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The density functional theory method with B3LYP/6-311++G(df,pd), B3LYP/6-311++G(2df,
2pd), and B3LYP/6-311++G(3df,3pd) basis sets is used to compute the geometrics and single
point energy of aluminum carbide (AIC) and aluminium nitride (AIN) in their ground state.
The Level 8.0 program is used to calculate spectroscopic constants and fit the energy potential
curves. The effect of a basis set on the spectroscopic constants is discussed. The results show
that the calculated potential curve matches well with the Level 8.0 fitting curve, and the calcu-
lated values of spectroscopic constants become more reliable with the improvement of the
quality of basis sets. The spectroscopic constants are in good agreement with the existing ex-
perimental and theoretical values. For the first time, the reliable anharmonicity constant data of
AIC are reported, which agrees so well with the experimental value.

Keywords: spectroscopic constants, potential energy surfaces, level, AIC, AIN.

Introduction. Metal diatomic molecules represent an important chemical class that has been ap-
plied in a wide range of processes and materials. The information on diatomic molecules is important
because of their unique physical, chemical property and applications in catalysis and semiconductor de-
vices. The spectroscopic information about metal diatomics could provide assignments for analytical
purposes, and the information gained will be the first important step in studying more complex metal
diatomic systems. Nevertheless, it seems that the basic diatomic species have not attracted wider atten-
tion of the scientific community. The spectroscopic information on AIC and AIN is still very limited.

Simple diatomic aluminum carbide (AlC) was first observed by Knight ef al. [ 1] using matrix
isolation electron spin resonance (ESR) spectroscopy. They measured spin splittings and hypertine
constants and determined that the ground-state symmetry was *>.". This was in agreement with the
high-level theoretical calculations of Bauschlicher et al. [ 2 ]. In their study, Bauschlicher ez al. studied
the low-lying doublet and the quartet of the electronic states of AIC. From the calculation they drew
the conclusion that the strongest B*Y, —X*Y." transition near 22 600 cm ' is probably the best way to
observe AIC in either emission or absorption. Brazier [3] observed the B*Y, —X*Y system near
22 000 cm ' in the gas phase spectrum of AIC in emission from a composite wall hollow cathode, and
estimated the spectroscopic constants of AIC from the emission spectrum. Midda et al. [ 4 | calculated
the spectroscopic constants and molecular properties of AIC in its ground state using a hybrid HF/DF
B3LYP method. The theoretical and experimental data on the ground state of AIC are listed in Table 1.

As far as the AIN molecule is concerned, to the best of our knowledge, only one experimental
study was performed in 1972 by Simmons and McDonald [ 5 ]. They observed AIN emission in the
visible region of the spectrum. Based on the rotational analysis of the (0-0) and (0-1) bands, the spec-
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Table

Spectroscopic constants of AIC in the Y. state evaluated with Level 8.0

Spectroscopic Basis sets
Other values

constants 6-311++G(df ,pd) | 6-311++GQ2df,2pd) | 6-311++G(3df,3pd)
R, A 1.9746 1.9720 1.9701 1.9550%, 1.9781", 1.9823¢
D., eV 3.28797 3.31998 3.32987 3.31°
®e, cm! 625.4198 626.0474 627.1164 654%, 629°, 647°
©c)e, €M 4.3265 42721 4.30244 4.29%,3.654%, 3.658°
B.,cm’ 0.5205 0.5219 0.52314 0.531°% 0.521%¢

* Exp. value, Ref. [3].

® MRCI value, Ref. [2].

¢ CASSCF value, Ref. [2].
46-311++G(2df,2pd), Ref. [ 4].
¢ 6-311++G(3df,3pd), Ref. [4].

trum was assigned as a *[[—[] transition. Huber and Herzberg reported the experimental results in
their famous book [ 6 ]. The first calculation was performed by Pelissier and Malrieu [ 7 ]; they studied
the six lowest states of AIN at the configuration interaction (CI) level, and identified correctly the
ground state as °[]. Langhoff er al. [8] studied the low-lying state at the state-averaged complete-
active-space self-consistent-field (SA-CASSCF) level and the multireference CI (MRCI) level; they
also determined the ground state as °[]. Gutsev ez al. [ 9 ] and Clouthier ez al. [ 10 ] also calculated the
spectroscopic constants of AIN at CCSD (T) and MRCI levels respectively.

