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Electronic states of the gEsF" ion have been studied withi@,, symmetry by using the complete active
space self-consistent field (CASSCF) and multiconfiguration second-order perturbation theory (CASPT2)
methods in conjunction with an atomic natural orbital basis. Vertical excitation enefgjeard relative
energies Ty) at the ground-state geometry of theHgF molecule were calculated for 12 states. For the five
lowest-lying states,?B;, 1°A,, 2°B;, 1?B,, and PA;, geometries and vibrational frequencies were calculated

at the CASSCEF level, and adiabatic excitation energigps gnd potential energy curves (PEC) for F-loss
dissociations were calculated at the CASPT2//CASSCF level. On the basis of the CAgPdl2ulations,

we assign the X, A, B, C, and D states of the ion #8:1 12A,, 2°B;, 1°B,, and ®A, respectively, which
supports the suggested assignment of the B state 8,(By Anand et al. based on their experiments. Our
CASPT2T, and T calculations and our MRCTy, Ty, andT, calculations all indicate that the®,; state of
CsHsF" lies below 2B,. By checking the relative energies of the asymptote products and checking the
fragmental geometries and the charge and spin density populations in the asymptote products along the
CASPT2//CASSCF PECs, we conclude that tAB;11°B,, and 2A; states of GHsF" correlate with GHs*

(1*A,) + F (°P) (the first dissociation limit). The energy increases monotonically alongBePEC, and

there are barriers and minima along ti#®zand 2A; PECs. The predicted appearance potential value for
CsHs™ (1'Ay) is very close to the average of the experimental values. Our CASPT2//CASSCF PEC calculations
have led to the conclusion that théA% state of GHsF' correlates with the third dissociation limit of8s™

(1*A,) + F (P), and a preliminary discussion is presented.

|. Introduction CsHsF ion are considered to be equal to the differences between
the AIP values for excited states and the AIP value for the

numerous experimental technique$? such as photoelectron ground state, and therefore the (experimerilalyalue for the

spectroscopy, multiphoton ionization photoelectron spectros- B State of GHsF™ is 2.57 eV, evaluated using the AIP values
copy, penning ionization electron spectroscopy, mass analyzedOf Sell eF al® and Bieri et aP Experimental geo.metrlc.da.lta are
threshold ionization spectroscopy, and photoinduced Rydberghot available for any state of the gfsF* ion. Limited
ionization spectroscopy. Experimental vertical ionization po- €xperimental frequency data are available for the X and B
tential (VIP) values for the @sF+ ion were measured by statesi®8100n the basis of the experimental studies on F-loss
several group>78The experimental VIP values for the nine dissociation of the gHsF ion, appearance potential (AP) for
lowest-lying primary ionization states of theF" ion were the GHs*' ion (AP for production of @Hs" from the ground-
reported to be 9.4, 9.8, 12.3, 12.3, 13.0, 13.9, 14.6, 15.2, andstate GHsF molecule) was reported to be 14.50 eV by Majer
16.4 eV by Bieri et af. The difference between the VIP values and Patrick! and 13.10 eV by Nishimura et #.The discrep-

for excited states and the VIP value for the ground state are theancy between the two experimental AP values is not small.

relative energy (denoted &% in the present paper) values of . . .
the excited states to the ground state of the ion at the ground-, Assignment of electronic states is fundamental to understand-

state geometry of the sk molecule, and therefore the ing of the_ expe_rimental fact;. On the basis of th(_a energy ordering
(experimental)T, values for the nine lowest-lying primary of the five hlghest-occuplgd molecular _orbltals (HOMOs)
ionization states of @4sF* are 0.0, 0.4, 2.9, 2.9, 3.6, 4.5, 5.2, (---...13@ 2by? 81” 187 3y%) in the electronic structure of the
5.8, and 7.0 eV, respectively, evaluated using the VIP values ground-state gHsF molecule, the X, A, B, C, and D states of
of Bieri et al5 Experimental adiabatic ionization potential (AIP) the GHsF' ion could be presumably assigned t#B1, 1?Ao,
values for the X and B states of thgF* ion were reported  1°B,, 2°B1, and 2A;, respectively, as in many of the previous
to be 9.22 and 11.79 eV by Sell etfhnd Bieri et al3 experimental papers. In 1999 Anand et aliggested assignment
respectively. The adiabatic excitation energy) (values for the of the B state of gHsF to 2By, since their vibrationally resolved
PIRI spectra of the B state showed that the-BX transition
*To whom correspondence should be addressed. E-mail: was an allowedr to & transition. For supporting their assign-
mbhuangl@gucas.ac.cn. ment Anand et al. calculated excitation energies using CIS
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* Yantai University. methods, but they were not able to perform geometry optimiza-
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The fluorobenzene ion, gEisF", has been investigated by
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TABLE 1. CASPT2 T, Values for the 12B4, 12A,, 22B4, 1?B,,
and 12A; States of the GHsF+ lon and the CASPT2 T, and

