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ABSTRACT

A global deperturbation analysis of the experimental rovibronic term values of the X2X+, A%2IT and B2+
states of the '2C'“N isotopomer has been performed. The inverse spectroscopic problem was directly
solved in the framework of the reduced 4 x 4 coupled-channel (RCC) deperturbation model based on
potential energy curves (PECs) as well as the spin-orbit and L-uncoupling electronic matrix elements be-
tween the X2X+, A%, and B?S* states. Regular perturbations of the X ~ A ~ B complex by the remote
doublet states manifold were taken into account by introducing of the fine-structure parameters as ex-
plicit functions of interatomic distance. The optimized PECs and non-adiabatic coupling functions describe
the vast majority (5600-6570) of the empirical term values, attributed to locally and regularly perturbed
levels of the complex, with a root-mean-squared deviation of 0.015-0.05 cm~', depending on a partic-
ular set of the experimental term values included in the fitting procedure. The resulting mass-invariant
RCC deperturbation parameters can straightforwardly extend a line-list of all CN isotopomers into a wide
region of vibrational and rotational quantum numbers.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The diatomic CN radical, known, primarily, as one of the first
molecules to be discovered in the interstellar medium (ISM) [1],
is an object of persistent interest in the fields of astrophysics
and astrochemistry. At the moment, the energies, radiative, col-
lisional, and magnetic properties of the gas-phase CN radical are
utilized in solving key questions in the realm of astronomical ap-
plications such as measurements of the background radiation tem-
perature [2]; determination of the chemical composition and time
evolution of comet comas [3]|; modeling of stellar nucleosynthe-
sis [4], including carbon and nitrogen abundance and their iso-
topic ratios; the radiative association and cooling occurring during
the collisions of C and N atoms |[5]; and probing into the possible
variation of fundamental (dimensionless) physical constants on the
cosmological time scale [6]. The relative intensity distribution in
strong emission band spectra of the CN radical is widely used in
non-contact (optical) temperature measurements of its flame and
plasma [7]. In particular, laser-induced breakdown spectroscopy
(LIBS) often exploits the “violet” (B2X+ —X2%*) band system of
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the CN radical for carbon atom analysis of organic compounds in
air [8,9].

The permanent, long, and successful history of the spectro-
scopic study of the CN radical in the ultra-violet, infra-red, and
microwave regions has led to the accumulation of a huge, but
not comprehensive, line-list of experimental rovibronic transitions,
the overwhelming majority of which are related to the low-
est three electronic states: X2X+, AZI1, and B2X* (see Fig. 1).
The measured active rotational-vibrational energy levels (MAR-
VEL) approach [10] has been recently applied in order to ac-
complish a the statistically substantiated translation of the mea-
sured lines positions to the corresponding rovibronic term val-
ues. The MARVEL procedure, which is independent of the spec-
troscopic model, yielded about 6860 empirical term values cover-
ing the vy € [0, 18], v4 € [0, 22], and v € [0, 19] vibrational levels
of the X2X+ ~ A2[1 ~ B2X+ complex for the naturally most abun-
dant 12C™N isotopologue [11].

All vibrational levels belonging to the X ~A ~ B complex (in-
cluding the lowest terms of the ground state) undergo regular ro-
tational e/f-parity perturbations caused by a combination of the
spin-orbit (SO) and L-uncoupling intramolecular interactions with
the remote doublet and quartet states manifold. These, normally
weak, perturbations appear in the observed spectra as the, so-
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Table 1
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The RMSD obtained for the three experimental data sets (set I-III) of the refined MARVEL [11] rovibronic term values for the X2+ ~ A2IT ~ B2X+ complex of the
most abundant 2C™N isotopologue. ZPEg5=1031.060+8pg is the empirical zero-point-energy which corresponds to the minimum of the ground X2+ PEC. The §zpg-value
is treated here as a small correction to be adjusted during the fit. The ZPEc is the CC energy evaluated by means of the corresponding set of the deperturbed molecular

parameters. All energies are given in cm™!.

Set vpax vmax vpax N2 RMSD Szve ZPEg, ZPEg, — ZPEcc
1 12 16 10 5620/5608 0.015 0.075 1031.135 0.012

I 18 22 12 6483/6311 0.030 0.086 1031.146 -0.003

1 18 22 19 6838/6566 0.050 0.090 1031.150 0.025

80k

70k

Interatomic potentials, U(R) (cm™)
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Fig. 1. The empirical and ab initio PECs for X2X+, A%Il, and B2+ states of the
CN radical. The solid lines represent the EMO potentials obtained in the present
work using the set-II (see Table 1 for details) of the MARVEL experimental term
values [10]. The open squares are ab initio potentials from Ref. [25]. The open circles
represent the Rydberg-Klein-Rees (RKR) potentials constructed using the Dunham
molecular constants from Refs. [18,26]. The ab initio potentials of the lowest quartet
a*X+ and b*IT states are borrowed from Ref. [14].

called, o and A-doubling effects [12,13], which monotonically in-
creases as rotational excitation increases. Furthermore, some ex-
cited rovibronic levels of the X ~A ~ B complex undergo strong
local perturbations caused by mutual SO and electronic-rotational
interactions between close-lying (i.e. coincidentally almost degen-
erate) levels of the complex. The most pronounced perturbations
involve levels belonging to the B2X* state, as this excited state
additionally interacts with the nearby “dark” quartet states man-
ifold [14] (see Fig. 1).

These local perturbations were only partly deperturbed in
Refs. [15,16], by employing the band-by-band version of the tra-
ditional Effective Hamiltonian approach (EHA) [17]. Regularly per-
turbed levels of the X ~ A~ B complex were, also, successfully
treated in the framework of the conventional EHA providing a de-
scription of the line positions with almost experimental accuracy.
The resulting deperturbed structure parameters of the X2 X+, A2T1,

and B2X* states were then combined with the ab initio B —X,
B—A and A —X transition dipole moments to generate a Molec-
ular Line Lists, Intensities and Spectra (MoLLIST) for the X ~A ~ B
complex [18] using the LEVEL [19] and PGOPHER [20] programs.

Unfortunately, the traditional EHA normally reproduces local
and regular perturbations observed in a wide range of energy exci-
tation with different levels of accuracy, neither of which reaches
the experimental one. The EHA can interpolate missing lines
with nearly the required spectroscopic accuracy, but does not
predict spectra accurately outside the experimental region, be-
cause of the fundamental limitations of perturbation theory. How-
ever, employing an alternative coupled-channel (CC) spectroscopic
model [13] will generally accomplish description of all perturba-
tions with the same level of accuracy. The inverse CC method re-
alized in the Duo program package [21] has been recently used to
accomplish a global deperturbation analysis of the X ~ A ~ B com-
plex of CN [22]. However, the resulting molecular parameters of
the reduced 4 x 4 coupled-channel (RCC) model [23], which in-
cluded the adiabatic potential energy curves (PECs) of the cou-
pled states, and the non-adiabatic spin-orbit and L-uncoupling ma-
trix elements as functions of interatomic distance, r, was able to
reproduce a whole set of experimental term values of the X ~
A ~ B complex with root-mean-squared deviation (RMSD) of 0.05-
1.0 cm~!, which is more than an order of magnitude higher than
the accuracy of the spectroscopic measurements.

