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The potential curves and dissociation energies for the ground states flQl@fd CIO (13 )

and possible low lying excited stated[, °I1, 33, 33 *, 1A, etc) of CIO™ have been investigated
using sophisticatedb initio quantum mechanical techniques with large basis sets including diffuse
functions. The equilibrium bond distance and vibrational frequency for the ground &ate 6f

ClO™ are predicted to be 1.688 A and 660 cthat the coupled-cluster single doubltiple)
[CCSOT)]/aug-cc-pVQZ level of theory. The lowest excited singlet state of GkJpredicted to be

the open-sheltll state, which is 2.43 eV higher in energy than the ground state, while the lowest
triplet state ¢II) of CIO~ has a potential with well depth of 0.32 eV. The adiabatic electron
detachment energy from CIOis predicted to be 2.29 eV including zero-point vibrational energy
(ZPVE) at the CCSDT)/aug-cc-pVQZ level of theory. The spin allowed vertical electronic
transition ¢ * —1I1) of CIO™ is predicted to be 3.13 eV including ZPVE. The dissociation energies
(Do) of CIO™ to CI"(1S)+0O(®P), CI"(}S)+0O(*D), and CIEP)+ O (?P) are predicted to be
1.40, 3.46, and 3.61 eV, respectively, including ZPVE. 2602 American Institute of Physics.
[DOI: 10.1063/1.1516803

I. INTRODUCTION respectively’® The reaction path toward €lO~ by femto-
second ultraviolet photolysis of CIOin water was reported
The CIO radical plays an important role in the catalytic by im et al. in 19976 In 2000, Distelrath and Boesl re-
chain reaction leading to the destruction of ozong)(i@ the ported the electron affinity of 2.278 eV measured by the
stratospheré.Because of the environmental importance of anion-zero kinetic energZ EKE)-photoelectron spectruf.
the ozone problem, enormous experimental and theoretical A few theoretical investigations of ClOhave been re-
investigations have been performed on the spectroscopiGorted on the electron affinity, vibrational frequency, and
properties and  photochemical reactions of the ClOynqg distancd®In 1971, the binding energy, vertical elec-
radical™™"" On the other hand, the hypochlorite ion (CID  10n affinity, and ionization potential of CIO were predicted
which is familiar in solution chemistry, has been poorly char-i5 pe more than 2.9, 20,5, and 11.2.0.4 eV, respectively,
acterized in the gas phase. by O'Hare and Wahf at the single configuration self-
qug electron affinity of CIO was measured by Vogt consistent field SCH level of theory. In 1990, the electron
etal.™in 1977 to be greater than 1:®.2 eV from the ion— 4¢inity of CIO, the equilibrium bond length, and the vibra-
molecule reactions of Clwith O,. In 1978, Dotanetal.  qna| frequency of CIO in its ground state were estimated
estimated this value to be 1.89.25 eV from the charge- i, pe 2.16 eV, 1.694 A and 659 cth respectively, based on

. . 12
exchange reactions of Clowith NO,, SG;, and Q. Ex-  ¢5jcylations at the SDQ-MP4, CISD, CEPA levels by Peter-
perimental appearance potentials of Cl@ere reported by 54 and Wood&®

Dibeler et al. from electron impact studies on Cp.* The The above-mentioned experimental observations and
photodestruction spectra of ClOwere observed by Lee iheqretical predictions for the electronic structure and the
et al.in 1979, and they attributed a broad band near 5700 pectroscopic properties of ClOhave focused on the

(2.17 eV} to the photodetachment of ClOand a narrow  g.6ng state. The experimental observation of 2.9 eV with a
band peakgdlnear 43100 &.88 9\2 to pho;EOd'SlfOC'a“O” of \width of 0.3 eV by the photodestruction cross section of

