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Ab initio molecular-orbital study of the trichlorine radical, Cl 3
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We report a rigorousb initio study of the ground and low-lying excited-state potential-energy
surfacegPESS$ of the Ck radical at CASSCF, CASPT2, and MRSDCI levels of theory. The ground
state has two Ci-Cl, van der Waals complexeXL andX'B. The linear asymmetric minimum
(XL) is II, with a CI-ClI distance =3.90 bohr, and a CI-MM: the C, center-of-massdistance
R=8.70 bohr. The bent asymmetric minimuX'@) is of 2A’ symmetry, withr =3.90 bohr,R
=6.85 bohr, and the angle betweerandR, y=68.4°. Spin—orbit Cconfiguration interaction
predicts that the global minimum is lineatL (?I15,) with a bond dissociation energy of
De(Cly(X)-Cl) of 280 cnil, Low-lying doublet excited states have only one strongly bound
structure, a linear symmetrisL (1 2Hg) state with a bond distance of 4.67 bohr. This state is bound
by ~4300cm? with respect to the G(3I1,) +Cl asymptote, and its minimum lies about
8700 c[njl above theXL van der Waals minimum. Transition dipole moment calculations show that
the A—X transition is fully allowed. Two bound quartet minima were located. The most deeply
bound wasQD3h (1“A}) with a Dy, equilibrium geometry =5.00 bohr) about 11 300 cm
aboveXL. The other stateQC2v (14A,) had aC,, equilibrium geometry(r ,=4.83 bohr andd
=101.79 and an energy of about 13 500 chrelative toXL. Although Ck(X) is shown to be
unstable, the present results support the notion thatp@iticipates in Cl atom recombination
processes. However, the energies and transition moments of the low-lying excited states are not
consistent with electronic spectra that have been tentatively assigned. to@Cl1998 American
Institute of Physicg.S0021-960608)01507-4

I. INTRODUCTION recombination in the presence of,Ghat involved the reac-
tions
The formation of bound trihalogen intermediates has .
been proposed to explain a number of Kkinetic Cl+Cl=Cls, @

observation$=** These include the efficiency o, as a
third body for halogen atom recombination reactions, and the
conservation of atomic electronic angular momentum in -~ ) .
X(2P1) +Y,—XY+Y(2Py,) exchange reactioris® Re- Huttotn anderlg tseazr(;ge%égr the electroglct f;lrl])sorpnon
cently, additional interest in bound trihalogens has been ger?—peC rum of ¢ n the B nm range, but they were

: . unsuccessful. This was not a particularly troubling result, as
erated by time-resolved studies of the B(;)+l; the absorption techniques they used were not very sensitive
reaction'~'* Despite the accumulated indirect evidence for P q y Y :

the existence of bound trihalogens, there have been ver feand Ct would have been present in low concentrations in
gens, very eir experiments. A few years later, Nelson and Piméhtel

ied to isolate GJ in cryogenic rare-gas matrices. A micro-

Cly+Cl—2Cl,, 2

by IR (infrared absorption teCh”'q”éé?lgB@ has been de-  ar/cy, or Kr/Cl, gas flows, and the products were deposited
tected by mass spectromeffyOtherwise, attempts to 0b- o 5 cold window. An IR absorption spectrum was found in
serve homonuclear trihalogens have yielded uncertaifhe Kr matrix that was attributed to glslightly perturbed by
results”*">* There have been tentative sightings of1Rnd  an asymmetric cage. However, subsequent matrix work by
visible’*~** spectra for GJ, but the data obtained have not \wight et al2> showed that the species observed by Nelson
been suitable for unambiguous identification of the carrierand Pimentét was ionic, and most probably the Thnion.
The present theoretical study was undertaken to predict the A variety of theoretical methods have been used to com-
ground-state structure and stability of3Cand to predict the pute equilibrium structures and potential energy surfaces for
characteristics of low-lying electronic transitions. These dataCl;.2>3One of the most accurate and informatiade initio
have been used to assess the likelihood that the tentativebalculations was performed by Sannigrahi and
assigned spectra originate fromsCBefore describing our Peyerimhof?® Guided by the results of Nelson and
results, we briefly summarize the previous work og.Cl Pimentel! these authors investigated..,, and C,, struc-
Hutton and Wright proposed a mechanism for Cl atom tures. Under these constraints they obtained a bef#,
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ground state with a bond length of 4.2 bohr and a bond anglenents for the visible and near uultraviolet spectra de-

