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Abstract

Experimental studies of the energetics and vibrational spectrum of the chloroperoxyl radical, CIOO, are contradicton
The most recent experiment accessed the radical by photodetachment of the corresponding anionT i#@eesent study
uses both multi- and single-configuration ab initio methods to characterize various structures and spin-states of the ic
The calculations support the recent experimental description of Clé&a weakly bound complex, not a chloroperoxide
anion. Two local minima (bent and linear) were found on the triplet-state potential energy surface; the lower has an avera
equilibrium CI-O distance of 359 pm and equilibrium CI-O-O bond angle ofld6éwever, the vibrational ground state has
C,v symmetry, resulting in the designatiéB; for the electronic ground state. The singlet excited state is asymmetric and
lies nearTe(&*A") = 7895 cntl. The calculated binding energy i3(Cl~—0,) = 4784+ 10cnt? (5.72 £ 0.12 kJ mot?),
corresponding to an ideal-gas enthalpy of formationpf/5(CIOO™) = — 23480+ 0.23kJ mott. Small Franck—Condon
factors are expected for adiabatic electron detachment, in conflict with the vertical process inferred from the experiments. Th
the experimentally determined electron affinity is only an upper limit. Companion calculations on[&¢CCI~—Ar) =
489 cnm 1] support both experimental estimatd3[Cl~—Ar) = 494+ 5cm~1] and the present calculations for CIOO
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction close to the term-splitting in the free chlorine atom,
882.35cm! [3]. Both were assigned as vibrational
A recent study of CIOO, using high-resolution  origins. From hot bands, a vibrational fundamental in
photoelectron spectroscopy (ZEKE-PES), revealed a the anion was measured as 46.8¢mA Birge—Sponer
number of basic characteristics of the ifj. The extrapolation suggested that the binding energy is only

electron affinity was determined as B2IOO) = Do(Cl=—0,) = 6.7kdmol L. Thus, CIOO appears
3.6600+ 0.0002 eV, close to the value for the free to be a weakly bound complex between Gind Q.
chlorine atom, EACI) = 3.61273+ 0.00003 eV[2]. Information about the neutral molecule, CIOO,

The two principal bands are separated by 899.8km  was also obtained from the experiments. A vibra-
tional fundamental of 24.5cmt (24.1cmt in the

_ upper spin-orbit level) was obtained. Birge—Sponer

* Corresponding author. Tel+1-301-975-2510; lati ided th di .

fax: +1-301-869-4020. extrapolation provided the |ssouat|on. energy

E-mail address: karl.irikura@nist.gov (K.K. Irikura). Do(ClIm—0p) = 2.0kJmol?! (2.8kIJmot? in the

1387-3806/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1387-3806(03)00162-3



668 K.K. Irikura/International Journal of Mass Spectrometry 228 (2003) 667-676

upper spin-orbit level). These results, plus the gen- and valence orbitals of Cl became inactive. Both
eral similarity of the spectrum to that of ArC| led self-consistent field (CASSCF) and second-order per-
the authors to conclude that neutral CIOO is also turbation (MCQDPTZ215]) theories were used. The
a weakly bound, van der Waals complgy. They seven core orbitals were left uncorrelated in the MC-
noted that their value for the dissociation energy QDPT2 calculations. The GAMESS progrdf6,17]
is markedly lower than earlier experimental values: was used for all multireference calculations (175 con-
199 + 2.1kJmot?! [4], 202 + 0.2kImol?! [5], tracted Cartesian basis functions). In the non-gradient,
and 192 + 1.7kJmol! [6]. To rationalize this dis- MCQDPT2 geometry optimizations, the geometry
crepancy, they speculated that their photodetachmentconvergence criteria were tightened to the values
experiment accesses a different structure of CIOO suggested in the GAMESS manual.
than that in the earlier experiments. Triplet states were also characterized using frozen-
The PE spectrum is determined by the properties of core coupled-cluster theory [CCSD(T)] with a spin-
both the lower (anion) and upper (neutral) states, but unrestricted self-consistent (UHF) reference. The
independent information is available in the literature ACES Il program suite[18] was used for all
only for neutral CIOO. The purpose of the present coupled-cluster and most other single-reference cal-
work is to use high-level ab initio calculations to culations (147 contracted spherical basis functions),

investigate the structure of the ClOQon, to either

with the basis-set linear-dependency threshold re-

support or dispute the conclusions from the recent laxed to accept overlap eigenvalues as small a$.10

experimental study.