CASPT2 T, (Calculated at the Experimental Ground-State

Geometry of the GHsF Molecule?) for the 12 States of the

lon

6 2
To (eV) Ty (eV) Tv (eV)
5 3 CASPT2 exptl CASPT2  CASPT2 exptl
1B, 0.0(0.0f O0.0°(0.0f 0.0(0.0f 0.0(0.0f 0.0
4 12A, 0.48 1.03 0.54 0.4
Figure 1. Atom labelings for the €HsF* ion (Cz, symmetry) used in 2?B; 2.77(2.96) 2.57(2.613fF 3.00 (2.979 2.85(2.96) 2.9
this work. 128, 2.84(3.049 3.19(3.26) 3.02(3.22 2.9
12A; 3.38 4.13 3.61 3.6
tions on excited states and their calculated excitation energies3:: 4.68 4.75
were not accurate. gzizf g'gg é'?g 45
. . . . 2 . .
Theoretical studies on electronic states of thg¢lE+ ion 2B 5.70 5.65
are quite few in the literature. The ground state gfigF was 3B, 5.84 5.29 5.2
previously calculated by using the UHEMP2! and B3LYR 22A4 6.06 5.95 5.8
methods. As mentioned above, Anand etedlculated excited ~ 3°A1 7.62 7.05 7.0

states of @HsF+ using CIS methods. Klippenstéfrcalculated

aReference 24° On the basis of the experimental VIP values for

potential energy curves (PECs) for F-loss dissociations from the primary ionization states reported in ref5/alues in parentheses
the B4, 12B,, and ®A; states of GHsF™ at the MP2 level. are the MRCI calculation results (see teftDn the basis of the

It is known that the CASSCF (complete active space self- experimental AIP valges for the X ande states of_ the ion reported in
consistent fieldf and CASPT2 (multiconfiguration second-order  "6fS © da”? t5’ ’estpteth"éin'z%(gence 1.tChafr?%e1>rgtecti as Zhatk‘;;”p
perturbation theory}1” methods are effective for theoretical ?Xnngimzriaelsg(%uni State geon?:t?)r/n gf?@g: moleifle?_n atthe
studies of excited electronic states of molecules and molecular
ions1819\We have calculated vertical excitation energi®g) (
and relative energiedl{) at the ground-state geometry of the
neutral molecule for twelve statesBL, 12A,, 22B;, 12B,, 12A,,
2282, 3281' 22A2, 3282, 4281, 22A1, and gAl) of the QHsFJr
ion using the CASSCF and CASPT2 methods. The primary

focus of the present work is on the five lowest-lying staté8; 1 the 11 excited states to théBl ground state calculated at the

2 2 2 i i
1A, 22By, 1°B,, and FA, of the QS",'5F+ lon. For these five __experimental ground-state geométrpf the GHsF molecule
states we have calculated geometries, vibrational frequencies o the CASPTZ, values.

adiabatic excitation energies, and F-loss dissociation PECS USiNg . . 5 for E-loss dissociations from the five lowest-lying

