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average quadratic coupled cluster extensivity corrections
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Extended complete active space self-consistent field (CASSCF), multireference configuration
interaction with singles and doubles (MR-CISD), and multireference average quadratic coupled
cluster (MR-AQCC) calculations have been performed on the ground (S,) and first excited (no”",S)
states of the CF;Cl molecule. Full geometry optimizations have been carried out for S, as well as
“relaxed” potential energy calculations for both states, along the C—Cl bond distance. Vertical
excitation energies (AE,qqica)» dissociation energies (AEy;), dissociation enthalpies (AHg;,), and
the oscillator strength (f) have also been computed. Basis set effects, basis set superposition error
(BSSE), and spin-orbit and size-extensivity corrections have also been considered. The general
agreement between theoretical and available experimental results is very good. The best results for
the equilibrium geometrical parameters of S, (at MR-AQCC/aug-cc-pVTZ+d level) are 1.762 and
1.323 A, for the C—Cl and C—F bond distances, respectively, while the corresponding experimental
values are 1.751 and 1.328 A. The / ¢cp and Z pcp bond angles are in excellent agreement with the
corresponding experimental values (110.3° and 108.6°). The best calculated values for AE,qqicans
AHg, and f are 7.63eV [at the MR-AQCC/aug-cc-pV(T+d)Z level], 3.59 eV
[MR-AQCC/aug-cc-pV(T+d)Z level+spin-orbit and BSSE corrections], and 2.74X 1073
(MR-CISD/cc-pVTZ), in comparison with the corresponding experimental values of 7.7+0.1 eV,
3.68 eV, and 3.12X 1073+2.50 X 107*. The results concerning the potential energy curves for S, and
S, show a tendency toward the nonoccurrence of crossing between these two states (in the
intermediate region along the C-Cl coordinate), as the basis set size increases. Such tendency is
accompanied by a decreasing well depth for the S; state. Dynamic electronic correlation (especially
at the MR-AQCC level) is also an important factor toward an absence of crossing along the C-Cl
coordinate. Further investigations of a possible crossing using gradient driven techniques (at
CASSCEF and MR-CISD levels) seem to confirm its absence. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2800020]

I. INTRODUCTION

The role of clorofluorcarbons (CFCs) as depleting agents
of Earth’s ozone layer in the stratosphere has been well
established,' being nowadays a subject of great concern.*”’
CFC action as ozone depleters is connected to their photo-
dissociation, which yields chlorine radicals (CI-) that cata-
lyze the cleavage of ozone molecules through chain
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reactions.' Therefore, the study of the photochemistry of
such molecules is crucial in order to get a deeper insight into
their mechanism of action.

The energies of the lowest electronically excited states
of CFCs, obtained from absorption spectra, lay in the range
of 6.5-9.7 eV.5'" Between approximately 6.5 and 8.8 eV
the absorption spectra can be characterized by very broad,
weak bands corresponding to transitions from the CI lone
pairs (n,3p) to the antibonding C—Cl ¢ orbitals. Such tran-
sitions are expected to be dissociative, thus leading to forma-
tion of Cl- and chlorofluoromethyl radicals. The no” transi-
tions in CF,CL'""* CF,Cl,,"" CFCL,," CCl,," and CHF,CI
(Ref. 14) contain a significant quadrupole component that
resembles that of an atomic p— p transition in a CI atom,
which explains its low intensity, despite its dipole-allowed

© 2007 American Institute of Physics
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nature. Much stronger and sharper bands lay between ap-
proximately 8.9 and 9.7 eV. These bands have been assigned
to n—(4s,4p,4d) Rydberg transitions. The lack of well-
defined vibrational structure in these Rydberg absorption
bands suggests the involvement of dissociative or rapidly
predissociated upper states.'” The photodissociation of CF;X
(where X=H,Cl,Br) can be monitored from emission spec-
tra of the CF;: radical.'®

In the case of CF;Cl, the no” band has its maximum at
about 7.7 eV,'? while the Rydberg band maximum is found
at about 9.7 eV.* Despite the lower intensity of the no™ tran-
sition (as compared with the Rydberg series), there are two
important and still open questions that can be expected to be
successfully addressed by high-level quantum chemistry cal-
culations: (i) Is the no” state repulsive or attractive (along
the C—Cl coordinate)? If it is attractive, what is the associ-
ated well depth? and (ii) is there any crossing of this state
with the ground state in the intermediate C—Cl region? A
positive answer to the first question would possibly imply a
greater lifetime for the no™ state, when compared to the situ-
ation in which this state is repulsive. A positive answer to the
second question would imply a possible recombination chan-
nel via the no” state. Ying et al. 12 performed potential energy
calculations along the C—Cl bond distance for the ground
(So) and no” (S,) states of CF;Cl, at the ab initio configura-
tion interaction singles (CIS) level with the 6-31G and
6-31++G™" basis sets. These authors obtained dissociation
energies of about 8.1 and 2 eV for the S, and S; states,
respectively. Besides, they also obtained a Sy/S; crossing
above 0.4 nm, with both basis sets. As we shall show later in
this paper, CIS calculations are not accurate enough to de-
scribe some features of these two states. For instance, the
dissociation energy of S, is overestimated, while there are
strong indications that the S, state is repulsive along the
C—Cl coordinate. Another important point is that Sy and S;
should cross only upon complete dissociation. Vertical exci-
tation energies are also too high at the CIS level."?

More accurate calculations concerning the dissociation
energy of CF;Cl have been performed by Roszak er al., at
the MP2/aug-cc-pVTZ level,' and a value of 4.014 eV has
been obtained. These authors also performed full geometry
optimization for this molecule. To the best of our knowledge,
there is only one paper dealing with multireference CI cal-
culations on the CF;Cl molecule."® That study was per-
formed only for the ground state and was based on a two
electron two orbitals complete active space calculation,
(CAS)(2,2), with a cc-pVDZ basis set.’ In the reported po-
tential energy calculations along the C—CI bond distance, the
CF; moiety was held fixed in its asymptotic equilibrium ge-
ometry while the Cl atom approaches.18 Besides, the C—Cl
separation range investigated went only from 3.0 to 5.0 A;
such range was selected taking into consideration only the
kinetically important region for the dissociation and is cer-
tainly not wide enough to allow for reaching the minimum
energy along this coordinate.