After this manuscript was submitted for publication,
a density-functional (DFT) study of CIOOappeared
[7]. Although quantitative results for a weakly bound
molecule are not expected from DH8-10], it did
predict, correctly, that the ground state is a triplet and
is best described as a complex between @hd Q.
Numerical comparisons with DFT are made in the text
and tables.

2. Computational methods

The CCSD(T) geometry convergence criterion was
tightened from the default value of 16to 106 a.u.
(lau. = 4148cntlpm1). Tight convergence is
generally necessary when there is a totally symmetric
vibration of very low frequency, as for CIOOin the
8A” case; the CI-O distance increases by 5.1 pm and
bond angle decreased by 6 hen the convergence
criterion was tightened.

The suitability of these theoretical methods was
evaluated by using the isolated oxygen molecule
(X3%g and dAg) as a test system. The results for
bond length, harmonic vibrational frequency, and
excitation energy are summarized iable 1 The

Geometries and harmonic vibrational frequencies good agreement with experimental values indicates

were calculated using diffuse basis sets to accom-

modate the negative charge: aug-cc-pM1I4,12]on
oxygen and aug-cc-pV@rd)Z [13,14] on chlorine

that the methods are appropriate. At the MCQDPT2
level, analytical gradients are lacking and there is no
provision in the software for non-gradient frequency

and argon. Taken together, this basis will be denoted calculations. Nonetheless, the harmonic vibrational

aug-cc-pV(H-d)Z here. Single-reference calculations

frequency was computed (solving for = 0, 1, 2

are generally inadequate to describe the singlet statesusing the Fourier-grid Hamiltonian methd#l9,20)

of oxygen, a biradical. Thus, multireference calcula-

for completeness offable 1 The CCSD(T) re-

tions were used to compare singlet and triplet states sults for singlet @ are also included for complete-

of CIOO™. The active space (8, 6) consisted of the

ness, although the corresponding excitation energy

oxygen 2p orbitals only. Large active spaces, such asis clearly too high. The calculations of geometries

full-valence (20, 12), gave problems with orbital flip-
ping, in which oxygen K-shell orbitals became active

and vibrational frequencies were uncorrected for
BSSE.
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Table 1
Test calculations on the 2Omolecule (aug-cc-pVTZ basis)
Method Xxy atAg

re (pm) we (cm?) re (pm) we (cm™1) Te (cm™)
Expt. [44] 120.75 1580.2 121.56 157@5] 7918.1
CASSCEF(8, 6) 121.6 1541 122.9 1453 7142
MCQDPT2(8, 6) 122.0 1537 122.9 1462 8149
CCSD(T) 121.3 1574 122.5 1474 10408

Three procedures were considered for computing energy was extrapolated assuming the behavior given
the binding energy of this weakly bound complex: by Eq. (1) [26] Rearrangement to a more convenient
(1) energy differences corrected for basis-set super- form givesgq. (2) The correlation contribution tBe
position error (BSSE) using a counterpoise correction
[21], (2) energy differences calculated with the atomic
basis sets supplemented by a set of bond functions = cE,.1 — E, (n+1)3
[22], or (3) energy differences extrapolated to the limit “>*°~ ._1 * =~ ,3
of a complete one-electron basis set, with or without
explicit correction for BSSE (which extrapolates to
zero) [23,24] The first option was rejected because
the affordable basis sets are too small to provide a
converged result. The second option was rejected
because of arbitrariness regarding the position of the
center(s) of the bond functions, and because the cor-

; . MP?2 calculations are feasible for larger basis sets (i.e.,
responding basis set would have to be developed. The . .
. . largern) than are CCSD calculations. Surprisingly and
third option was chosen because a good result can be