In the present work, the overall accuracy of the 4 x 4 RCC de-
perturbation model implemented in [22] has been significantly im-
proved by taking into account the numerous regular interactions of
the remote doublet states manifold with the X2X+ ~ A2IT ~ B2X+
complex. This has been realized, as in Ref. [24], by introducing
the mass-invariant ¢ and A-doubling parameters and 2-nd order
rotational non-adiabatic corrections as explicit radial functions of
r. It is important that the introduced fine-structure functions are
recently available from the high level ab initio electronic calcula-
tions [25], and some of them were used here to constrain a varia-
tion of the fitting parameters.

2. Deperturbation machinery
2.1. Modeling Hamiltonian

The rovibronic non-adiabatic energies E¢/f (eigenvalues) and
corresponding multi-component vibrational wave functions ¢
(eigenfunctions) were determined for both e- and f-parity levels
of the X232+ ~ A2IT ~ B2+ complex of CN radical by solving four
coupled-channel equations [21]:

2,42
(—lzzgrz + V() - IEE/f><I>(r) =0. (1)
The hyperfine structure of the doublet states was neglected,
and the conventional boundary ¢;(0) = ¢;(c0c) =0 and normal-
ization > ;P, =1 conditions were used. Hereafter, P, = (¢;|¢;) is
the fractional partition of the non-adiabatic X ~A ~ B level and
ie[X25+ ATy, A%T13,, B2S*], 1 is the identity matrix, p is
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the reduced molecular mass, J is the rotational quantum number,
Ve/f(r; . ]) - is the r-depending 4 x 4 matrix of potential energy.

The diagonal matrix elements of V¢//(r; 1, ]) were specified in
the form:

Ve = Ug +BIY(Y F1) + yx (1 FY) ]+ B[qx(1FY)?],

(2)

vj;/{ pyy = U A"+ B[Y? - 2]

+B2[qa(Y2 = 1) + qaa (Y2 - 4)]. (3)
Vil a, = Un— A+ B[Y2 4 py(15Y)]

+B a1 FY)? +qaa (Y2 - 1], (4)
Vih =Ug +BlY(Y F 1], (5)
where
Y 1/2 B 2

The symbol F refers to e- and f-parity rotational energy levels,
respectively.

The non-vanishing off-diagonal matrix elements of V&/f (r; i, ])
were defined as

v, :_B[1+M+qu\(l¢y)]\/ﬁ, (6)
/271372 2

VI =V +BLx(1FY): Vil = —BLay/Y2 -1, 7)
Vel = Vi BLs(1FY): Ve L = BlLup/Y2 1. )

All electronic parameters in the 4 x4 RCC deperturbation
model above are tacitly assumed to be explicit functions of inter-
atomic distance. In particular, U;(r) are the conventional adiabatic
PECs of the isolated i € [X2X*, A2TI, B2X*] states corresponding to
the pure Hund’s case “a”; A%(r) is the spin-orbit splitting function
of the doublet A2I1 state; Vi2(r) and V3% (r) are the off-diagonal
spin-orbit coupling matrix elements between the A2IT state and ei-
ther the X2X+ or B2+ states, whereas Lyz(r) and Ly (r) are the
analogous L-uncoupling (Coriolis) matrix elements.

A key characteristic of the present RCC treatment of the X ~
A ~ B complex lies in accounting for the regular interactions of
the complex with the remote doublet states manifold using the
2-nd order van-Vleck contact transformations [12]. This was ac-
complished by the introducing the, so-called, fine-structure pa-
rameters [13] as mass-independent functions of r into the RCC
model [23,24]. For instance, the yx(r) and qx(r) functions [27] in
Eq. (2) are responsible for the SO and L-uncoupling interactions of
the ground X-state with energetically higher 2I1 states, skipping
the A2IT state. The p,(r) and g4 (r) functions involved in Egs. (3),
(4) and (6) take into account the intramolecular perturbation of
the A%IT state by the 2X* states manifold, excluding its energet-
ically lowest members X2X+ and B2X+. The paa(r) and gana (1)
functions arise from the interaction of the A2IT state with higher-
lying 2A states.

A very similar RCC Hamiltonian, including the explicitly r-
depending fine structure parameters, has been recently developed
for the global deperturbation treatment of the lowest doublet
states of nickel monohydride [24]. The explicit second order van-
Vleck’s formulae suitable for the evaluation of the fine-structure
A-doubling parameters can be found elsewhere (see, for instance,
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Refs. [17,24,27,28]). It should be noted that the required SO and L-
uncoupling electronic matrix elements between the low-lying dou-
blet states of CN have recently become available from the rele-
vant ab initio electronic structure calculations [5,22,25]. Further-
more, the A-doubling parameters obtained in [25] have demon-
strated the surprisingly small contribution of the higher-lying 2I1
states into the y5(r) and gg(r) functions of the excite B2X* state
compared to their impact on the ground state. This is the reason
why the corresponding y and g parameters were neglected in
the modeling Hamiltonian above (compare Eq. (5) to Eq. (2)).

Importantly, the RCC deperturbation model described above has
completely disregarded any impact of the highly excited quartet
states manifold (see, Fig. 1) since both experimental [16,29,30] and
ab initio [14] information available now is definitely not sufficient
to perform unambiguous deperturbation analysis even the lowest
a*X+ and b*IT states.

2.2. Approximation of the electronic parameters

The interatomic PECs, U;(r), for all three states of the X ~A ~ B
complex were approximated using the analytical Extended Morse
Oscillator (EMO) expression [31]:

UEMO(r) = Te 4+ De[[1 — e P00 ]?, (9)

where T is the electronic term, D is the dissociation energy,
and re is the equilibrium distance. In contrast to the conventional
Morse potential, the r-depending exponential coefficient, 8(r), in
Eq. (9) is defined as the polynomial series:

N
B =" Bilyp(n]. (10)

i=0

of the reduced coordinate [32]

rP—rb,
Yp(r) = rP—i-rr; v YpE [-1;1], (11)

ref

where p is as integer number and r is the reference distance.

Both on-diagonal ((3)-(4)) and off-diagonal ((6)-(8)) SO and L-
uncoupling electronic matrix elements between the X2X+, AZ2I],
and B2X* states were constructed as morphed functions of their
ab initio counterparts f%(r):

fro(r) = a (M) = fol + fos (12)

where f., is the asymptotic value of the corresponding matrix ele-
ment at the dissociation (atomic) limit [5]. The point-wise ab initio
f(r;) matrix elements taken from Terashkevich et al. [25] were
interpolated using ordinary cubic splines with “natural” boundary
conditions to construct continuous fMP(r) functions.

