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To examine the experimentally suggested scheme of the pathways for Cl- and H-loss dissociations of the
CHzClI* ion in the XE (12A", 12A'""), A?A; (22A"), and BE (FA’, 2°A"") states, the complete active space
self-consistent field (CASSCF) and multiconfiguration second-order perturbation theory (CASPT2) calculations
with an atomic natural orbital (ANO) basis were performed for th&' TX?A"), 12A"", 22A’, and ZA" states.

The potential energy curves describing dissociation from the @gstates were obtained on the basis of the
CASSCF partial geometry optimization calculations at fixed@ or C—H distance values, followed by the
CASPT2 energy calculations. The electronic states of the"Gidd CHCI* ions produced by Cl-loss and
H-loss dissociation, respectively, were carefully determined. Our calculations confirm the following
experimental facts: Cl-loss dissociation occurs from th&' IX2A"), 1?A", and ZA' states (all leading to

CHz"™ (X'A7) + CI), and H-loss dissociation does not occur frofPA2 The calculations indicate that H-loss
dissociation occurs from theA’ and PA" states (leading to CiEI* (X*A;) + H and CHCI* (13A") + H,
respectively). The calculations also indicate that H-loss dissociation occurs (with a barrier) frodf\the 2
state (leading to CKCIt (1*A") + H), supporting the observation of direct dissociation from the B state to
CH,CI* and that Cl-loss dissociation occurs from ti#?2 state (leading to Ckt (1°A") + Cl), not supporting

the previously proposed Cl-loss dissociation of the B state via internal conversion of B to A. The predicted
appearance potential values for HX*A;") and CHCI* (X'A) are in good agreement with the experimental
values.

I. Introduction and measured appearance potentials (energies) for thied®id
Buting th four decad ] | st CH,CI™" ions.
uring the past four decades, numerous experimental studies In the general picture of Eland et &lthe Jahr-Teller

on the dissociation of the chloromethane ion ¢CH) from ltti fthe E stat % and B i licitl
its low-lying electronic states have been reported. These studies™" !ggs do Th ed States g&:n .) were 3% e)f]F;h'F' y
included measurements using photoelectrphotoion coinci- cor|1IS| ered. 'he ?gineracy t?te IS removed by a n
dence (PEPICO) spectrometry and ion photodissociation tech-T.e.er opstor'uon 0 ,t € geomet'ry rort, to Cs symmetry,
nigues. Because the electron configuration of the ground-stateg'vIng nse tozoneZA and one’A state.+|-.|ence, the th.r@a”
CH,Cl molecule is ...(2é{7a)(3e) (in Cs, symmetry), the XE states (XE, A%A4, and BE) of the CHCI' ion become fiveCs

. 1 2A 1 2N 2N " H
[(3e)1, A%A; [(7a) 1, and BE [(2e) Y] states were considered statgs.l_ﬂ,:\ IPA", 220, A, and ZA". In these experlmerltal
to be the three lowest-lying electronic states of the;ClH ion studies; ® the excited electronic states of the Staind CHCI

in these previous experimental studies. In 1976, Eland &t al. 1OnS as the dissociation products in the different states gOCH
presented a general picture for the dissociation of theGTH  Were not considered. The appearance potentials fo* Giid

ion from the X, A, and B states (see the scheme of the CH,CI* reported in refs 8 and 9 were considered to be the
fragmentation pathways drawn in ref 1), on the basis of their @PPearance potentials for the ground-state;Cahd CHCI*
PEPICO experiments. Thegbserved direct dissociation from  10NS.

the X and A states to C# (Cl-loss dissociation) and from the To the best of our knowledge, there is no reported theoretical
B state to CHCI™ (H-loss dissociation), but they did not observe study of H-loss dissociation or Cl-loss dissociation of the
H-loss dissociation from either the X or the A state. They CHsCI™ ion from different electronic states. It is known that
proposed Cl-loss dissociation of the B state via internal the CASSCF (complete active space self-consistent Heda)d
conversion from B to A. Several later experimental studies CASPT2 (multiconfiguration second-order perturbation théb#y)
supported the general picture of Eland et & 1993, Lane methods are useful for theoretical studies of excited electronic
and Powi§ reported their PEPICO experiments and suggested states of molecules and molecular ions. In the present work,
that, from the A state, Cl-loss dissociation occurs, but H-loss we have calculated paths for H loss and Cl loss from fi#g,1
dissociation does not. In 2001, Won et”ateported ion 12A", 22A', and ZA" states of the CECIt ion using the
photodissociation experiments and suggested that the A stateaCASSCF and CASPT2 methods (th#3state was not studied;

is a repulsive state. Olney et®%(in 1996) and Locht et & (in see below). Before we calculated the dissociation reaction paths,
2001) carried out dissociative photoionization studies fos@QIH e calculated the geometries and energetics of theGgstates

at the CASSCF and CASPT2 levels. The geometries and
* Corresponding author. E-mail: mbhuangl@gscas.ac.cn. energetics of the?A\’ and 2A" states were previously calculated
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Cl TABLE 1: CASSCF Optimized Geometries for the PA’,
12A", 22A’, and 2A" States of the CHCI* lon2