CIO™ to CI"(*5)+O('D) or CI" (") +O(°P).™" More re- |5~ nhas not yet been clearly explained because there have
cently, the photoelectron spectrum of Clan the gas phase ot pheen intensive theoretical investigations on the potential

has been observed by Gilles al, and the electron affinity - ¢,ryes of its excited statéd.The only theoretical study for
of CIO, the vibrational frequency, and bond distance of CIO ¢ excited states of ClOin water is the prediction of the
were determined to be 2.276 eV, 665 Cin 1.673 A, potential curve at the CIS level of theory by Liet al® In

the present study, we report the optimized bond distances and
dElectronic mail: crawdad@vt.edu vibrational frequencies for the ground stafe& () and the
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lowest singlet tIT) and triplet €IT) excited states of CIO ~ SCF molecular orbitals were frozeheld doubly occupied
usingab initio quantum mechanical methods with large basis2nd the six highest virtual molecular orbitals were deleted
sets including diffuse functions. In addition, the electron de{rom the correlation procedures.

tachment energy of CIQ, the vertical transition energies Spin-unrestricted Hartree—FockUHF) CCSD and
from the ground state to various excited states of Gland ~ CCSDT) were applied to the ground statél) of CIO and
the dissociation energies to the possible €0 and cI  the®ll state of CIO".? For the open-shell excited states of
+0~ fragments are examined and compared with availabl€!O ™, geometry optimizations and vertical transition energy
experimental results. calculations were carried out using equation-of-motion ex-
cited state(EOMEE) and the quasi-restricted Hartree—Fock
(QRHP two-determinant (TD) coupled cluster (CC)
method<®2° For more precise computations on dissociation
energies of ClO, the single point energies were obtained at
the CCSDT level of theory with the aug-cc-pVXZ basis set

larization functiondDZP), triple-{ plus two sets of polariza- t.)y flreezing core electrons, one for O and five for Cl, respec-
tion functions(TZ2P), TZ2P basis augmented with an addi- tive z the best predicti  di iation limits of Cldo
tional set of 1® functions (TZ2P+f), DZP plus diffuse or the best prediction of dissociation IMIts o

functions (DZP-+diff), TZ2P plus diffuse functiongTzop ~ POSSible Cland O fragments, UHF energies for each Cl, Cl
+diff), and TZ2P-f plus diffuse functions (TZ2Pf O(°P and "D stateg, and O species were extrapolated to

+diff). The DZP basis set consisted of the standard Huzihe aug-cc-pVXZ basis limit using a three-parameter expo-

naga and Dunning doublgéset of contracted Gaussian func- nential function of the forrf?=*
tions (95p primitive set for oxygef??* and 1%7p primi-
tive set for chlorind®) augmented with a single set of
polarization @& functions on chlorine and oxygen, with or-
bital exponentsuy(Cl)=0.75, anday(0)=0.85. The TZ2P whereX represents the cardinal number of the aug-cc-pVXZ
basis consists of McLean and Chandl&'sontraction of basis set(for example, aug-cc-pVTZX=3). The CCSD,
Huzinaga’s 189p basis for chlorine and Dunning’s contrac- CCSOT), and CCSDT correlation energies were each fitto a
tion of Huzinaga's 166p set for oxygen with two sets of two-parameter function of the forth
polarization functions with exponenigy(Cl)=1.5, 0.375,
and ayg(0)=1.7, 0.425. The TZ2P f basis set was formed Ex=E.+AIX3
by adding a set of 1f0 functions with orbital exponents
a¢(Cl)=0.7, anda(O)=1.4. The DZP-diff, TZ2P+diff, For both cases, the atomic energies used for the extrapo-
and TZ2Ptf+diff basis sets were constructed by addinglations were computed using the aug-cc-pVTZ, aug-cc-
one set ofs andp diffuse functions on Cl and O to the DZP, pVQZ, aug-cc-pV5Z, and aug-cc-pV6Z basis sets. However,
TZ2P, and TZ2P-f basis sets. The exponents of the diffuseaug-cc-pV5Z and aug-cc-pV6Z basis sets were too large for
functions were determined in the manner described in Le€lO™; therefore the dissociation energies from the ground
and Schaefer’s papét,and they arens(Cl)=0.05048 and state of CIO to CI~(}S)+O(®P) fragments were computed
a,(Cl)=0.05087, as(0)=0.08227 anda,(0)=0.06508 at the CCSDT/aug-cc-pVQZ level of theory using the opti-
for the DZP+diff basis set, anda(Cl)=0.05541 and mized geometry at the CC$D)/aug-cc-pVQZ level and ex-
a,(Cl)=0.04531, a4(0)=0.089 93, anda,(0)=0.05840 trapolated to the basis limit. The dissociation energies of
for the TZ2P+diff and TZ2 P+ f + diff basis sets. Since these CIO™ to other fragments were predicted using the relative
basis sets were not efficacious for coupled-cluster singlenergies between Cl and O fragments obtained from the ex-
double (triple) [CCSOT)] and CCSDT calculations on the trapolation scheme mentioned above.
dissociation energietsee Table V¥, we employed Dunning Harmonic and fundamental vibrational frequencies for
augmentedcorrelation-consistent polarized valence triple-the ground states of CIO and ClOwere evaluated using
zeta (aug-cc-pVTZ, quadruple-zeta (aug-cc-pVQ4, analytic second energy derivatives at the SCF level and using
quintuple-zetéaug-cc-pV54, and sextuple-zetaug-cc- finite differences of analytic gradients at the CCSD, and
pV62) basis seté® The appropriate set of spherical harmonic CCSI(T) levels with all employed basis sets except the aug-
(5d, 7f, 9g, etc) basis functions was used for the aug-cc-cc-pVXZ sets**3> Analytic second derivatives were used for
pVXZ basis sets. harmonic frequencies at the CCSD and CCBDevels with