The radial functions, yx(r) and qx(r), in Eq. (2) corresponding
to the ground X-state were determined as

ab ab ZV)??LXj
yx(M) =a) xy(r); ¥ @)= AL (13)
jern XJ
s =) = Y Il (14)
jen Aly;

where AUy;(r) = Ux(r) —U;(r) and j iterates over higher lying 21
states except for the A%IT state. The required ab initio y)?b(r) and
qg(b(r) functions were borrowed from Ref. [25].

The “scaling” function, «(r), in Egs. (12) and (13) was defined
to be a linear function of the reduced coordinate y,_(r) (see
Eq. (11)):

C((T) =0y + X X Yp=1, (15)
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where the expansion coefficients, «;, are adjusted fitting parame-
ters with the initial values ovg =1 and oy = 0.

The A-doubling parameters corresponding to the A2IT state,
pa(r), qa(r), pan (), and gaa (r) were approximated during the fit
by the pure empirical function:

-1
s =so+5i[ 5 ], (16)

where the initial values of the fitting coefficients sy and s; were
taken to be a zero.

2.3. Fitting procedure

The trial set of electronic parameters of the RCC hamiltonian,
that were included in the reduced 4 x 4 matrix of potential ener-
gies V¢/f(r; u, J), was iteratively refined during the non-linear min-
imization of the sum of squares: x2  (ap) = x&p + X2, where the
first term is

NEXP exp cc 2
it (EP +ZPEg; — ES
Xezxp = Z (JG@(P] (17)
j=1 i
while the second one:
ab 2
Xzb — Z Nx: <U,‘EMO (rk) - Uiab(rk))
‘ i k=1 o (1)
Neb fmorph (I‘ ) _ f"b(r )
i k i (T
+ J J , (18)
Xj: ,;: ofb(ry)
where i € [X2E+ AT, B2E+], j € [A%0, V5. VS0, Lag. Lax], and a are

the non-linear fitting parameters of the global deperturbation
model (2.1).
The experimental rovibronic termvalues, E]e.Xp, of the X ~A~

B complex and their uncertainties, o*°, were borrowed from

Ref. [6]. The fitted zero-point-energy, ZPEg,, included in Eq. (17) is
responsible for the uniform systematic shift of the origin of over-
all experimental term values. In the present work the ZPE-values
correspond to the minimum of the ground X-state PEC.

The Xc12b term in the form of Eq. (18) was added to the conven-
tional sum Xezxp in order to provide the physically correct behav-
ior of the electronic fitting parameters outside the current exper-
imental region. The ab initio potentials, Ui“b, and the correspond-

ing electronic matrix elements f]?’b € [A%°, V2, V%S, Lag, Lax], were
taken from Ref. [25], where they were provided as discrete func-
tions of interatomic distance r; e [0.85,4.0] A. Their uncertainties,
o%(r,), were determined as the residual of the relevant ab ini-
tio functions obtained using the alternative aug — cc — pCV5Z and
aug — cc — pCV6Z atomic basis sets [33,34].

The minimum of the total x2, . (ap) = x&p + x2, functional was
found using the robust Levenberg-Marquardt algorithm realized in
the MINPACK program suite [35]. The required Jacobian matrix was
calculated numerically at each iteration using the central finite-
difference (FD) schema. The overall number of fitting parameters,
ap, could be as high as 65 depending on the deperturbation model
used. The non-adiabatic eigenvalues, EJCC. were obtained using the
iterative numerical solution of the 4 x 4 CC Eq. (1) defined on the
interval r  [0.85; 2.85] A. The corresponding band matrix was con-
structed using the five-points central FD approximation of the ki-
netic energy term in the radial Hamiltonian with a fixed num-
ber of grid points, M = 1200. The adaptive analytical mapping pro-
cedure [36] based on the reduced variable (11) with p=5 and
Ief= 1.2 A parameters were implemented, together with an an-
alytical extrapolation to zero step integration (M — oco) to min-
imize the truncation error in the resulting eigenvalues down to
0.001 cm~1,
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Table 2

The rotationally averaged deviation of the calculated RCC, MolLList, and Duo
(RCC/MoLList/Duo) rovibronic energies from the their experimental Marvel counter-
parts for the X2 X+ state. AE™* = max IEJC“’C — EMARVEL|All deviations are in cm~.

Ux R Mean RMSD AEMax

0 97.5 -0.000/-0.01/-0.01 0.007/0.02/0.05 0.02/0.05/0.19
1 99.5 -0.000/-0.01/0.02 0.008/0.02/0.05 0.03/0.05/0.19
2 97.5 0.000/-0.01/0.01 0.009/0.02/0.06 0.04/0.03/0.21
3 81.5 0.001/-0.01/0.00 0.008/0.02/0.03 0.04/0.03/0.10
4 72.5 -0.000/-0.01/-0.02 0.007/0.02/0.04 0.05/0.05/0.14
5 60.5 -0.001/-0.01/-0.04 0.004/0.01/0.04 0.015/0.03/0.07
6 48.5 -0.000/-0.00/-0.04 0.004/0.01/0.04 0.016/0.05/0.05
7 36.5 -0.001/-0.01/0.03 0.004/0.01/0.03 0.01/0.03/0.05
8 34.5 -0.001/-0.01/0.01 0.004/0.01/0.03 0.015/0.03/0.06
9 30.5 0.001/-0.01/0.04 0.003/0.01/0.05 0.01/0.02/0.12
10 27.5 -0.003/-0.01/0.07 0.015/0.02/0.07 0.05/0.07/0.17
11 36.5 -0.006/0.59/0.10 0.14/1.89/0.19 0.36/5.93/0.57
12 19.5 -0.000/-0.00/0.05 0.008/0.02/0.06 0.02/0.05/0.11
13 235 0.02/-0.00/-0.04 0.15/0.10/0.12 0.72/0.52/0.53
14 37.5 0.19/0.03/-0.38 0.74/0.17/0.63 3.39/0.65/2.83
15 225 0.37/0.10/0.16 0.22/0.15/0.23 1.02/0.54/0.68
16 29.5 -0.20/ - [-0.51 0.30/ - /0.58 0.51/ - /0.99
17 325 0.85/ - /0.55 1.16/ - [/1.22 3.39/ - /3.01
18 235 0.08/ - /-0.08 0.23/ - /0.22 0.77] - /0.51

3. Results and discussion
3.1. Rovibronic term values of the 12CN isotopomer

Three data sets of experimental rovibronic terms of the most
abundant 2C™N isotopomer (see Table 1) were successively in-
volved in the present RCC deperturbation analysis, which was real-
ized utilizing the non-linear least squares fitting (NLSF) procedure
described above. The first set (set—1I) was restricted to the low
vibrational quantum numbers: vy € [0, 12], v4 € [0, 16], and vp €
[0, 10] of the treated states. The intermediate set (set-II1) con-
sisted of the vy € [0, 18], v4 € [0, 22], and vg € [0, 12] vibrational
terms. The largest set (set—-I1I) included all experimental term
values available for vy <18, v4 <22 and vg < 19 levels from the
refined experimental MARVEL data [11]. The maximal rotational
quantum numbers J™¥ were not limited in all sets above. NP,
is the total number of experimental term values belonging to each
set, while N2P is the number of experimental term values actu-
ally included in the fitting procedure via Eq. (17). The number

Noo > N;;‘tp. since the term values with an experimental uncer-

tainty ajeXP > 0.07 cm~! were excluded from the fit. The initial at-
tempt to use these levels significantly degrades the fit. It seems the
levels with af"p > 0.07 cm~! undergo the additional pronounced
systematic error.