R(C—CI) R(C—H1) R(C—Hz) A(H:CCl) A(H,CCl) D(H.CCIHy)
state A A A ) ) )

Hz'//// 12A'(X?A")  1.832 1.110 1.098 102.0 106.5 124.6

173 . I
Hz—l"C ;22’ ; 1.835 1.094 1.104. 107.2 103.8 115.8
22A" 1.926 1.096 1.182 112.4 114.5 88.2

aBond length, bond angle, and dihedral angle are denot&] As

N andD, respectively; for notations, see Figure®A repulsive state.
1

Figure 1. Atom labelings in the chloromethane ion used in the present CASPT2//CASSCF potential energy curves (PECs) for the Cl-
study. loss dissociation from the?A’, 1°A", 22A’, and ZA" states
by Locht et alt® using the MP2 method and by Duflot etdl, ~ Were obtained. For H-loss dissociation, the-I; distance

using the CASSCF method, and we will mention the results (_R(C_Hl)) was taken as the re_action coordinate. At a set of
reported in refs 13 and 14 below. In the present article, we will fx€d C—Hi distance values ranging from the-€l; bond length

first briefly report our calculation results for the geometries and Values in the CASSCF optimized geometries of th&' 112A",

energetics of the fouCs states and then present a detailed a”O,' 2 states to 5.0 A, the CASSCF partial geometry
description of our calculated reaction paths for H loss and Cl optimization calculations were performed, and then, the CASPT2

loss from the fouCs states. The CASSCF and CASPT2 reaction €N€rgy calculations were performed at the three sets of the partial

path calculations provide much information about H loss and

Cl loss from the foulCs states. In the conclusion section of the

present article, we relate our results to the general picture for

dissociation of the CECI™ ion in the X, A, and B states
proposed by the experimental workers.

Il. Calculation Details

Geometry and atom labeling used for the {0 ion (Cs
symmetry) are shown in Figure 1, and the Btom in the

optimized geometries. On the basis of these calculations, the
CASPT2//ICASSCF PECs for the H-loss dissociation from the
12A’, 12A", and 2A" states were obtained. In the calculations
for exploring H-loss dissociation from the?& state, the
technical treatment was different (see section Ill. C).

We performed CASSCF calculations using the full-valence
active space which includes 8 @d—13d) and 3 & (2d'—
44d") orbitals, namely, CASSCF(13,11) calculations (13 electrons
and 11 active orbitals). In all the CASPT2 calculations, the

Symmetry p|ane is assumed to be the |ea\/ing species in H_|Ossweight values of the CASSCF reference functions in the first-

dissociation.

The CAS (CASSCF and CASPT2) calculations were carried

out using theMOLCASvV 5.4 quantum chemistry softwate.

order wavefunctions were larger than 0.8797.
The FA' state of the CBCI™ ion was not studied in the
present work because of some technical reasons. The optimized

With a CASSCF wavefunction constituting the reference geometry and energetic results fGA3 are considered unreli-
function, the CASPT2 calculations were performed to compute able, because the frequency calculations were not successful.
the first-order wavefunction and the second-order energy in the The PECs for Cl loss and H loss from théA3 state were not
full Cl space. In the CASSCF and CASPT?2 calculations, we calculated because of convergence problems in the CASSCF

used contracted atomic natural orbital (ANO) basis et$,
Cl (6s4p3d1f), C (5s3p2d1f), and H (3s2pld).

The CASSCF geometry optimization calculations were

performed for the 2A’, 12A"", 2°A’, and 2A" states, and the

partial geometry optimization calculations.

[ll. Results and Discussion
A. Geometries and Excitation Energies.In Table 1 are

CASSCEF frequency calculations were performed at the opti- given the CASSCF optimized geometries for tHé&'] 12A",

mized geometries (using the MCLR program MOLCASv

and ZA" states of the CECI* ion (for 22A’, see below). There

5.4). On the basis of the CASPT2 energy calculations for the are no available experimental data for the geometries of the
ground state 3A") and excited states using their CASSCF ground and excited states of the §H ion. In Table 2 are
optimized geometries, we obtained the CASPT2//CASSCF given the CASPT2//CASSCF, andT, values and the CASPT2

adiabatic excitation energie®y(s). On the basis of the CASPT2

T, values for the four states. The CASPT2//CASSTGFand

energy calculations for the four states at the CASSCF geometryT, calculations indicate that?A’ is the ground state of the
of the ground state, we obtained the CASPT2//CASSCEF vertical CH3CI* ion. On the basis of their accurate photoelectron

excitation energiesT(’s). On the basis of the CASPT2 energy

spectrum, Karlsson et &l reported adiabatic ionization potential

calculations for the ground and excited states of the ion at the (AIP) values of 11.289 and 13.8 eV and vertical ionization

experimental geometryC—CI) = 1.776 A,R(C—H) = 1.085

A, OHCCI = 108.6, andOHCCIH = 120.0)° of the ground-
state CHCI molecule, we obtained the CASPT2 relative
energies (denoted &g''s) of the excited states to the ground
state (2A).