Lg?cﬁgiicielzsa?: ﬁ:ﬁ:ﬁ;isgﬁt?ﬁ:; gnBtfg:e :r?jlé ;fatcgl;r states were calculated at thg CASPT2//[CASSCF level. At a set
of the GHsF' ion a,nd discuss the F-Ioss'diéso,cia’tion processes of f|>_<ed R(C,F) valu_es_ ranging from 113 t04.5A, the CASSCF
from these states partial geometry optimization calculations were performed and
) then the CASPT2 energies were calculated at the CASSCF
partially optimized geometries.
) ) In the CASSCEF calculations, 19 electrons were active and
The CASSCF and CASPT2 calculations were carried out the active space included 14 orbitals (CASSCF (19,14)). The
using the MOLCAS 5.4 quantum-chemistry softwét®itha  choice of the active space stemmed from the electron config-
CASSCF wave function constituting the reference function, the yration of the ground-statesBsF molecule. On the basis of
CASPT?2 calculations were performed to compute the first-order the HF/6-31-G(d,p) calculations, the ground-state molecule has
wave function and the second-order energy in the full-Cl space. the following electron configuration: ...(18 (11a)? (12a)2
A contracted atomic natural orbital (ANO) basis 3e€3 (612)2 (7h)? (13a)? (2by)? (8ky)2 (1a)? (3by)? (2a)° (4by)°
F[5s3p1d]/C[5s3p1d])/H[3s2p1d], was used. o (14a)° (9,)°....... The 14 (10 occupied plus 4 virtual) MOs listed
We assume that the 12 states of th¢1€=" ion studied i in this sequence were included in our active space. Labeling
the present work have plan@s, structures. Geometry and atom  these orbitals within th€,, point group in the order of,aap,
labelings used for the ¢isF" ion are shown in Figure 1. We 1, and b, this active space is hamed (4244). In CASSCF
also assume that tf@,, symmetry of the ionic systems remains  calculations for electronic states of a molecular ion, we often
in the processes of F-loss dissociation from the five lowest- take a “ segment " of the electron configuration of the ground-
lying states, and the & F distance R(C,—F), see Figure 1)is  state molecule constituting our active space. The “ segment "
taken as the reaction coordinate in the calculations of the jnciudes many (sequential) occupied MOs for not missing
dissociation PECs. primary ionization states in the CASSCF calculations and
For the five lowest-lying states {8, 1°A;, 2By, 1°B, and includes a few of virtual MOs for describing shake-up ionization
1?Aq), the CASSCF geometry optimization and vibrational character of some ionic states. In all the CASPT2 calculations,
frequency calculations were performed. On the basis of the the same threshold and shift were used and the weight values
CASPT2 energies of the’; ground state and the four excited  of the CASSCF reference functions in the first-order wave
states calculated at the respective CASSCF geometries, Weynctions were larger than 0.75.
obtained the CASPT2//CASSCIg values for the excited states
(“CASPT2//CASSCHY" will be abbreviated to “CASPTZy").
For all the 12 states B, 12A,, 22B;, 12B,, 12A1, 22B,, 3B,
22A,, 3By, 4°B1, 22A4, and 3A;), we calculated the CASPT2
relative energies at the ground-state geometries of thgFc

ion and the @HsF molecule. The CASPT2 relative energy
values of the 11 excited states to t#Biground state calculated
at the CASSCF geometry of théB; state are the CASPT2//
CASSCFT, values (“CASPT2//CASSCH,” will be abbrevi-
ated to “CASPTZI,"). The CASPT2 relative energy values of

Il. Calculation Details

Ill. Results and Discussion

A. Excitation Energies and Assignments of the Five
Lowest-Lying States.In Table 1 given are the CASPTZ, and
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TABLE 2: CASSCF Optimized Geometries for the 12B;, 12A,, 2°B;, 12B,, and 1?A; States of the GHsF™ lon (for Atom

Labelings, See Figure B

State R(Cl_ F) R(C]__Cz) R(CZ_C3) R(Cg— C4) 0 C2C1C6 0 C1C2C3 0 C3C4C5

1°B; 1.269 1.417 1.364 1.424 123.8 117.6 120.8
1?A; 1.300 1.373 1.442 1.408 120.7 120.1 119.7
2°B; 1.281 1.407 1.425 1.431 122.7 118.7 1195
1°B, 1.291 1.384 1.359 1.448 119.9 118.3 105.9
1?A, 1.302 1.377 1.416 1.382 123.8 120.5 134.3
1A © 1.356 1.387 1.399 1.401 123.4 118.0 120.2

aOnly geometric parameters in the heavy-atom frameworks are gh&ond lengths are given in angstroms, and bond angles are given in
degrees® The experimental ground-state geometry of thel$€ molecule, see ref 24.

Ty values for the iBl, 12A2, 2281, 1282, 12A1, 3281’ 2282, 22A2,
42B4, 3?B,, 2°A4, and 3A; states of the gHsF' ion and the
CASPT2Tj values for the 2B, 12A,, 22B,, 1%B,, and £A;
states. All these energetic calculations indicate that #f8a 1
state is the ground state {B;) of the GHsF" ion. Available
experimentallp andT, values (evaluated using the experimental
AIP and VIP values) are listed in Table 1.

