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Results of large-scale coupled-cluster calculations of selected C2H2Si and CNHSi structural isomers
are reported. Equilibrium molecular structures of a total of 12 molecules in their singlet electronic
states have been calculated systematically employing the coupled-cluster singles and doubles model
augmented by a perturbative correction for triple excitations �CCSD�T�� in combination with
Dunning’s hierarchy of correlation consistent basis sets. In addition, anharmonic force fields were
calculated to yield fundamental vibrational frequencies and rotation-vibration interaction constants
�i

A,B,C. The latter were used to determine empirical equilibrium structures re
emp of two molecules —

silacyclopropenylidene, c-C2H2Si, and silapropadienylidene, H2CCSi — for which sufficient
isotopic data are available from literature. Very good agreement with theoretical equilibrium
structures from CCSD�T� calculations employing core-valence basis sets of quadruple and
quintuple-zeta quality — i.e., cc-pwCVQZ �337 basis functions�, cc-pCV5Z, and cc-pwCV5Z �581
basis functions� is found — to within 0.001 Å for bond lengths and 0.1° for bond angles. Theoretical
ground state rotational constants of HSiCN and HSiNC compare very favorably with experimental
microwave data from literature, to within 0.15% �HSiCN� and 0.1% �HSiNC� for the B0 and C0

rotational constants. In the case of c-C2H2Si and H2CCSi this agreement is even better than 0.1%.
For the latter two molecules effects of higher-level electron-correlation and relativity to the
equilibrium geometry as well as the electronic contributions to the rotational constants are
investigated. For eight molecules not yet studied at high spectral resolution in the gas-phase
theoretical molecular parameters are provided to support future laboratory investigations.
Theoretical vibrational fundamentals compare well with data of eight species studied previously
with infrared matrix isolation spectroscopy. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3142702�

I. INTRODUCTION

Silicon belongs to the ten most abundant elements in the
cosmos and hence plays a vital role in astrochemistry. As of
May 2009, eleven silicon bearing molecules have been de-
tected in space corresponding to almost 10% of the total
number of known astronomical molecules.1 Here, the cir-
cumstellar shell of the prototypical late-type star IRC
+10 216 has been found to be particularly rich in these
molecules.2,3 Because of their importance for radio as-
tronomy and astrochemistry, several transient silicon bearing
molecules have also been studied in the gas phase in the
laboratory mainly through rotational spectroscopy.3 Owing to
their similarity to known astronomical molecules, those of
the composition C2H2Si and CNHSi �see Fig. 1� might be
abundant in space as well. Silacyclopropenylidene, c-C2H2Si
�molecule 1 in Fig. 1�, is a dihydrogenated variant of c-SiC2

which is one of the most abundant molecules in circumstellar
shells.2,4 HSiCN �cyanosilylene, 7� and HSiNC �isocyanosi-
lylene, 8� are closed-shell hydrogenated forms of the SiCN

and SiNC radicals, both of which are known in IRC
+10216.5,6

Initial experimental evidence for C2H2Si and CNHSi
isomers in the laboratory was obtained through infrared ma-
trix isolation spectroscopy performed by the Maier group at
Gießen. Their study of C2H2Si isomers led to the character-
ization of silacyclopropenylidene �c-C2H2Si, 1�, vinyliden-
esilanediyl �H2CCSi, 2�, ethinylsilylene �HSiCCH, 3�, and
silacyclopropyne �c-H2SiC2, 5�.7,8 The matrix study of
CNHSi isomers9 revealed evidence for HSiCN �7�, HSiNC
�8�, azasilacyclopropenylidene �c-CHNSi, 9�, and silaisocy-
anocarbene, HCNSi �10�. Subsequently, a total of four
C2H2Si and CNHSi molecules were also studied by high
resolution spectroscopic techniques, i.e., microwave- and
millimeter-wave spectroscopy. The millimeter wave spec-
trum of silacyclopropenylidene �1� was reported10 as was a
Fourier transform microwave �FTMW� study of H2CCSi
�2�.11 In case of CNHSi structural isomers, HSiCN �7� and
HSiNC �8� were identified in the gas phase through FTMW
spectroscopy.12

Both molecular systems were also subject of several the-
oretical investigations. Pioneering quantum-chemical calcu-
lations of the C2H2Si system were performed by Frenking et
al.13 through which silacyclopropenylidene �1� was identified
as the global minimum on the potential energy surface. A
first coupled-cluster study of 1, 5, and 6 was then reported by
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Sherrill et al.14 Recently, frozen-core CCSD�T�/cc-pVTZ
calculations of six C2H2Si isomers were reported by Ikuta et
al.15 to determine equilibrium structures, ionization poten-
tials, and electron affinities. The authors also identified an-
other silacyclopropenylidene 4 as a minimum on the poten-
tial energy surface �PES�. In case of the isoelectronic CNHSi
family, Maier et al.9 found the bent chain HSiCN �7� to be
the global minimum on the PES followed by the chain mol-
ecule HSiNC �8� and cyclic azasilacyclopropenylidene �9�, a
result confirmed by more recent theoretical studies.16,17

The present paper reports results of high-level ab initio
calculations of selected molecular properties of singlet
C2H2Si and CNHSi structural isomers. In detail the study
comprises the determination of molecular equilibrium struc-
tures obtained at the CCSD�T� level of theory18 using Dun-
ning’s hierarchy of correlation consistent basis sets19–22 and
evaluation of harmonic and anharmonic force fields at se-
lected levels of theory to determine centrifugal distortion
constants, vibration-rotation interaction constants, and har-
monic as well as fundamental vibrational frequencies. For
molecules for which sufficient laboratory isotopic data are
available, i.e., c-C2H2Si �1� and H2CCSi �2�, the combina-

tion of experimental ground state rotational constants and
rotation-vibration interaction constants �i

A,B,C from theory
has been used to evaluate empirical equilibrium structures
re

emp. Additionally, for energetically higher lying C2H2Si and
CNHSi structural isomers the combination of theoretical
equilibrium rotational and rotation-vibration interaction con-
stants is used to predict accurate ground-state rotational con-
stants. The determination of fundamental vibrational fre-
quencies permitted a qualitative comparison against infrared
data from matrix isolation experiments for more than half a
dozen molecules of the sample. Additionally, spectroscopi-
cally important parameters such as dipole moments and 14N
nitrogen quadrupole coupling constants have been calcu-
lated.

The molecules studied here are promising candidates for
future laboratory spectroscopic studies in particular by
FTMW spectroscopy.

II. THEORETICAL METHODS

Quantum chemical calculations were performed with the
2005 Mainz-Austin-Budapest version of ACESII

23 employing
coupled-cluster �CC� theory24 in its variant CCSD�T�.18

Some calculations were performed using the development
version of CFOUR

25 at Mainz with its recent parallel imple-
mentation of CC energy and first- and second-derivative
algorithms26 and calculations at the CCSDT�Q�27,28 level
were performed with the string-based many-body code
MRCC29 which has been interfaced to CFOUR. In the frozen-
core �fc� approximation, Dunning’s d augmented correlation
consistent basis sets cc-pV�X+d�Z19 with X=T and Q were
employed for the silicon atom and standard basis sets
cc-pVXZ20 for hydrogen, carbon, and nitrogen �denoted as
CCSD�T� /cc-pV�X+d�Z in the following�. For calculations
correlating all electrons the basis sets cc-pCVXZ21,22 and
their weighted variants cc-pwCVXZ22 with X=T, Q, and 5
were used, the former type, however, only for the structural
optimization of a subsample of molecules — c-C2H2Si �1�,
H2CCSi �2�, HSiCN �7�, and HSiNC �8� — to study differ-
ences in its performance against the weighted basis sets.

