 82 435.322 92 84 802.809 04 84 980.601 36 84 802.806 38 84 980.6003
6.5 82 433.3727 82 646.373 11 82 433.311 89 82 646.441 41 – –
7.5 82 643.880 11 82 886.745 58 82 644.024 46 82 887.121 02 – –
8.5 82 884.057 28 83 157.088 64 82 884.112 74 83 157.156 35 – –
9.5 83 153.240 31 83 453.992 05 83 153.250 61 83 456.326 26 – –
10.5 83 451.075 63 83 780.279 57 83 451.060 19 83 784.395 82 – –
11.5 83 776.896 74 84 134.446 29 83 777.109 57 84 141.118 22 – –
12.5 84 130.936 56 84 516.578 57 84 130.910 46 84 526.236 67 – –
13.5 84 512.174 62 84 924.878 06 84 511.915 91 84 939.486 28 – –
14.5 84 920.450 07 85 359.603 69 84 919.517 89 85 380.595 88 – –
15.5 85 355.228 42 87 305.7505 85 353.044 94 81 828.986 83 – –
16.5 85 815.493 09 81 828.987 18 81 798.241 51 81 889.907 43 – –

rovibronic energy levels of MARVEL, an excellent agreement
is observed for v = 1 (J � 5.5) with energy difference less
than 0.002 cm−1. Similarly for v = 0 at lower rovibrational
levels (J � 10.5), a good agreement is observed with a de-
viation of less than 0.5 cm−1. However, as we explore higher
rovibrational levels (up to J = 14.5), the deviation gradually
becomes more pronounced, especially for energy values with
F2e, however, less deviation is obtained with the analogous
energy levels with F1f , as illustrated in Fig. 12. This differ-
ence probably arises from the molecular constants taken from
Heays, et al. [19] for the D (v = 0) level, where he mentioned
that these constants do not accurately reproduce the perturbed
spectrum within experimental accuracy as a result of the lo-
cal perturbation mentioned in Sec. III A. We believe that at
higher rovibrational levels, the energy levels obtained through

FIG. 12. Differences between the MARVEL energy levels of the
D2�− state and the energy levels obtained in this study.

MARVEL are more reliable than the ones calculated in our
line lists using Heays’ molecular constants. To address this,
we exclude the high rovibrational levels from our calculations
and limit our analysis to J � 10.5.

IV. CONCLUSION

Extensive line lists for the B2�+ −X2� and D2�− −X2�
transitions of the OH radical have been computed, starting
from the calculation of potential energy curves and transition
dipole moment functions obtained from high-level ab initio
study of the electronic structure of OH using CASSCF/MRCI
+ Q methods with a large basis set and extensive electron cor-
relation. These line lists are obtained by combining theoretical
line intensities calculated in this work with observed line
positions reported in the literature. Furthermore, an updated
MARVEL analysis for OH has been conducted, resulting in
updating the empirical rovibronic energy levels for the B2�+
state and the determination of empirical rovibronic energy lev-
els for the D2�− state. These energy levels demonstrate a high
level of agreement when compared to our calculated energy
levels from the line lists, as well as values reported in the
literature. The present calculated data of line lists for OH can
be highly valuable in identifying molecular structure, mea-
suring molecular abundances, and probing its chemical bond
nature.
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