The geometries of the ground states of CIDf and the aug-cc-pVTZ and aug-cc-pVQZ basis sets, and funda-
Clo™(!=1), and the excited statesI{,%II) of CIO” were  mental frequencies were computed using finite differences of
fully optimized at the self-consistent fiel(SCH level of  analytic second derivatives at the same levels of th&ory.
theory using analytic gradient techniqéewith all basis sets The vertical transition energies to various excited states of
employed in this investigation. All open-shell SCF calcula-CIO™ and the ground state of CIO were obtained at the op-
tions were carried out using restricted open-shell Hartreetimized geometry of the ground state of ClGnd used to
Fock (ROHP orbitals. For the ground statéY ") of CIO™, estimate the electron affinity of CIO with zero-point vibra-
geometries were optimized at the CCSD and CCSD tional energy(ZPVE) corrections. All computations except
levels?’ In the CCSD and CCS([) energy calculations with coupled cluster calculations with the aug-cc-pVXZ basis set
all basis sets except aug-cc-pVXZ, the six core-like occupieavere carried out with thesi-Z*’ suite of programs and EOM-

Il. THEORETICAL APPROACH

The basis sets used in this study were doubbdds po-

Ey=E.+Ae BX
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TABLE |. Absolute energies, bond distances, harmduig and fundamentaly) vibrational frequencies, and
ZPVEs for the ground staté¥ ™) of CIO™ at various levels of theory.

E (hartree R(A) o (cm™) v (em ZPVE (eV)
DZP SCF —534.264 939 1.740 578 567 0.036
DZP-+diff SCF —534.284 223 1.721 591 579 0.036
TZ2P SCF —534.323 778 1.717 600 588 0.037
TZ2P+diff SCF —534.330 064 1.705 612 601 0.038
TZ2P+f SCF —534.329 283 1.686 631 618 0.039
TZ2P+ f+diff SCF —534.335 484 1.675 646 633 0.040
DZP CCSD —534.681 040 1.743 646 638 0.040
DZzP+diff CCSD —534.711 937 1.735 640 632 0.040
TZ2P CCSD —534.799 261 1.740 635 628 0.039
TZ2P+diff CCSD —534.809 158 1.733 638 632 0.039
TZ2P+f CCSD —534.866 647 1.704 664 656 0.041
TZ2P+ f +diff CCSD —534.875901 1.700 669 661 0.041
aug-cc-pVTZ CCSD —534.854 192 1.690 685 677 0.042
aug-cc-pvQz CCSD —534.938 946 1.674 694 686 0.043
DZP CCSOT) —534.689 993 1.758 614 606 0.038
DZP+diff CCSD(T) —534.722 861 1.753 601 593 0.037
TZ2P CCSDT) —534.815 786 1.754 611 604 0.038
TZ2P+diff CCSD(T) —534.826 557 1.748 612 605 0.038
TZ2P+f CCSOT) —534.887 169 1.718 640 632 0.040
TZ2P+ f+diff CCSD(T) —534.897 184 1.711 642 634 0.040
aug-cc-pVTZ CCSD) —534.877 489 1.704 658 650 0.041
aug-cc-pVQZ CCSDI) —534.965 123 1.688 669 660 0.041
Experiment 171 713

1.673 665+25°

aReference 14.
PReference 15.