A comparison of the RMSDs obtained using the three experi-
mental data sets are given in Table 1. The residuals of MARVEL
experimental term values from the traditional EHA, Duo and the
present RCC calculations for the X2X+, A%IT and B2X ™ states are
presented on Tables 2, 3 and 4, respectively. These values corre-
spond to the residuals of individual rovibronic term values aver-
aged within one vibrational level. Visual comparisons for the rovi-
bronic terms predicted for each states of the complex in the frame-
work of EHA and RCC models against the experimental energies
from the set-1I can be seen on Figs. 2, 3 and 4.

It can be clearly seen that the overall RMSD of 0.015 cm~! ob-
tained for set-I is comparable to the accuracy of the band-by-
band EHA and is an order of magnitude better than the conven-
tional Duo method (see, for instance, Fig. 3 of Ref. [22]). The vast
majority of the calculated RCC energy levels are closer to their
experimental counterparts than those generated using the pertur-
bative EHA. The most significant improvement in level prediction
by the RCC model, over the EHA, is observed for lowest locally
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Table 3
The rotationally averaged deviation of the calculated RCC, MolLList, and Duo
(RCC/MoLLit/Duo) rovibronic energies from the their experimental MARVEL coun-

100 | 1 ul 1
1075 3
] .
E ] . . e -
E’, T - . %
8 u :-:I 3 ..'-.l;- ... ’.l n -
x 1074 . Ay e " " " F
- 1 " e ke . .
T ]. rn¥ o+
m i L] - H L ]
= | . " bl - v "
' - e
103_: - .'.—--.- ' - F
1074 Ty T Ty Ty T
10* 10° 102 10" 10°

Marvel - Mollist (cm™)

Fig. 2. Comparison of the residuals of MARVEL experimental term values from the
traditional EHA (MoLList) and the present RCC calculations corresponding to the
set-1I of the ground state: vx € [0, 12].

terparts for the A2IT state. AE™* = max |Ef“‘c — EMARVEL| Al deviations are in cm~!.

Va [nax Mean RMSD AEMX

0 98.5 0.001/-0.01/-0.02 0.007/0.02/0.20 0.02/0.06/0.78
1 98.5 -0.001/-0.01/0.06 0.006/0.01/0.18 0.03/0.03/0.61
2 80.5 0.001/-0.01/0.07 0.012/0.01/0.14 0.19/0.04/0.36
3 99.5 -0.001/-0.02/0.00 0.006/0.11/0.15 0.03/1.14/0.47
4 97.5 0.001/-0.00/-0.05 0.008/0.08/0.16 0.06/0.98/0.41
5 94.5 0.001/-0.04/-0.06 0.010/0.30/0.17 0.05/3.14/0.45
6 82.5 0.001/-0.08/-0.06 0.010/0.41/0.17 0.04/3.83/0.47
7 37.5 0.001/-0.30/-0.05 0.066/1.15/0.11 0.17/4.82/0.27
8 41.5 -0.001/0.27/0.02 0.013/1.05/0.09 0.15/7.61/0.29
9 65.5 -0.001/-0.03/0.06 0.011/0.06/0.19 0.07/0.33/0.54
10 39.5 -0.005/-0.01/0.14 0.005/0.03/0.19 0.01/0.28/0.31
11 19.5 0.002/-0.01/0.21 0.007/0.01/0.24 0.03/0.02/0.35
12 22.5 0.001/-0.00/0.22 0.008/0.01/0.25 0.03/0.03/0.37
13 21.5 0.005/-0.01/0.20 0.008/0.01/0.23 0.03/0.03/0.36
14 20.5 0.003/-0.01/0.14 0.007/0.01/0.18 0.02/0.02/0.29
15 235 0.004/-0.00/0.05 0.008/0.02/0.11 0.03/0.19/0.19
16 24.5 -0.007/-0.01/-0.08 0.009/0.01/0.13 0.008/0.04/0.44
17 22.5 -0.002/0.01/0.08 0.01/0.16/0.67 0.04/0.60/3.15
18 235 -0.001/-0.00/-0.22 0.06/0.04/0.25 0.17/0.27/0.56
19 22.5 -0.006/-0.01/-0.30 0.013/0.01/0.33 0.01/0.06/0.62
20 19.5 0.003/-0.01/-0.26 0.01/0.01/0.34 0.04/0.04/0.94
21 21.5 -0.001/-0.01/0.03 0.02/0.02/0.27 0.03/0.13/0.40
22 20.5 0.001/-0.00/0.30 0.01/0.01/0.45 0.03/0.04/0.72

Table 4

The rotationally averaged deviation of the calculated RCC, MolLList, and Duo
(RCC/MoLList/Duo) rovibronic energies from the their experimental MARVEL
counterparts for the B2X* state. AE‘"“=max|Ef“1f—EJMARVEL|A All deviations
are in cm~1.

10°

173 g Mean RMSD AE™*

0 63.5 0.003/-0.01/ 0.02 0.007/0.03/0.09 0.13/0.16/0.37
1 415 -0.016/-0.02/0.02 0.019/0.02/0.05 0.03/0.05/0.07
2 23.5 0.017/-0.02/1.20 0.014/0.03/1.28 0.04/0.07/1.72
3 22.5 0.015/0.11/-0.10 0.016/0.88/0.57 0.07/6.01/1.31
4 23.5 -0.009/-0.01/-1.16 0.010/0.02/1.27 0.01/0.05/2.23
5 24.5 -0.018/0.02/-1.91 0.024/0.37/2.09 0.065/1.71/3.72
6 25.5 -0.002/-0.01/-1.19 0.008/0.01/1.28 0.017/0.02/2.12
7 19.5 0.025/-0.05/0.22 0.082/0.12/0.35 0.47/0.52/1.60
8 26.5 0.011/-0.01/0.72 0.008/0.01/0.80 0.03/0.04/1.16
9 26.5 -0.023/-0.03/1.55 0.05/0.07/1.56 0.12/0.42/2.35
10 24.5 0.009/-0.00/0.84 0.013/0.09/1.03 0.06/0.33/2.03
11 36.5 -0.025/-0.05/0.51 0.19/0.13/1.23 0.29/0.63/6.43
12 15.5 -0.012/-0.04/-0.89 0.026/0.11/1.01 0.017/0.48/1.28
13 21.5 -0.015/-0.00/-2.00 0.03/0.02/2.00 0.06/0.05/2.12
14 37.5 -0.05/-0.08/-0.74 1.01/0.69/4.35 5.13/3.16/30.1
15 19.5 0.59/0.08/-0.20 0.06/0.13/0.31 0.73/0.500.62
16 37.5 -0.97] - [2.66 245/ - [6.45 6.45/ - [38.0
17 30.5 -0.05/ - [3.34 1.59/ - /3.61 4.95/ - [7.18
18 335 0.58/ - [5.20 2.87/ - [7.30 13.9/ - /30.3
19 23.5 0.10/ - /0.22 0.12/ - /0.32 033/ - /0.94