In order to characterize the effect of the basis set on the spectroscopic constants, theoretical cal-
culations were carried out by means of density functional theory (DFT) methods with a series of basis
sets. The optimization of the geometry structure and single point energy calculation were made to
study the spectroscopic constants and molecular properties of AIC and AIN in their ground state.

Computational methods. The B3LYP [ 11—15 ] method has successfully been applied to study
the geometries, frequencies, electron affinities of numerous polyatomic molecule [ 16—18 ] in the past
years. In this article, the ground state geometries of AIC and AIN were fully optimized at the DFT
level using the B3LYP method; each geometry, optimization, and single point energy were calculated
at B3LYP/6-311++G(df,pd), B3LYP/6-311++G(2df,2pd) and B3LYP/6-311++G(3df,3pd) levels
respectively. From the optimization we get the dissociation energy D.. With the dissociation energy
and the single point energy scan results as the input file of Level 8.0, the equilibrium internuclear dis-
tance R., harmonic vibrational wavenumber ®., anharmonicity constant ®.y., and rotational constant
B, were obtained.

All the theoretical calculations were carried out using the Gaussian-03 program package [ 19 ].
The spectroscopic constants were evaluated using the Le Roy’s LEVEL program [ 20 ].

Results and discussion. The geometric optimization and single point energy calculation of AIC
in the *Y state and AIN in the °[] state were carried out at B3LYP/6-311++G(df,pd), B3LYP/6-
311++GQdf,2pd), and B3LYP/6-311++G(3df,3pd) levels respectively. The spectroscopic constants
were calculated using the Level 8.0 program [ 20 |.

1. Potential energy curves and spectroscopic constants of AIC. The potential curve of AlIC in
the *Y" state calculated using the B3LYP/6-311++G(2df,2pd) basis set and the Level 8.0 fitting curve
are plotted in Fig. 1. Fig. 1 shows that the Level 8.0 fitting curve agrees well with the computed poten-
tial energy curve.

Then the above B3LYP calculation results are used as the input for the Level 8.0 program [ 20 ]
to solve the nuclear Schrodinger equation and to evaluate the spectroscopic constants. The calculated
spectroscopic constants (including the equilibrium bond distance R., potential well depth D, harmonic
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Fig. 1. Potential energy curves of AIC in the *Y." state Fig. 2. Potential energy curves of AIN in the *[] state

vibrational wavenumber ®., anharmonicity constant w.Y., and rotational constant B.) of AIC in the 45
state, the existing experimental results [ 3 ], and the existing theoretical values [ 2, 4 ] are summarized
in Table 1. Table 1 shows that the equilibrium bond distance (R.) decreases from 6-311++G(df,pd) to
6-311++G(3df,3pd), which is in agreement with the theoretical value of Midda et al. [ 4 ], and the cal-
culated R, value is closer to the experimental value compared with the calculation of Bauschlicher
et al. [ 2], with the deviation being only about 0.015 A.

The dissociation energy (D.) value increases from 6-311++G(df,pd) to 6-311++G(3df,3pd) and
is very close to the MRCI value in [ 2 ]. The harmonic vibrational wavenumber (w.) also increases
with the improvement of the quality of basis sets, although the value is lower than the experimental
value of Brazier ez al. [ 3 ] by about 25 cm™'. However, it agrees well with the MRCI value [ 2 ]. Midda
et al. [ 4] calculated the anharmonicity constant (wc.) that has a deviation of 0.6 cm™' compared with
the experimental value, but our ). value agrees well with the experimental value, with a deviation
being about 0.01 cm™'. Also from Table 1 we obtained that the rotational constant (B.) values increase
with the quality of basis sets; it agrees very well with the experimental value and the value calculated
by Midda et al. [ 4].