Equilibrium geometries were calculated using analytic
gradient techniques.30 Harmonic and anharmonic force fields
were calculated using analytic second-derivative
techniques31,32 followed by additional numerical differentia-
tion to calculate the third and fourth derivatives needed for
the anharmonic force field.32,33 While the CCSD�T�/cc-
pVQZ level of theory has been found to yield molecular
force fields of very high quality and is hence often used as
the level of choice in these calculations �e.g., Refs. 34–36�, it
is computationally �rather� demanding for larger molecules
and/or molecules carrying second row elements such as
those studied here. At the same time it has been shown on a
number of occasions, that accurate empirical equilibrium
structures are obtained also with zero-point vibrational cor-
rections computed using smaller basis sets such as cc-pVTZ
�see, e.g., Refs. 37–41�. As a consequence, the force fields in
the present study were calculated at the CCSD�T� /cc-pV�T
+d�Z level of theory in the fc approximation for the total
sample of 12 molecules. For a subsample of those, the two
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FIG. 1. �Color online� C2H2Si �left column� and CNHSi �right column�
structural isomers investigated here. c-C2H2Si �1� and HSiCN �7� are the
global minima on the C2H2Si and CNHSi potential energy surfaces, respec-
tively. The isomers are ordered from bottom to top according to their rela-
tive stability. All molecules are planar except for 5 where the HSiH and
CSiC planes are arranged perpendicularly.
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energetically lowest structural isomers of either family, har-
monic, and anharmonic force fields were also obtained at the
CCSD�T�/cc-pwCVTZ and CCSD�T� /cc-pV�Q+d�Z levels
of theory for comparison. At the former two theoretical lev-
els rotation-vibration interaction constants and fundamental
vibrational frequencies were obtained whereas at the
CCSD�T� /cc-pV�Q+d�Z level only the rotation-vibration in-
teraction constants were calculated according to formulas
given in Ref. 42. Transformation of the computed force fields
of the main isotopic species to the normal coordinate repre-
sentation of other isotopic species permits the determination
of their corresponding �i

A,B,C values needed for individual
correction for zero-point vibrational contribution. Since this
is not possible for the semidiagonal quartic force field fun-
damental vibrational frequencies were calculated only for the
parent isotopic species.

To estimate relativistic effects and the electron contribu-
tion to the moments of inertia, test calculations were per-
formed for two C2H2Si isomers, 1 and 2. Relativistic effects
were calculated at the MP2/cc-pCVQZ level of theory using
an analytic scheme for the computation of scalar-relativistic
corrections to nuclear forces �denoted as MVD1�43 and via a
direct perturbation theory �DPT2� scheme.44 Electronic con-
tributions �Bel to the rotational constants are related to the
rotational g tensor via �Bel= �me /mp�gBe,

45 with me and mp

being the masses of the electron and the proton. Rotational g
tensors for 1 and 2 were calculated at the respective
CCSD�T�/cc-pwCVQZ equilibrium structures using the
CCSD�T� approach and the aug-cc-pCVTZ basis set.21,22,46,47

The rotational g tensors are obtained as second derivatives of
the energy with respect to the external magnetic field and
rotational angular momentum, while gauge-origin indepen-
dence and fast basis set convergence are ensured by using
gauge-including atomic orbitals �London atomic orbitals� as
well as their extension to treat rotational perturbations �rota-
tional London atomic orbitals�.48,49

III. MOLECULAR STRUCTURE

Over the years, several approaches have been developed
to determine approximate molecular equilibrium structures

from rotational constants obtained through high resolution
spectroscopic investigations �see, e.g., Ref. 50, and refer-
ences therein�. The experimental determination of equilib-
rium structures through microwave spectroscopy requires
measurement of molecular rotational constants from a suffi-
cient sample of isotopic species and all their rotation-
vibration interaction constants making this approach practi-
cal only for small molecules. Probably the most convenient
way to determine accurate equilibrium structures for mol-
ecules exceeding three atoms lies in the combination of ex-
perimental rotational constants and zero-point vibrational
corrections from ab initio theory according to

Be
emp = B0

exp +
1

2�
i

�i
B,calc, �3.1�

where similar equations also hold for the A and C rotational
constants. In Eq. �3.1�, B0

exp is the experimental rotational
constant in the ground vibrational state. The zero-point vi-
brational corrections 1

2�i�i
A,B,C,calc �=�A0 ,�B0 ,�C0� are ob-

tained from theoretical anharmonic force fields and second-
order rovibrational perturbation theory �VPT2�.42 The sum
over vibration-rotation interactions constants is taken over
each of the normal vibrational modes. With this approach,
empirical �also dubbed semiexperimental� rotational con-
stants Ae

emp, Be
emp, and Ce

emp are obtained that are subjected to
a least-squares fitting procedure to finally yield the empirical
equilibrium structural �re

emp� parameters.
Some statistical studies on the determination of empiri-

cal equilibrium structures have been described in the litera-
ture for sets of molecules containing first-row atoms34,35 and
it was found that the approach outlined above yields equilib-
rium structures of generally high quality. Additionally, from
a comparison of �empirical� equilibrium structures against
CCSD�T� calculations in combination with different basis
sets it was concluded that equilibrium structures obtained ab
initio at the CCSD�T�/cc-pCVQZ level of theory are very
accurate. This was basically confirmed in a more recent sta-
tistical theoretical study of molecules harboring second row
elements51 in which it was pointed out that usage of the

TABLE I. CCSD�T� and experimental structural parameters of c-C2H2Si �1, in Å and degrees�.

Basis set r1 r2 rC=C a1 a2

�fc�cc-pV�T+d�Z 1.0825 1.8323 1.3517 156.57 43.29
�fc�cc-pV�Q+d�Z 1.0819 1.8255 1.3483 156.60 43.35
cc-pCVTZ 1.0816 1.8279 1.3479 156.53 43.27
cc-pwCVTZ 1.0811 1.8232 1.3467 156.61 43.35
cc-pCVQZ 1.0804 1.8188 1.3448 156.58 43.39
cc-pwCVQZ 1.0803 1.8176 1.3445 156.59 43.41
cc-pCV5Z 1.0801 1.8169 1.3440 156.59 43.42
cc-pwCV5Z 1.0801 1.8165 1.3439 156.58 43.42

re
emp�ff1�a 1.0803 1.8172 1.3441 156.59 43.41

re
emp�ff2�b 1.0803 1.8171 1.3440 156.60 43.41

re
emp�ff3�c 1.0802 1.8172 1.3439 156.58 43.40

rs
d 1.0795 1.8200 1.3458 156.54 43.40

aFrom force field calculated at the �fc�CCSD�T� /cc-pV�T+d�Z level of theory.
bFrom force field calculated at the CCSD�T�/cc-pwCVTZ level of theory.
cFrom force field calculated at the �fc�CCSD�T� /cc-pV�Q+d�Z level of theory.
dReference 10.
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weighted basis cc-pwCVQZ yielded yet another slight im-
provement. In the same study also the better performance of
the cc-pV�X+d�Z basis sets over the cc-pVXZ basis sets for
second row atoms was stressed. In the present study, calcu-
lations were carried out generally following these findings.