In general, single-reference CI methods [such as CIS,
configuration interaction with singles and doubles (CISD),
etc.] can give good results in special cases, but they are most
of times not good enough for general surveys of potential
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energy surfaces. With a proper choice of the active orbitals, a
MCSCF wave function'” has the required flexibility to quali-
tatively describe the main changes occurring in the wave
function character along extended sections of potential en-
ergy surfaces. However, results obtained with this method
are often not quantitatively satisfactory, since it does not take
into account dynamic electron correlation effects. State-
averaged multiconfigurational self-consistent field (SA-
MCSCF), in combination with multireference configuration
interaction with singles and doubles®® (MR-CISD) methods,
provides stable, accurate, and robust procedures for the in-
vestigation of entire energy surfaces. State averaging at the
MCSCEF level provides for a balanced set of molecular orbit-
als (MOs), and the MR-CISD approach based on such MOs
is well suited for simultaneous calculation of a multitude of
states. Size-extensivity corrections on the MR-CISD wave
function are important and can be computed by means of the
generalized Davidson method (MR-CISD+Q),*"*** which is
an a posteriori approach or, in a more general and consistent
way, by an a priori approach, represented by the multirefer-
ence averaged quadratic coupled cluster (MR-AQCC)
method. " The availability of analytical energy gradients
with respect to nuclear coordinates is another major advan-
tage of the MR-CISD and MR-AQCC methods.”®?

There are several experimental difficulties concerning
characterization of the no™ state. For instance, the study con-
cerning vacuum ultraviolet (VUYV) absorption spectra
(200—120 nm) of CF;Cl, by Doucet er al.? reported this
transition as a very weak and structureless shoulder of a
nearby Rydberg peak, making its precise location very diffi-
cult. The K-resolved electron energy loss spectroscopy
(KEELS) technique has significantly improved the detection
of very weak dipole-allowed and dipole-forbidden transi-
tions. (Ref. 12 and references therein). As aforementioned,
the no” transition corresponds to a very weak quadrupolelike
transition, which have been very successfully characterized
through the KEELS technique.'”

The VUV photolysis study of CF;Cl at 187 nm
(6.63 eV) performed by Yen ez al.,** using the technique of
time-of-flight mass spectrometry, did not lead to any detect-
able fragmentation. Besides, the photofragmentation study of
Matsumi er al.’' at 193 nm (6.42 eV), in which chlorine
atom photofragments are detected by the resonance enhanced
multiphoton ionization technique, did not produce any ob-
servable chlorine fragmentation, probably because the ab-
sorption coefficient is too small. Photofragmentation at
157 nm (~7.9 eV) also yielded no CI* (2P1/2) signal. This
dissociation channel probably corresponds solely to the no
state, since there is no Rydberg character in this state, a fact
that is confirmed by our calculations, as observed by com-
parison between the (r?) values [where r=(x,y,z) vector] of
the ground and no” states. The main factors which contribute
to the fine-structure branching ratios are the absorption coef-
ficient and the probability for the states to jump from one
potential curve to another one.*? Since both ground and no"
(singlet) states correlate to the chlorine ground state
(2P3,2),31’33 it is not possible to conclude, from this type of
experiments, if there is a crossing between these two states in
the intermediate region. Thus, since the photodissociation via
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the no" channel is very difficult to measure, accurate ab
initio calculations are required if one wants to answer the
aforementioned questions. Besides, highly accurate potential
energy surfaces may be very helpful in the interpretation of
the photochemistry of this type of molecules.**?** Therefore,
in this study benchmark multireference CI calculations were
performed on the ground and no” excited states of the CF5Cl
molecule.

Il. COMPUTATIONAL DETAILS

The ground state electronic configuration of CF;Cl may
be written as follows, in Cs, notation:>¢
inner shells:

(C1 15)*(F 15)%(C 15)*(Cl 25)*(C1 2p)°,

valence shells:

(6a1)*(3e)* (Tay)*(8ay)*(4€)*(9a;)*(5¢)*(6e)*(1a,)*
(10a,)*(7e)*(11a,)°.

The 10a,, 7e, and 11a, orbitals correspond to the o (C—
Cl), n (C1,3p,,3p,), and " (C—Cl) orbitals, respectively.
Therefore, the ground state is of A; symmetry (1 lAl), while
the first excited state is of E symmetry (1 'E, doubly degen-
erate). Upon breakage of the C—CI bond, the three p orbitals
of chlorine atom become degenerate. The 3p, orbital is the
one which takes part in the formation of the o bond and
contains more bonding character, while the quasi-sp> hybrid
orbital (which is the one that contains the unpaired electron
of the CF;- radical) contains more o character. Therefore, a
“natural” multiconfigurational choice is to include all of
them in the active space.

The first step in the calculations here reported consists of
a state-averaged MCSCF calculation,37 where the same
weight was given to all states considered. The active space is
a CAS (6,4), that is, six electrons are distributed, in all pos-
sible ways (consistent with spin and space symmetry) among
the o (C-Cl), (n,,n,), and & (C—Cl) orbitals. The same ac-
tive space was chosen for the construction of the reference
configuration state functions (CSFs). C; symmetry (where
the symmetry plane is the xy plane and contains one atom of
each type: one F, one C, and one Cl atom) was used in all
calculations, and the 1'A’, 2'A’, and 1'A” states (which
correspond to the 1 1A1 and 1 'E states in C;, symmetry)
were considered. The Dunning’s correlation consistent cc-
pVDZ, aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ basis
sets’®*? were used in these calculations. The cc-pV(n+d)Z
basis set has been proposed in order to give a better descrip-
tion of the dissociation process for molecules containing sec-
ond row atoms,*” as compared to the standard cc-pVnZ set. It
is formed by adding high-exponent d functions to the
(1d)-(3d) sets in the standard correlation consistent basis set,
so that the exponents to be used in the final d sets must yield
a smooth progression, systematically increasing their cover-
age of basis function space as n increases.”’ Therefore, this
basis set has also been included in the present investigation.
The final expansions for the subsequent MR-CISD and MR-
AQCC wave functions were built from the reference CSFs
and all single and double excitations thereof into all virtual
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orbitals. The CI dimensions treated in this work vary from
about 2.2X 10° (MR-CISD/cc-pVDZ) to about 53.9 X 10°
CSFs (MR-AQCC/aug-cc-pV(T+d)Z). The aforementioned
inner shell orbitals were kept frozen in all post-MCSCF cal-
culations. Several MR-AQCC calculations of 2 'A’ and
1 'A” states showed intruder-state problems, that is, few
(maximum three) additional CSFs not included in the refer-
ence space obtained an unreasonably large weight. Any
weight larger than 1% is considered an intruder state. The
importance of inclusion of such CSFs in the reference space
is twofold: (i) to speed up the convergence of the
eigenvalues/eigenvectores and (ii) to yield smooth potential
energy curves. In order to get rid of this problem, these in-
dividual CSFs were included in the reference space as well.
The COLUMBUS program system was used for all
calculations.*' ™ The atomic orbitals (AO) integrals and AO
gradient integrals were computed with program modules
taken from DALTON.*