10" .
10

107

107

10"

T
10°
. -1
Marvel - Mollist (cm™)
Fig. 3. Comparison of the residuals of MARVEL experimental term values from the

traditional EHA (MoLList) and the present RCC calculations corresponding to the
set-I of the A%I1 state: v4 € [0, 16].

perturbed vy = 11, v4 € 3, 8], and vg =0, 3,5 vibrational levels of
the complex (see Table 5). Simultaneously, the present RCC model
makes it possible to reproduce the entire fine structure of the com-
plex with the almost spectroscopic accuracy. As expected, the most
problematic vibrational levels in all deperturbation models are the
highest ones, especially those belonging to the BZX ™ state. It can
be attributed to additional interaction with the “dark” quartet and
sextet states manifold. Note that the fitted correction dzpg to the
total zero-point-energy ZPEg, is found to be stably small, but not
negligible, for all input sets.

3.2. Interatomic potentials
The resulting parameters of empirical EMO potentials derived

for the X2+, A2I1, and B2+ states of CN for set-1I of the ex-
perimental term values are presented in Table 6. The alternative



V.A. Terashkevich, E.A. Pazyuk, A.V. Stolyarov et al.

Table 5
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Extract from the output listing file corresponding to the experimental term values set-I and the mutually perturbed A%IT;,; (V4 = 7) ~ X2+ (vx = 11) f-parity rovibronic
levels of 2C*N. Full tables are available in the Supplemental materials. A = E®*P — EC, All energies are in cm~', while the fractional partition P, is in %.

J+1,2 EexP oy EC A P, Py, , P Py

1 22152.9498 0.0312 22152.9393 0.0105 99.7 0.0 0.3 0.0
2 22157.8303 0.0211 22157.8364 -0.0060 99.4 0.2 0.3 0.0
3 22165.9932 0.0150 22165.9925 0.0007 99.0 0.6 0.4 0.0
4 22177.4047 0.0068 22177.4051 -0.0004 98.5 1.2 0.4 0.0
5 22192.0705 0.0076 22192.0707 -0.0002 97.8 1.8 0.4 0.0
6 22209.9764 0.0139 22209.9852 -0.0089 97.0 2.6 0.4 0.0
7 22231.1440 0.0085 22231.1439 0.0001 96.1 3.5 0.4 0.0
8 22255.5414 0.0071 22255.5415 -0.0001 95.2 4.4 0.4 0.0
9 22283.1736 0.0080 22283.1725 0.0011 94.2 5.4 0.4 0.0
10 22314.0344 0.0052 22314.0313 0.0032 93.1 6.5 0.4 0.0
11 22348.1140 0.0083 22348.1119 0.0021 92.0 7.5 0.5 0.0
12 22385.4127 0.0048 22385.4086 0.0041 90.9 8.6 0.5 0.0
13 224259194 0.0048 22425.9157 0.0037 89.8 9.7 0.5 0.0
14 22469.6336 0.0049 22469.6275 0.0061 88.7 10.7 0.6 0.0
15 22516.5425 0.0049 22516.5386 0.0039 87.6 11.8 0.6 0.0
16 22566.6497 0.0049 22566.6438 0.0059 86.5 12.8 0.7 0.0
17 22619.9439 0.0049 22619.9383 0.0056 85.4 13.8 0.8 0.0
18 22676.4232 0.0049 22676.4176 0.0057 84.4 14.8 0.9 0.0
19 22736.0840 0.0049 22736.0777 0.0063 833 15.7 1.0 0.0
20 22798.9222 0.0049 22798.9157 0.0065 82.2 16.6 1.2 0.0
21 22864.9369 0.0054 22864.9302 0.0068 81.1 17.4 1.5 0.0
22 22934.1273 0.0054 22934.1221 0.0052 80.0 18.1 1.9 0.0
23 23006.5035 0.0054 23006.4980 0.0055 78.6 18.8 2.6 0.0
24 23082.0812 0.0054 23082.0761 0.0051 76.9 19.2 39 0.0
25 23160.9100 0.0060 23160.9053 0.0048 74.3 19.2 6.5 0.0
26 23243.1358 0.0060 23243.1307 0.0051 68.6 18.2 13.2 0.0
27 23329.2507 0.0060 23329.2415 0.0092 53.1 141 32.8 0.0
28 23411.4969 0.0069 23411.4946 0.0024 51.4 17.4 31.2 0.0
29 23503.9219 0.0060 23503.9213 0.0007 66.6 222 11.2 0.0
30 23598.6782 0.0069 23598.6711 0.0071 711 24.1 4.8 0.0
31 23696.2519 0.0085 23696.2595 -0.0076 72.4 25.1 2.5 0.0
32 23796.8497 0.0120 23796.8412 0.0085 72.7 25.8 1.5 0.0

Table 6 Table 7

The resulting fitted parameters of the EMO potential energy curves (defined by the
Egs. (9)-(11)) for the X2X+, A%TI, and B>X+ states of CN obtained using set-I of
experimental term values (see Table 1). T. is the electronic term, D, is the dissoci-
ation energy are given in cm~!, the equilibrium bond lengths, re, and the reference
distance, ., are given in A. The polynomial expansion coefficients, 8; are dimen-
sionless. p =3 and N = 11 for all states. The symbol ¥ marks the fixed parameters.

The resulting fitted parameters of the EMO potential energy curves (defined by the
Egs. (9)-(11)) for the X2+, A%TI, and B>X+ states of CN obtained using set-II of
experimental term values (see Table 1). T, is the electronic term, D. is the dissoci-
ation energy are given in cm~!, the equilibrium bond lengths, re, and the reference
distance, ., are given in A. The polynomial expansion coefficients, 8; are dimen-
sionless. p =3 and N = 11 for all states. The symbol ¥ marks the fixed parameters.