For Cl-loss dissociation from thetA’, 12A"", 22A’, and 2A"
states, the €CI distance R(C—CI)) was taken as the reaction
coordinate. At a set of fixed €Cl distance values ranging from
the C-Cl bond length values in the CASSCF optimized
geometries of the respective states (excépt;Zee section Ill.
B) to 5.0 A, the CASSCF partial geometry optimization

potential (VIP) values of 11.289 and 14.4 eV for théEXand
A2A; states of CHCI™, respectively, and reported two VIP
values of 15.4 and 16.0 eV for the’B state. Thd, values for

the CHCI™ ion are considered to be equal to the differences
between the AIP values for the excited states and the AIP value
for the ground state, and therefore, the experimeRjalalue

for A2A; is 2.51 eV, evaluated using the experimental AIP
values?® The T,’ values for the CHCI™ ion are considered to
be equal to the differences between the VIP values for the
excited states and the VIP value for the ground state, and
therefore, the experiment®)’ values are 3.11 eV for ZA; and

calculations were performed, and then, the CASPT2 energy4.11 and 4.71 eV for B, evaluated using the experimental
calculations were performed at the four sets of the partially VIP values?® All these experimental, andT,’ values are listed
optimized geometries. On the basis of these calculations, thein Table 2.
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TABLE 2: CASPT2 Adiabatic (To) and Vertical (T,)
Excitation Energies for the 12A’, 12A"", 22A’, and 2A" States
of the CH3CI* lon Calculated Using the CASSCF Optimized
Geometries and the CASPT2 Relative EnergiesT(’')
Calculated at the Experimental Geometry of the
Ground-State CH;Cl Molecule, Together with the Most
Important Configuration (MIC) in the CASSCF
Wavefunction for Each of the Four States Represented as
the lonized State of the Ground-State CHCI MoleculeP

To (eV) TV(eV) T/ (eV)
state MIC  calcd expf. calcd calcd exptf.
12A" (X2A') [(10d)7%]® 0.00 X°E:0.00 0.00 0.00 %:0.00
12A" [(3a)~Ye o0.01 0.06 —0.01
22A! [(9a)~4f A?A;: 251 2.85  3.18 AAp 3.11
22A" [(2an)~Ye 3.42 467  4.47 BE:4.11,4.71

aFrom ref 19, the experimental geometriRC—Cl) = 1.776 A,
R(C—H) = 1.085 A,JHCCI = 108.6, andOHCCIH = 120.0. " The
electron configuration for the ground-state 4£H molecule inCs
symmetry is ...(83%(2d")3(9d)3(104)3(3d")2. ¢ Evaluated using the
experimental AIP data reported in ref 20 (the AIP value fGEXs
11.289 eV).d Evaluated using the experimental VIP data reported in
ref 20 (the VIP value for XE is 11.289 eV)¢ This state has the same
MIC at the CASSCF equilibrium geometry, at the CASSCF geometry
of the X?A’" state, and at the experimental geometry of the ground-
state CHCI molecule. The repulsive 2A’ state has the same MIC at
the CASSCF geometry of the2?X' state and at the experimental
geometry of the ground-state @&l molecule.

The CASPT2//CASSCHy calculations predict that?A"" is
only 0.01 eV higher in energy thar?A’, and the CASPT2//
CASSCFT, and CASPTZ2T, values for 2A"" are also very
small. In the CASSCF geometries of théAland A" states,
the bond length values are quite similar, while thgCBIH,'
dihedral angle values are significantly different. The previous
MP213 and CASSCH calculations also predicted tha@Al' be
slightly higher in energy than2A’. The BA' and PA"
geometries predicted by the previous calculatiéi&are quite
different from those predicted by our CASSCF/ANO calcula-
tions. Here, we only mention the-€Cl bond lengths in the
12A" and PA" geometries. Our CASSCF/ANO calculations
predict the values of 1.832 and 1.835 A, respectively, while
the previous MP2/6-31G** calculations predicted much smaller
values of 1.7671 and 1.7685 & and the previous CASSCF
calculations predicted larger values of 1.870 and 1.878 A,
respectively.