CC, QRHF-CC, and other coupled cluster calculations with  The harmonic and fundamental vibrational frequencies

the aug-cc-pVXZ basis set were carried out usingabes I and ZPVEs for the ground state of ClGare also presented

package of quantum chemical progratfs. in Table I. The addition of functions increases the vibra-
tional frequencies significantly at all levels of theory, which
is consistent with the above-described bond distance short-

11l. RESULTS AND DISCUSSION ening. The predicted vibrational frequency of 660 ¢nat

_ the CCSOT)/aug-cc-pVQZ level of theory is in very good

A. The "X ground state of CIO agreement with the experimental value of 6% cm ! by

The electronic configuration and molecular term symbolGilles in 1992
for the ground state of ClOare

10%20230%40%1 75026022747 0?37 =13 . B. The 2II ground state of CIO

The optimized geometries and absolute energies for the The electronic structure and spectroscopic properties of
ground state of ClO at various levels of theory are shown in the CIO radical have been well characterized by both experi-
Table 1. In general, bond lengths decrease with increasingnental and theoretical investigations. The electronic configu-
basis set sizes for all methods employed. At the CCSD an¢htion and molecular term symbol for the ground state of
CCSOT) levels of theory, the basis set effects in going fromCIO are
DZP to TZ2P are not very significant, while the effectsfof
functions are relatively important. For example, bond dis- 10%20°30%401m"50°60° 2770 *3m°= 11
tances decrease by 0.004 A or less in going from DZP tand the absolute and relative energies, optimized bond dis-
TZ2P but they decrease by 0.036 A from TZ2P to TZ2Ptances, and vibrational frequencies of the ground st (
+f at both the CCSD and CCSD) levels of theory. The of CIO at various levels of theory are listed in Table II.
effects of diffuse functionsones and one set op functiong Diffuse functions have significant effects on the relative en-
are less important with large basis set such as TZ2PThe  ergies, and thd functions are important for the optimized
electron correlation effects with the TZ2H + diff basis set  bond lengths. The predicted bond distance and fundamental
increase the ClO bond distance by 0.025 A in going from vibrational frequency of 1.576 A and 850 chat the
SCF to CCSD and by 0.011 A from CCSD to CCSI At  CCSI(T)/aug-cc-pVQZ level of theory are in good agree-
the highest level of theory employed in this investigation,ment with experimental results of 1.570 A and 854 ¢rir+4°
CCSOT)/aug-cc-pVQZ, the bond distance is predicted to beFrom the relative energies and the vibrational frequencies of
1.688 A, which is in between the early experimental resultCIO, the adiabatic electron affinity is predicted to be 2.28 eV
of 1.71 A% and 1.673 A® without ZPVE correction and 2.29 eV including ZPVE at the
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TABLE Il. Relative (in eV) energies for the lowest singletl{) and triplet €I1) excited states of ClOand the ground statéll) of ClO, and harmoni¢w)
and fundamentaly) vibrational frequenciegin cm™) and ZPVE(in eV) of ClO.

21 state(ClO) 1 state (ClO)? 311 state (ClO)