Full geometry optimizations for the ground state were
performed in natural internal coordinates, as defined by
Fogarasi et al. e using the GDIIS procedure.47 Based on this
initial geometry, ‘“relaxed” potential energy calculations
along the C-CI bond were performed (i.e., for each point,
only the C—Cl coordinate was kept frozen, while the remain-
ing degrees of freedom were optimized). The distances con-
sidered for the C—CI bond varied from about 1.8 approxi-
mately to 10.8 A. The first point always corresponded to the
C-Cl distance in the ground state optimized geometry. For
consistency in computing the dissociation energy, the “super-
molecule” approach, with the two considered molecular frag-
ments of 100 A away from each other, was used instead of
the isolated fragments. This approach avoided the possibility
of an unequal computation of the size-extensivity correction
that would result if one compared the isolated fragments with
the bonded molecule.

The basis set superposition error (BSSE) has been con-
sidered as well, through the counterpoise (CP)
correction.*®* Such correction can, in principle, be applied
either to the calculation of interaction energies (as dissocia-
tion and complexation energies, for instance) or to obtain
corrected potential energy surfaces.™ In the present paper we
have only corrected the dissociation energies and enthalpies.
The potential energy curve of the ground state could be cor-
rected as well. However, it is not possible to correct the
energy of the no” state, since the CP correction involves
calculations on the isolated fragments, and such state is not
defined for the isolated fragments. Since for the purposes of
the present paper it does not make sense to correct only one
of the two states, such correction has not been performed.

The spin-orbit effect has been considered at CASSCF
level only, through the algorithm of Abegg51 implemented in
GAUSSIAN 98. In order to compute the spin-orbit coupling (in
the present case between singlet and triplet states), the inte-
grals are calculated in a one-electron approximation involv-
ing relativistic terms, and then effective atomic charges are
adjusted to reproduce experimental results (e.g., fine-
structure splittingsSI’SS), avoiding the necessity of calculating
the highly time-consuming two-electron spin-orbit integrals.
Two electron effects are thus taking into account
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TABLE 1. Ground state equilibrium geometrical parameters of CF;Cl (distances in angstroms and angles in
degrees). Abbreviations DZP: cc-pVDZ, aug-DZP: aug-cc-pVDZ, TZP: cc-pVTZ, aug-TZP: aug-cc-pVTZ,
DZP+d: cc-pV(D+d)Z, aug-DZP+d: aug-cc-pV(D+d)Z, TZP+d: cc-pV(T+d)Z, aug-TZP+d: aug-cc-pV(T
+d)Z.

Req Rcr ZLcicr aves
MCSCF DzZP 1.800 1.303 109.9 109.0
DZP+d 1.793 1.304 110.0 109.0
aug-DZP 1.812 1.307 109.9 109.0
aug-DZP+d 1.807 1.308 109.9 109.0
TZP 1.803 1.297 109.8 109.1
TZP+d 1.800 1.297 109.9 109.1
aug-TZP 1.815 1.298 109.8 109.1
aug-TZP+d 1.812 1.298 109.8 109.1
MR-CISD Dzp 1.776 1.317 110.1 108.9
DZP+d 1.768 1.317 110.1 108.8
aug-DZP 1.778 1.323 110.2 108.7
aug-DZP+d 1.770 1.324 110.3 108.6
TZP 1.769 1.306 110.1 108.9
TZP+d 1.766 1.306 110.1 108.8
aug-TZP 1.774 1.307 110.1 108.8
aug-TZP+d 1.771 1.307 110.1 108.8
MR-AQCC Dzp 1.774 1.330 110.2 108.8
DZP+d 1.765 1.331 110.3 108.6
aug-DZP 1.771 1.341 110.4 108.5
aug-DZP+d 1.762 1.342 110.5 108.4
TZP 1.767 1.321 110.2 108.6
TZP+d 1.762 1.321 110.2 108.7
aug-TZP 1.766 1.321 110.3 108.7
aug-TZP+d 1.762 1.323 110.3 108.6
Experimental” 1.751+0.005 1.328+0.002 110.3+0.4 108.6+0.4
“Reference 59.
empirically.ﬂ*57 Once the couplings are obtained, the sin- has been used in the calculations, the optimized structure has

glets’” energies are corrected through second-order perturba-
tion theory. According to this implementation, one has to
input between which states the spin-orbit couplings are to be
calculated. Consequently, such couplings only make sense
for the CF;Cl molecule, since for both CF; and chlorine
fragments only the ground state is considered, and, besides,
the kind of CF;Cl excited states here considered (singlet and
triplet no”) is consequence of an interaction between the
fragments. Therefore, in order to take the spin-orbit effect
into account for the isolated fragments, we have used the
approximation that only the chlorine atom is responsible for
it. According to the tables given by Moore,® the ground state
of the Cl atom is stabilized by 0.84 kcal/mol (0.0364 V), as
a consequence of spin-orbit coupling. Such assumption
seems to be reasonable, since in the bonded CF;Cl molecule
the presence of spin-orbit effects is mainly due to the chlo-
rine atom. Indeed, the stabilization energies due to the spin-
orbit effect are  0.09 kcal/mol  (0.0039 ¢V) and
0.38 kcal/mol (0.0165 eV) for the ground states of carbon
and fluorine atoms, respectively.58

lll. RESULTS AND DISCUSSION
A. Geometric parameters

The calculated ground state equilibrium geometrical pa-
rameters of CF;Cl are given in Table I. Though C; symmetry

equal C-F distances, as well as equal £ g and £ ¢icp bond
angles (that is, a C3, geometry has been obtained). As it can
be seen from the results shown in this table, for a given basis
set there is a tendency to a decrease in the C—Cl bond dis-
tance as more electron correlation is included (that is, in the
order MCSCF— MR-CISD —MR-AQCC). An exception is
found for the cc-pVDZ basis set, which is considered too
small. An opposite trend has been obtained for the C-F bond
distances. The inclusion of additional d functions in the stan-
dard cc-pVnZ and aug-cc-pVnZ sets has a small but non-
negligible effect on the C—Cl bond distances, as expected. As
can be seen from Table I, such inclusion leads to a decrease
in the C—Cl bond distance. For the C—F bond distance such
effect is much smaller and almost negligible, as expected,
since the cc-pV(n+d)Z [and aug-cc-pV(n+d)Z] sets have
been designed only for second row atoms.