We will first briefly discuss the calculation results for the 12

andT, orderings (see Table 1) also show that tBB;1 1°A,,
2°B;, 1°B,, and £A; states are the five lowest-lying states (at
the ground-state geometries of the ion and the molecule) and
support our assignments for the five states based onTghe
calculations.

To the best of our knowledge, the B state of th#l€F' ion
was assigned t8B; in all the published papers concerning
excited states of the ion, except in the paper of Anand etral.

states. By checking the CASSCF wave functions (at the ground-1999 Anand et al. suggested assignment of the B state of

state geometries of the ion and the molecule), t#i&y,112A.,,
2251, 1282, 12A1, 2282, 3282, 22A1, and gAl States are

CsHsF' to 2B; based on their analyses on the vibrationally
resolved PIRI spectra. It is noted in Table 1 that, though the

characterized as primary ionized states, and the dominantCASPT2T,, Ty, andTy calculations all indicate that the’2;
configurations in their wave functions can be represented asstate lies below 2B,, the Ty, Ty, and T, differences between

(o)™ (la)™, (2b)7h ()~ (13a)7h (7T)~h (B,
(12a)7%, and (11@) %, respectively, with respect to the electron

2?B; and £B; are all small. For confirmation of our assignments
for the B and C states based on the CASPT2 calculations, we

configuration of the ground-state molecule (see section Il). The performed theTy, T,, and T, calculations for the 2B; (X2B;),
3%B;, 2%A,, and 4B, states are characterized as shake-up ionized 22B;, and B, states using the MRCI method (using the
states, and the important configurations in their CASSCF wave MOLPRO quantum-chemistry softwéPe In the MRCI calcu-

functions involve the 2aand 4k virtual orbitals. The CASPT2

lations, the same ANO basis was used, and the active space

Ty, andT, orderings for the 12 states are the same, except thatincluded 10 occupied and 2 virtual orbitals (it was formed by
the £#B; and 3B; states exchange their positions in the orderings deleting the two highest virtual orbitals (L4and 9b) in the

(see Table 1). The experimeniial values (evaluated using the
experimental VIP valué} for the nine lowest-lying primary

active space used in our CASPT2//CASSCF calculations (see
section II)). As in the CASPT2 calculations, the CASSCF (19,-

ionized states are 0.0, 0.4, 2.9, 2.9, 3.6, 4.5, 5.2, 5.8, and 7.014) geometries were used in the MRTJ and T, calculations

eV. The CASPTZ, values for the nine primary ionized states,
1281 (XZB]_), 12A2, 2281, 1282, 12A1, 2282, 3282, 22A1, and 3A1,

and the experimental ground-state geometry of thelsE
molecule was used in the MRQ, calculations. The MRCI

are 0.0, 0.54, 2.85, 3.02, 3.61, 4.99, 5.29, 5.95, and 7.05 eV, Ty, Ty, andT, values for the 2B; and 2B, states are given in

respectively, and they are quite close to the experiméental

Table 1, and the MRCTy, Ty, and Ty calculations all indicate

values for the nine lowest-lying primary ionized states, respec- that the 2B, state lies below 2B,, supporting our assignments
tively, except that the discrepancy (0.49 eV) between the for the B and C states. The present theoretical work supports

CASPT2T, value for 2B, and the sixth experimental, value
is quite large.

The main purpose of oufy calculations for the five lowest-
lying states, 3B, 12A,, 22B1, 1°B,, and £Aj, is for assigning
the X, A, B, C, and D states of the ion. The experimefial

the suggested assignment of the B statéBtoby Anand et ak
based on their experiments.

B. Geometries and Frequenciesln Table 2 given are the
CASSCF geometries for theB;, 12A,, 2By, 1°B;, and £A;
states of the @HsF* ion, together with the experimental ground-

value is available only for the B state, and the value of 2.57 eV state geometdf of the GHsF molecule. In the following, we
may not be so accurate since the experimental AIP values forwill briefly describe the CASSCF geometries of the five ionic

the X and B states were reported by two different groufps.
The CASPT2(//CASSCF)j calculations predict the follow-

ing ordering for the five states:?B; (X2B1), 12A,, 2°B;, 1?B,,

and 2A;, and the CASPTJ, values for the five states are 0.0,

states in comparison with the geometry of th#l€- molecule.