) ! fortunately, the difference between CCSD(T) and MP2
expected and the procedure is well defined. . .
o . . _ also shows equal or faster convergence with basis set
Equilibrium binding energiesdD(ClI~—0,) were

. than does the difference between CCSD(T) and
computed as the energy difference between CIOO .
. . . CCSD, at least for these systems. The extrapolation
and its dissociated fragments, Cand Q, all at their

. procedure was repeated using binding energies cor-
frozen-core CCSD(T)/aug-cc-pVETd)Z geometries. oy ¢ pssE by the counterpoise metf@t]. The
Energies were computed using the aug-cayp¥asis

. BSSE-corrected results are preferred as more theoret-
seton oxygen and the corresponding aug-ccrRg\d)Z . . .
. . ically rigorous. The Gaussian 98 prografi28] was
basis sets on chlorine and argon, where= 3(T), . .
: . used for the larger SCF and MP2 calculations, with
4(Q), 5, 6, as devised by Dunning and co-workers

the automatic elimination of basis-set linear depend-
[23]. For CIOO, these basis sets have 147, 249, 390, P

: . . encies turned off, and was used for all DFT calcula-
and 576 contracted spherical Gaussian functions, re- . . . I
. . tions. An integration grid finer than the default appears
spectively. For ArCt, the corresponding counts are

. L _ to be necessary for obtaining reasonable energies in
110, 178, 272, and 396. Dissociation energies were y. g g .
e the DFT calculations. For example, the counterpoise
extrapolated to the limit of a complete one-electron

basis. The limiting value at the Hartree—Fock (UHF)  1cerain commercial materials and equipment are identified in
level was not extrapolated, but was taken to be equal this paper in order to specify procedures completely. In no case
to the value obtained using the= 6 basis sets. as does such identification imply recommendation or endorsement by

. . ' the National Institute of Standards and Technology, nor does it
_reco_mmended by Halk!er et d|25] Th_e dlﬁerenc_e imply that the material or equipment identified is necessarily the
in binding energy obtained by including correlation best available for the purpose.

E, = Es + An3 (1)

)

13
was broken into an MP2 part and an additional incre-
ment for CCSD(T), instead of a CCSD part and a (T)
part as is more often dorjg7]. SinceEq. (2)is lin-

ear, the result obtained does not depend upon how the
correlation contributions are partitioned (for equal
However, the present procedure has the advantage that
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correction for ArCt has the wrong sign when using ometry and harmonic vibrational frequency, computed
the default grids. The DFT calculations done for the at the frozen-core CCSD(T)/aug-cc-p\d)Z level,
present study used the pruned “ultrafine” gi2@]. arere = 3717 pm andwe = 52.0cm ! (so ZPE=
Thermodynamic binding energie®o(Cl~-0y) 26.0cm ). The total energies calculated for ArGl
were computed by correcting the equilibrium bind- Ar, and CI™ are listed inTable 2 Detailed results of the
ing energies for the vibrational zero-point energy counterpoise calculations are available from the author
(ZPE) of the molecule and the fragments. ZPEs were upon request. The corresponding equilibrium binding
computed as one-half the sum of the harmonic vibra- energiesDe(Ar—Cl™), are listed inTable 3both with
tional frequencies, without scaling, from frozen-core and without corrections for BSSE. As described above,
CCSD(T)/aug-cc-pV(¥#d)Z calculations. Bond en- the basis-set limit for the HF binding energy is taken to
thalpy corrections for temperatures above zero were be the value obtained using the= 6 basis sets. The
not attempted because the vibrations are expectedincrements td, due to correlation at the MP2 level,
to be strongly non-harmonic and only a harmonic and subsequently at the CCSD(T) level, are also in-
vibrational analysis is included in the present study. cluded inTable 3 The increments were extrapolated to
the limit of a complete basis set & oo) usingEq. (2)
and the largest basis sets for which calculations were
3. Results feasible. The total binding energydble 3 is thus cal-
culated to beDe = 5149 cni L. After correcting for
The weakly bound anion ArCl was chosen for ADZPE = —26.0cm 1, Do(Ar—-CI~) = 4889cm 1!
testing computational procedures, since it has been rel-(495.3 cnm! without the BSSE corrections). Since
atively well characterized experimentally. ArCtan coupled-cluster calculations with the = 5 ba-
be described using single-reference methods. Its ge-sis sets were not feasible for CIOQthe effect of