The effect of diffuse functions on the C—Cl bond dis-
tance is greater at the MCSCEF level, probably due to the lack
of dynamic electron correlation, and tends to increase the
bond distance. At the MR-CISD level, the same trend holds,
although to a lesser extension. On the other hand, at the
MR-AQCC level, the diffuse functions lead to a shorter
bond, and the effect is almost negligible if one compares the
cc-pVTZ basis set with the aug-cc-pVTZ basis set. In the
case of the C—F bonds, diffuse functions lead to an increase
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164320-5 Dissociation of states of CF;Cl

in the bond lengths at all levels of theory considered. For the
double-zeta basis set, the more accurate is the wave function,
the greater is this effect (see Table I); for the triple-zeta basis
set, the effect is essentially independent of the computational
level. Very small changes have been observed for the bond
angles, either varying the level of theory used or the basis
set.

The global agreement between the optimized geometries
and the experimental results is very good, the best perfor-
mance being obtained at the MR-AQCC/aug-cc-pV(T+d)Z
level, which yielded C—Cl and C-F bond distances of 1.762
and 1.323 A, respectively (those shall be compared with the
experimental values of 1.751 and 1.328 10\, see Table I). The
Z cicr and Zgcp bond angles obtained with this method/basis
set are 110.3° and 108.6°, also in excellent agreement with
the corresponding experimental values [110.3° and 108.6°
(Ref. 59)].

The present results can also be compared with those ob-
tained by Roszak er al."’ using the MP2 method along with
relativistic effective core potentials (RECPs) that treats all
but the nsznp5 shells in the core for F, Cl, and all but the
2522p5 shells in the core for the carbon atom.®® Such RECP
basis sets were supplemented by six-component d Gaussian
functions adopted from Dunning and Hay61 and by a set of
diffuse s and p functions.®> The best values obtained by
Roszak ef al.'” were 1.748 A, 1.342 A, and 108.3° for C-Cl
and C-F bond distances and Z rcp bond angles, respectively.
If one takes into account the standard deviations of the geo-
metric parameters,59 one can conclude that, concerning the
C—Cl bond distance and the bond angles, the results of the
present study are of similar quality to those of Roszak et al. 1
However, our calculations at the highest level
[MR-AQCC/aug-cc-pV(T+d)Z] yield a far better descrip-
tion of the C—F bond distance [1.323 A, compared to the
experimental value of 1.328+0.002 A, while the value ob-
tained by Roszak er al. is 1.342 A (Ref. 17)]. Roszak er al.
also observed a small increase of 0.007 A in the C—CI bond
distance when additional diffuse functions are included in the
basis set and an almost negligible effect of such functions on
both the C-F bond distances and Z g bond angles. With the
exception of the MR-AQCC calculations, the present results
show a similar effect of the diffuse functions on the C-Cl
bond distance.

In order to compute dissociation energies, enthalpies,
and size-extensivity errors, full geometry optimizations have
also been performed for the CF;- radical, using the same
computational methodologies and basis sets. Though the
analysis of this geometry per si is not one of the aims of the
present study, such analysis is important to assess the accu-
racy of the results in comparison with that of the CF;Cl
molecule, an important requisite in order to obtain consistent
results concerning the three aforementioned quantities. As
can be seen from Table II, the agreement between our best
result (MR-AQCC/aug-cc-pVTZ, for which Rep=1.313 A
and Zpcp=111.3°) and the experimental result [Rcp
=1.318+0.002 A, Zpcp=110.7+0.4° (Ref. 63)] is very
good. There is also a good agreement between our MCSCF/
cc-pVDZ results and the previous results obtained by
Dixon® (see Table II) from restricted open-shell Hartree-
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TABLE II. Ground state equilibrium geometrical parameters of the CF;-
radical (distances in angstroms and angles in degrees). Abbreviations: DZP:
cc-pVDZ, aug-DZP: aug-cc-pVDZ, TZP: cc-pVTZ, aug-TZP: aug-cc-pVTZ.

R ZLrcr

MCSCF DZp 1.300 111.3

aug-DZP 1.303 111.3

TZP 1.291 111.5

aug-TZP 1.290 111.5

MR-CISD DZpP 1.312 111.3

aug-DZP 1.317 111.3

TZP 1.298 111.6

aug-TZP 1.299 1114

MR-AQCC DZp 1.325 111.1
aug-DZP 1.333 111

TZP 1.312 1114

aug-TZP 1.313 111.3

Previous results” 1.300 1114

Experimental values® 1.318+0.002 110.7+£0.4

“Reference 64.
PReference 63.

Fock calculations using a double-zeta quality basis set aug-
mented by a set of polarization functions.®! Such agreement
indicates the relatively small effect played by the static elec-
tron correlation on the geometry of the CF5- radical.

B. Electronic parameters
1. Size-extensivity error

The values obtained for size-extensivity errors are
shown in Table III. This error is defined as the energy differ-
ence between the optimized supermolecule and the isolated
fragments (CF5- and Cl.). It is worth to mention that the CF5-
fragment was found to have essentially the same geometry
within the supermolecule and as an isolated species, which is
a strong evidence for a negligible interaction between the
CF;- and CI- fragments at the distance used in the supermol-
ecule calculations (100 A). As can be seen from Table III,
size-extensivity corrections calculated at both the MR-CISD
and MR-CISD+Q levels increase with the basis set size be-
cause of the larger percentage of electron correlation
recovered.®® At the MR-AQCC level, except for the aug-cc-
pVTZ basis set the energy of the supermolecule is smaller
than the sum of the fragments’ energy (yielding a negative

TABLE III. Size-extensivity errors. Values in eV. Abbreviations: DZP: cc-
pVDZ, aug-DZP: aug-cc-pVDZ, TZP: cc-pVTZ, aug-TZP: aug-cc-pVTZ.