IV. RESULTS AND DISCUSSION

A. c-C2H2Si „1… and H2CCSi „2…

To date, a total of four isotopologues were reported for
110 and five for 211 which were used in these studies to evalu-
ate corresponding rs or r0 structures �see Tables I and II�. In
the present investigation empirical equilibrium structures are
evaluated corresponding to minima on the C2H2Si potential
energy surface. The required zero-point vibrational correc-
tions were determined from three ab initio force fields �ff1 to
ff3� and the corresponding results are collected in Tables III
and IV. As can be seen, the values are found to be consistent
and to vary only very little to within about 1 MHz for the B

and C rotational constants. Prior to the derivation of an em-
pirical equilibrium structure of 1, as a check, the data of
Izuha et al.10 were refitted using a Watson-type Hamiltonian
in the A reduction and representation IIIl.52 Essentially, the
same rotational constants and centrifugal distortion �cd�
terms were obtained. It should be recalled that these rota-
tional constants are effective rotational constants and slightly
dependent on whether A or S reduction is used in the line
fitting procedure. Reduction independent rotational constants
were calculated for each isotopic species with corrections
obtained from the corresponding cd terms using equations
given in Ref. 52. However, the magnitude of this correction
is very small �of order 100 kHz for A and 20 kHz only for B
and C� and negligible here in the determination of the em-
pirical equilibrium structure of 1. Subsequently, empirical
equilibrium rotational constants of 1 were calculated from
Eq. �3.1� and are compiled in Table III. The inertial defect
�= Ic

v− Ib
v− Ia

v may serve as an indicator for the effectiveness
with which the zero-point vibrational effects are removed
through this procedure. Table III gives �0= Ic

0− Ib
0− Ia

0 and
�e= Ic

e− Ib
e − Ia

e values obtained from the ground state rota-
tional constants and the empirical equilibrium rotational con-
stants, respectively. While �0 is small and positive �of order
+0.1 amu Å2�, as expected for small and planar molecules
such as 1, �e drops to consistent values close to zero—an
indication of efficient removal of zero-point vibrational con-
tributions to the inertial defect. Owing to the relation �0

−�vib=�cent+�elec �e.g., Ref. 52� the remainder of
−0.006 amu Å2 �from ff1� and −0.007 amu Å2 �ff2 and ff3�
may be considered a �semi�empirical measure of the sum of
the much smaller contributions from centrifugal distortion
and electron-rotation interaction to the inertial defect.

Empirical equilibrium structures of 1 were finally ob-
tained through least-squares fitting of the structural param-
eters to the empirical equilibrium moments of inertia Ib

e and
Ic

e �calculated from the Be and Ce constants in Table III and
using the same weight for all isotopic species� assuming C2v
symmetry of the molecule. The three empirical equilibrium
structures are given in Table I. As can be seen, there is vir-
tually no influence of the force field used in the derivation of

TABLE II. CCSD�T� and experimental structural parameters of H2CCSi �2,
in Å and degrees�.

Basis set r1 r2 r3 a1

�fc�cc-pV�T+d�Z 1.0885 1.3333 1.7083 121.90
�fc�cc-pV�Q+d�Z 1.0877 1.3304 1.7039 121.87
cc-pCVTZ 1.0875 1.3298 1.7045 121.93
cc-pwCVTZ 1.0871 1.3286 1.6999 121.94
cc-pCVQZ 1.0863 1.3271 1.6978 121.88
cc-pwCVQZ 1.0862 1.3269 1.6967 121.88
cc-pCV5Z 1.0860 1.3266 1.6963 121.85
cc-pwCV5Z 1.0860 1.3265 1.6959 121.85

re
emp�ff1�a 1.0861 1.3268 1.6969 121.81

re
emp�ff2�b 1.0859 1.3267 1.6969 121.83

re
emp�ff3�c 1.0862 1.3270 1.6970 121.81

r0
d 1.099 1.321 1.703 121.35

aFrom force field calculated at the �fc�CCSD�T� /cc-pV�T+d�Z level of
theory.
bFrom force field calculated at the CCSD�T�/cc-pwCVTZ level of theory.
cFrom force field calculated at the �fc�CCSD�T� /cc-pV�Q+d�Z level of
theory.
dReference 11.

TABLE III. Experimental ground state rotational constants, theoretical zero-point vibrational corrections �i�i /2, and derived equilibrium rotational constants
of isotopic species of silacyclopropenylidene, C2H2Si �1, in MHz�.

Isotopic species ffa A0 �i�i
A /2 Ae B0 �i�i

B /2 Be C0 �i�i
C /2 Ce �0 �e

C2H2Si ff1 33 504.767 +168.985 33 673.752 11 899.420 +64.087 11 963.507 8764.856 +63.393 8828.249 +0.105 �0.006
ff2 ¯ +170.966 33 675.733 ¯ +65.196 11 964.616 ¯ +64.349 8829.205 ¯ �0.007
ff3 ¯ +168.190 33 672.957 ¯ +64.280 11 963.700 ¯ +63.577 8828.433 ¯ �0.007

C2H2
29Si ff1 33 504.573 +169.217 33 673.790 11 706.836 +62.859 11 769.695 8659.868 +62.387 8722.255 +0.105 �0.006

ff2 ¯ +171.199 33 675.772 ¯ +63.948 11 770.784 ¯ +63.330 8723.198 ¯ �0.007
ff3 ¯ +168.422 33 672.995 ¯ +63.045 11 769.881 ¯ +62.566 8722.434 ¯ �0.007

C2D2Si ff1 26 256.853 +111.874 26 368.727 10 641.620 +50.874 10 692.494 7559.133 +49.111 7608.244 +0.118 �0.006
ff2 ¯ +113.716 26 370.569 ¯ +51.657 10 693.277 ¯ +49.836 7608.969 ¯ �0.007
ff3 ¯ +110.615 26 367.468 ¯ +51.241 10 692.861 ¯ +49.310 7608.443 ¯ �0.007

13C2H2Si ff1 31 601.136 +155.110 31 756.246 11 522.605 +60.923 11 583.528 8428.560 +59.835 8488.395 +0.108 �0.006
ff2 ¯ +156.851 31 757.987 ¯ +61.987 11 584.592 ¯ +60.735 8489.295 ¯ �0.007
ff3 ¯ +154.480 31 755.616 ¯ +61.083 11 583.688 ¯ +60.000 8488.560 ¯ �0.007

aForce field used in the calculation of zero-point vibrational contributions. ff1: �fc�CCSD�T� /cc-pV�T+d�Z, ff2: CCSD�T�/cc-pwCVTZ, ff3:
�fc�CCSD�T� /cc-pV�Q+d�Z.
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the zero-point vibrational corrections since the equilibrium
structural parameters obtained are practically identical. The
same approach was followed in the derivation of the empiri-
cal equilibrium structures of H2CCSi �2�. The three sets of Be

and Ce rotational constants obtained from Eq. �3.1� and the
zero-point vibrational corrections from force fields ff1 to ff3
are given in Table IV and the resulting empirical equilibrium
rotational constants are collected in Table II. Again the three
equilibrium structures are practically identical. Statistical un-
certainties of structural parameters in the fits are generally
very small, not exceeding 2�10−4 Å for bond lengths and
0.01° for angles.