Table 2
Total energies (in Hartree) for ArC| CIOO, and their fragments
n2 Species HF MP2 ccsp CCSD(TY
3 ArCIl~ —986.387413 —986.809179 —986.842203 —986.859933
Ar —526.813352 —527.025406 —527.043426 —527.051151
Cl- —459.573481 —459.781540 —459.796846 —459.806626
4 ArCIl~ —986.393731 —986.855329 —986.887008 —986.907344
Ar —526.816805 —527.049906 —527.067698 —527.076686
Cl- —459.576353 —459.803084 —459.817303 —459.828395
5 ArCIl~ —986.394710 —986.873236 —986.899972 —986.921362
Ar —526.817347 —527.059275 —527.074705 —527.084211
Cl- —459.576793 —459.811568 —459.823221 —459.834835
6 ArCIl~ —986.394954
Ar —526.817484
Cl~ —459.576903
3 CloO~ —609.251112 —609.904264 —609.920659 —609.949913
(o)) —149.677187 —150.120790 —150.121844 —150.141020
4 CloO~ —609.264251 —609.965507 —609.977241 —610.009411
0O, —149.687432 —150.160392 —150.157885 —150.178648
5 CloO~ —609.267115 —609.988608
(o)) —149.689875 —150.175015 —150.169570 —150.190977
6 CloO~ —609.267489
0Oz —149.690143

2Basis set: aug-cc-p\ on oxygen and aug-cc-p¥{-d)Z on chlorine and argon.
b Core electrons excluded from the correlation treatment.
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Table 3
Successive contributions to equilibrium binding energigs, (n cm1) for Ar—Cl— and CH-0O;, corrected for BSSE
nP HF MP2—HF CCSD(T)-MP2 Total
ArCl~
3 121.3 (127.1) 329.6 (362.9) —16.4 (-16.9) 434.5 (473.1)
4 124.3 (125.8) 368.7 (387.5) —13.5 (-16.9) 479.5 (496.4)
5 124.4 (124.9) 384.7 (400.2) —12.3 (-16.8) 496.8 (508.4)
6 124.3 (124.4)
oo® 124.3 (124.4) 401.5 (413.5) —10.9 (-16.6) 514.9 (521.3)
oot d 124.3 (124.4) 401.5 (413.5) —11.4 (-16.9) 514.3 (521.1)
Expt. 523.2+ 4.8[29], 350[1], 510[1]
CloO~
3 87.4 (97.4) 285.7 (327.0) 71.9 (72.9) 445.0 (497.3)
4 96.4 (102.3) 317.5 (343.5) 78.5 (73.8) 492.4 (519.6)
5 97.2 (98.0) 329.2 (346.6)
6 97.3 (97.3)
oo® 97.3 (97.3) 341.4 (350.0) 83.3 (74.5) 521.9 (521.8)
Expt. 580[1]

aValues in parentheses are uncorrected for BSSE.

b Basis set: aug-cc-p\¥Z on oxygen and aug-cc-pW{-d)Z on chlorine and argon.
CExtrapolated to the limit of a complete basis set.

d Coupled-cluster results for = 5 excluded.

omitting them was investigated for ArCl The effect were calculated at the CASSCF and CCSD(T) levels
on the computed binding energy is negligible: only because analytical energy gradients were available.
—0.6cnrt (Table 3. The results are shown ifable 5