MR-CISD MR-CISD+Q MR-AQCC

DZP 0.924 0.405 -0.0174
DZP+d 0.974 0.437 -0.0153
aug-DZP 1.097 0.537 -0.0161
aug-DZP+d 1.156 0.579 -0.0135
TZP 1.474 0.759 -0.0124
TZP+d 1.497 0.782 —0.0115
aug-TZP 1.531 0.810 0.0193
aug-TZP+d 1.553 0.831 -0.0119
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TABLE 1V. Calculated values of vertical excitation energy (AE,qqica), dissociation energy (AEg;,), dissociation
enthalpy (AHy), including zero-point energies, and oscillator strength (f). Values in eV. Abbreviations: DZP:
cc-pVDZ, aug-DZP: aug-cc-pVDZ, TZP: cc-pVTZ, aug-TZP: aug-cc-pVTZ, DZP+d: cc-pV(D+d)Z,
aug-DZP+d: aug-cc-pV(D+d)Z, TZP+d: cc-pV(T+d)Z, aug-TZP+d: aug-cc-pV(T+d)Z. Scaling factors for
vibrational frequencies: CASSCF/DZP, CASSCF/DZP+d, CASSCF/TZP, and CASSCF/TZP+d 0.889;
CASSCF/aug-DZP, CASSCF/aug-DZP+d, CASSCF/aug-TZP, and CASSCF/aug-TZP+d 0.882; MR-CISD/
DZP, MR-CISD/DZP+d, MR-CISD/TZP, and MR-CISD/TZP+d 0918; MR-CISD/aug-DZP,
MR-CISD/aug-DZP+d, MR-CISD/aug-TZP, and MR-CISD/aug-TZP+d 0.916; MR-AQCC/DZP,
MR-AQCC/DZP+d,  MR-AQCC/TZP, and MR-AQCC/TZP+d  0.960; MR-AQCC/aug-DZP,
MR-AQCC/aug-DZP+d, MR-AQCC/aug-TZP, and MR-AQCC/aug-TZP+d 0.968. Values in parenthesis in-
clude spin-orbit+BSSE corrections. Spin-orbit correction obtained from CASSCF calculations has been used

J. Chem. Phys. 127, 164320 (2007)

for the other methods.

MCSCF MR-CISD MR-CISD+Q MR-AQCC
AE rical DZp 791 8.24 8.24 8.19
DZP+d 7.96 8.26 8.24 8.19
aug-DZP 7.50 7.81 7.78 7.64
aug-DZP+d 7.50 7.79 7.74 7.67
TZP 7.78 8.08 8.03 7.95
TZP+d 7.717 8.05 7.99 791
aug-TZP 7.50 7.82 7.76 7.67
aug-TZP+d 7.48 7.78 7.71 7.63
Experimental” 7.7+0.1
AE i DZp 2.64 (2.53) 3.18 (2.95) 3.33 (3.08) 3.37 (3.18)
DZP+d 2.69 (2.58) 3.23 (2.98) 3.38 (3.11) 3.41 (3.14)
aug-DZP 2.65 (2.55) 3.27 (3.10) 3.43 (3.25) 3.47 (3.29)
aug-DZP+d 2.69 (2.59) 3.32 (3.11) 3.48 (3.27) 3.51 (3.30)
TZP 2.76 (2.70) 3.37 (3.25) 3.54 (3.41) 3.57 (3.44)
TZP+d 2.78 (2.72) 3.40 (3.29) 3.56 (3.44) 3.60 (3.48)
aug-TZP 2.73 (2.68) 3.41 (3.34) 3.59 (3.52) 3.66 (3.52)
aug-TZP+d 2.75 (2.70) 3.44 (3.37) 3.61 (3.54) 3.65 (3.53)
AH g DZp 2.71 (2.60) 3.25 (3.02) 3.40 (3.15) 3.43 (3.24)
DZP+d 2.75 (2.64) 3.30 (3.05) 3.44 (3.18) 3.48 (3.21)
aug-DZP 2.72 (2.62) 3.34 (3.17) 3.50 (3.32) 3.54 (3.36)
aug-DZP+d 2.76 (2.66) 3.38 (3.18) 3.54 (3.33) 3.58 (3.37)
TZP 2.82 (2.76) 3.44 (3.32) 3.60 (3.47) 3.64 (3.51)
TZP+d 2.85 (2.78) 3.47 (3.36) 3.63 (3.51) 3.66 (3.54)
aug-TZP 2.79 (2.74) 3.48 (3.41) 3.65 (3.58) 3.72 (3.59)
aug-TZP+d 2.81 (2.76) 3.50 (3.43) 3.68 (3.61) 3.72 (3.59)
Experimentalb 3.68
f DZP 7.13%x1073 6.17x 107
aug-DZP 1.56 X 1072 3.83%x1073
TZP 133X 1072 2.74x1073
Experimental® 3.12X1073£2.50 % 107

“Reference 12.
PReference 72.

size-extensivity error), and such difference decreases (in ab-
solute value) in the order cc-pVDZ>aug-cc-pVDZ
>cc-pVTZ (see Table III). The same trend holds for the
newly developed basis sets, that is, the cc-pV(n+d)Z, along
with their augmented counterparts. The aug-cc-pVTZ basis
set yields results that are qualitatively different from the pre-
vious ones, in the sense that in this case the energy of the
supermolecule is greater than that of the isolated fragments.
It can thus be expected that more flexible basis sets (i.e.,
cc-pVQZ and aug-cc-pVQZ) would again decrease these
positive size-extensivity errors. The most important result at
this point is that the MR-AQCC size-extensivity errors are

much smaller than the corresponding errors resulting from
the MR-CISD+Q approach, a result that has been also
found, for example, in the study of the Cope rearrangement
of 1,5-hexadiene.66

2. Vertical excitation energy, dissociation energy,
dissociation enthalpy, and oscillator strength

Calculated values of vertical excitation energies
(AE eica)s dissociation energies (AEg,), dissociation en-
thalpies (AHg;), and oscillator strengths (f) are collected in
Table IV. The values of AE, . icas AEgiss» and AH g include
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TABLE V. BSSE and spin-orbit (SO) corrections. Values in eV. Abbreviations: DZP: cc-pVDZ, aug-DZP:
aug-cc-pVDZ, TZP: cc-pVTZ, aug-TZP: aug-cc-pVTZ, DZP+d: cc-pV(D+d)Z, aug-DZP+d: aug-cc-pV(D
+d)Z, TZP+d: cc-pV(T+d)Z, aug-TZP+d: aug-cc-pV(T+d)Z.

