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The potential energy curves (PECs) of X2+ and A%IT states of the CN molecule have been calculated with the multi-
reference configuration interaction method and the aug-cc-pwCV5Z basis set. Based on the PECs, all of the vibrational and
rotational levels of the '3C1#N molecule are obtained by solving the Schrédinger equation of the molecular nuclear motion.
The spectroscopic parameters are determined by fitting the Dunham coefficients with the levels. Both the levels and the
spectroscopic parameters are in good qualitative agreement with the experimental data available. The analytical potential
energy functions are also deduced from the calculated PECs. The present results can provide a helpful reference for future
spectroscopy experiments or dynamical calculations of the molecule.
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1. Introduction

The CN molecule has attracted the attention of re-
searchers for over a century. Recently, its spectroscopic prop-
erties have been studied in many theoretical and experimental
investigations. Ram et al.!!l observed the emission spectrum
of the B2L+—X?X" system of CN with a high resolution using
a Fourier transform spectrometer. A large number of bands
involving vibrational levels v = 0-15 of both electronic states
were obtained and analyzed. The spectroscopic parameters for
the two states were also determined. Theoretically, Xiong et
al.”?! obtained the analytical potential energy function (APEF)
and some spectroscopic parameters for the ground state of CN
with a method based on the density functional theory and the
single reference configuration state. In 2011, Shi er al.’’! in-
vestigated the ground state and the low-lying excited states of
CN with the multi-reference configuration interaction (MRCI)
method. 4!

The spectroscopy of the isotopic CN molecule has re-
cently received special attention. In 2012, Ram and Bernath[6]
measured the high resolution emission spectra of the A?TI-
X2 transition of '>C!N in the range of 15000-24000 cm ™.
Colin and Bernath!”! investigated the emission spectra of the
B2Lt-X2%* (violet) system of the '>C'>N molecule with the
same method in the same year. A number of rotational and
vibrational levels of the molecule were obtained, and some

molecular constants were determined. However, as far as we
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know, there has been no report on the theoretical investigation
for the spectroscopy or the molecular constants of these iso-
topic molecules.

In the present work, we obtain the potential energy curves
(PECs) with high level configuration interaction calculations.
The rotational and vibrational energy levels are obtained by
solving the Schrodinger equation of nuclear motion based on
the ab initio PECs. The spectroscopic parameters are deter-
mined from the vibrational levels with the Dunham expan-
sion. We fit the PECs into APEFs using the Aguado—Paniagua
(AP)B91 potential function in order to provide a convenient
expression to build an analytical potential energy surface of
the polyatomic system or to study the dynamics of the photo

dissociation and photo association of the molecule.

2. Computational method
2.1. Technical details for the calculations of PECs

The MRCI method*3! is an accurate and effective
method to obtaining a PEC, which has been used for many di-
atomic molecules. 19151 Therefore, we use the MRCI method
to obtain the accurate PECs for states X?X " and AZIT of the
CN molecule. These MRCI calculations are preceded by the
complete active space self-consistent field (CASSCF) calcu-
lations, in which all the valence molecular orbitals are opti-
mized. In the present CASSCF calculations, 10 occupation
orbitals (6, 2, 2, 0) are used and 8 (4, 2, 2, 0) are chosen as
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the active space. The basis set aug-cc-pwCV5Z is used. This
means that (19s, 13p, 8d, 6f, 4g, 2h) primitive Gaussian func-
tions are contracted to [11s, 10p, 6d, 6f, 4g, 2h] for both C
and N atoms. The energies of the PECs are calculated in the
range of internuclear distance from 0.8 A to 5.6 A with a step
of 0.05 A. The effect of the Davidson correction is included
to obtain more accurate PECs. All ab initio calculations are
performed with the MOLPRO codes. !

2.2. Vibrational levels and spectroscopic parameters

The rotational and vibrational energy levels are deter-
mined by solving the Schrédinger equation of nuclear motion
with the ab initio PECs, these calculations are carried out with

(17

the LEVEL program package.!!”! The spectroscopic parame-

ters are determined from the rotational vibrational energy lev-

els with the Dunham expansion!!®!