of 146°. scribed above. Metastable states that could be responsible for
Although most studies seemed to indicate that groundemissions in the 400—500 nm region were not found. This

state C} was a significantly bound species, there was onegesult, taken with the low stability of ground state, casts se-

indication that it might be unstable. Le¢ al>* used crossed rious doubt on all of the tentative spectroscopic observations

molecular beams to study &4Cl collisions. Their analysis of Cls.

of the scattering distribution was consistent with a weak Near the completion of the present work, we learned of

Cl,—ClI bond strength of about 330 ¢th In other gas-phase new calculations for G{X) from Galbraith et al*” This

studies it was assumed that;®as stable enough that ob- group used botlb initio [CCSD and CCSOY)] and density

servable concentrations could be generated at room temperamnctional (BHLYP, B3LYP, and B3P8p methods to ex-

ture. Kawasakiet al?? reported an intriguing new laser in- plore the ground state. Their results are in general agreement

duced fluorescencé.IF) spectrum of a species formed by with ours, and they noted that the symmeti¢A, structure

photolysis or microwave discharge of CIThe excitation was not stable when problems associated with low-lying ex-

spectrum appeared in the 415-427 nm range, and the flugited states and/or symmetry breaking were corrected.

rescence was strongest at near-resonant wavelengths. The

fluorescence decay lifetime was long*12 us), indicative  Il. DETAILS OF CALCULATIONS

of a metastable excited state. The species responsible for this e ap initio quantum chemistry packageoLPRO9E®

spectrum appeared to be rather stable, as the LIF signal p&fjas used to perform the calculations in this study, unless
sisted for several minutes after the photolysis source wagiherwise specified. AQatomic orbita) basis sets were cho-
turned off. Based on their observations, and the results of 8any 5o that the best description of excited states could be
theoretical calculatiof} Kawasaki et al** tentatively as- gptained. Dunning® correlation consistent valence double
signed the LIF spectrum to an electronic transition of Cl (avdz),triple (avtz),and for Cb, quadruple zetgavqz)basis
originating from theX ?A; ground state. In similar experi- sets were employed. These included a number of polarization
ments, Wrightet al”® observed a broad-band, low-level and diffuse functions. Unless otherwise specified, ez
emission in the 370-440 nm region when they photolyzedhasis set was used throughout the paper. Spherical harmonic

relatively high pressure~400 Torr) samples of Gl Fol-  gaussian basis functioris.g., fived functions were used in
lowing the work of Kawasakiet al?? they suggested that moLPRO calculations.
their spectrum may also originate fromsChnd performed In the CASSCE® calculations, the 42s2p inner shells

new ab initio calculations to explore this possibility:**  were kept doubly occupied but fully optimized. The active
Wright et al*3 approximately reproduced the results of space consists of thes3p shells of chlorine atoms, and
Sannigrahi and Peyerimhéfffor C,, structures. In addition, hence contains all the configurations arising from 21 elec-
they examined asymmetric geometries. For the ground stateons distributed among 12 molecular orbitals. This gives
they found a linear asymmetric van der Waals minimum thatise, on the average, to 150 CSFsonfigurational state
was at a much lower energy than tlg, minimum. They functiong in the CASSCF (complete active space self-
concluded, however, that th€,, structure was a stable consistent fiellimethod. CASSCFKIC)-MRSDCI, CASSCF-
ground-state minimum(real vibrational frequencies were (IC)-CASPT2, and RCCSD (restricted coupled-cluster
predicted for all three vibrational modes singles and doublg¢snethods were used to treat electron cor-