The empirical equilibrium structures of 1 and 2 may now
be compared against the corresponding theoretical equilib-
rium structures obtained. The structural parameters of 1 and
2 obtained ab initio at the CCSD�T� level of theory and using
six different basis sets are also given in Tables I and II. From
there it is found that bond angles show very little sensitivity
to the basis set employed. In 1, the angle a1 varies only
within 0.1° �from 156.53° �cc-pCVTZ� to 156.61° �cc-
pwCVTZ��. Little variation is also found for a2 which varies
within less than 0.15°, from 43.27° �cc-pCVTZ� to 43.42°
�cc-p�w�CV5Z� and the unique angle a1 in H2CCSi �2�
which varies well within 0.1°. In either case, the different
sets of bond angles—ab initio versus re

emp—show very good
agreement. The theoretical bond lengths exhibit the expected
shortening upon expansion of the basis set. To illustrate and
evaluate their dependence on the basis sets and to estimate
the quality of the ab initio structural calculations performed
here �and ultimately the predictive power for related mol-
ecules�, plots were produced in which the bond length dif-
ferences ri−re,i

emp are shown as a function of the basis sets
�Fig. 2�. Very good agreement ��ri−re,i

emp��1�10−3 Å is
found at the CCSD�T�/cc-pwCVQZ level for both molecules.
It is apparent, that the performance of the weighted core-
valence basis sets cc-pwCVXZ is superior to that of the
cc-pCVXZ family, as displayed through the corresponding
bond length shortening and in accord with the finding of

Coriani et al.51 This behavior is observed for any bond length
but most significantly for those involving the second row
element silicon and in particular when using the core-valence
basis set of triple-zeta quality. Upon further expansion of the
core-valence basis sets from quadruple to quintuple-zeta
quality the theoretical bond lengths involving hydrogen
and/or carbon exhibit only a minor decrease indicating that
their basis set limit has almost been reached. In contrast,
bonds involving silicon still show a significant shortening
resulting in significantly negative values of ri−re,i

emp of up to
−1�10−3 Å for 2. The shortening is so large, that even fur-
ther shortening of a few 10−4 Å is expected upon expansion
to a hypothetical cc-p�w�CV6Z basis.

To investigate the intrinsic shortcoming of the CCSD�T�
method, comparative calculations have been performed using
the coupled-cluster variants CCSD�T�, CCSDT, and CCS-
DT�Q�, i.e., including a full treatment of triple excitations
and with an additional perturbative treatment of quadruple
excitations, respectively, in combination with the cc-pVDZ
basis set. The results of these calculations are shown in Table
V. As can be seen, the structural changes between CCSD�T�
and CCSDT are practically negligible. However, with the
CCSDT�Q� method a significant lengthening of about 1.5
�10−3 Å is found for the carbon-silicon bond distances in
both molecules which rather well matches the shortening ob-
served at the CCSD�T�/cc-p�w�CV5Z level of theory.

For the sake of completeness, two more possible �but
significantly smaller� influences on the molecular structures
of 1 and 2 were investigated, relativistic effects and the elec-
tronic contribution to the moment of inertia. Relativistic ef-
fects obtained at the MP2/cc-pCVQZ level of theory are
tabulated in Table I in the supplementary electronic
material53 �SEM� where they are compared against structural
parameters obtained at the same level of theory without tak-
ing relativistic effects into consideration. As can be seen,
their influence is found to be practically negligible for both
molecules studied. The electronic contribution �Bel to the
ground state rotational constants has been found to be very

TABLE IV. Theoretical zero-point vibrational corrections �i�i
B,C /2 for isotopic species of H2CCSi �2, in MHz�.

Isotopic speciesa ffb B0 �i�i
B /2 Be C0 �i�i

C /2 Ce

H2CCSi ff1 5331.953 +3.536 5335.489 5233.472 +7.010 5240.482
ff2 ¯ +3.719 5335.672 ¯ +7.266 5240.738
ff3 ¯ +2.683 5334.636 ¯ +6.161 5239.633

H2
13CCSi ff1 5150.877 +3.096 5153.973 5058.932 +6.335 5065.267

ff2 ¯ +3.273 5154.150 ¯ +6.580 5065.512
ff3 ¯ +2.275 5153.152 ¯ +5.518 5064.450

H2C13CSi ff1 5317.009 +3.892 5320.901 5219.128 +7.286 5226.414
ff2 ¯ +4.067 5321.076 ¯ +7.535 5226.663
ff3 ¯ +3.066 5320.075 ¯ +6.462 5225.590

H2CC29Si ff1 5255.722 +3.453 5259.175 5160.011 +6.833 5166.844
ff2 ¯ +3.634 5259.356 ¯ +7.085 5167.096
ff3 ¯ +2.613 5258.335 ¯ +5.997 5166.008

D2CCSi ff1 4764.555 +2.438 4766.993 4610.808 +6.741 4617.549
ff2 ¯ +2.600 4767.155 ¯ +6.975 4617.783
ff3 ¯ +1.692 4766.247 ¯ +6.038 4616.846

aGround state rotational constants for given isotopic species taken from Ref. 11.
bForce field used in the calculation of zero-point vibrational contributions. ff1: �fc�CCSD�T� /cc-pV�T+d�Z,
ff2: CCSD�T�/cc-pwCVTZ, ff3: �fc�CCSD�T� /cc-pV�Q+d�Z.
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small for a statistical sample of molecules harboring first-
row elements exclusively.54 For molecules 1 and 2 �Bel has
been calculated at the CCSD�T�/aug-cc-pCVTZ level of
theory employing the CCSD�T�/cc-pwCVQZ equilibrium
structures and the results are given in Table II of the SEM.
As expected, �Bel��B0 and the magnitude of �Be is com-
parable to the variation of �B0 observed for the three differ-
ent force fields ff1 to ff3 which has already been shown to
affect the empirical equilibrium structures only very little. A
comparison of empirical equilibriums structures of 1 and 2 in

Tables I and II against structures additionally taking into ac-
count the electronic contribution to the moment of inertia
�using the relation Be=B0+�B0+�Bel� reveals that the
changes are practically negligible. For 1, changes do not ex-
ceed 10−4 Å for any bond length and 0.02° for the angles. In
2, changes do not exceed 10−4 Å for the C–C and Si–C bond
lengths; for C–H, a lengthening of 3�10−4 Å is observed.
The change in angle a1 does not exceed 0.02°.

Finally, it is concluded that very accurate theoretical
equilibrium structures for the molecules 1 and 2 are obtained

FIG. 2. Bond length differences ri

−re,i
emp�ff3� for c-C2H2Si �1, top� and

H2CCSi �2, bottom� as a function of
the basis set used in the CCSD�t�
structural optimization �see text�. The
cc-pV�X+d�Z basis sets were used in
frozen-core calculations whereas the
cc-pCVXZ and cc-pwCVXZ basis sets
were used when correlating all elec-
trons. The parameter definitions ri re-
fer to the ones introduced in Fig. 1 and
are also given in the inserts in the up-
per right.

TABLE V. Effect of higher order excitations in the CC expansion on the structural parameters of 1 and 2 using
the cc-pVDZ basis set in the frozen-core approximation �in Å and degrees�. CCSDT and CCSDT�Q� values
quote changes relative to the CCSD�T� results.