X2x+ AT Bx+ X2x+ AT Bx+
T. 10.0 9244.990 25753.268 T. £0.0 9244.977 25753.303
De 162800.0 53555.010 56276.424 De 162800.0 53554.997 56276.389
re 1.1717581432 1.2328109635 1.1512467113 re 1.1717566069 1.2325912020 1.1512540586
o 12 14 12 tro 1.2 14 12
Bo 2.5661841875 2.4711516802 2.8428969376 Bo 2.5662285705 2.4712196994 2.8430062880
B 0.3131893375 0.3072809872 0.3192612426 B 0.3108303801 0.3074053839 0.3214099993
B> 0.4000377522 0.4215078990 -0.4943078572 B> 0.4021595795 0.4210878161 -0.5089112484
Bs 0.4082731310 0.4759502604 -2.2708079658 Bs 0.5272110175 0.4779785895 -2.3070618533
Ba 0.6117640276 0.5758112596 -7.2050711568 Ba 0.4821817698 0.5921043055 -6.9391183259
Bs 0.7904831415 0.5231053751 -23.4328121497 Bs -0.5540577244 0.5023281633 -23.7889536523
Bs 0.0439995268 0.5343730971 0.0895487135 Bs -0.3051241007 0.4081872717 0.0103354345
B, 0.9040290061 0.0013014662 221.1275319867 B, -1.1730128576 0.0001074838 229.1497599253
Bs 8.3341106959 -1.9048447097 218.7315527295 Bs 53.7322037048 -1.8420243127 198.0057727766
Bo -0.0059200320 -2.4795165771 -720.6420260873 Bo 0.1373774983 -2.7077295959 -745.5697268135
Buo -16.7936431296 -0.0024682491 -549.9897275429 Bro -275.2562159084 0.0000256700 -466.7768528456
Bu 13.5541978986 0.0001605346 9949287021111 Bu 282.1395321217 -0.0027726883 953.8342605062

EMO parameters obtained for set—-II and set-III are given in
Tables 7 and 8, respectively. The corresponding EMO PECs can be
seen on Fig. 1.

The required initial set of EMO parameters for the isolated
(deperturbed) X, A, and B states were obtained during the NLSF
of a merged set of the respective point-wise empirical (Rydberg-
Klein-Rees) [26,37] and ab initio potentials [25]. The electronic
term T,(X) =0 and dissociation energy D.(X) of the ground X-
state were both fixed during the fit. The value D.(X)=62800.0
(in cm~1) is the ab initio estimate from Ref. [25]. The electronic

terms of the excited A and B states were constrained as T,(A) =
De(X) — De(A) and To(B) = De(X) — De(B) + AE, respectively. Here,
AE = E>;(N) — Esg(N) = 19229.6 cm~! is the difference of the ex-
perimental nitrogen terms [38] (see Fig. 1). The dissociation ener-
gies of the excited states, De(A) and De(B), as well as the equilib-
rium distance, re, and polynomial coefficients, 8;, were treated as
adjusted fitting parameters of the EMO potential, whereas p and
Tof Parameters were fixed (see Section 2.3 for details). For each of
the electronic states, a dozen expansion coefficients, 8, appearing
in Eq. (10) turned out to be sufficient. The equilibrium parameters
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Fig. 4. Comparison of the residuals of MARVEL experimental term values from the
traditional EHA (MoLList) and the present RCC calculations corresponding to the
set-1I of the BZX* state: vp € [0, 10]).

Table 8

The resulting fitted parameters of the EMO potential energy curves (defined by the
Egs. (9)-(11)) for the X2X*, A%TI, and B>X+ states of CN obtained using set-III
of experimental term values (see Table 1). T is the electronic term, D, is the dis-
sociation energy are given in cm~!, the equilibrium bond lengths, re, and the ref-
erence distance, Ty, are given in A. The polynomial expansion coefficients, f; are
dimensionless. p=3 and N = 11 for all states. The symbol ¥ marks the fixed pa-
rameters.

X2zt A2T1 B2x+
T 0.0 9245.005 25753.606
De $62800.0 53554.982 56276.752
Te 11717555034 1.2327700637 1.1512176850
Freer 1.2 1.4 1.2
Bo 2.5661027061 2.4711811388 2.8422538104
B 0.3145503689 0.3072409694 0.2923449444
B2 0.4039728728 0.4196612220 -0.3211634660
B3 0.1891128708 0.4851495934 -1.2383046312
Ba 1.0083521985 0.6303722209 -13.2275002738
Bs 8.7213169677 0.4290056433 -38.0908930460
Bs -21.4577463705 0.0001739374 77.0282917319
B -92.5389676528 0.0002708831 309.1082236918
Bs 326.7620724001 -0.3415171811 -169.1125209557
Bo 199.1686195517 -1.0576679839 -935.3697396234
Bio -1405.8239120908 0.0006740631 30.8321202452
B 1123.1322205501 -0.0058020396 1193.0110454954

and the lowest B;-coefficients of the EMO potentials were found to
be rather stable with respect to input term values set, whereas the
higher order B; - coefficients expectedly demonstrate a high vari-
ability (compare S;-values in Tables 6, 7, and 8).

The resulting EMO potentials for all states of the X ~A~B
complex deviate of from their empirical RKR analogues up to a
few tens of cm~! across the experimental energy region available
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Table 9

A comparison of the electronic terms, T, the dissociation energies, D, and the equi-
librium distances, re, obtained for the X2X+, A2Il, and B2X+ states of CN using al-
ternative deperturbation procedures and direct ab initio calculation. RCC - reduced
coupled-channel deperturbation analysis performed in the present work; EHA -
conventional effective Hamiltonian approach (EHA) [18]; Duo - the conventional CC
deperturbation analysis [22] accomplished in the framework of Duo program [21];
Expt. - experimental measurement [7]; ab initio - first principles electronic struc-
ture calculation [14]. The electronic term of the ground state was fixed at zero for
all methods.

X2et ATl B2¥+ Source
To/em-! 0.0 9244.991(15) 25753.4(3) RCC

0.0 9243.296(5) 25752.59(1) EHA

0.0 9246.87 25755.6 Duo

0.0 9109.95 25776.4 ab initio
De/cm-! 62800.0 [25] 53555.00(2) 56276.5(3) RCC

62588.6 Expt.

63619.4 63619.4 57087.5 Duo

63077.4 53968.2 56659.5 ab initio
relA 1.171757(2) 1.23272(9) 1.15123(2) RCC

1.1718063(9) 1.2330449(9) 1.15133(12) EHA

1.17272 1.23135 1.14979 Duo

1.1714 1.2324 1.151 ab initio

for each state. Outside of the experimental data region, the EMO
PECs of the ground and first excited states also agree very well
with their ab initio counterparts [25]. However, the EMO potential
of the BZX+ state demonstrates a noticeable deviation from the
ab initio potential at large internuclear distances, probably due to
its non-regular character.

Table 9 compares the equilibrium spectroscopic constants ob-
tained for the present EMO PECs with previous empirical and ab
initio data, including those used to generate the MoLList (EHA)
and EXOMOL (Duo) lists, respectively. The present equilibrium con-
stants for all states are closest to their their EHA counterparts. The
extremely small difference between the EHA and RCC constants are
likely to be responsible for a high accuracy of the RCC energy lev-
els.