Energy AE)° R (R) ) v ZPVE  Energy AE)® R (A) Energy AE)® R (A)
DzZP SCF 0.54 1.613 832 811 0.051 1.00 2.704 -1.19 3.099
DzP+diff SCF 0.98 1.611 833 812 0.051 0.77 3.261 —1.45 3.503
TZ2P SCF 0.80 1.611 811 793 0.050 0.92 3.083 —-1.29 3.348
TZ2P+diff SCF 0.94 1.610 811 794 0.050 0.90 3.245 -1.32 3.473
TZ2P+f SCF 0.75 1.593 835 821 0.052 0.99 3.137 —-1.18 3.368
TZ2P+ f+diff SCF 0.89 1.592 837 823 0.052 0.98 3.272 -1.19 3.479
DZP CCSD 1.21 1.618 819 809 0.051 2.10 2.292 0.55 2.423
DZP+diff CCSD 1.87 1.616 817 807 0.051 2.13 2.255 0.47 2.510
TZ2P CCSD 1.81 1.614 796 787 0.049 2.16 2.266 0.50 2.484
TZ2P+diff CCSD 2.03 1.612 796 787 0.049 2.18 2.239 0.53 2.501
TZ2P+f CCSD 1.83 1.587 840 830 0.052 2.29 2.251 0.68 2.457
TZ2P+ f+diff CCSD 2.03 1.586 843 833 0.052 2.82.35 2.222(2.148 0.73 2.461
aug-cc-pvVTZ CCSD 2.13 1.582 859 849 0.053 2(3912 2.209(2.117 0.81 2.444
aug-cc-pvVQZ CCSD 2.18 1.570 874 864 0.054 2343 2.215(2.081) 0.86 2.453
aug-cc-pVTZ CCSD) 2.23 1.589 845 835 0.052 0.98 2.377
aug-cc-pvVQZ CCSDI) 2.28 1.576 861 850 0.053 1.04 2.379
Experiment 2.27% 1.57¢ 854

@The geometry optimizations for thidl state of CIO at the CCSD level of theory were carried out using the EOM-CCSD method, while the values in
parentheses were obtained using QRHF-based TD-CCSD.

PRelative to the ground statéX ") of CIO".

‘Reference 15.

YReference 39.

‘Reference 40.

CCSDOT)/aug-cc-pVQZ level of theory. The experimental the CIS level calculations but they mentioned that more re-
electron affinities of CIO were reported to be 139525 eV  liable excited state potentials of ClCare required at higher
by Dotanet al.*? less than 2.17 eV by Leet al,'* 2.276 eV level of theory'®

by Gilles et al,’® and 2.278 eV by Distelrath and Boé3l.

Our prediction is in very good agreement with the more re-

nt experimental results. . " :
cent experimental resuilts D. Vertical transition energies

C. The lowest singlet and triplet excited states The vertical electronic transition energies from the
of CIO—: 1. 31 ground state of ClO to the?Il state of CIO and the lowest
' singlet ¢I1) and triplet €I1) excited states of CIO are
The following electronic configuration and molecular reported in Table IlI. The vertical detachment energy is pre-
term symbols are for the lowest singlet and triplet exciteddicted to be 2.39 eV including ZPVE at the CCSVaug-
states of CIO: cc-pVQZ level of theory, which is slightly higher than the
1022023024021 7502602217 023738 0= 111 311 experimental observation of 2.17 eV by Legal.in 197914
) ) ) However the recent experimental observations of 2.278 eV
Relative energies and bond distances for the lowHst  for the adiabatic electron affinity imply that the vertical elec-
and’IT excited states of ClOat various levels of theory are ron detachment should be larger than 2.278 eV. The vertical
presented in Table II. For the lowest open-shell sindiEl,  electronic transition energies are predicted to be 3.07 eV for
state of CIO', CCSD geometry optimizations were carried the |owest triplet state3{1) and 3.17 eV for the lowest sin-
out using EOM-CC and QRHF-based TD-CC methods. glet excited state!{l) at the aug-cc-pVTZ CCS@) level
It is well known that a single-reference Hartree—Fock oy theory without ZPVE corrections. TH& © 311 transition
wave function does not adequately describe the open-shalj spin forbidden, but the experimental observation for the
singlet (IT) and triplet {II) excited states of CIO, and  gpin allowed!S * 11 transition was reported to be 2:9.3
correlation effects are very important. For tHe state, thd oy by Leeet al** Our best prediction of 3.13 eV including
function effect is more significant than the effect of diffuse zpv/E is within the error bar of this experimental result.
functions. The relative energy increases by 0.18 eV and the  gome other possible low lying singlet and triplet excited
bond distance decreases by 0.074 A in going from CCSD Qtates of CIO have been also examined using CCSD and
CCSOT) with the aug-cc-pVQZ basis set. At the highest CCSDT) methods with DZR-diff, TZ2P+diff, TZ2P+ f
level employed in the present research, the relative energies giff and aug-cc-pVTZ basis sets. The electronic configu-