Three types of geometry were considered for Binding energies for CIOO were computed as
CIOO™: T-shaped (@), linear (Cyv), and bent (G). for ArCl~—. Total energies are listed ifable 2 and
The corresponding electronic states considered arecontributions to the equilibrium binding energy
3B1,1A1,327, 1A, 3A”, and A’ which correlate  are listed inTable 3 The results of basis-set ex-
with the dissociated limit CI (1S) + Oz (X3%y trapolations are also included ifable 3 the final
or alAg). The optimized geometries obtained at the result is De(Cl"—Oz) = 5219cn!. Correcting
CASSCF and MCQDPT?2 levels for all six states for ZPE(Op) = 787.2cmr! and ZPECIOO™) =
are described ifTable 4 For each type of geom- 8313cmr! yields Do(CI™—0;) = 4778cm!
etry, the computed triplet-singlet excitation energy (477.7 cn* without the BSSE corrections). For com-
is also included inTable 4 The CCSD(T) level is  parison, a DFT calculation at the BLYP/aug-cc-pV
expected to be more reliable than CASSCF or MC- (T+d)Z level, which is similar to that of7], yields
QDPT2 for the ground state, since the triplet is well a very high value, Do(CI"-O;) = 1995cnt?
described by a single configuration and CCSD(T) (2008 cnt?! without BSSE corrections).
recovers more of the dynamical correlation effects.
Equilibrium geometries for théBy, 3%, and 3A”
cases were therefore computed at the frozen-core4. Discussion
CCSD(T)/aug-cc-pV(Fd)Z level; the results are in-
cluded inTable 4 For the3A” case, which is most The calculations on ArCl were done to check
stable, the corresponding rotational constants are the reliability of the CCSD(T) predictions. The fun-
1.55, 0.080, and 0.076 cth. Harmonic vibrational damental stretching frequency in ArChas proved
frequencies and electric dipole absorption intensities difficult to measure experimentally. In photoelectron
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Table 4
Optimized (equilibrium) geometries for CIO®
r(ClI-0) (pm) r(Cl-Q) (pm) r(0-0) (pm) 6(CI-0-0) (°) E + 609 (Hartree) Te (cm™1)P
CASSCF(8, 6)
3B, 404.2 404.2 121.5 81.4 —0.329988 0
1A, 381.5 3815 122.8 80.7 —0.298103 6998
S 390.4 512.3 121.8 180 —0.329744 0
A 400.1 523.2 123.1 180 —0.297027 7181
3A” 403.3 406.7 121.5 83.0 —0.329988 0
-\ 380.7 381.6 122.8 81.1 —0.298103 6998
MCQDPT2(8, 6)
3B, 402.3 402.3 121.8 81.3 —0.923552 0
1A, 403.7 403.7 122.7 81.3 —0.885324 8390
S 341.1 463.6 1225 180 —0.923804 0
1A 340.2 463.6 123.4 180 —0.886832 8114
SA” 358.2 366.8 122.0 84.3 —0.923866 0
n 346.8 470.3 123.4 179.2 —0.886842 8126
CCSD(T)
3B, 356.9 356.9 121.2 80.2 —0.949909
8y- 341.0 462.7 121.7 180 —0.949782
SA” 343.2 375.6 121.2 96.0 —0.949913
BLYP/DZP++ [7]
sA” 310.7 402 127.2 128.2 0
'\ 243.6 324 129.1 117.7 7300
aaug-cc-pV(H-d)Z basis set on chorine and aug-cc-pVTZ basis set on oxygen.
b Excitation energy to singlet state for given point groupy oy, OF Gs).
Table 5
Harmonic vibrational frequencies and absorption intensities for CI&O
w1 (cm™1) wy (cm™1) w3 (cm™1) I1 (kmmol1) I, (kmmol1) I3 (kmmol1)
CASSCF(8, 6)
3B, 1549 32 40 0.02 14.3 0.06
1A, 1453 47 51 0.12 14.6 0.02
S 1534 32 14 3.70 15.2 0.26
1A 1443 25 52 1.96 14.8 0.09
3A” 1548 33 29 0.02 14.3 3.58
.Y 1453 46 45 0.12 13.0 1.76
CCSD(T)
3B, 1580 56 1 0.22 14.5 0.001
S 1547 55 10 11.0 16.1 1.52
Sp” 1591 58 14 0.96 15.5 0.21
BLYP/DZP2++ [7]
sp” 1339 119 52
Expt. 46.8[1]°

aaug-cc-pV(Hd)Z basis set on chlorine and aug-cc-pVTZ basis set on oxygen.