3.3. Spin-orbit and L-uncoupling matrix elements

The resulting spin-orbit and L-uncoupling electronic matrix el-
ements responsible for the SO splitting of the A2I1 state and the
overall non-adiabatic interactions in the X ~ A ~ B complex are de-
picted on Figs. 5 and 6. The open squares on both figures de-
note the previous empirical values from Refs. [15,16]. The adjusted
o9~ 1 and a1 ~ 0 coefficients of the scaling function (15), used
for morphing the ab initio SO and L-uncoupling functions [25] in
accordance with Eq. (12), are given in Table 10.

In general, both SO and L-uncoupling matrix elements demon-
strate a very weak sensitivity to the particular set of input exper-
imental energies of the complex used in the NLSF fitting. Across
the sets, the L-uncoupling functions are found to be most stable.
The maximal deviation of the fitting Lyy and Lsp functions from
their ab initio counterparts in the entire r-range r € [0.7,4.0] A do
not exceed 0.01 and 0.04 a.u., respectively (see Fig. 6). All mor-
phed electronic matrix elements are remarkably close to their em-
pirical counterparts, which were previously extracted from locally
perturbed levels of the complex using the traditional band-by-band
EHA. The most significant residual (reaching up 1-2 cm~! at small
and intermediate distances) is observed for the diagonal SO split-
ting, AS°, function (see Fig. 5).

There is also a very good agreement of the present empirical
A% and V39 functions with their ab initio counterparts evaluated
previously in Ref. [5] since a maximal discrepancy observed over
the entire range of internuclear distances does not really exceed
few reciprocal centimeters. It should be noted that the asymptotic
values of A%, V30 and Lay functions estimated in [5] were used as
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Table 10
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The fitted parameters of the scaling «(r) function (15) used for morphing the ab initio SO and L-uncoupling electronic matrix elements in Eq. (12) as well as the ab initio
yx-splitting function in Eq. (13) for the ground state. The dimensionless coefficients «p; were obtained during the NLSF of the three I/II/IIl experimental term value sets. The

asymptotic f.-values were fixed at their atomic counterparts [5].

w0 Ve v
o 1.0452/1.0454/1.0453 1.0326/1.0329/1.0270 1.0045/1.0075/0.9886
o -0.0590/-0.0709/-0.0613 -0.0005/0.0003/0.0210 0.0002/-0.0000/-0.0002
fofem-! 466 +6.59 0.0
Lax Lap VX
(o7 1.0066/1.0068/1.0064 0.9712/0.9810/0.9858 1.32/0.94/1.14
oy 0.0000/0.0004/0.00005 -0.0184/-0.0073/0.0001 -2.97/19.9/6.59
faola.u. V2 0.0 -

Table 11

The coefficients of the empirical s(r) function (16) used to represent the A-doubling parameters of the A2IT state. The sy and s; coefficients were obtained during the NLSF
of the three (I/II/Ill) experimental term value sets. The ab initio values were calculated at the equilibrium point r.(A) using the relevant point-wise functions available in

Ref. [25]. The ps and psa are dimensionless, while g4 and g4 in 1/cm~1.

pa x 1074 Paa x 1074 qa x 107> qaa x 1073
so -4.23/-4.60/-4.20 -4.8/-12.5/-0.77 -2.32/-2.20/-2.16 -16.0/-36.7/-3.6
) 0.185/0.024/-0.102 248.0/300.9/255.8 -17.2/-19.7/-22.5 -83.5/-126.0/-57.0
ab initio -5.4 -0.81 -2.2 -5.7

1.2 H
1.0 4 O Empirical
1 o ab initio
0.8
AB — set-|
= ® s 7 S 06- set-ll
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éEl -5 4 X; e ; 5000088008608 ~ 044
o g N i
=108 g
0.2 1 L
57107 g ] AB
c 2 00
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T o |
£ 25 O Empirical ‘a -0.6
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o O -0.8
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404 1.4 4
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Fig. 5. Comparison of the morphed diagonal and off-diagonal SO electronic matrix
elements A*(r), V39 (r) and V;3(r) obtained in the present work as a result of the
RCC fitting of the three experimental data sets (set I-III) with respect to the
MARVEL term values [11]. Ab initio data was borrowed from Ref. [25] while em-
pirical data was taken from Refs. [15,16]. The red and blue horizontal lines mark
the asymptotic values A*(r — +o00) — —4.66 and V3 (r - +00) — +6.59 (in cm™1),
respectively. The corresponding asymptotic value of the V37 (r) function is zero. In
according to Ref. [5], asymptotic values A*(r) and V}3(r) functions obey the rela-
tionship: V3 = —+/2A%. (For interpretation of the references to colour in this fig-
ure legend, the reader is referred to the web version of this article.)

the asymptotic f,, parameters in Eq. (12) to constrain the corre-
sponding functions at r — +oo (see Figs. 5, 6 and Table 10).

3.4. Fine structure parameters

The sg and s, fitting coefficients derived for the pure empirical
A-doubling functions of the A%IT state are presented in Table 11.
The adjusted parameters of the scaling function, «(r), used for

T
1.0 1.5

T T T
2.0 2.5 3.0 3.5 4.0

Internuclear distance, R (A)

Fig. 6. Comparison of the morphed L-uncoupling electronic matrix elements Ly (1)
and Lup(r) obtained as a result of the RCC fitting completed in the present work
for the three sets (set I-III) of the MARVEL experimental term values [11].
The corresponding ab initio data is taken from Ref. [25] while empirical data from
Refs. [15,16]. The blue horizontal line marks the asymptotic value Lax (r — +o00) —
—+/2 (in a.u.) according to Ref. [5]. The corresponding asymptotic value of the Lz (r)
function is zero. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

morphing the ab initio yx(r) function in Eq. (13) for the ground
X-state are given in Table 11 as well. Recall that the radial func-
tion gy (1) (see Eq. (14) was fixed at its ab initio counterpart, q;b(r).
from Terashkevich et al. [25] while the relevant y(r) and qg(r)
functions of the excited B2X+ state were completely neglected in
the present model.

The present empirical ps(r) and q4(r) functions are found to
be an order of magnitude less than their experimental A-doubling
counterparts obtained for the lowest v4 € [0, 6] vibrational levels
of the AIT state in the framework of the traditional EHA [37]. At
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the same time, the fitted yx (r) function from Eq. (13) is only 2-2.5
times smaller than the corresponding experimental yx(v)-values
derived for the lowest vy € [0, 10] levels of the ground state [39].