The 2A’ state is found to be a repulsive state about theCC
bond distance in the CASSCF geometry optimization calcula-
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tions. Therefore, we report no CASPT2//CASSTfvalue for
22A' in Table 2, though the experimental AIP fo#&; was
reported® and the evaluated experimenfalvalue of 2.51 eV
for 22A" is listed in Table 2. The CASPTR,/ value of 3.18 eV
for the ZA’ state is close to the experimenigl value of 3.11
eV for the AA; state?® The CASPT2//CASSCH, value for
22A" is 3.42 eV (no available experimental AIP data). The
CASPT2T, value of 4.47 eV for 2A" is quite close to the
experimentall,’ values (4.11 and 4.71 eV) for the’B state?’

The CASSCF frequency analysis calculations fé&'land
22A" produced unique imaginary frequencies (665i and 1368i
cm1, respectively) of the A symmetry (the previous MP2
calculation&® also produced an imaginary frequency féA1).
The vibration modes associated with these imaginary frequencies
described the rocking motions of the three hydrogen atoms, and
these imaginary frequencies are not related to transition states
(if any) along the Cl-loss or H-loss dissociation reaction paths
for the A" and ZA" states (see below).

B. Cl-Loss Dissociationln Figure 2 are given the CASPT2//
CASSCF PECs for the Cl-loss dissociation from th&'112A",
227", and 2A" states of the CECI* ion. The CHCI™ systems
of the four states at thR(C—ClI) value of 5.0 A will be called
as asymptote products of Cl-loss dissociation from the four states
in the following discussion. The CASPT2//CASSCEF relative
energies of the asymptote products of the four states to?fe 1
reactant (the 2A’ state at the CASSCF equilibrium geometry)
are given in parentheses. In Table 3 are listed the CASPT2//
CASSCEF energies of the four states at seleB{g-Cl) values,
together with the charges on the Cl atom and the values of the
principal geometric parameters in the CASSCF partially opti-
mized geometries.

As shown in Table 3, the charges on the Cl atom in the
asymptote products of the?A’, 12A", 22A’, and 2A" states
are very small £0.001 or 0.002 e), which indicates that the
products of the Cl-loss dissociation from the four states are the
neutral Cl atom plus the CHi ion in different states. In Table
4 are given the CASSCF geometries and CASPT2//CASSCF
relative energiesTy’s) for the A’ (1'A') and BA" states (the
two lowest-lying states) of the G#i ion. The asymptote
products of the 3A’, 12A”, and 2A’ states have similar
CASPT2//ICASSCF energies (see Table 3 and Figure 2), and
the geometries of the G} fragment in the asymptote products
of the three states (see Table 3) are almost identical to the

-498.95 - M T CH, (1°A")+CI (5.90)
-499.00
2°A" (3.42
g -499.05 , .
o 22p L SR 1A1)+CI (2.61)
w W H,(1'A)+Cl (2.33)
CH, (1'A)+CI (2.26)
-499.10 4
1%A" (0.01)
-499.15
1°A' (0.00)
1 v 1 1 1 1 I 1
15 20 25 3.0 35 40 45 5.0
R(C-CI) / Angstrom

Figure 2. CASPT2//ICASSCF potential energy curves for Cl-loss dissociation from#he TPA", 22A’, and ZA" states. In parentheses are given
the CASPT2//CASSCEF relative energies (in eV) of the asymptote products tdAheehctant.
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Figure 3. CASPT2//CASSCF potential energy curves for H-loss dissociation from#he 1A', and 2A"" states. In parentheses are given the
CASPT2//ICASSCEF relative energies (in eV) of the asymptote products to’#ierdactant (see calculation details and description for fi¢ 2

curve in text).

TABLE 3: CASPT2//CASSCF Energies E's) at the Selected
R(C—CI) Values for the Cl-Loss Dissociation from the 2A’,
12A", 22A', and 2A" States, Together with Charge Values
(Q's) on the CI Atom and Values of Principal Geometric

TABLE 4: CASSCF Geometries and CASPT2//CASSCF
Relative Energies [¢'s) for the 1A’ and 1°A" States (the
Two Lowest-Lying States) of the CH* lon?