MCSCF
MR-CISD+Q

BSSE SO, n SOies MR-CISD BSSE MR-AQCC
DZP -0.0737  0.001668  —0.03604 ~0.1951 -0.2126 ~0.1565
DZP+d -0.0746  0.001570  —0.03604 -0.2119 -0.2324 -0.2308
aug-DZP -0.0606  0.001690  —0.03602 -0.1360 -0.1416 -0.1417
aug-DZP+d  -0.0610  0.001598  —0.03603 ~0.1698 ~0.1778 -0.1771
TZP -0.0275  0.001556  —0.03603 ~0.0879 -0.0977 -0.0980
TZP+d -0.0277  0.001508  —0.03604 -0.0751 -0.0842 -0.0851
aug-TZP -0.0176  0.001558  —0.03604 -0.0354 -0.0382 ~0.1041
aug-TZP+d  -0.0177  0.001510  —0.03605 -0.0355 ~0.0384 ~0.0886

zero-point energies. Spin-orbit coupling and BSSE corrected
values are also shown in this table. The vibrational frequen-
cies obtained with the cc-pVTZ basis set have been used in
the zero-point and termochemical calculations with the aug-
cc-pVTZ basis set. Concerning the vibrational frequencies,
scale factors obtained for CASSCF, MR-CISD, and MR-
AQCC methods along with the cc-pVDZ and aug-cc-pVDZ
basis sets have been determined such that the zero-point en-
ergies of CF;Cl computed with the PBEO/cc-pVDZ and
PBEO/aug-cc-pVDZ methods and scaled with the recom-
mended factors of 0.962 and 0.961 (Ref. 67) were repro-
duced. The PBEO functional® has been chosen on the basis
of the smallest root mean square error.®’” The obtained scale
factors are listed in the footnote of Table IV and have also
been used for the CF;- radical and for the corresponding
triple-zeta and d-extended basis sets (since it has been found
that they do not depend significantly on the basis set
considered®’), in order to compute zero-point energies and
dissociation enthalpies (AH ). The equations used for com-
puting thermochemical data assume noninteracting particles
(ideal gas) and are covered in detail in the book by McQuar-
rie and Simon.*

3. BSSE results

As aforementioned, the CP correction has been applied
only in order to obtain BSSE corrected dissociation energies
(and enthalpies). The corresponding values are listed in Table
V. These corrections lower the computed dissociation ener-
gies (and enthalpies) and all discussions here presented refer
to their absolute values. As expected, the general trend is a
decrease of the CP correction as the basis set size increases.
The exception is found for the MR-AQCC results with triple-
zeta basis sets. In these cases, the BSSE values increase very
slightly as additional diffuse functions are included in the
cc-pVTZ and cc-pV(T+d)Z basis sets (by 0.0061 eV and
0.0035 eV, respectively; see Table V). The basis set
superposition error range from 0.0177 eV
[MCSCF/aug-cc-pV(T+d)Z] to 0.2324 eV [MR-CISD
+Q/cc-pV(D+d)Z], and the smaller values are obtained
with the MCSCF method. The inclusion of additional d func-
tions in the cc-pVDZ and aug-cc-pVDZ basis sets increases
the BSSE values, at all computational levels. For the cc-
pVTZ basis set such effect is practically negligible at the

MCSCEF level, and for the other methods there is a decrease
of at most 0.0135 eV (at MR-CISD+Q level). For the aug-
cc-pVTZ basis sets such effect is almost negligible and not
greater than 0.0002 eV, for all but the MR-AQCC method.
For this latter method there is a decrease of 0.0155 eV.
Therefore, the inclusion of additional d functions in the stan-
dard correlation consistent basis sets seems to be important
in obtaining highly accurate dissociation energies of mol-
ecules including second row atoms.

It is clear from the results shown in Table IV that the
additional diffuse functions present in the augmented ver-
sions of the studied basis sets play an important role in the
description of the no” state, leading to a decrease in the
value of AE,.ca» Which ranges from 0.26 eV
(MR-CISD/cc-pVTZ — MR-CISD/aug-cc-pVTZ) to
0.47 eV [MR-AQCC/cc-pV(D+d)Z—MR-AQCC/aug-cc
-pV(D+d)Z]. The results at the MR-CISD level are
0.28-0.33 eV greater than the corresponding MCSCF re-
sults, indicating, as expected, a significant and almost con-
stant effect of the dynamic electronic correlation in AE, . ca-
The importance of such effect also becomes evident if one
looks at the dependence of the MCSCF results on the size of
the used basis set. Similarly to what is obtained for the other
methods, in this case, the inclusion of additional diffuse
functions is more important than the extension of the basis
set from double- to triple-zeta quality. However, in the case
of the MCSCF method, the increase of the basis set by in-
cluding additional diffuse functions leads to a poorer agree-
ment with the experimental result. Except for the cc-pVDZ
basis set, the inclusion of additional d functions decreases
the values of AE,..., €ven though the effect is very small
and not greater than 0.05 eV (see Table IV). Size-extensivity
corrections are also important and tend to decrease the ob-
tained values of AE, ... The decrease due to the extended
Davidson correction (MR-CISD+Q) is small but becomes
more pronounced for larger basis sets, ranging from zero to
0.07 eV (see Table V). The MR-AQCC results show a fur-
ther decrease in the calculated AE, ., values, with the larg-
est decrease obtained with the aug-cc-pVDZ basis set
(0.14 eV), followed by the triple-zeta basis sets
(0.09 eV for aug-cc-pVTZ and 0.08 eV for the remaining
ones). The highest level result obtained in this study
[7.63 eV; MR-AQCC/aug-cc-pV(T+d)Z] is in very good
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agreement with the experimental value of 7.7+0.1 eV."2 The
most accurate result obtained in this study for the oscillator
strength (f=2.74 X 107%) was obtained at the MR-CISD/cc-
pVTZ level, being also in very good agreement with the
experimental value of 3.12X 1073+2.50 X 107412 Spin-orbit
corrections for AE, .., are smaller than 1.67 X 1073 eV (see
Table V), and thus negligible. One of the reasons for such a
small correction is the large energy differences between sin-
glet and triplet states in the ground state equilibrium geom-
etry [for instance, E(1°A")-E(1'A")=6.94¢V and
EQ2'A")-E(1°A")=1.02 eV, at CASSCF/aug-cc-pV(T+d)Z
level], since the calculated spin-orbit matrix elements are
smaller than 300 cm™' (0.037 eV).