The C-F bond lengths in the CASSCF geometries of the five
ionic states are all shorter than the bond length in the geometry
of the molecule. The shortening of the—€ bond in the

0.48, 2.77, 2.84, and 3.38 eV, respectively. Preliminary CASPT2- geometries of the?B;, 2?B;, and £B, states can be understood

(//ICASSCF)T, calculations were performed for théA, 3?B;,
and 2B, states and the calculatdd values for the three states
are all larger than the CASPTIR value for the 2A; state. This
fact confirms that the 2B4, 12A,, 22B4, 12B,, and 2A; states
are the five lowest-lying states of thetsF+ ion. On the basis
of all theseTy calculations, we assign the X, A, B, C, and D
states of the gHsF" ion to 12B4, 12A,, 2By, 12B,, and PA4,
respectively. The CASPTP, value of 2.77 eV for 2B is quite
close to the experimentdl value of 2.57 e\P6for the B state
of the GHsF' ion and also quite close to an experimenfal
value of 2.613 eV reported by Anand etlalhe CASPT2T,

by realizing the antibonding character between thea@d F
atoms in the 3p 2b;, and 8k MOs of the molecule, which are
the “ SOMOs ” (“singly occupied MOs”) for the three ionic
states, respectively. As compared with the € bond lengths
in the geometry of the molecule, théBy geometry has long
C1—C; (C1—Cg) and G—C4 (C4—Cs) bonds and short £-Cs
(Cs—Cs) bonds; the 3A, geometry has very long&Cs (Cs—
Cs) bonds; all the &C bonds in the ZB; geometry are long;
the 2B, geometry has very long £ C4 (C4—Cs) bonds and
very short G—C3 (Cs—Cs) bonds; and the2A; geometry has
long G—C3 (Cs—Cs) bonds and short £-C4 (C4—Cs) bonds.
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TABLE 3: CASSCF Frequencie$ (in cm™1) for the 12B;, 22B;, and 1B, States (X, B, and C, Respectively) of the gHsF" lon,
Together with Available Experimental Frequencies for the X and B States

state mode CASSCF exptl
1°B,; a 542, 859, 1001, 1062, 1233, 1447 X: [500, 795, 959, 999, P1&8]LOF
& 383, 825, 1034 [341]
b, 444,549,1099, 1184, 1396, 1420 [400, 305]
by 198, 440, 649, 843, 964, 1036 [181, 325]
22B; a 539, 866, 1004, 1075, 1188, 1412, B: [458, 695, 1152]
& 124,592, 764 [236]
b, 443,629, 1116, 1195, 1399, 1488 [430, 520]
by 218, 470, 628, 652, 765, 929 [207, 366]
1°B, a 519, 775, 985, 988, 1160, 1295
& 377, 664, 968
b, 134, 450, 615, 1009, 1088, 1237
by 241, 566, 652, 793, 935, 1243

aOnly the six smallest frequency values are listed here for thend b modes.? Reference 3¢ Reference 99 Reference 1.

As compared with the CCC bond angles in the geometry of the ~ -330.25 - CH,(1'A+F(P)
molecule, the @C1Cs angles in the 3A; and £B, geometries
are small; the @C,Cz angles in the 3A, and 2A; geometries
are large; the @C4Cs angle is too small in the?B, geometry -330.30
and too large in the?A; geometry.

The CASSCF frequency calculations produced no imaginary
frequencies for the2B,, 12A,, 22B,, and £B, states, indicating 3 33035+
that the CASSCF geometries of the four states correspond tow
energy minima in the respective potential energy surfaces
(PESs). The CASSCF frequency calculations for the, ktate -330.40 1
produced one imaginary frequency in thentode and one (very
small) imaginary frequency in the Inode, indicating that the

C,H,(1'A )+F(P)

CASSCF geometry of the?A; state corresponds to a second- ~330.45 1
order saddle point in the PES. |