b The antisymmetric vibrational frequency is labelegl
¢Presumed here to be the CI-O stretching frequesngy,
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studies, the fundamental frequenay,(1-0), of the

673

recting for BSSE). Thus, this functional provides the

anion (lower state) is determined as the difference correct qualitative description, as a weakly bound

between pairs of’ < 0 andv’ < 1 peaks. The sec-
ond study[1] did not identify any such pairs, but the
first study[29] showed three, yielding the alternative
values for the fundamental’(1-0 = 53.0, 46.8, or
52.5cnTl. Both studies identified a pair of peaks
(1-0 and 1-3) that allow”(3-0) = 1480cm 1 [29]

or 139.0cnt? [1] to be inferred. Other pairs of peaks
can provide values for the”’(3-2) andv”(2-1) in-
tervals. Subtraction yields indirect values f(1-0)
ranging from 50 to 57 cmt. Finally, the study by
Lenzer et al. included a careful spectral simulation
that yielded the estimate’(1-0) = 53.09 cnt1 [29].

complex, but does not provide quantitative accuracy.

The performance of the multireference calculations
was tested on the Omolecule. The principal quan-
tity of interest is the singlet excitation energy. As
shown inTable 1 the MCQDPT2 value ofe(alAg) =
8149 cntlis in error by only 231 cm?. Thus, these
test calculations indicate that the MCQDPT2 proce-
dure is reliable here.

For CIOQO™, a triplet ground state is expected for
a weak complex of Cl and @, whereas a singlet
ground state is expected for a covalently bonded
chloroperoxide anion. The multireference calcula-

The measurement challenges notwithstanding, the re-tions show that the ground state is a spin triplet,

ported experimental estimates are 53¢nfi29] and
53.4cnt! [1]. The harmonic value calculated here,
52 cnm 1, agrees with these estimates.

Likewise, there are no direct experimental measure-

ments of the bond length or binding energy in ArCl
However, the aforementioned spectral simulation
provided the experimental estimategAr—Cl™) =
3784+ 8pm and Do(Ar—-Cl~) = 4940 + 4.8cm !

with the singlet state higher by approximately the
same interval (about 23 cmh less) as in the free
molecule Table 4. Thus, Te(&'A’) is estimated to
be 7895cm? in CIOO~. The calculated equilibrium
geometry is sensitive to the treatment of electron
correlation. At the CASSCF level, the lowest triplet
and singlet are both T-shaped (Cpoint group),
with linear geometries higher by 54 and 236¢m

[29]. Both results agree with the present, calculated respectively. When dynamical correlation is included

values of 372pm and 489 cth, respectively. Ear-
lier calculations provided values ot within 3pm

at the MCQDPT?2 level, the triplet is a slightly asym-
metric side-on complex (Cpoint group) and the

of the present calculations but dissociation energies singlet is nearly linear, with the corresponding lin-

smaller by 38 cm? [30] and 14 cmt! [31]. Thus, the
tests on ArCt are encouraging. Alternative experi-
mental values foDg(Ar—Cl~) of 350 and 510 cm?!

are availableg[1]. The lower value was obtained by
Birge—Sponer extrapolation for the anion and the
higher value was from Birge—Sponer extrapolation
for neutral ArCl combined with a thermodynamic
cycle involving electron affinities. Birge—Sponer ex-
trapolation can provide only a crude estimate of the
dissociation energfB2], especially when based upon

ear triplet and T-shaped singlet geometries higher
by 69 and 333 cml, respectively. The triplet can be
characterized more accurately at the CCSD(T) level,
which predicts a distorted side-bound geometry (C
point group). However, the T-shaped saddle point
and linear minimum lie only 0.7 and 29 crh higher,
respectively. Thus, the bending potential is very soft,
as expected for a weakly bound complex.