Both basis set size and size-extensivity corrections tend
to increase the calculated values of AEy, and AH g, at all
levels of theory employed (see Table IV). The most accurate
value (neglecting spin-orbit and BSSE corrections) now ob-
tained for AEg [3.65 €V, at MR-AQCC/aug-ccpV(T+d)Z
level] is somewhat lower than the corresponding value of
4.014 eV obtained by Roszak et al."” at MP2/aug-cc-pVTZ
level. Spin-orbit corrections decrease the calculated values of
AE ., by about 3.6 X 1072 eV (0.83 kcal/mol), and such cor-
rection is practically independent of the computational level
and the basis set used (see Table V). Such value is consistent
with the total spin-orbit correction of about 0.9 kcal/mol for
the dissociation energy (and enthalpy) of the CCl molecule
reported by Dixon and Peterson,”” obtained from scalar rela-
tivistic corrections [from CISD(FC)/unc-aug-cc-pV(Q+d)Z
calculations] and correction due to the incorrect treatment of
the atomic asymptotes as an average of spin multiplets. Simi-
lar calculations performed by Feller et al.”" obtained total
spin-orbit corrections of at most 1.4 kcal/mol for small ha-
logenated molecules containing one chlorine atom and
lighter elements. Even though our estimates of the spin-orbit
correction are of lower quality than the ones reported by
Dixon and Peterson’” and Feller ef al.”' it is not expected,
based on the results presented by these authors, a correction
greater than twice the one here presented (that is, of about
7.0X 1072 eV). Since AE and AH are interconnected, and
since our best estimated value for AHg [3.59 eV,
MR-AQCC/aug-cc-pV(T+d)Z+spin-orbit and BSSE cor-
rections] is in very good agreement with the experimental
value of 3.68 eV,72 it is thus expected that the value now
obtained for AEy (3.65 V), without spin-orbit and BSSE
corrections, is, in fact, more accurate than the corresponding
value obtained by Roszak er al. (4.014 ev).V

C. Potentials energy curves

Figure 1 shows the potential energy curves along the
C—Cl bond distance, for the S, and S, states (1 'A; and 1 'E,
in C;, symmetry) at the MR-AQCC level of approximation
with the cc-pVTZ and cc-pV(T+d)Z basis sets. The potential
energy profiles obtained with the other methods and basis
sets are very similar and thus are not shown. As mentioned
before, only C, symmetry has been imposed at all computa-
tional levels (with the corresponding 1 1A’ 2'A", and 14"
notations for the states). Upon either full geometry optimiza-
tion (ground state) or relaxed potential energy calculations,

J. Chem. Phys. 127, 164320 (2007)

MR-AQCC
124 —— 1'A' (T2)
—a—2'A'(TZ)
101 —v— A" (12)
—— 1'A"(TZ+d)
8- ——2'A"(TZ+d)
== 1'A" (TZ+d)
%, 61
4 N
24
0

FIG. 1. Potential energy profiles of S, and S, states calculated at MR-
AQCC/cc-pVTZ and MR-AQCC/cc-pV(T+d)Z levels as a function of
C-Cl distance, under C,; symmetry restriction. The energies are refereed to
the energies obtained at the ground state equilibrium geometry of each basis
set. In this plot the values obtained with these two basis sets are practically
coincident. Notice that the 2 'A’ and the 1'A” states remain degenerate,
since the C3, symmetry is not broken.

the C;, symmetry was not broken, so the 2 'A" and 1'A”
states remained degenerate. The Jahn-Teller effect” is ob-
served when one tries to optimize the geometries of 2 'A’ or
1 'A” state: the state which is being optimized has its energy
lowered (as compared with the energy at the ground state
geometry), while the energy of the other state energy is
raised, as a consequence of symmetry lowering from Cjy, to
C, (the symmetry plane contains one atom of each type). If
the C—Cl distance is fixed during the optimization procedure,
a local minimum is obtained, as expected. However, when all
degrees of freedom are relaxed, the optimization procedure
leads to a continuous increase of the C—Cl distance, with a
corresponding energy lowering, thus characterizing a disso-
ciative state.

Figure 2 shows the crossing region of the potential en-
ergy curves of Sy and §; states, obtained at all four compu-
tational levels here employed. The results obtained with the
aug-cc-pVTZ basis set are from single-point calculations
performed at the geometry generated with the cc-pVTZ basis
set. The same holds for the aug-cc-pV(T+d)Z basis set. It is
evident that the crossing, as well as the §; state well depth,
seems to vanish as the basis set size increases, for both cc-
pVnZ and cc-pV(n+d)Z series. The series of results obtained
with the cc-pVnZ and cc-pV(n+d)Z basis sets are very simi-
lar, as they are in the case of the augmented basis set ver-
sions. If the energy differences between S, and S, after the
crossing point, are compared, one can clearly see that they
decrease as more electronic correlation is included in the
wave function (see Fig. 2). The results obtained at
MR-AQCC/aug-cc-pV(T+d)Z and MR-AQCC/aug-cc-
pVTZ levels are the most accurate ones and practically show
no crossing along the C—Cl coordinate. It can then be ex-
pected that upon extrapolation of the results to the complete
basis set limit, for instance, with a two-point fit based on the
cc-pVTZ and cc-pVQZ results [the so-called (TQ)
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FIG. 2. Potential energy profiles in the region around the crossing point of S, and S states as a function of C—Cl distance, under C; symmetry restriction.
Notice that the 2 'A" and the 1 'A” states remain degenerate, since the Cs, symmetry is not broken.