In Table 3 given are the CASSCF frequerjues forl thB; 1 o 15 20 25 30 a5 40 45
(X), 22B; (B), and £B, (C) states of the gHsF ion. Available R(C,-F)/Angstrom

experimental _frequ_ency values in the f_our mOd.eS Of. th.e Xand Figure 2. CASPT2//CASSCF PECs for F-loss dissociations from the
B states are listed in Table 3 (the maximum being six inthe a 125" 12a. 12B. and 2A. states of the G1F" fon.
. 1y 2y 2y 1 5

mode of the X state). We would assume that these available
experimental frequencies are the smallest frequencies in the
respective modes, and hence we give only the six smallestin Table 4 are given the CASPT2//CASSCF energies of the
CASSCEF frequencies in the emode and in thedmode in Table four states at selectdr(C,—F) values, together with the values
3. By comparison of the CASSCF frequency values for iy 1 of principal geometric parameters in the CASSCF partially
and 2B, states with the experimental frequency values for the optimized geometries.
X and B states, respectively, the largest discrepancy is found In Table 5 are given the CASSCF geometries and CASPT2//
to be 170 cm?®. By comparison of the CASSCF frequency CASSCFT, values for the 1A;, 13B;, 1'A,, and £A; states
values for the 3B, state with the experimental frequency values (the four lowest-lying states) of thes8s™ ion. In the calcula-
for the B state, the largest discrepancy is found to be 300,cm  tions for GHs", the same ANO basis (C[5s3p1d]/H[3s2p1d])
which is too large to be acceptable. These facts support thewas used. In the CASSCF calculations feHg", 10 electrons
assignment of the B state t@B, (rather than 3B,). were active and an active space named (3213) was used. In the

C. PECs for F-loss Dissociationsln Figure 2 are giventhe ~ CASPT2 calculations for &is™, we used the same threshold
CASPT2//CASSCF PECs for F-loss dissociations from fi3,1 and shift as those in the CASPT2 calculations fgHgt. The
12A,, 12B,, and BA; states (abbreviated to 2B; PEC, ...... ") CASPT2(//CASSCFJ, calculations for the four states oflds*
of the GHsF' ion (the CASPT2//CASSCF PEC calculations predict the following ordering: A (the ground state),3B;,
for the 2B, state were not successful, see below). The 1A, and £A,. As shown in Table 5, thelA, and A, states
CASPT2//CASSCF calculations were performed at selected of CsHs' have close CASPTZ, values and similar CASSCF
R(C;—F) values ranging from 1.3 to 4.5 A, and theHgF" geometries.
systems in the 2B, 12A,, 12B,, and £A; states at th&(C;— The asymptote products of théBl, 12B,, and £A; states
F) value of 4.5 A will be called as asymptote dissociation have similar CASPT2//CASSCF energies (see Table 5), and the
products of the respective states (abbreviated4B;‘asymptote geometries of the §Hs fragment in the asymptote products of
product, ...... "). The charge values on the F-atom in the the three states are almost identical to the CASSCF geometry
asymptote products of the four states are all very small (the of the 1!A; state of the GHs' ion (see Tables 4 and 5). We
absolute charge values being all smaller than 0.002 e) and theconclude that the 2B;, 1°B,, and £A; states of the gHsF"
sums of the Mulliken spin population values on all the carbon ion all correlate with the 3, ground state of the ¢Els* ion
and hydrogen atoms in the asymptote products of the four stategwith the first dissociation limit of gHs™ (1!'A;) + F (2P)).
are all very small (the absolute values of the sums being all Klippensteif“studied F-loss dissociation processes for #i,1
smaller than 0.0002 e). These facts indicate that the products1?B,, and 2A; states of GHsF™ based on his MP2 calculations,
of F-loss dissociations from théBy, 12A,, 1°B,, and £A; states and the three states were also considered to correlate with the
are the neutral F atom plus theHG™ ion in its singlet states. first dissociation limit.
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TABLE 4: CASPT2//CASSCF Energies E) at the SelectedR(C;—F) Values along the PECs (Shown in Figure 2) for F-loss
Dissociations from the 2B, 12A,, 1?B,, and 12A; States of the GHsF' lon, Together with the Values of Principal Parameters in
the CASSCF Partially Optimized Geometries (See Figure %)