The frequency of the O-O stretching vibration and
the equilibrium O-O distance in ClOOare close

such limited and approximate data, so these valuesto the corresponding values in free; Tables 4

are not useful for benchmarking purposes.

For comparison purposes, DFT calculations
were also done for the structure and binding en-
ergy of ArCI. At the BLYP/aug-cc-pV(#d)Z
level, re(Ar—CI7) = 401pm,we = 37cnT?, and
Do(Ar—Cl7) = 183cnt! (189cnt! without cor-

and 5. The bending potentiabg, using the number-
ing of Table § is probably quite anharmonic, but its
harmonic frequency is predicted to be 14T¢mThis
indicates that the bending ZPE (ca. 7t exceeds
the energy required to access the, Gaddle point
(0.7cnt1), and that the symmetry of the vibrational
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ground-state wavefunctionn{ = 0) is therefore G, The most reliable theoretical study vyielded
for a ground-state electronic designation %fB. r(Cl-O) = 2139pm, r(O-0O) = 1201pm, and
Since the linear minimum (29 cm) lies above the  #(CI-O-0) = 1157°, from multireference config-
v3 = 0 level (ca. 7cm?), the @ fragment is not free  uration interaction (MRCI) calculation§34]. The

to rotate in the vibrational ground state. principal difference from the anion geometry is that
The harmonic frequency of the GIO, stretching r(Cl-O) = 343pm in CIOC, although the equilib-
vibration (v2) is calculated to be 58 cnt (Table 9, rium bond angle also closes to9¢Table 4. That is,

which is higher than the experimental value of the CI-O distance decreases by about 129 pm (38%)
46.8cn! [1]. However, examining the tabulated ex- upon photodetachment. A qualitatively similar result
perimental data in1] reveals greater uncertainties has been obtained from DFT calculations both for
than are suggested by this precise value. The anionCIOO [7] and for the analogous BrOO systgB8¥].
fundamental frequency’(1-0) can be inferred from  Such a large contraction is expected to lead to an
pairs of peakss’ < 0 andv’ <« 1, as previously  extensive vibrational progession in, the soft sym-
for ArCl~. Two such pairs are available, fof = 0 metric stretch. In contrast, the bond lengths in ArCl
andv’ = 1, yielding anion fundamentals of 53.5 and and in ArCl differ by only 2 or 3 pnj29,31], leading
46.8cml, respectively. Peaks are assigned with one to expect a sharp peak in the photoelectron
as high as 4, apparently corresponding to an inter- spectrum of ArCt. The experimental photoelectron
nal energy of 180cm® [1]. The lowest-frequency  spectrum for ArCl is as expectedl,29]. However,
vibration is the bend (i.e., the frustrated internal ro- the spectrum for CIOO is a surprise, showing a
tation), which will also be excited, and some of the weak vibrational progression instead of a strong one,
peaks must correspond to transitions involving this and characterized by, = 24.5 cm 1 [1], far smaller
vibration. Finally, the peak that lies 113.4cthto than the theoretical prediction of 181 tM[34] and
the red of the strong peak is labeled 2-1 in Fig. 7 the matrix-isolation values, which lie between 192
and labeled 1-2 in Table 6 dfL]; both choices  and 203cm? for three different matricef33]. Con-
are inconsistent with the other assignments. Further sequently, Distelrath and Boesl speculated that the
work is needed to assign the vibrational structure photoelectron experiment accesses a van der Waals
convincingly. isomer of neutral CIOO, not the ground st&1g. If

A third band, lying 506 cm? above the lowest, was  so, as is likely, then the reported electron affinity is
assigned to the fundamental bending vibration in neu- too high by an amount equal to the isomerization
tral CIOO. However, the corresponding value in cryo- energy.