2. Potential energy curves and spectroscopic constants of AIN. Fig. 2 depicts the potential
curve of AIN in the °[] state calculated using the B3LYP/6-311++G(3df,3pd) basis set and the
Level 8.0 fitting curve. From Fig. 2 we can also draw the conclusion that the Level 8.0 fitting curve
agrees well with the calculated potential energy curve.

To assess the effect of the basis set on the spectroscopic constants, using Level 8.0 we have cal-
culated the spectroscopic constants (including the equilibrium bond distance (R.), potential well depth
(D.), harmonic vibrational wavenumber (®.), anharmonicity constant (®c).), and rotational constant
(B.)) of AIN in the °[] state. A comparison of our values with the experimental data [ 5, 6 ] and the re-
sults of other high-quality calculations [ 7—10 ] are summarized in Table 2. Table 2 shows that all the
spectroscopic constants, except for the anharmonicity constant (w.Y,.), are in agreement with the previ-
ous results. The equilibrium bond distance (R.) decreases from 6-311++G(df,pd) to 6-311++G(3df,
3pd) with the improvement of the quality of basis sets; the value is more reliable and in good accor-
dance with the results of the experiment [5, 6] and CCSD(T) calculations [9]. The dissociation
energy (D.) value increases from 6-311++G(df,pd) to 6-311++G(3df,3pd); the value of the
6-311++G(3df,3pd) calculation is in excellent agreement with the experimental value [ 6 ]. The har-
monic vibrational wavenumber (®.) also increases with the improvement of the quality of basis sets,
and the resulting value is in agreement with the experimental value and the existing theoretical value
with a deviation of about 5 cm .

There is no experimental value of the anharmonicity constant (m.).). Our computed values have a
large deviation compared with the value obtained by Clouthier et al. [ 10 ] at the MRCI level, with the
deviation being about 1.2 cm'. Similarly, the rotational constant (B.) values also increase with the
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Table 2
Spectroscopic constants of AIN in the *[1 state evaluated with Level 8.0
Spectroscopic Basis sets Other values
constants 6-311++G(df ,pd) | 6-311++G(2df,2pd) | 6-311++G(3df,3pd)
Re, A 1.7992 1.7941 1.7917 1.7864%, 1.7909°, 1.814°, 1.8082°
D., eV 2.7029 2.7565 2.7729 2.78"
®c, cm! 739.8149 741.4169 742.0313 746.93°, 756", 746°, 734¢
©c)e, M ! 5.6610 5.6355 5.6394 6.8¢
B.,cm’ 0.5649 0.5680 0.5696 0.5730*, 0.570°, 0.557¢

* Exp. value, Ref. [6].

® CCSD(T) value, Ref. [9].
¢ CASSCF value, Ref. [ 8].
4 MRCI value, Ref. [ 10 ].

improvement of the quality of basis sets; it agrees very well with the experimental value [ 5, 6 ] and the
results of other high-quality calculations [ 9, 10 ].

Conclusions. In summary, ab initio calculations by the DFT B3LYP method with 6-311++G(df,
pd), 6-311++G(2df,2pd), and 6-311++G(3df,3pd) basis sets were carried out for the ground state of
AIC and AIN molecules. Potential energy curves and spectroscopic constants of AIC in the *Y. state
and AIN in the °[] state are obtained. The results show that the calculated potential energy curve fitted
well with the Level 8.0 fitting curve. As far as the AIC molecule is concerned, to the best of our
knowledge, we have obtained reliable w.). data and no other theoretical value of the anharmonicity
constant w.Y. agrees so well with the experimental value, so it is very useful for future reference. Our
computed spectroscopic constants of AIC and AIN in their ground states are all in agreement with the
existing values. Judging from the very good agreement with existing, although limited experimental
results, and the results of other high-quality calculations, we draw the conclusion that with the im-
provement of the quality of basis sets, the spectroscopic constants calculated get more reliable.

This work is supported by the Scientific Research Foundation of Changzhou University. The author
thanks Dr. Wenli Zou for his useful help and discussion. The authors express gratitude to the referees
for their valuable comments.
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