and bond distances are predicted to be 2.43 eV and 2.081 Ayions and molecular term symbols for these excited states
for the ™11 state of CIO and 1.04 eV and 2.379 A for tf#l  4re as follows:

state. In the previous theoretical study, Lehal. reported
that the lowestIlI state is a dissociative potential based onlo220230240%171*50%60227*70?37°90=111,%I1,
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TABLE lII. Relative (in eV) energies for the vertical transitions from the |isted in Table IV. The second tripleﬂ'ﬁ) and singlet 52)

ground state = *) of CIO™ to the ’II state of CIO, and théll and®Il  goycited states come from an electron transitionot@ 9o to

states of CIO at various levels of theory. result the®IT and 'TI states. The other excited states arise
2] state 7 state 31 state from an electron transition of73to 4.

(Clo) (Clo)? (Clo™)
DZP SCF 0.89 2.85 1.73 ) L , _
DZP-diff SCF 1.28 261 171 E. Dissociation energies to the CI +0O
TZ2P SCF 1.10 2.86 1.87 and CI~+0O fragments
TZ2P+diff SCF 1.22 2.65 1.87 . . -
T72P+f SCF 104 313 520 Among the pos,5|ble1 fragmgnts of the dissociation pro-
TZ2P+ f + diff SCF 1.16 2.80 214 cess of CIO, the CI'(*S)+O(°P) fragments should be
DZP CCSD 1.38 3.573.59 2.44 readily accessible from the triplet excited statd$,or 33, .
DZP+diff CCSD 2.02 3.042.99 2.26 The CI'(}S)+0(*D) and CIEP)+O (?P) limits will be
Tz2p CCsDb 1.98 3.3%8.34 234 accessible from the ground stat& (") or the lowest singlet
TZ2P+diff CCSD 2.19 3.052.92 2.27 . ) . TS
T79P+f COSD 1.99 3.583.57 265 state ¢I1) by spin conservation. The dissociation limits to
TZ2P+ f + diff CCSD 219 3.21(3.06 251 these fragments at various levels of theory are presented in
aug-cc-pVTZ CCSD 2.27 3.28.09 2.57 Table V. The dissociation limit to CiP)+ O (?P) is pre-
aug-cc-pvVQZ CCSD 2.32 3.2B.09 2.63 dicted to lie below the dissociation limit to CO'S)
DZP CCSOT) 1.38 2.89 2.35 +0(*D) at relatively low levelfSCF and CCSPof theory
DZP-+diff CCSD(T) 2.07 2.71 2.43 but the di i 10 @IS+ O(D) i i
T72P CCSOT) 204 273 295 ut the dissociation process o ¢tS) ( _) is energeti-
TZ2P+diff CCSD(T) 226 286 263 cally favorable at higher levels of theory like CCSDT with
TZ2P+f CCSOT) 2.05 2.99 2.55 large basis sets. Single-point CCSDT energies were obtained
TZ2P+ f+diff CCSD(T) 2.27 3.03 2.82 at the geometry optimized at the CC8D level of theory
aug-cc-pvVTZ CCSDN) 2.38 811 2.90 and used to extrapolate to the basis set limit, namely, aug-cc-
aug-cc-pvVQZ CCsDI) 2.43 3.17 3.07 VosZ CCSDT
Experimertt 2.17 2.90 . p :

The absolute and relative energies of Clénd dissocia-
®The single-point energies for tHél state of CIO at the CCSD level of  tion limits at the CCSD, CCS0), and CCSDT levels with
theory were carried out using the EOM-CCSD method, while the values inp o aug-cc-pVXZ basis set are listed in Table VI. The ener-
parentheses and the CCQI) results were obtained using a two- . S .
determinant QRHF reference. gies for individual fragments of Cl and O have been com-
PReference 14. puted up to the aug-cc-pvV6Z CCSDT level of theory and
extrapolated to basis set limit by the method mentioned in
Sec. Il. At the aug-cc-p¥Z CCSDT level, the dissociation
10220%30%40%17*50°6 022 70?3 w4 limits to CI"(*S)+O(*D) and CIEP)+ O (°P) are pre-
39+ 35— 37 Iy + Iy - 1p dicted to be 3.46 and 3.61 eV, respectively, including a
’ T ’ r ZPVE of 0.04 eV from the aug-cc-pVQZ CCSD level of
These excited states were identified using equation-oftheory. This result can be favorably compared with experi-
motion excited state EOMEE) and the quasi-restricted mental estimation[3.46 eV for D, of CIO™ to CI(*P)
Hartree—Fock QRHP) two-determinan{TD) coupled clus- +O (?P) dissociation limi} of Lee et al'* The predicted
ter (CC) methods. The vertical electron transition energiesdissociation limit(1.40 eV including ZPVE of CIO™ to
from the ground state to various excited states of Cde  Cl~(!S)+O(®P) at the aug-cc-p¥Z CCSDT level of