extrapolation74*77], no Sy/S; crossing and no S; well depth

should occur, along the C—Cl coordinate only. In the case of
MR-AQCC calculations, such extrapolation is likely to be
required only to vanish the very small S; well depth that still
remains with the largest basis sets (see Fig. 2). Unfortu-
nately, such extrapolation technique requires results obtained
with the aug-cc-pVQZ basis set, whose calculations were not
affordable due to the size of the system. Spin-orbit effects are
expected to cause a further split between 'A; and 'E (no”)
states upon dissociation.”® Besides, a singlet to triplet con-
version upon dissociation is also possible, yielding Cl atoms
in the 2Pl ,, State, in contrast with the 2P3,2 state resulting
from the dissociation of the ground and 'E singlet states.>
However, based on the magnitude of the spin-orbit coupling
matrix elements obtained in this study (lower than 300 cm™")
such conversion should have a very small probability.
Crossings between electronic states of polyatomic mol-
ecules are multidimensional problems and cannot be fully
analyzed using one coordinate only (in this case the C-Cl
distance). In order to deal with this problem more properly,

we have searched for a conical intersection geometry (at sev-
eral intermediate geometry regions, starting either with a Cs,
geometry or with a C; geometry) using gradient driven tech-
niques, at MCSCF and MR-CISD levels, as described in
Refs. 78 and 79. C; and C, symmetries have been used in
these calculations, for both geometries (C, and Cs,). The
geometry optimization steps show a continuous increase in
the C—Cl distance, with a corresponding energy difference
decrease and an oscillatory behavior of both energies (of
ground and first excited state). These features, along with the
nonconvergence of the optimization at the crossing seam
procedure, seem to indicate an absence of crossing between
ground and no” states in the intermediate geometry regions,
at the two symmetries employed (C; with the symmetry
plane containing one atom of each type as well as without
symmetry, C,). This result does not exclude the occurrence
of crossings at other regions of the potential energy surface,
but it is an important evidence in favor of its absence. This
problem will be covered in more detail in a further and ex-
tended investigation concerning the three states considered in
our calculations.
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IV. CONCLUSIONS

Highly accurate multireference (MR-CISD, MR-CISD
+Q, and MR-AQCC) and multiconfigurational (CASSCF)
calculations have been applied to the study of ground state
equilibrium geometry and dissociation of the ground and first
excited (no”) singlet states of the CF;Cl molecule. Spin-
orbit, BSSE, and extensivity corrections have been consid-
ered. The ground state geometry of CF;Cl was, for the first
time, fully optimized at CASSCF, MR-CISD, and MR-
AQCC levels. The results now obtained concerning the C—Cl
bond distance and the Zpcp bond angles (1.762 A and
108.6°, respectively, at the MR-AQCC/aug-cc-pVTZ level)
are of similar quality to those of Roszak et al."” (the best
values obtained by these authors were 1.748 A and 108.3°).
However, the highest level [MR-AQCC/aug-cc-pV(T+d)Z]
calculations now reported yield a far better description of the
C-F bond distance [1.323 A compared to the experimental
value of 1.328+0.002 A (Ref. 59)] when compared with the
value obtained by Roszak er al. [1.342 A (Ref. 17)]. The
basis set effects on the geometric parameters have also been
considered in the present study and were found to be more
important for the bond distances than for the bond angles.

The calculated size-extensivity errors upon dissociation
showed the importance of performing a very accurate size-
extensivity correction, as is included in the MR-AQCC ap-
proach, and also demonstrated the superiority of this method,
as compared to the MR-CISD+Q method.

Vertical excitation energies (AE,yica), dissociation ener-
gies (AEg), dissociation enthalpies (AH ), and oscillator
strengths (f) were also calculated and compared with the
available experimental (for AE,cqica, AHiss» and f) and the-
oretical (for AE ;) results. The best results now obtained for
AE,oiica [7.63 €V, at the MR-AQCC/aug-cc-pV(T+d)Z
level], AHg4 (3.59 eV, MR-AQCC/aug-cc-pVTZ), and
f (274X 1073, MR-CISD/cc-pVTZ) are in very good agree-
ment with the corresponding experimental results
(7.7£0.1 eV,”” 3.68 eV,”” and 3.12X 1073x2.50x 107%)."?
Our most accurate value for AEg;, [3.65¢V,
MR-AQCC/aug-ccpV(T+d)Z], neglecting spin-orbit and
BSSE corrections, is somewhat lower than the corresponding
value of 4.014 eV obtained by Roszak et al.'” at the MP2/
aug-cc-pVTZ level. Since AE and AH are interconnected, it
can be expected a greater accuracy in the calculation of
AE4 at the highest computational level now employed.
Size-extensivity effects were found to be important for
AFE . ricats AEgiss» and AH ;. They tend to decrease AFE,qpical
and increase AEg4 and AH . Inclusion of additional dif-
fuse functions in the augmented versions of the basis sets
used in the present study gives rise to similar effects on these
properties. Spin-orbit corrections have a practically negli-
gible effect on AE, ;.o and lower the dissociation enthalpies
and energies by an almost constant value of about 3.6
X 1072 eV (0.83 kcal/mol). BSSE correction represents a
further and larger decrease on these energies of at most
0.2324 eV [MR-CISD+Q/cc-pV(D+d)Z]; the smaller cor-
rections were obtained at the CASSCF level.

The relaxed potential energy curves (along the C-Cl
bond) for the first two singlet states have been also com-

J. Chem. Phys. 127, 164320 (2007)

puted. The crossing between the S, and S states, along with
the well depth of S}, is qualitatively influenced by the basis
set size at all computational levels investigated. The present
results clearly show a tendency toward an absence of cross-
ing and toward a fully dissociative pattern for S; (along the
C-ClI coordinate only), as the basis set size increases. The
inclusion of dynamic electronic correlation (especially at
MR-AQCC level) is also important in obtaining no crossing
in the intermediate region, along the C—Cl coordinate. Spin-
orbit effects should lead to a further split between S, and S,
states.” An additional and more realistic investigation of a
possible crossing between S, and §; states has been also
performed using a gradient driven technique, at MCSCF and
MR-CISD levels,”™” and the results point also toward an
absence of crossing in the intermediate C—Cl region.
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