genic matrices has been measured as 408:3 ¢#vr) Theoretical studies of neutral CIOO have not con-
and 413.7 cm? (Ne)[33]. In the gas phase, the bend- sidered CI-O distances as large as found here for the
ing fundamental has been predicted at 391 trhy anion (ca. 343pm). Thus, a van der Waals isomer

using high-level ab initio calculationi84]. Thus, an of CIOO appears not to have been considered com-
alternative assignment for this photoelectron band ap- putationally. The best calculatiori84] only probed
pears necessary. distances up to 254 pm. Earlier multireference calcu-
No experimental geometry is available for neutral lations explored up to about 318 pm, but using config-
ClOO (X2A”). An early cryogenic study is sometimes uration selection thresholds, which cause small dis-
cited, but that geometry was an estimate based upontortions in the potential surfad88]. Single-reference
a force field analysis and with the lowest vibrational methodd39—41]would probably be inappropriate for
frequency almost twice too higf85]. Likewise, the a low-spin-coupled van der Waals complex between
more definitive study by Muller and WilingB6] sim- Cl and Q (a tri-radical system). Contemporary DFT
ply adopted a theoretical geomefi34] after finding approacheg$41,42] fail to describe dispersion inter-
it consistent with spectroscopic observations. actions[8—10] and are therefore inappropriate for van



K.K. Irikura/International Journal of Mass Spectrometry 228 (2003) 667—676 675

der Waals complexes. An ab initio search for a van Waals isomer of neutral CIOQ1]. It is given by

der Waals isomer is underway. Eqg. (3) When experimental electron affinities and
Electron detachment from the triplet ground state the present, theoretical anionic binding energy are

of CIOO~ can produce both doublet and quartet adopted, the result iDo(Cl-Oy; van der Waals =

states of neutral CIOO. The ground state of CIOO 97+ 10cnT? (1.2 + 0.1 kJ mol ).

is X2A”: the low-lying A2A’ state is repulsivg38].

The quartet state&*A” and b*A’ are also repulsive ~ P0(Cl=02) = Do(CI"=0Op) + EA(CI) — EA(CIOO)

[7]. At large CI-O distances, the low-lying states of 3)

CIOO will be nearly degeneraf88]. Indeed, a calcu-

lation of vertical detachment energies [state-averaged

MCQDPT2(13,9)/aug-cc-pV(Fd)Z] predicts that all 5. Conclusions

four neutral states will lie within a range of about

200 cntL. Thus, the photoelectron experiment is ex-  1he present calculations support the conclusion, by

pected to produce a superposition of spectra from four Distelrath and Boesl, that CIOOis a weakly bound

closely-spaced, final electronic states, complicating cOmplex and not a chloroperoxide ion. However, the

the spectral interpretation. Bound states with the best calculations also predict a major change in geome-

Franck—Condon overlap with the anion will be most try upon photodetachment. Consequently, the ground
prominent, since their intensity will be concentrated State of neutral CIOO is expected to be manifested in

in a few peaks. the photoelectron spectrum as a very long vibrational
The binding energyDo(ClI=—0y) is calculated to progression. Since the band intensity is spread over
be 478cm! (5.72kImotl). This is significantly ~ Many closely-spaced peaks, all are weak and proba-
lower than the experimental estimate of 560¢m bly not observed in the experimental spectrum. The
derived from a Birge—Sponer extrapolation. However, observed spectrum probably derives from a van der
since the experimental vibrational assignments are Waals isomer or excited state of CIOO, as suggested
problematic, Birge—Sponer extrapolation is even more by Distelrath and Boesl. Vibrational structure, how-
unreliable than usual (s&ection 4for ArCl—). Thus, ~ ever, is difficult to assign. The binding energy of Cl
the present computational result is the most reliable t0 Oz is about 3% less than that to Ar.
value available. As discussed above, the binding en-
ergy computed for ArCl is too low by 5+ 5cm?!
compared with the best experimental estimate. For
ArCl~ there is also a discrepancy of 7 cinbetween
the results with and without corrections for BSSE. In
contrast, the result for CIOOis independent of any
corrections for BSSE, suggesting that it is more fully
converged than the result for ArCIThis is expected, References
since the triatomic molecule has more basis functions
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