Parameters in the CASSCF Partially Optimized Geometried state R(C(:’E)Hl) R(C(/{)HZ) A(H(loc):HZ) D(HZ%,')"lHZ') (eT\O/)
R(C; <D E QACh R(CXHZ) AlHiCHy) D(H.CHHY) AP 1.097 1.100 12071 179.8 0.0
G @u) © . G ©) © PA" 1096 1106 1231 68.2 3.56
1A'
1832 —499.16301 0659 1.098 112.1 132.8 2 For notations, see Figure 1The ground state of the ion iSAy’
2.0 —499.15453 0598 1.096 115.2 1415 in D3y, symmetry, and our calculations withi@s symmetry did not
23 —499.13488 0.436 1.095 118.2 156.4 produce the exad(H,CH,) value of 120 andD(H.CH;H') value of
2.7  —499.10710 0.159 1.096  119.7 171.8 180
33  —499.09254 0.038 1.097 1199 178.7 states of the CECI™ ion all correlate with the 3A;' ground
g'g :233'83322 —006323 111%30 1%(2)060 1%(7)969 state of the CHhI" ion. On the basis of the CASPT2//CASSCF
' ' ' 12A”' ' ' relative energy values given in Figure 2, the asymptote product
1835 -499.16282 0.658 1.104 150.0 1304 of the ZA" state is higher in energy than the asymptote product
20  —49915453 0598 1.099 116.7 140.3 of the PA’ state by 3.64 eV, which is very close to the
2.3 —499.13492 0.435 1.096 118.9 156.1 CASPT2/ICASSCH, value of 3.56 eV for the 3A" state of
2.7 —499.10710 0.159 1.096 120.0 171.7 the CH™ ion (see Table 4). As shown in Tables 3 and 4, the
33  —499.08905 0.032 1.098 120.1 178.6 geometry of the Ckifragment in the asymptote product of the
‘5"'8 :igg'g%gé _ ood(())(iz 116839 1%%)061 1%999 227" state is very similar to the CASSCF geometry of tRa'1
' ' ' 2 ’ ' ' state of the CHI" ion. We conclude that the?&" state of the
19 49906993 0439  1.099 117.9 1513 CHasCI™ ion correlates with the3A" state of the CH' ion. As
21 —499.07962 0.346 1.097 1190 160.4 shown in Figure 2, the?A’ and A" PECs almost coincide.
2.4 —499.07766 0.187 1.078 119.7 172.4 Along the CASPT2//CASSCF PECs of théAl, 12A", and
2.6 —499.07565 0.144 1.080 120.0 176.4 22A"" states, the energy increases monotonically witHR@—
30  —499.07209 0.059 1.081 120.0 1791 Cl) value, and there are no barriers (transition states) along the
g-g :jgg-ggggg g-g(l)g i-ggi 58-8 ggz 12A" and 2A"” PECs (see section Ill. A). The CASPT2//
a1 —499.06868 0004 1.081 120.0 179.4 CASSCEF energy difference between the asymptote p_roduct and
5.0 —499.06728 0.002 1.095 120.3 179.6 the reactant for each of the three states is considered the
22pn predicted dissociation energy. The CASPT2//CASSCEF dissocia-

1.926 —499.03721 0.295 1.182 116.5 90.1 tion energies are evaluated (using the relative energy values
2.1 —499.02668 0.240 1.183 120.1 89.8 given in Figure 2) to be 2.33 eV for the GBI (12A") — CH3™
24 -498.99776 0.160 1.186 123.5 85.9 (1*Ay) + Cl dissociation, 2.25 eV for the GigI* (12A") —
g'g :igg'ggggg géig iigg ggz 333 CHs™ (1*Ay) + Cl dissociation, and 2.48 eV for the GEIT

. . . . . O\ . a3nm . o
35  —498.94955 0005 1196  123.8 69.2 (2A") = CHg® (1A") + Cl dissociation. We assume the
41  —498.94702-0.001 1.196  123.2 68.2 appearance potential for GH(1'A1') (appearance potential for
5.0 —498.94622 —0.001 1.196 123.1 68.2 the production of the Ckt (12A;") ion from CH;CI) to be equall

aFor notations, see Figure 1.

CASSCF geometry of the!A’ (11A;") ground state of the C¥t
ion (see Table 4). We conclude that théA1, 12A"", and ZA’

to the sum of the experimental AIP value of 11.29 eV for the
X?E stat@® and the CASPT2//CASSCF dissociation energy
value of 2.33 eV for the Cl-loss dissociation from th&Al
ground state, and the predicted appearance potential value of
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13.62 eV for CH*™ (1'A{) is quite close to the experimental TABLE 5: CASPT2//CASSCF Energies E’s) at the Selected

values of 13.33 eV,14.0 eV& and 13.43 eV (evaluated by Olney i(AC”_ 22%,\/ ?ﬁg szzfzr, tgfatHegLOnggBiﬁse?cviv?ttﬁogrfggeﬂ\]/%ﬁ's’
7 USi i i , , ,

et al’ using expenme_ntal thermodynamic data.). (Q's) on the Departing H; Atom and Values of Principal

For the 2A’ repulsive state, we calculated the CASPT2// Geometric Parameters in the CASSCF Partially Optimized

CASSCF PEC starting at aR(C—CI) value of 1.9 A. Along Geometries
the CASPT2//CASSCF PEC of thé& state, there seems to  R(C—H,) E