T (3,N)=Y Y (”;)’n[N(NH)]”. (1)

Here, v is the vibrational quantum number and N represents
the rotational levels. The Dunham coefficients Y,,, are cal-
culated using a least-square fitting procedure from the rota-
tional vibrational energy levels, they are related to more fa-

miliar spectroscopic constants as follows:

Yio~ We, Y20~ —WeXe, Y30 R Wee,
Yo = Weze, Yor = Be, Y11/ —0,
)1 =%, Yoo=—Dri, Yior—Pe, 2)

where B, is the equilibrium rotational constant, o, is the
vibration—rotation coupling constant, @, is the harmonic fre-
quency, WeXe, WeYe, and Wz are the first-anharmonicity con-
stant and the second-anharmonicity constant, B, is the first
centrifugal distortion constant, and 7, is the second rotational
constant. It is necessary to point out that equilibrium position
R and dissociation energy D, are obtained from the APEFs,
while the other spectroscopic parameters are determined from
the ro-vibrational levels with the Dunham expansion for the

term values.

2.3. The expression for analytical potential energy func-
tion
The AP function suggested by Aguado and Paniagua!’-®!
can be used to represent the two- and three-body terms of the
potential energy surface. Here, we use the two-body term to
express the interaction between C and N atoms. The expres-
sion is written as
coexp(—PR
_ coexp(=BR) |
R 4

L

M=

V(R) [ciRexp(—aR)], 3)

1

where R is the distance between two atoms. In the present
work, we truncate the polynomial to a degree of 20 (N = 20),
which will result in 23 parameters (¢, 8, co, c1,...,a) to be
determined for the CN molecules with the ab initio energies.
The root of mean square (RMS) error can be used to as-
sess quantitatively the quality of the fitting. The RMS can be

calculated as

1 N
RMS = ¥ \/ Y (Vaper = Vap initio)? )
i=1

where Vappr and Vi, inirio are the energies given by the fitting
and the ab initio calculations, respectively, and N is the num-

ber of energy points to be used in the fitting.

3. Results and discussion
3.1. PECs of X2X 1 and A2I1 states

The PECs of the X?L* and AZII states of the CN
molecule have been obtained with MRCl/aug-cc-pwCVS5Z.
The ab initio energies are listed in Table 1. In order to com-
pare and analyze the PECs conveniently, both of them are also
shown in Fig. 1. It is found that the dissociation limits of the
PECs are the same and the difference between the two PECs
is not large. The X?L* and AI1 states are from the two lower
atomic energy levels of 3P of the C atom. The difference be-
tween the two energy levels is small. Therefore, the differ-
ence of the two electronic states is small over the whole range.
From the figure, one can find that there are two cross points
on the two PECs, which implies that the states can be used as
candidates to investigate the diabatic phenomenon. The figure
also shows that the two PECs are smooth in the whole consid-
ered range and the energy only changes a little, which implies
that the present internuclear distance 5.6 A is large enough to

determine the molecular properties.
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Fig. 1. (color online) Potential energy curves for X>2* and A%II of the
CN molecule.
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Table 1. Total energy points of PECs (R in A, energy in Hartree. For the sake of brevity, only one of the ab initio energies is listed