Parameter

c-C2H2Si �1� H2CCSi �2�

CCSD�T� CCSDT CCSDT�Q� CCSD�T� CCSDT CCSDT�Q�

rC–H 1.0986 0.0000 +0.0002 1.1038 0.0000 +0.0001
rC–Si 1.8622 0.0000 +0.0014 1.7328 +0.0003 +0.0017
rC–C 1.3659 0.0000 +0.0008 1.3489 �0.0003 +0.0009
a1 156.45 �0.04 +0.01 121.97 +0.01 +0.01
a2 43.03 0.00 �0.01 ¯ ¯ ¯
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at the CCSD�T�/cc-pwCVQZ level of theory and in addition
an adequate description of the molecular force field is ob-
tained at the CCSD�T� /cc-pV�T+d� level of theory. In the
following, this approach will be used to make predictions for
rotational constants of structural isomers not yet studied
through rotational spectroscopy.

B. HSiCCH, c-HSiCCH, c-H2SiC2, and H2SiCC

Molecular equilibrium structures of the higher energy
isomers 3 to 6 were calculated using CCSD�T� and the
cc-pV�T+d�Z, cc-pV�Q+d�Z, cc-pwCVTZ, and cc-
pwCVQZ basis sets. Individual tables for each molecule
summarizing the structural data obtained at the four levels of
theory are given in Tables III–VI of the SEM. Predictions for
the ground state rotational constants A0, B0, and C0 of the
four molecules are given here in Table VI. The Ae, Be, and Ce

rotational constants in Table VI are based on the molecular
equilibrium structures obtained at the CCSD�T�/cc-pwCVQZ
level of theory given in Table XIII of the SEM. There a
larger number of decimal places is provided to allow for
reproduction of equilibrium rotational constants as obtained
with the ACESII program �for all 12 molecules studied here�.
The zero-point vibrational contributions 1

2�i�i
A,B,C are ob-

tained from the CCSD�T� /cc-pV�T+d�Z force fields. Table
VII gives the CCSD�T�/cc-pwCVQZ electric dipole moment
component equilibrium values of the six C2H2Si species.
They are found to range from about one up to several debyes
making all molecules intrinsically well suited for microwave
spectroscopic detection.

C. HSiCN and HSiNC

HSiCN �7� and HSiNC �8� are the two CNHSi structural
isomers characterized experimentally in the gas-phase so far,
identified by means of FTMW spectroscopy.12 Not only the
parent isotopic species but also the deuterated variants
DSiCN and DSiNC were characterized. However, since Ic

e

= Ib
e + Ia

e in planar molecules, the rotational constants from
two isotopic sets are not sufficient to determine the five
unique parameters in an experimental structural determina-
tion of neither HSiCN nor HSiNC without imposing any
constraints so no empirical equilibrium structures were de-
termined here. Tables VII and VIII, and XIII in the SEM
summarize the ab initio structural parameters of HSiCN and
HSiNC obtained at the six different levels of theory in the
present investigation. Zero-point vibrational corrections from
ff1 to ff3 as well as resultant theoretical ground state rota-
tional constants A0, B0, and C0 using the equilibrium rota-
tional constants at the CCSD�T�/cc-pwCVQZ level of theory
are given here in Table VIII. A comparison of the theoretical
�B0+C0� /2 against the precisely determined experimental
values from Ref. 12 reveals agreement to better than 0.15%
for both molecules irrespective of the force field used.

D. c-CHSiN, HCNSi, HNCSi, and c-NHSiC

Table VIII gives theoretical ground state rotational con-
stants for four additional energetically higher lying CNHSi
structural isomers 9 to 12 obtained from the CCSD�T�/cc-
pwCVQZ equilibrium rotational constants and the zero-point
vibrational corrections evaluated at the CCSD�T� /cc-pV�T
+d�Z level of theory. Theoretical equilibrium structures from
CCSD�T� calculations using four different basis sets for all

TABLE VI. Theoretical equilibrium rotational constants �CCSD�T�/cc-pwCVQZ�, zero-point vibrational corrections ��fc�CCSD�T� /cc-pV�T+dZ� �i�i
A,B,C /2

and ground state rotational constants for energetically higher lying C2H2Si structural isomers �in MHz�.

Species Ae �i�i
A /2 A0 Be �i�i

B /2 B0 Ce �i�i
C /2 C0

HSiCCH �3� 227 080.268 +1540.742 225 539.526 5 241.918 �0.863 5 242.781 5123.644 +4.446 5119.198
c-HSiCCH �4� 35 891.312 �106.124 35 997.436 9 986.378 +138.892 9 847.486 7812.604 +98.641 7713.963
c-H2SiC2 �5� 40 594.554 +117.188 40 477.366 11 164.717 +96.402 11 068.315 9727.549 +98.786 9628.763
l-H2SiCC �6� 167 735.360 +3530.960 164 204.400 5 861.542 �62.858 5 924.400 5663.626 �58.359 5721.985

TABLE VII. CCSD�T�/cc-pwCVQZ dipole moment components �DC, in D� and 14N nuclear quadrupole cou-
pling constants �nqcc, in MHz� of the twelve molecules studied here. Numbers in parentheses give nqcc values
at the �fc�CCSD�T� /cc-pV�T+d�Z level of theory for comparison.

DC 1 2 3 4 5 6

�a 1.04 0.94 0.86 0.03 3.12 6.01
�b ¯ ¯ 0.14 2.40 ¯ ¯

DC/nqcc 7 8 9 10 11 12

�a 3.17 2.75 0.51 1.24 0.11 0.62
�b 0.26 0.27 1.55 1.15 1.27 2.50
�aa �5.07��5.08�a �1.31��1.30�b �2.64 �1.27 �1.08 �1.05
�bb +1.53�+1.56�a +0.48�+0.47�b �2.66 +0.42 �2.13 �0.10

aExperimental values are �aa=−5.07 MHz and �bb=+1.52 MHz �Ref. 12�.
bExperimental values are �aa=−1.31 MHz and �bb=+0.48 MHz �Ref. 12�.
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four molecules are given in Tables IX–XIII in the SEM.
Equilibrium dipole moment components of all six structural
CNHSi isomers from the CCSDT�T�/cc-pwCVQZ calcula-
tions are collected in Table VII. All molecules have two di-
pole moment components �a and �b of which at least one in
each molecule is found to be greater than 1 D making them
intrinsically good candidates for detection with microwave
spectroscopy.

E. Relative energies

The molecular numbering scheme employed here �Fig.
1� is based on the relative energy ordering evaluated at dif-
ferent levels of theory in earlier studies of both molecular
systems.9,15–17 For the sake of completeness, relative ener-
gies have also been computed here using absolute energies
evaluated at the CCSD�T�/cc-pwCVQZ level of theory and
zero-point vibrational energies at the CCSD�T� /cc-pV�T
+d�Z level of theory �Table IX�. To avoid resonance denomi-
nators in the anharmonicity constants used to calculate the
zero-point vibrational energy �ZPVE� contribution, the so-
called G0 term was included �see Refs. 55–57,and references
therein�.