Q(Hy) R(C—CI) A(H.CCl) D(H,CCIH,)
()

be a shallow minimum at aR(C—ClI) value of around 2.1 A (A (a.u.) (e) (A ©)
(see Figure 2), but we failed to find any minimum for tié&2 1277
state in our CASSCF full geometry optimization calculations. 1,110 —499.16301 0.326 1.832 106.5 124.6
The CASPT2//CASSCF energies of théA2 state at the 1.3 —499.15070 0.183 1.781 109.6 131.6
experimental geometry of the ground-state sCHmoleculé® l7 ~ —499.11130 0.112 1.649 1179 160.1
and at the CASSCF equilibrium geometry of the ground-state 21 —499.09604 0042 1616 119.3 1r2.9
CHsClI* ion are—499.045 87 and-499.058 47 au, respectively 27 :499'09367 0.019  1.607 1195 1788
'3 499. ; : , 3.0 499.09313 0.015 1.605 119.5 179.5
which are both significantly higher than the CASPT2//CASSCF 40 —499.09177 0.004 1.604 1195 179.9
energies at all the select®|C—Cl) values along the?2’ PEC 5.0 —499.09120 0.001 1.604 1195 180.0
(see Table 3). 12A"
C. H-Loss Dissociation.In Figure 3 are given the CASPT2// 1.094 —499.16282 0.344 1.835 103.8 115.9
CASSCF PECs for the H-loss dissociation from tRa'112A", 13~ —499.14203 0171 1827 1045 118.0
d 2A" states of the CECI* ion. The CHCIT systems of the L7 —499.07366  0.097  1.807 106.3 1232
an ) 2.1 —499.02235 0.086 1.785 108.4 129.4
three states at th®C—H,) value of 5.0 A will be called 2.7 49898928 0.039 1.760 110.6 137.4
asymptote products of H-loss dissociation from the three states 3.0 —498.98408 0.023 1.753 111.1 139.4
in the following discussion. The CASPT2//CASSCF relative 4.0 —498.98041 0.004 1.747 111.3 139.7
energies of the asymptote products of the three states to the 50 ~ —498.97984 0.001 1748  111.4 1403
1?A’ reactant are given in parentheses. In Table 5 are listed the 2N
CASPT2//ICASSCF energies of the three states at sel&(@d 16 ~ —499.01679 0.121 1913 1124 142.7
H,) values, together with the charges on thedibm and the 17 —499.01072  0.092  1.905 112.0 142.9
o . . 1.9 —498.99833 0.055 1.888 1111 143.1
values of the principal geometric parameters in the CASSCF 5 1 49898668 0.044 1.876  110.4 1426
partially optimized geometries. 2.3  -498.97687 0.045 1.882  109.6 1416
As shown in Table 5, the charges on the &tom in the 25 —498.96990 0.046 1.887  109.3 141.8
asymptote products of théA', 12A"", and 2A"" states are very 2. —498.9645 0040 1.8%5 109.2 142.2
R 3.3F —498.95713 0.016 1.904 109.3 143.9
small (.0.(.)01 e), which indicates that the products of the H-loss 3¢ —498.95590 0010 1.904 109.3 143.9
dissociation from the three states are the neutral H atom plus 4.0 —498.95515 0.005 1.904 109.4 144.1
the CHCI* ion in different states. In Table 6 are given the 5.0 —498.95451 0.001 1.904 109.4 144.1
CASSCF geometries and CASPT2//CASSCEF relative energies 2271
(To's) for the LA’ (11A,), 13A", 17A", and BA’ states (the four 1.096 —499.03721 0.373 1.926 114.5 88.2
lowest-lying states) of the GI€I* ion. The £A’ ground state 13 —499.01675 0.196 1.921 115.0 89.6
of the CHCI™ ion correlates with theA\; ground state of the 16~ —498.96545 0124 1.910  116.1 92.3
CHCI* ion. As shown in Tables 5 and 6, the geometry of the %'2 :igg'ggi% :8'832 1'?8(7) ﬂg‘g iig'z
CH,CI fragment in the asymptote product of th#Al state is 30 _498.97477 0008 1.776 111.7 145.9
close to the CASSCF geometry of thk\l state of the CHCI™ 4.0 —498.97434 0.003 1.772 111.8 146.3
ion. On the basis of the CASPT2//CASSCF relative energy 5.0 —498.97390 0.001 1.773 111.8 146.3

values given in Figure 3, the asymptote products of the'1 2 For notations, see Figure 1The HCCI angle value was fixed at
and 2A" states are higher in energy than the asymptote product111.¢, which is the angle value in the partially optimized geometry at
of the A’ state by 3.03 and 3.20 eV, which are very close to R(C—H) = 1.7 A. ¢ The H,CCl angle value was fixed at 107 35vhich
the CASPT2//CASSCHy, values of 3.05 and 3.19 eV for the is the angle value in the partially optimized geometryREE—H) =
13A" and A" states of the CbCI™ ion (see Table 6), 36A.

respectively. As shown in Tables 5 and 6, the geometries of g E 6: CASSCE Geometries and CASPT2//CASSCE

the CH,CI fragment in the asymptote products of tFA1 and Relative Energies T¢'s) for the 11A’, 13A", 1!A”, and 1A’