when R>2.0).
R Total energy R Total energy
X2zt AMI X2zt AMI

0.80 -91.93811861 -91.75224603 2.70 -92.31897136 —-92.3235538
0.85 —92.16683661 —92.00948479 2.80 —92.31875047 —92.32214839
0.90 —-92.32885276 —92.19580245 2.90 -92.31860094 —92.32112843
0.95 -92.44100929 -92.32890235 3.00 -92.31848725 —92.32037464
1.00 -92.51595042 -92.42187137 3.10 -92.31839268 -92.31980784
1.05 -92.56302353 —92.48465759 3.20 -92.31830928 -92.31937492
1.10 -92.58943586 —92.52484311 3.30 -92.31823376 -92.31903949
1.15 -92.60066037 -92.54819323 3.40 -92.31816478 -92.31877656
1.20 -92.60086252 -92.55910020 3.50 -92.31810183 -92.31856831
1.25 -92.59321609 -92.56091673 3.60 -92.31804460 -92.31840186
1.30 -92.58013828 -92.55620379 3.70 -92.31799283 -92.31826776
1.35 -92.56346574 -92.54691604 3.80 -92.31794623 -92.31815888
1.40 -92.54458725 -92.53454166 3.90 -92.31790444 —92.31806983
1.45 -92.52454466 -92.52020864 4.00 -92.31786709 —92.31799649
1.50 -92.50411187 -92.50476674 4.10 -92.31783379 —92.31793569
1.55 -92.48385308 —92.48885243 4.20 -92.31780419 —92.31788502
1.60 -92.46417619 —92.47293552 4.30 -92.31777793 —92.31784255
1.65 -92.44536931 —92.45736426 4.40 -92.31775466 —92.31780679
1.70 —-92.42763442 —92.44239275 4.50 -92.31773411 -92.31777657
1.75 -92.41111415 —92.42820538 4.60 -92.31771598 -92.31775094
1.80 -92.39591401 —92.41493408 4.70 -92.31770002 -92.31772915
1.85 -92.38211955 —92.40266981 4.80 -92.31768604 -92.31771061
1.90 -92.36980651 -92.39146919 4.90 -92.31767378 —92.31769478
1.95 -92.35904031 -92.38135774 5.00 -92.31766312 -92.31768129
2.00 -92.34986353 -92.37233177 5.10 -92.31765381 -92.31766975
2.10 -92.33620996 -92.35739573 5.20 -92.31764576 -92.31765992
2.20 -92.32800890 -92.34619747 5.30 -92.31763876 -92.31765151
2.30 -92.32354308 -92.33808193 5.40 -92.31763268 -92.31764428
2.40 -92.32120656 -92.33233913 5.50 -92.31762743 -92.3176381
2.50 -92.31998626 -92.32832551 5.60 -92.31762287 -92.31763265
2.60 -92.31933553 -92.32552416

3.2. Vibrational and rotational energy levels and spectro-
scopic properties

Based on the obtained PECs,
dimensional Schrodinger equation of nuclear motion with the

we solve the one-

LEVELS.0 program package.!!”l The results are presented in
Table 2. For the sake of brevity, we collect the vibrational
levels but omit the rotational levels in the table. We find 50
vibrational levels for the ground state X2+, while there are
53 levels for the excited A?IT state of the '*C!*N molecule.
Here we only list the lower 10 levels for the two states in Ta-
ble 2. It is found that the present computed vibrational levels
and rotational constants are both in agreement with the avail-
able experimental data in the literature.!®! To show the differ-
ence clearly, we present the energy differences between the
present computed levels and the experimental ones in Fig. 2.
One can find from the figure that the difference increases ap-

proximately linearly with the increase of the quantum number

of the level. However, the change of the percent error is small,
and the largest percent error is only 0.62% for both electronic
states. This implies that the predicted levels are reliable and
can be used as a helpful reference for future theoretical or ex-

perimental investigations.
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Fig. 2. The differences between the present computed vibrational levels
and the experimental values.
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Table 2. Vibrational levels and rotational constants for the X>Z+ and AT states of '>C!#N (in units of cm™, the zero point energy

is excluded).

State v L By
Present Expt.[°] Present Expt.[°]

X2t 1 1988.1 2000.085149 1.8016544911 1.796343167(28)
2 3951.1 3974.971257 1.7853672634 1.779944756(28)
3 5889.0 5924.620803 1.7690289413 1.763494605(28)
4 7801.6 7848.994889 1.7526381730 1.746990597(28)
5 9689.0 9748.054730 1.7362145172 1.730430474(28)
6 11551.2 11621.76177 1.7196946816 1.713811608(38)
7 13388.0 13470.07384 1.7031463765 1.697131426(34)
8 15199.4 15292.94401 1.6865521143 1.680386763(34)
9 16985.5 17090.32410 1.6698730575 1.663574505(35)
10 18746.2 18862.16082 1.6531022075 1.6466892(39)

AT 1 1740.6 1750.705549 1.6108783338 1.62018706(13)
2 3456.8 3476.908402 1.5947078432 1.60393531(17)
3 5148.6 5178.593093 1.5784911446 1.58763390(15)
4 6815.9 6855.745329 1.5622306859 1.57129018(26)
5 8458.8 8508.356759 1.5459293256 1.55490792(58)
6 10077.2 10136.41428 1.5295384024 1.5384619(26)
7 11671.3 11739.90376 1.5131444632 1.5219892(17)
8 13240.7 13318.8484 1.4966655666 1.5056222(45)
9 14785.6 14870.31956 1.4801213051 1.477061(72)
10 16305.9 16402.16389 1.4634888257 1.4721124(97)

To understand the molecular properties, we determine the
spectroscopic parameters with the Dunham expression and the
computational vibrational levels (the same levels as those in
Ref. [6] are used in the fitting process). The fitting results and
the experimental values are collected in Table 3. The obtained
spectroscopic parameters for both electronic states are in good
agreement with the experimental values,®! which again shows

the accuracy of the present calculations. The R.s of the two

states are close to both the experimental values'® and the re-
cent theoretical values obtained by Shi e al.’] The present
obtained dissociation energy D, for the ground state X?L* is
62400.8 cm™!, which is in agreement with the experimental
value 62104.4 +483.9 cm™!.["%1 This implies that the theo-
retical level MRCI/aug-cc-pwCV5Z can give accurate results
for both the spectroscopic and the energy properties of the CN

molecule.