TABLE IV. Relative (in eV) energies for the vertical transitions of ClGrom the ground state to various possible excited states at the optimized geometries
of the ground state'f *).

Ccsp CCsOT)

DZP-+diff TZ2P+diff TZ2P+ f +diff aug-cc-pvTZ DZP+diff TZ2P+diff TZ2P+ f +diff aug-cc-pvVTZ

XAz 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

T,(3) 2.17 2.22 2.49 2.54 2.43 2.63 2.81 2.90
(2.2 (2.27 (2,50 (2.57)

S, (1) 3.04 3.05 3.21 3.23 2.73 2.88 3.05 3.11
(3.00 (2.93 (3.09 (3.09

T,(3) 4.40 4.53 4.50 4.81

S,(M) 452 4.63 4.61 4.93 - S S

T5(32%) 5.67 5.18 5.10 5.00 5.83 5.27 5.18 5.10
(5.82 (5.26 (5.16 (5.08

T,(CA) 5.85 5.31 5.23 5.12 5.97 5.37 5.27 5.19
(5.99 (5.36 (5.29 (5.19

S5(1A) 5.90 5.34 5.26 5.15 5.98 5.37 5.28 5.19
(5.97 (5.37 (5.26 (5.1

#The single-point energies at the CCSD level of theory were carried out using the EOM-CCSD method, while the values in parentheses an(Tthe CCSD
results were obtained using a two-determinant QRHF reference.
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TABLE V. Dissaociation(in eV) energies of CIO to CI"+O and CHO~ 6 T T T T T T T T
fragments at various levels of theory.
2,
cr('s) cI(P) cr('s) T xneo
+0(*D) +07(3P) +0(P)
(eV) (eV) (eV) 4T

DzP SCF 2.24 2.00 —-1.07 § cr ('s)+0('D) 350eV
DZP+diff SCF 1.90 1.72 ~1.41 asr
TZ2P SCF 2.10 1.97 -1.21 H — 2430y
TZ2P+diff SCF 2.04 1.83 —-1.27 Syt .
TZ2P+f SCF 2.19 2.06 -1.11 o (') + O ) 1446V
TZ2P+ f+diff SCF 2.16 1.94 —-1.14 L orer 31 |
DZP CCSD 3.45 3.22 0.99 '
DZP+diff CCSD 3.18 2.83 0.71
TZ2P CCSD 3.24 3.20 0.78 o . - . v . v " = s
TZ2P+diff CCSD 3.23 2.98 0.76 RiA)
TZ2P+f CCSD 3.38 3.36 0.97
TZ2P+ f+diff CCSD 3.38 3.16 0.97 FIG. 1. Potential energy curves for the ground states of &lp(and
aug-cc-pVTZ CCSD 3.41 3.24 1.01 ClO™(*3 %) and lowest singlet and triplet excited staté$I(and °IT) of
DZP CCSOT) 3.43 3.37 1.15 ClO™ at the highest levels of theory employed.
DZP+diff CCSD(T) 3.16 2.97 0.87
TZ2P CCSOT) 3.30 3.39 1.03
TZ2P+diff CCSD(T) 3.29 3.16 1.02 perimental parameters observed and derived based on the
Tz2p+f CCSOT) 3.44 3.57 122 iso-electronic and relatively well-investigated ArO potential
TZ2P+1+ diff CCSI(T) 3.45 3.34 123 curvel® Because of their presumed dissociative potential
aug-cc-pVTZ CCSDT) 3.47 3.44 1.26 . . .
aug-cc-pvTZ CCSDT 336 3.41 195 curves of the lowest singlet gnd triplet excited statgs of
aug-cc-pvQZ CCSDT 3.42 353 1.34 CIO™, however, they could not interpret adequately their ob-
aug-cc-p\»Z CCSDT 3.50 3.65 1.44 served band at peak 2:9.3 eV. Here we can assign this