F. Centrifugal distortion terms

Theoretical equilibrium centrifugal distortion constants
of all 12 molecules are given in Table XIV in the SEM. In
case of c-C2H2Si �1�, the full set of quartic cd constants is
known from experiment obtained from a least-squares analy-
sis employing a Watson type asymmetric rotor Hamiltonian

in the A reduction.10 The agreement between experimental
and the different sets of calculated equilibrium cd terms is
found to be generally very good. Owing to the highly prolate
character of 2, 6, and 7 and a-type spectra observed only two
out of five cd terms—DJ and DJK—were obtained in the
experimental investigations11,12 which are in good agreement
with the theoretical data obtained here. Discrepancies are
attributed to the lack of vibrational contributions to the cd
terms which were not calculated here. For the remaining spe-
cies theoretical values were calculated from ff1 and are given
either in A reduction �4, 5, 9, 12� or S reduction �3, 6, 10,
11�.

G. 14N quadrupole coupling

At centimeter wavelengths rotational spectra of CNHSi
isomers exhibit hyperfine structure from the presence of the
14N nucleus �I=1� resolvable with high resolution techniques
such as FTMW spectroscopy. 14N nuclear quadrupole cou-
pling constants �aa and �bb were calculated from the corre-
sponding electric field gradients obtained at the CCSD�T�/cc-
pwCVQZ level of theory �Table VII�. Almost perfect
agreement is found against the experimental values for
HSiCN �7� and HSiNC �8�.12 For comparison, values ob-
tained at the lowest level employed here
�CCSD�T� /cc-pV�T+d�Z� are also given for those two mol-
ecules which are of comparable quality suggesting that this
theoretical level is adequate to evaluate electric field gradi-
ents in the molecules studied here.

TABLE VIII. Theoretical equilibrium rotational constants �CCSD�T�/cc-pwCVQZ� and zero-point vibrational corrections �i�i
A,B,C /2

��fc�CCSD�T� /cc-pV�T+d�Z� for six CNHSi structural isomers �in MHz�.

Species ffa Ae �i�i
A /2 A0 Be �i�i

B /2 B0 Ce �i�i
C /2 C0

HSiCN �7� ff1 228 149.442 +1487.309 226 662.133 5359.884 �2.923 5 362.807 5236.856 +2.628 5234.228
ff2 ¯ +1574.159 226 575.283 ¯ �2.408 5 362.292 ¯ +3.236 5233.620
ff3 ¯ +1514.248 226 635.194 ¯ �3.501 5 363.385 ¯ +2.066 5234.790

HSiNC �8� ff1 224 704.116 +1210.306 223 493.810 6197.532 �6.232 6 203.764 6031.187 �0.032 6031.219
ff2 ¯ +1309.262 223 394.854 ¯ �5.950 6 203.482 ¯ +0.378 6030.809
ff3 ¯ +1201.909 223 502.207 ¯ �6.753 6 204.285 ¯ �0.675 6031.862

c-CHSiN �9� ff1 40 210.531 +138.236 40 072.295 12346.008 +67.298 12 278.710 9445.819 +66.763 9379.056
HCNSi �10� ff1 598 039.557 �569.744 598 609.301 6188.397 +12.501 61 75.896 6125.016 +15.774 6109.242
HNCSi �11� ff1 668 938.017 �6991.236 675 929.253 5393.312 +10.061 5 383.251 5350.176 +12.596 5337.580
c-NHSiC �12� ff1 39 411.136 +177.865 39 233.271 12039.195 +64.662 11 974.533 9222.066 +67.741 9154.325

aForce field used in the calculation of zero point vibrational contributions. ff1: �fc�CCSD�T� /cc-pV�T+d�Z, ff2: CCSD�T�/cc-pwCVTZ, ff3:
�fc�CCSD�T� /cc-pV�Q+d�Z.

TABLE IX. Total energies �in hartrees�, zero-point vibrational energies �ZPVE, in kcal/mol�, and relative
energies �in kcal/mol� of structural isomers studied here.

Molecule Total energya ZPVEb Relative energy Molecule Total energya ZPVEb Relative energy

6 �366.642 275 13.83 53.3 12 �382.743 609 11.32 33.7
5 �366.653 635 14.56 46.9 11 �382.747 130 10.48 30.7
4 �366.666 065 14.96 39.5 10 �382.747 232 9.57 29.1
3 �366.698 854 15.18 19.1 9 �382.790 237 11.30 4.4
2 �366.704 815 17.73 17.9 8 �382.789 688 8.52 2.0
1 �366.734 353 18.36 0.0 7 �382.793 140 8.70 0.0

aCCSD�T�/cc-pwCVQZ.
b�fc�CCSD�T� /cc-pV�T+d�Z including the G0 term �see text�.
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H. Vibrational fundamentals

Harmonic and fundamental vibrational frequencies were
calculated from quadratic, cubic, and semidiagonal quartic
force fields at the �fc�CCSD�T� /cc-pV�T+d�Z level of
theory for all twelve molecules studied here �ff1� and addi-
tionally at the CCSD�T�/cc-pwCVTZ �ff2� level for mol-
ecules 1, 2, 5, 7, and 8. No indications for �third-rank� Fermi
resonances were found for molecules 1, 8, and 9. From our
calculations the following resonances are identified: mol-
ecule 2: ff1: 	3�2	4 and 	1�	2+	3; ff2: 	1�	2+	3; 3:
	1�2	8; 4: 	1�2	8; 5: ff1 and ff2: 	7�	5+	9 and 	4

�2	9; 6: 	2�2	6 and 	4�	9+	5; 7: ff1 and ff2: 	4�2	5;
10: 	4�2	5; 11: 	4�2	5; 12: 	1�2	6 and 	2�	4+	5.

In the case of resonances the vibrational fundamentals in
Tables XV–XXVI of the SEM were obtained by diagonaliza-
tion of a dressed Hamiltonian �for details see, e.g., Ref. 58�.
In the absence of any gas-phase high resolution spectro-
scopic studies of any of the molecules no quantitative com-
parison of the theoretical vibrational fundamentals against
experiment is feasible. Qualitatively, our results may be com-
pared against data from matrix isolation spectroscopy of se-
lected C2H2Si �1, 2, 3, 5� and HCNSi �7, 8, 9, 10� structural
isomers7–9 which reveals good agreement.

V. CONCLUSIONS

The present paper reports results from high-level
coupled-cluster calculations of twelve small silicon bearing
molecules of the C2H2Si and CNHSi families. The sets of
semiexperimental structural parameters obtained for
c-C2H2Si �1� and H2CCSi �2� agree to within 3�10−4 Å and
0.02° and are in excellent agreement with results from high-
level coupled-cluster calculations performed here, in particu-
lar, with those obtained at the CCSD�T� /cc-p�w�CVXZ �X
=Q,5� levels of theory. Usage of basis sets of quintuple-zeta
quality, however, yields equilibrium bond lengths between
carbon and silicon that appear too short by an amount up to
or even exceeding 10−3 Å, a finding which we identify as
being due to a lack of quadruple excitations in the CCSD�T�
treatment. It is concluded that the CCSD�T�/cc-pwCVQZ
level of theory offers the best computational cost-benefit ra-
tio of all theoretical levels used here in determining accurate
molecular equilibrium structures. A systematic study of a
larger sample of molecules is clearly indicated. Properties
such as zero-point vibrational contributions to the rotational
constants, quartic centrifugal distortion constants, and 14N
quadrupole coupling constants are obtained reliably at mod-
erate computational cost. In addition, theoretical fundamen-
tal frequencies obtained show good agreement with experi-
mental values obtained from matrix isolation spectroscopy of
several species.