Table 3. Spectroscopic parameters for the X?£* and A%IT states of 1>C'*N (in units of cm™1).

X2zt AMI
v
Present Expt.[®! Present Expt.[°]
R 1.1757 1.171822 1.2365 1.23303836
1.1753% 1.2363%

De 62400.8 62104.4 + 483.9" 53449.9 /

[O8 2013.2250 2025.2509 1765.8466 1775.21504
e Xe 12.5376 12.57330 12.399975 12.24736
WeYe —0.005686 -0.00572 -0.001772 -0.001734
WeZe -0.00002538 -0.0000530 —0.0006918 /

3)Theoretical value obtained by MRClI in Ref. [3]; b from Ref. [19], where it is in units of eV.

3.3. Analytical potential energy functions

To make the PECs more convenient for further applica-
tions (for example, the investigation of photoassociation tran-
sition or the construction of APEF for a polyatomic system),
we construct APEFs for the two states with the AP potential.
The fitted parameters and the RMS are presented in Table 4.
The RMSs are only 13.0 cm ™! and 1.8 cm™! for the two states,
respectively. This implies that the fitting process is of high

quality and the present APEFs can accurately reproduce the in-
teraction energy between C and N atoms. The satisfactory fit-
ting results also suggest that the AP potential is effective when
accurately reproducing both long-range and short-range PECs.
We also calculate the ro-vibrational levels with the APEFs and
compare the results with those from the ab initio PECs. It is
found that some of the levels obtained by the two methods are

close to each other, and the largest difference approximately
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equals the RMS.

Table 4. Fitted parameters and RMSs of the analytical potential energy

functions for the X2Z* and A2I1 states of CN.

X2yt A1
o 0.110426590303 % 10! 0.136820325815x 10!
B 0.487640203842 % 10! 0.393148992308 % 10!
o 0.711449538760x 107 0.491738893578x 107
c1 0.119249302895 % 10° 0.100244710760 % 10*
¢ —0.174512945975x 107 —0.698404721359x 10°
3 0.942331901618x 108 0.364835845678x 108
c4 —0.261799765939x 1010 —0.126016447974x10'0
cs 0.409341029597x 10! 0.236651366715x10'!
6 —0.364837077473x10'2  —0.258327918784x10'2
c7 0.162673826799x 10'3 0.145823038387x 10'3
cs —0.134467708245%x 102 —0.224328094792x 1013
o —0.378106628805x 10" —0.212738946191x 104
1o 0.199474992937 x 105 0.145515104489x 10"
it —0.485608190830x 1015 —0.403694386386x 10!
c12 0.601530135843x 1015 0.569583948487x 1015
c13 —0.547334177526x 105 —0.579762121620x 103
an 0.116822605736x101° 0.116852297739x101°
cis —0.195357053122x 100 —0.195341011814x101°
ci6 0.107627000013 % 10'° 0.107634493263 % 10'°
c17 —0.161067557213x 10"  —0.160754539923x 1014
c18 0.653796571030x 1014 0.653915955415x 1014
c19 0.591335632917x10'! 0.636233682522x10'!
20 —0.850182252060x 10" —0.839239759587x 10!
RMS/cm ™! 13.0 1.8

4. Conclusion

In summary, PECs of X2yt and AZIT states of the CN
molecule have been obtained at MRCl/aug-cc-pwCVS5Z basis
set theoretical level. The rotational and vibrational levels and
the spectroscopic parameters are determined. It is found that

the computational vibrational levels for the X?L* and A’TT
states of the '*C!*N molecule are in good agreement with
the experimental ones. In addition, all of the calculated spec-
troscopic parameters are in accordance with the experimental
data. The AP potential can accurately reproduce the present
short-range PECs. The accurate APEFs can be conveniently

used in future investigations.
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