22A" states are almost identical to the CASSCF geometries of States (the Four Lowest-Lying States) of the CKCI* lon

the PA" and FA" states of the CKCI" ion, respectively. We RC-H) R(C-Cl) AHCCl) DHCCH) To
conclude that the 2A" and ZA" states of the CECI* ion state A) A o ©) (eV)
correlat_e with the 3A"" and EA" states of the CLCI* ion, 1A 1.100 1604 1195 180.0 0.0
respectively. 13A" 1.103 1.747 111.4 140.4 3.05
As stated above, the!A’ and BA" states, as the two Jakn A" 1.100 1.773 111.9 146.5 3.19
Teller splitting states of %, correlate with the different states 1A' 1.093 1.904 109.4 144.3 3.72

of the CHCI™ ion in the H-loss dissociation. Along the
CASPT2//CASSCF PECs of the?A’ and PA" states, the
energy increases monotonically with tRéC—H,) value, and of 11.29 eV for the XE state?® the appearance potential for
there are no barriers (transition states) along fi#¢ and A" CH,CIT (11A,) is evaluated to be 13.24 eV, which is quite close
PECs. The CASPT2//CASSCEF dissociation energies are evalu-to the experimental values of 12.84 &\13.0 eV® and 13.05
ated (using the relative energy values given in Figure 3) to be eV (evaluated by Olney et &lusing experimental thermody-
1.95 eV for the CHCIT™ (12A") — CHCI* (1'A;) + H namic data). As shown in Figure 3, there exists an energy
dissociation and 4.97 eV for the GEIT (12A") — CH,CI™ maximum at arR(C—H,) value of 1.7 A along the CASPT2//
(18A") + H dissociation. By using the experimental AIP value CASSCF PEC of the?A" state, which indicates that there is

a2The ground state is'A; in Cy, Symmetry.
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TABLE 7: CASPT2//CASSCF Dissociation Energies D¢'s) for Cl Loss and H Loss from the 12A’, 1?2A"", 22A’, and 22A"" States
of the CH3CI* lon and CASPT2//CASSCF Appearance Potentials (APs) for the Production of the Ckt and CH,CI* lons in
Their Ground and Excited States from CHsCl

Cl-loss dissociation H-loss dissociation
CHsCI*  product (+Cl)  De(eV) AP (eV) product ¢H) De(eV) AP (eV)
12A! CHs" (1*AY) 2.33 13.62 (exptl. 13.38, 14.0, 13.43)  CH.CI* (1*A)) 1.95 13.24 (exptl. 12.84, 13.¢,, 13.05)
127" CHz* (11AY) 2.25 CHCI* (13A")  4.97 16.27
22N’ CHs™ (1*'AY) e f
22A" CH3™ (13A") 2.48 17.19 CH,CIT (1'A™) 2.36¢ 17.07

a2 Evaluated as the sums of the experimental AIP value of 11.29 eV for tRes¥ate (given in ref 20) and the CASPT2//CASSCF relative
energies for the asymptote products to th&' Teactant (the 2A’ state at the CASSCF equilibrium geomet®/:rom ref 9.¢ From ref 8.¢ Evaluated
by Olney et al. (see ref 8) using experimental thermodynamic 8ditae ZA’ state is repulsive about the-Cl bond. H-loss dissociation does
not occur from 2A'. 9 CASPT2//CASSCEF relative energy of the barrier (see text) to A& Peactant! Evaluated as the sum of the experimental
AIP value of 11.29 eV for the 3E state (given in ref 20) and the CASPT2//CASSCF relative energy of the barrier t8Aheehctant.

an energy barrier in the GEIT (22A") — CH.CI* (11A"") + about the G-Cl bond, and the CASPTR,’ value (3.18 eV) for
H dissociation reaction. The CASPT2//CASSCF relative energy 22A' is close to the experimentd’ value (3.11 eV) for the A
of the maximum to the A’ reactant is 5.78 eV. At the 2A; state; and the CASPTR, value (4.47 eV) for the Z\"
CASPT2//CASSCF level, the maximum is predicted to be 2.36 state is quite close to the experimenkglvalues (4.11 and 4.71
and 0.63 eV higher in energy than théA2 reactant and the  eV) for the BE state, while our calculations for thé/8 state
asymptote product of the’&"" state, respectively. Itis noted in  were not successful because of some technical probletas (2
Table 5 that the HCCIH,' dihedral angle value varies drastically and 3A’ being the two JahaTeller splitting states of ).

in theR(C—H) range between 1.6 and 1.9 A. We note that the  The CASPT2//CASSCF PECs for Cl loss and H loss from
dominant configuration in the CASSCF wavefunctions of the he 2a" (X2A"), 12A", 227", and 2A" states were obtained on