Very recently, HSiCCH �3� was characterized by FTMW
spectroscopy and a detailed description of this study will be
given elsewhere.59 This structural isomer is calculated here
to lie 20 kcal/mol above the global minimum 1. The ring
species 4 lies about 40 kcal/mol above ground followed by 5
located at 48 kcal/mol. Given the fact that, for example,
HC3N structural isomers up to 51 kcal/mol above the global
minimum were already detected by FTMW spectroscopy60,61

isomers 4, 5, and probably even 6 might be detectable with
this sensitive technique. The same holds for the CNHSi
structural isomers for which the energetically highest lying
species studied here is found at about 34 kcal/mol above the
global minimum. As found out already in previous studies,
isomer 9 is located only slightly higher than the global mini-
mum �calculated here at 4 kcal/mol� and hence is a prime
candidate for future microwave detection.

Provided sufficient isotopic data is available from ex-
periment, the present study suggests that accurate empirical
equilibrium structures of polyatomic molecules carrying sec-
ond row elements may be obtained with zero-point vibra-
tional contributions calculated at a moderate level of compu-
tational cost, such as CCSD�T� with basis sets of triple-zeta
quality. Systematic studies of larger samples of molecules
are desirable for future quantitative analysis.

ACKNOWLEDGMENTS

The work at Mainz was supported through the Deutsche
Forschungsgemeinschaft �DFG Grant No. GA 370/5-1� and
the Fonds der Chemischen Industrie. The authors gratefully
acknowledge informative discussions with J. Gauss, J. F.
Stanton, J. Vázquez, D. Muders, M. E. Sanz, and M. C.
McCarthy.

1 See the Cologne Database for Molecular Spectroscopy �CDMS� at http://
www.cdms.de for an up-to-date list of astronomically detected molecules.
The CDMS is described in H. S. P. Müller, S. Thorwirth, D. A. Roth, and
G. Winnewisser, Astron. Astrophys. 370, L49 �2001�.

2 D. D. S. MacKay and S. B. Charnley, Mon. Not. R. Astron. Soc. 302,
793 �1999�.

3 M. C. McCarthy, C. A. Gottlieb, and P. Thaddeus, Mol. Phys. 101, 697
�2003�.

4 P. Thaddeus, S. E. Cummins, and R. A. Linke, Astrophys. J. 283, L45
�1984�.

5 M. Guélin, S. Muller, J. Cernicharo, A. J. Apponi, M. C. McCarthy, C. A.
Gottlieb, and P. Thaddeus, Astron. Astrophys. 363, L9 �2000�.

6 M. Guélin, S. Muller, J. Cernicharo, M. C. McCarthy, and P. Thaddeus,
Astron. Astrophys. 426, L49 �2004�.

7 G. Maier, H. P. Reisenauer, and H. Pacl, Angew. Chem., Int. Ed. Engl.
33, 1248 �1994�.

8 G. Maier, H. Pacl, H. P. Reisenauer, A. Meudt, and R. Janoschek, J. Am.
Chem. Soc. 117, 12712 �1995�.

9 G. Maier, H. P. Reisenauer, H. Egenolf, and J. Glatthaar, Eur. J. Org.
Chem. 1998, 1307.

10 M. Izuha, S. Yamamoto, and S. Saito, Can. J. Phys. 72, 1206 �1994�.
11 M. C. McCarthy and P. Thaddeus, J. Mol. Spectrosc. 211, 228 �2002�.
12 M. E. Sanz, M. C. McCarthy, and P. Thaddeus, Astrophys. J. 577, L71

�2002�.
13 G. Frenking, R. B. Remington, and H. F. Schaefer III, J. Am. Chem. Soc.

108, 2169 �1986�.
14 C. D. Sherrill, C. G. Brandow, W. D. Allen, and H. F. Schaefer III, J. Am.

Chem. Soc. 118, 7158 �1996�.
15 S. Ikuta, T. Saitoh, and S. Wakamatsu, J. Chem. Phys. 121, 3478 �2004�.
16 J. R. Flores, I. Pérez-Juste, and L. Carballeira, Chem. Phys. 313, 1

�2005�.
17 Q. Wang, Y. Ding, and C. Sun, Chem. Phys. 323, 413 �2006�.
18 K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon,

Chem. Phys. Lett. 157, 479 �1989�.
19 T. H. Dunning, K. A. Peterson, and A. K. Wilson, J. Chem. Phys. 114,

9244 �2001�.
20 T. H. Dunning, J. Chem. Phys. 90, 1007 �1989�.
21 D. E. Woon and T. H. Dunning, J. Chem. Phys. 103, 4572 �1995�.
22 K. A. Peterson and T. H. Dunning, J. Chem. Phys. 117, 10548 �2002�.
23

ACESII, a quantum-chemical program package written by J. F. Stanton, J.
Gauss, J. D. Watts, P. G. Szalay, and R. J. Bartlett, �2005�, with contri-
butions from A. A. Auer, D. E. Bernholdt, O. Christiansen, M. E. Hard-

214303-9 C2H2Si and CNHSi structural isomers J. Chem. Phys. 130, 214303 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1051/0004-6361:20010367
http://dx.doi.org/10.1046/j.1365-8711.1999.02175.x
http://dx.doi.org/10.1080/0026897021000035197
http://dx.doi.org/10.1086/184330
http://dx.doi.org/10.1051/0004-6361:200400074
http://dx.doi.org/10.1002/anie.199412481
http://dx.doi.org/10.1021/ja00156a008
http://dx.doi.org/10.1021/ja00156a008
http://dx.doi.org/10.1002/(SICI)1099-0690(199807)1998:7<1307::AID-EJOC1307>3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1099-0690(199807)1998:7<1307::AID-EJOC1307>3.0.CO;2-Z
http://dx.doi.org/10.1006/jmsp.2001.8467
http://dx.doi.org/10.1086/344083
http://dx.doi.org/10.1021/ja00269a008
http://dx.doi.org/10.1021/ja960762n
http://dx.doi.org/10.1021/ja960762n
http://dx.doi.org/10.1063/1.1777217
http://dx.doi.org/10.1016/j.chemphys.2004.12.009
http://dx.doi.org/10.1016/j.chemphys.2005.09.043
http://dx.doi.org/10.1016/S0009-2614(89)87395-6
http://dx.doi.org/10.1063/1.1367373
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.470645
http://dx.doi.org/10.1063/1.1520138


ing, M. Heckert, O. Heun, C. Huber, D. Jonsson, J. Jusélius, W. J. Lau-
derdale, T. Metzroth, C. Michauk, D. R. Price, K. Ruud, F. Schiffmann,
A. Tajti, M. E. Varner, J. Vázquez, and the integral packages: MOLECULE

�J. Almloef and P. R. Taylor�, PROPS �P. R. Taylor�, and ABACUS �T. Hel-
gaker, H. J. Aa. Jensen, P. Jørgensen, and J. Olsen�. Current version, see
http://www.aces2.de.

24 J. Gauss, in Encyclopedia of Computational Chemistry, edited by P. v. R.
Schleyer, N. L. Allinger, T. Clark, J. Gasteiger, P. A. Kollmann, H. F.
Schaefer, and P. R. Schreiner �Wiley, Chichester, 1998�, pp. 615–636.