peak as thé>*—1II transition of CIO due to our predic-
tion of the attractive potential for the loweXil state.
theory is in very good agreement with the experimental re-
sult of 1.409 eV by Gillest al1® IV. CONCLUDING REMARKS

The predicted potential curves for the grourd {) and The spectroscopic properties and potential curves of the
lowest singlet tI1) and triplet €I1) excited states of CIO  ground state of CIO and CIQ and the low lying excited
and the ground state€l) of CIO are shown in Fig. 1. The states of CIO have been examined using high lewélinitio
results for the ground states of CIO and Cl@nd the quantum mechanical methods. The bond distance and vibra-
asymptotic values of G4O fragments are in reasonably tional frequency of the ground stat&(") of CIO™ are pre-
good agreement with the tentative potential curves using exdicted to be 1.688 A and 660 crhat the CCSDT)/aug-cc-

TABLE VI. Absolute (in hartre¢ and relative(in eV) energies for ClO, CI™(*S)+O(*D), CI(3P)+ O~ (?P), and CI'(*S)+O(®P) at the aug-cc-pVXZ
CCSD, CCSDT) and CCSDT levels of theory.

1 2 3 (AE, eV)°
clo('=")* cI (*9+0o('D)  CI*P)+0O (*P) ClI(*9)+0(°P) AE(1-2)  AE(1-3)
aug-cc-pvVTZ CCSD —534.808039  —534.682 792 —534.689 111 ~534.7710771.01) -0.17 2.40
aug-cc-pvQZ CCSD ~534.847652  —534.720177 —534.724 451 ~534.807 7261.09 -0.12 2.38
aug-cc-Pv5Z CCSD o —534.732 181 —534.735 993 —534.819 427 -0.10 2.37
aug-cc-pV6Z CCSD - ~534.736 366 —534.740 071 ~534.823 490 -0.10 2.37
aug-cc-p\eZ CCSD —534.879831  —534.743401 ~534.746 585 —534.830 36(1.35 ~0.09 2.37
aug-cc-pVTZ CCSDT) —534.830436  —534.702 992 ~534.704 096 —534.783 9941.26 -0.03 2.20
aug-cc-pvQZ CCSD) ~534.872345  —534.742358 ~534.741 419 ~534.822 5201.36 0.03 2.18
aug-cc-Pv5Z CCSI) o —534.755 220 ~534.753 787 —534.835 027 0.04 2.17
aug-cc-pV6Z CCSDT) o ~534.759 727 ~534.758 188 ~534.839 390 0.04 2.17
aug-cc-pWeZ CCSOT) —534.900291  —534.767 188 —534.765 129 —534.846 667146 0.06 2.16
aug-cc-pvVTZ CCSDT —534.830723  —534.707 278 ~534.705 388 ~534.784 8141.25 0.05 2.11
aug-cc-pvQZ CCSDT —534.872487  —534.746 834 ~534.742 618 —534.823 2461.34 0.12 2.08
aug-cc-Pv5Z CCSDT - ~534.759 671 —534.754 888 —534.835 659 0.13 2.07
aug-cc-pV6Z CCSDT - ~534.764 120 ~534.759 096 ~534.839 950 0.14 2.06
aug-cc-pwez CCSDT —534.900326 ~ —534.771661 ~534.766 251 —534.847 23(1.44 0.15 2.06
Expt. 1.409 0.184 1.967

aSingle-point energies using six frozen core orbitals. CCSDT single-point energies were obtained at the geometries optimized atthée@ 8btheory.
The aug-cc-pWwZ CC energies were obtained by extrapolation to the basis set limit.

bDissociation energy from the ground state of Cl@ CI~(*S)+ O(°P).

‘Reference 15.

‘Reference 14.
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with the experimental results. The optimized bond distance, (1957-
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