R(C;—F) E (a.u.) R(C:—C,) R(C,—Cs) R(Cs—Cas) 0C,CiCs 0C,CC s 0C:CaCs
128,
1.3 —330.46675 1.414 1.364 1.425 124.4 117.3 120.9
15 —330.44276 1.400 1.366 1.428 128.0 1155 1215
1.9 —330.35668 1.387 1.369 1.425 131.2 113.8 1225
2.3 —330.29897 1.353 1.416 1.384 144.0 105.2 121.8
2.5 —330.29800 1.349 1.418 1.384 144.1 104.9 122.0
2.8 —330.29708 1.348 1.420 1.384 144.6 104.7 122.0
3.1 —330.29603 1.347 1.421 1.383 144.9 104.5 122.0
3.5 —330.29483 1.346 1.421 1.383 145.1 104.4 122.0
45 —330.29313 1.346 1.421 1.383 145.1 104.4 121.9
12A,
1.3 —330.44897 1.403 1.442 1.377 119.9 118.9 118.8
15 —330.43078 1.392 1.445 1.379 124.0 117.0 118.8
1.9 —330.34941 1.365 1.449 1.380 126.6 115.6 119.6
2.3 —330.29308 1.368 1.449 1.380 125.6 116.2 119.6
2.8 —330.26439 1.378 1.448 1.379 122.8 117.2 119.2
3.1 —330.25784 1.384 1.448 1.378 122.4 117.6 119.1
3.5 —330.25687 1.384 1.448 1.378 122.1 117.9 119.1
45 —330.25669 1.384 1.448 1.378 122.1 117.9 119.1
1B,
1.3 —330.36766 1.416 1.356 1.411 118.6 117.3 107.5
15 —330.33913 1.373 1.361 1.433 122.7 116.2 106.1
1.7 —330.29300 1.370 1.402 1.385 135.8 109.6 122.2
1.9 —330.29405 1.364 1.408 1.385 139.6 107.4 122.2
2.3 —330.29606 1.353 1.416 1.384 143.3 105.3 122.1
2.8 —330.29542 1.349 1.419 1.384 144.7 104.6 122.0
3.1 —330.29459 1.348 1.420 1.384 144.9 104.5 122.0
3.5 —330.29365 1.348 1.420 1.384 145.1 104.4 122.0
45 —330.29214 1.348 1.420 1.384 145.2 104.4 122.0
127,
1.3 —330.34620 1.377 1.416 1.382 123.8 120.5 134.3
15 —330.32587 1.365 1.444 1.361 1275 117.7 135.8
1.7 —330.29089 1.344 1.436 1.371 139.0 108.2 1225
1.9 —330.27951 1.353 1.417 1.382 1425 105.8 121.8
2.3 —330.28879 1.348 1.420 1.383 144.7 104.6 121.9
2.8 —330.29157 1.347 1.421 1.383 145.2 104.3 121.9
3.1 —330.29174 1.347 1.421 1.383 145.2 104.3 122.0
3.5 —330.29165 1.347 1.421 1.383 145.2 104.3 122.0
45 —330.29126 1.347 1.421 1.383 145.2 104.3 122.0

a2Bond lengths are in angstroms, and bond angles are in degrees.

TABLE 5: CASSCF Gometries and CASPT2//CASSCF Relative EnergiesTp) for the 1A, 13B;, 11A,, and 12A, States (the
Four Lowest-Lying States) of the GHs' lon (for Atom Labelings, See Figure 1}

State R(Cl_ Cz) R(Cz— C3) R(C3_C4) O CzC]_Ce O C1C2C3 O C3C4C5 To (eV)

1A, 1.347 1.419 1.386 146.9 103.8 122.2 0.00
138, 1.421 1.368 1.422 125.7 116.5 123.0 0.68
11A, 1.384 1.448 1.378 122.1 118.0 119.3 0.86
13A; 1.385 1.448 1.374 122.6 117.3 119.6 0.88

a2Bond lengths are in angstroms, and bond angles are in degrees.