25
CFOUR, a quantum-chemical program package written by J. F. Stanton, J.
Gauss, M. E. Harding, P. G. Szalay with contributions from A. A. Auer,
R. J. Bartlett, U. Benedikt, C. Berger, D. E. Bernholdt, O. Christiansen,
M. Heckert, O. Heun, C. Huber, D. Jonsson, J. Jusélius, K. Klein, W. J.
Lauderdale, D. Matthews, T. Metzroth, D. P. O’Neill, D. R. Price, E.
Prochnow, K. Ruud, F. Schiffmann, S. Stopkowicz, M. E. Varner, J.
Vázquez, F. Wang, J. D. Watts, and the integral packages MOLECULE �J.
Almlöf and P. R. Taylor�, PROPS �P. R. Taylor�, ABACUS �T. Helgaker,
H. J. Aa. Jensen, P. Jørgensen, and J. Olsen�, and ECP routines by A. V.
Mitin and C. van Wüllen. For the current version, see http://
www.cfour.de.

26 M. E. Harding, T. Metzroth, J. Gauss, and A. A. Auer, J. Chem. Theory
Comput. 4, 64 �2008�.

27 Y. J. Bomble, J. F. Stanton, M. Kállay, and J. Gauss, J. Chem. Phys. 123,
054101 �2005�.

28 M. Kállay and J. Gauss, J. Chem. Phys. 123, 214105 �2005�.
29 M. Kállay, MRCC, a string-based many-mody program. Current version,

see http://www.mrcc.hu.
30 J. D. Watts, J. Gauss, and R. J. Bartlett, Chem. Phys. Lett. 200, 1 �1992�.
31 J. Gauss and J. F. Stanton, Chem. Phys. Lett. 276, 70 �1997�.
32 J. F. Stanton and J. Gauss, Int. Rev. Phys. Chem. 19, 61 �2000�.
33 J. F. Stanton, C. L. Lopreore, and J. Gauss, J. Chem. Phys. 108, 7190

�1998�.
34 K. L. Bak, J. Gauss, P. Jørgensen, J. Olsen, T. Helgaker, and J. F. Stanton,

J. Chem. Phys. 114, 6548 �2001�.
35 F. Pawłowski, P. Jørgensen, J. Olsen, F. Hegelund, T. Helgaker, J. Gauss,

K. L. Bak, and J. F. Stanton, J. Chem. Phys. 116, 6482 �2002�.
36 P. Botschwina, Mol. Phys. 103, 1441 �2005�.
37 J. F. Stanton, J. Gauss, and O. Christiansen, J. Chem. Phys. 114, 2993

�2001�.

38 S. Thorwirth, M. C. McCarthy, C. A. Gottlieb, P. Thaddeus, H. Gupta,
and J. F. Stanton, J. Chem. Phys. 123, 054326 �2005�.

39 O. Baum, S. Esser, N. Gierse, S. Brünken, F. Lewen, J. Hahn, J. Gauss, S.
Schlemmer, and T. F. Giesen, J. Mol. Struct. 795, 256 �2006�.

40 C. Puzzarini, G. Cazzoli, A. Gambi, and J. Gauss, J. Chem. Phys. 125,
054307 �2006�.

41 S. Thorwirth, M. E. Harding, D. Muders, and J. Gauss, J. Mol. Spectrosc.
251, 220 �2008�.

42 I. M. Mills, in Molecular Spectroscopy: Modern Research, edited by K.
N. Rao and C. W. Mathews �Academic, New York, 1972�, pp. 115–140.

43 C. Michauk and J. Gauss, J. Chem. Phys. 127, 044106 �2007�.
44 C. Michauk and J. Gauss �unpublished�.
45 W. H. Flygare, Chem. Rev. �Washington, D.C.� 74, 653 �1974�.
46 R. A. Kendall, T. H. Dunning, and R. J. Harrison, J. Chem. Phys. 96,

6796 �1992�.
47 D. E. Woon and T. H. Dunning, J. Chem. Phys. 98, 1358 �1993�.
48 J. Gauss, K. Ruud, and T. Helgalker, J. Chem. Phys. 105, 2804 �1996�.
49 J. Gauss, K. Ruud, and M. Kállay, J. Chem. Phys. 127, 074101 �2007�.
50 J. Demaison, Mol. Phys. 105, 3109 �2007�.
51 S. Coriani, D. Marcheson, J. Gauss, C. Hättig, T. Helgaker, and P. Jør-

gensen, J. Chem. Phys. 123, 184107 �2005�.
52 W. Gordy and R. L. Cook, Microwave Molecular Spectra, 3rd ed. �Wiley,

New York, 1984�.
53 See EPAPS Document No. E-JCPSA6-130-028922 for electronic supple-

mentary material. For more information on EPAPS, see http://
www.aip.org/pubservs/epaps.html.

54 C. Puzzarini, M. Heckert, and J. Gauss, J. Chem. Phys. 128, 194108
�2008�.

55 V. Barone, J. Chem. Phys. 120, 3059 �2004�.
56 M. S. Schuurman, S. R. Muir, W. D. Allen, and H. F. Schaefer III, J.

Chem. Phys. 120, 11586 �2004�.
57 Y. J. Bomble, J. Vázquez, M. Kállay, C. Michauk, P. G. Szalay, A. G.

Császár, J. Gauss, and J. F. Stanton, J. Chem. Phys. 125, 064108 �2006�.
58 I. M. Konen, E. X. J. Li, M. I. Lester, J. Vázquez, and J. F. Stanton, J.

Chem. Phys. 125, 074310 �2006�.
59 M. C. McCarthy �unpublished�.
60 Y. Hirahara, Y. Ohshima, and Y. Endo, Astrophys. J. 403, L83 �1993�.
61 R. Kołos and J. C. Dobrowolski, Chem. Phys. Lett. 369, 75 �2003�.

214303-10 S. Thorwirth and M. E. Harding J. Chem. Phys. 130, 214303 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1021/ct700152c
http://dx.doi.org/10.1021/ct700152c
http://dx.doi.org/10.1063/1.1950567
http://dx.doi.org/10.1063/1.2121589
http://dx.doi.org/10.1016/0009-2614(92)87036-O
http://dx.doi.org/10.1016/S0009-2614(97)00811-7
http://dx.doi.org/10.1080/014423500229864
http://dx.doi.org/10.1063/1.476136
http://dx.doi.org/10.1063/1.1357225
http://dx.doi.org/10.1063/1.1459782
http://dx.doi.org/10.1080/00268970500070116
http://dx.doi.org/10.1063/1.1327270
http://dx.doi.org/10.1063/1.1942495
http://dx.doi.org/10.1016/j.molstruc.2006.02.037
http://dx.doi.org/10.1063/1.2220041
http://dx.doi.org/10.1016/j.jms.2008.02.020
http://dx.doi.org/10.1063/1.2751161
http://dx.doi.org/10.1021/cr60292a003
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.464303
http://dx.doi.org/10.1063/1.472143
http://dx.doi.org/10.1063/1.2755664
http://dx.doi.org/10.1080/00268970701765811
http://dx.doi.org/10.1063/1.2104387
http://dx.doi.org/10.1063/1.2912941
http://dx.doi.org/10.1063/1.1637580
http://dx.doi.org/10.1063/1.1707013
http://dx.doi.org/10.1063/1.1707013
http://dx.doi.org/10.1063/1.2206789
http://dx.doi.org/10.1063/1.2234772
http://dx.doi.org/10.1063/1.2234772
http://dx.doi.org/10.1086/186727
http://dx.doi.org/10.1016/S0009-2614(02)01982-6