22A" state is ...(s'a?(za')1(9a)2§120a)2(23a')2 "f‘ thelslmaIR(E:— the basis of the CASSCF partial geometry optimization calcula-
Hy) values and it is ...(8}#(24")%(9d)*(104)" (3d")*(114)" at tions at the fixed €Cl and C-H; distance values, respectively,

the IargeR(g:A—”Hl) values. The maximum &(C—Hy) =17A (5064 by the CASPT2 energy calculations. The dissociation
along the PEC is considered an indication of potential products (the fragments and their electronic states) were

energy surface avoided crossing between #AU states, one  jatermined by carefully examining the calculation results for
representing a primary ionized stat_el((,’?&)land the other a the asymptote products (R@C—Cl) = R(C—H,) = 5.0 A). In
shalfge-uptllonlzfed tz;’tate ((l@zl(eidt) (11|a) ) I(thelelgctg)n Table 7, we give the CASPT2//CASSCF dissociation energies
con |gu:a 'on %r’ 5 23, gzrggnz 1502 332,62 Tfae(%u € N%s for the Cl loss and H loss from the different states (for H-loss
Sy??ezgx,';éé ah( R z:(—H) ( | ) )_( ¢ ) '1 610 5.0 dissociation from the?A" state, we give the CASPT2//CASSCF
€sA FE (the _( ) value ranging from 1.6 to S. barrier height value). In Table 7, we give the CASPT2//CASSCF
A) shown in F|gur'e Sisnota true.HTIos.s d|SSOC|at|9n PE(.:' ]n appearance potentials for the ground-statesCahd CHCI™
the CASSCF partial geometry optimization calculations within ions, which are in quite good agreement with the experimental
the R(C_Hl) range from 1.9 t0 3.3 A (the d_asluiot part of the values. We also give the CASPT2//CASSCF appearance
22A" PEC in Figure 3), the ECCl angle was fixed at large values potentials for the excited-state @Hand CHCI™ ions (for the
;Sne?eﬂ:/zrggti?]o:ﬁz foz;r:[li'glb Ieegzﬁ\e/\t/rheg \;\ilr?ﬂgc;t?gr: fﬁtfﬁber:] definition, see footnotes a and h for Table 7). on the basis of
mogves to the Cl atopm andgthe ene?gy%f the syst’emlein e our CASPT2//[CASSCEF calculations for the Cl loss and H loss
P S from the fourCs states of the CECI™ ion, we will present our
state goes down (see the dotted line in Figure 3), which mdmatesconCILISions ansd comments on Eﬁe general pictufe (see Introduc-

that the 2A’' state of the CHCIT ion correlates with the g . I
CH,CIH™ ion (in its ground or excited state). Our calculations tion) of Eland et ak for the dissociation from the X, A, and B
states of the CECI™ ion below.

support the experimental faé’ that the H-loss dissociation S
does not occur from the?’ state of the CHCI* ion. We note Our CASPT2//CASSCEF calculations indicate that the Cl-loss
that the dominant configuration in the CASSCF wavefunction dissociation occurs from theA’, 1°A”, and ZA’ states of the

of the ZA’ state is ...(892(2A"")2(94) (104) (3A")3(114)* along CH3CI* ion and the produced GH ions are all in the ground
the final (solid) part of the 2ZA’ PEC (within theR(C—Hy) range state, which supports the observations of direct dissociation from
from 3.6 to 5.0 A). This means that the final part of tf&2 ~ the X and A states of the G)&I* ion to CH;* by Eland etal.
PEC is actua”y a part of the H-loss dissociation PEC of a higher- Our CASPT2//CASSCEF calculations indicate that H-loss dis-

lying2A' state, which correlates with théAl' state of the CHCI* sociation does not occur from théA? state, supporting the
ion. This higher-lyingA’ state represents a shake-up ionized suggestions of Eland et dll.ane and Powi§,and Olney et
state ((99~1(10d) %(114)%) at largeR(C—H;) values. al® based on their experiments. Our CASPT2//CASSCF cal-
culations indicate that the H-loss dissociation occurs (with a
IV. Conclusions barrier) from the 2A" state of the CHCI* ion, supporting the

observation of direct dissociation from the B state of the;CIH

Low-lying electronic states of the GBI ion have been  ion to CHCI™ by Eland et af and that the produced GEI*
studied withinCs symmetry by using the CASSCF and CASPT2 ion is in the TA" excited state. Our CASPT2//CASSCF
methods in conjunction with an ANO basis. On the basis of calculations indicate that the H-loss dissociation occurs from
CASSCF geometry optimization and CASPT2//CASSCF energy the A’ (X?A") and PA" states of the CECI* ion, and the
calculations, we make the following remarks: Th&lstate produced CHCI™ ion is in the £A; (X!A;) and BA" states,
is the ground state, and théAl' state is slightly higher in energy  respectively. Apparently, the H-loss dissociation from the two
(To) than PA’ (1°A’ and BA" being the two JahnTeller Jahn-Teller splitting states of % should be considered
splitting states of XE); the 2A’ (A%A,) state is a repulsive state  individually.
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