Along the £B; PEC, the energy increases monotonically with 2.03, 1.95, and 2.06 eV, respectively. Along tRA{1PEC, there
the R(C,—F) value. The relative energy of théB; asymptote is a barrier aR(C;—F) ~ 1.90 A and a minimum aR(C;—F)
product to the 3B, reactant (the 2B; CASSCF optimized  ~ 3.10 A. The CASPT2//CASSCF relative energies of the
geometry) is considered to be the dissociation enelyy for barrier, minimum, and 2A; asymptote product to the?A;
CeHsF™ (12B1) — CeHs' (1'A;) + F (3P), and the CASPT2//  reactant are 1.81, 1.48, and 1.50 eV, respectively.
CASSCFDe value is evaluated to be 4.70 eV. We assume that  The A, asymptote product is higher in (CASPT2//CASSCF)
the AP value for the gHs™ (1!A;) ion be equal to the sum of  energy than the?B; asymptote product by 0.98 eV, which is
the experimental AIP value of 9.22 e¥for the X state of close to the CASPT2(//CASSCH) value of 0.86 eV for the
CgHsFt and the CASPT2//CASSCB. value for the B, state 11A,; state of the @Hs™' ion (see Table 5). The geometry of the
of CsHsF'. The predicted AP value of 13.92 eV forglds™ CsHs fragment in the A, asymptote product is almost identical
(1*A,) is quite close to the experimental AP values of 14.50 to the CASSCF geometry of theA, state of the @Hs' ion
eV and 13.10 e\#2 and it is very close to the average of the (see Tables 4 and 5). We would conclude that the, ktate of
two experimental values. Along théB, PEC, there is a barrier ~ the GHsF' ion correlates with the!A; state of the gHs" ion
at R(C;—F) ~ 1.70 A and a shallow minimum &(C;—F) ~ (with the third dissociation limit of gHs™ (1'A,) + F (2P)).
2.50 A. The CASPT2//CASSCEF relative energies of the barrier, We will discuss this conclusion in the rest part of the present
minimum, and 2B, asymptote product to the’R, reactant are section. As noted in Table 5, théA, and BA, states of GHs*



X, A, B, C, and D States of thegElsF+ lon

have close CASPT2(//CASSCH) values and similar CASSCF
geometries. However, the?A, state of GHsF™ does not
correlate with the 3A, state of GHs™ (the fourth dissociation
limit) since the spin population analyses indicate that the 1
state of GHsF' correlates with a singlet state ofids™ (see
above). Urbain et &F suggested that thé’A, state of the gHs-
CI™ ion correlated with @Hs™ (1°B;) + CI (2P) (the second

dissociation limit). On the basis of the symmetry considerations,

the BA, state (also the 2B; state) of GHsX ™ can correlate
with CgHs™ (1%B;) + X (2P) (the second dissociation limit) or
CsHs™ (11A2) + X (?P) (the third dissociation limit). The present
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density populations in the asymptote products along the
CASPT2//ICASSCF PECs, we conclude that tf8;11°B,, and
1?A, states of GHsF" correlate with the first dissociation limit

of CgHs™ (1!A;) + F (4P). Along the #B; PEC the energy
increases monotonically with thg(C;—F) value, and thée
value for the 2B, state of the @HsF" ion and the AP value for
CeHs' (1'A,) were predicted. The predicted AP value of 13.92
eV for GeHs™ (1%A,) is very close to the average of the two
experimental values of 14.50 and 13.10 eV. Along tBB;1
and BA; PECs there are barriers and minima. Our CASPT2//
CASSCF PEC calculations have led to the conclusion that the

CASPT2//CASSCF PEC calculations have led to the conclusion 12A, state of GHsF' correlates with the third dissociation limit

that the 2A, state of the GHsF* ion correlates with the third
dissociation limit. Our 3A, PEC of GHsF was plotted based
on the CASPT2//CASSCF calculation results at the 12 fixed
R(C1—F) values of 1.3, 1.5, ...... , and 4.5 A, corresponding to
the 12 points along the?A, PEC (see Figure 2), and the
calculations were performed at one point by one point from
the first point atR(C;—F) = 1.3 A. In the CASSCF (partial
geometry optimization) calculations at pomt(2 < n < 12),

we always used the converged CASSCF orbitals at paint (

1) as input orbitals. The same technique was used in 4Be 2
PEC calculations, but we still had CASSCF convergence
problems at some of the selecte(C;—F) values. On the basis
of our preliminary calculation results, we presume that #i 2
state of GHsF™ correlates with gHs* (13B1). The character of
the wave function varies along théAl, PEC, and at large
R(C,—F) values, the wave function has the character of {jI3a
(1)~ (14a). The B3LYP and MP2 calculations for théAl,
and ZB; PECs will not be successful.

IV. Conclusions

Electronic states of thedBlsF" ion have been studied within
C,, symmetry by using CASSCF and CASPT2 methods in
conjunction with an ANO basis. Vertical excitation energies
(Ty) and relative energied{) at the ground-state geometry of
the GHsF molecule were calculated for théBly (X2B;), 12A,,
2281, lsz, 12A1, 2282, 3281, 22A2, 3282, 4281, 22A1, and 3A1
states of the ion, and the CASPTg values for the nine primary

of CeHs ' (11A,) + F (3P), and preliminary discussion on F-loss
dissociations from the?R, and 2B, states is presented.
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