All empirically obtained fine structure parameters demonstrate
a high volatility with respect to the particular experimental term
values used (see details in Table 11). The most pronounced varia-
tions are observed for the psa and gsa functions arisen from the
interaction of the AZIT state with the higher-lying 2A state man-
ifold. It means that the empirical A-doubling parameters of the
A2IT state have predominantly a phenomenological character in
contrast to their counterparts for the ground state. Nevertheless,
the present fully empirical sy values still reasonably agree with
their ab initio counterparts.

3.5. Line positions of the minor isotopologues

It should be emphasized that all parameters of the modeling
Hamiltonian in Section 2.1 explicitly depend on the reduced molec-
ular mass. Furthermore, both the adjusted and fixed electronic
parameters of the present RCC model are supposed to be mass-
invariant functions of interatomic distance. This is not technically
true, since the L-uncoupling matrix elements theoretically depend
on the location of the molecular center mass [13]. However, this
possible p-dependence is assumed too weak for observation.

To validate mass-invariant properties of the resulting depertur-
bation parameters adjusted above using solely the most abundant
12C14N jsotopologue data, were used as a line list for predicting the
rotational, vibrational and rovibronic transitions which are also ob-
served for minor 3C™N and 1213CI5N isotopologues. This has been
done simply by substituting for the proper reduced mass in Eq. (1).

For the lowest | =1.5-0.5 and J=2.5—1.5 pure rotational,
i.e. neglecting the hyperfine structure, transitions corresponding to
vx € [0, 9] vibrational levels of both e/f components of the ground
X2%+ state of 3CN isotopologue the predicted R-line positions
coincided with their MW spectroscopic counterparts to within
10~ cm~!. In fact, this is the same accuracy as that of the EHA.
For the rotational-vibrational transitions corresponding to the fun-
damental 1 — 0 band the theoretical P/R line positions (J € [4, 27])
represent their experimental IR counterparts with a RMSD of about
0.004 cm~! and a systematic shift (Exp. - Calc.) of +0.001, +0.007,
and +0.01 cm~! for the 2C'>N, 13C’5N, and 3C™*N isotopologues,
respectively.

In the case of the A— X and B — X electronic transitions, a sys-
tematic divergence of the theoretical rovibronic line positions from
the corresponding experimental data is much more pronounced
(see, for example, Table 12). However, this mainly concerns the
so-called electronic and vibrational isotopic shifts, whereas the J-
dependence of the observed deviations are normally very weak.
This means that the rotational molecular constants derived in the
framework of the present RCC analysis, including fine structure
functions, are indeed mass-invariant. The isotopic shifts of the
A —X bands weakly depend on vibrational excitation, while the
analogues shifts of the B— X bands slightly increase as vg-values
increase. The main part of the electronic shifts observed in both
A — X and B — X systems seem to be attributed to a mass-depended
adiabatic correction, which is tacitely hidden in the present empir-
ical PECs.

The observed v-dependance of the B — X shift can be caused
by non-adiabatic coupling taking place within 2X+ states mani-
fold. The recent ab initio electronic structure calculations [25] in-
deed claim that the radial coupling matrix element between B2X+
and X2X+ states is significant in the entire range of interatomic
distances. Therefore, the electronic coupling between the B2X+
and X2X+ states was explicitly accounted for the present RCC
model by introducing the non-vanishing off-diagonal matrix ele-
ment, V)‘gg(r), which is responsible for the electrostatic interaction
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Table 12

Systematic shifts (Mean) and RMSD values (in cm~') extracted from the residual
of experimental line positions from their theoretical counterparts belonging to sev-
eral bands of the A— X and B — X systems of *C'¥N and '2C'>N isotopologues. The
line positions were predicted in the framework of the present RCC model using the
set-I of the mass-invariant structure parameters.

Band Jmax Mean RMSD Jmax Mean RMSD
13cl4N 12cl5N

A —X system

0-1 82,5 -0.209 0.006 48.5 -0.135 0.004

1-2 50.5 -0.221 0.006 48.5 -0.146 0.004

2-4 52.5 -0.230 0.006 43.5 -0.144 0.005

3-1 64.5 -0.218 0.007 34.5 -0.149 0.008

4-2 52.5 -0.221 0.006 46.5 -0.154 0.010

B — X system

0-0 39.5 -0.055 0.014 46.5 -0.03 0.02

1-2 345 -0.106 0.016 30.5 -0.05 0.02

2-3 30.5 -0.100 0.035

3-4 22.5 -0.114 0.008

4-4 235 -0.155 0.012

5-4 235 -0.185 0.012

of diabatic states. However, the resulting empirical V;’g(r) func-
tion was found to be unexpectedly small for all input sets. We
attribute the observed discrepancy to the supposition that the J-
independent electrostatic interaction is already included implicitly
(at least in part through the empirical PECs) within the present
deperturbation model.

4. Concluding remarks

A direct global deperturbation analysis of the 5600-6570 exper-
imental rovibronic term values belonging to the X2X*, A2IT and
B2x+ states of the most abundant 2CN isotopologue has been
performed in the framework of the reduced 4 x 4 coupled-channel
deperturbation model utilizing analytical potential energy curves
as well as ab initio spin-orbit and L-uncoupling electronic matrix
elements between all states of the X ~ A ~ B complex. The explicit
treatment the residual perturbations of the complex caused by the
excited states has significantly improved accuracy of the descrip-
tion of the A-state. It has been shown that the regular intramolec-
ular interaction of the complex with the excited states manifold in-
sets about 30-40% into the experimental yx-splitting of the ground
X-state and contributes almost nothing into its yp counterpart of
the excited B-state.

The present RCC deperturbation analysis is based on follow-
ing important items: (i) reliable experimental data set obtained by
MARVEL procedure, (ii) high level electronic structure calculations
including the conventional PECs, spin-orbit and L-uncoupling non-
adiabatic matrix elements, (iii) introducing into the RCC model ad-
ditional radial functions responsible for the regular coupling with
the remote states manifold, (iv) non-empirical estimates of the fine
structure parameters by means of the 2-nd order van-Vleck trans-
formation, (v) usage of the ab initio estimates to regularize the in-
verted RCC problem.

The optimized interatomic potentials, electronic SO and L-un
coupling functions, together with the fine structure radial func-
tions, describe the vast majority of the experimental term values of
both locally and regularly perturbed levels of the X ~A ~ B com-
plex with the RMSD value of 0.015-0.05 cm~!, which is compara-
ble or even better than the accuracy achieved in the framework of
the traditional effective Hamiltonian approach. The resulting mass-
invariant deperturbed parameters generate rotational and rovibra-
tional spectral lines of all CN isotopologues with the almost spec-
troscopic accuracy. The rovibronic line positions predicted for both
the A — X and B — X transitions of the minor isotopologues demon-
strate a small systematic shift which very weakly depends on vi-
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brational and rotational quantum numbers. We believe that the ro-
bust RCC deperturbation model could significantly extend the rovi-
bronic line-list of the CN radical to a wide region of vibrational
and rotational quantum numbers, which are inevitably excited un-
der high (probably non-equilibrium) temperature conditions.
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