Most recently, Lawrencet al®* searched for the elec- relation in the system. For many regions of thg @tential-
tronic absorption and emission spectra of matrix isolatgd Cl energy surface, internally contractediC) multireference
In this study,in situ photolysis of HCI-CJ dimers in an Ar  single and double configuration interactftbiMRSDCI) was
matrix was used to generatesCAfter photolysis, near uv used on the CASSCF wave function, to treat electron corre-
excitation of the matrice$305—320 nm produced a strong lation in the system. This computationally expensive method
blue emission. Dispersed fluorescence spectra revealedigialways a good treatment for a relatively small system such
single broad peak, centered at 470 nm. The fluorescence was Ck. An analog of Davidson’s quadruple correcttbor
emitted with a lifetime of 442 us at 12 K. The character- approximate size-consistency was always included in
istics of this emission were consistent with the gas-phasdC)MRSDCI. The reference space for MRSDCI was as fol-
spectrum of Kawasaleét al??> when the usual matrix effects lows: 1s2s2p were frozen and, therefore, always doubly oc-
were taken into account. This similarity and other circum-cupied; 3 was doubly occupied, but all possible single and
stantial evidence was used to provisionally assign the matrigouble excitations were taken from it, and @as open. This
spectrum to Gl led to approximately %10’ uncontracted and £0con-

In the present theoretical study we have found that theracted configurations. The reference space for CASPT2
weakly bound van der Waals structure is the true ground¢complete active space second-order perturbation th&ory
state minimum for G} and that theX 2A; structure is not was similar to that of MRSDCI except that the 8hell was
stable. Despite the weakness of the attractive forces, an apeot held doubly occupied. All relative energies were ob-
proximate statistical model of the equilibrium represented bytained without the counterpoise correcttdfCPQ for basis
reaction(1) supports the notion that transient formation of set superposition errofBSSE, unless specifically men-
Cl, participates in the recombination kinetic§he energies tioned.
and well-depths of low-lying excited statémcluding ion- Two coordinate systems were used to represegnt &3
pair states have been predicted in hopes of finding assign-will be discussed later, the low-lying states of @ere found
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TABLE |. Summary of equilibrium distance, (bohp and binding energp. (cm™1) of Cl, valence states.

CASSCF MRSDCI
Method
State avdz avtz avdz avtz avgz Expt?

X3 re 3.90 3.90 3.90 3.82 3.77 3.75
D¢ 12 000 13 000 15 500 19 000 20 000 20277.3

111, le 6.5 6.5 4.9 4.77 4.60
De 200 200 2,000 2,500

111, le repulsive repulsive 6.60 6.50
D 0 0 150 190

®

&Taken from Ref. 45.
bFor 3I1(0;).

to be repulsive, or they corresponded to weakly bound vaivere expected between the states arising frop{1CIl )
der Waals complexes between g @lolecule and a CfP)  +cCl and Ch(13I1,) +Cl asymptotes. The major electronic
atom. For this situation the molecule is most suitably repreconfigurations for the three states of,Glear the ground-
sented by the Jacobi coordinatesR, andy, wherer is the  state equilibrium distance are

Cl, internuclear separatiorR is the distance from the ¢l N 29 4 x4 %0

molecule center of mass to the &R) atom, andy is the X gt [3pog my mg™ "oy

angle between the vectors and R. Some of the excited 13,1, [3poy’m, ' * 3o,

sta_tes were more strongly bound, and had equilibrium 9e0M~ASSCE-MRSDCI and CASSCF calculations were per-
etries withCy, , Doy, Or Dy, symmetry. For these states it ¢, a4 1o determine the binding energies and equilibrium
was more convenient to use valence coordinates, denoted l?r¥ternuclear separations of these lowest-lying states. The re-
the two bond lengths; andr, and the bond anglé. sults are summarized in Table I, which clearly shows that the
CASSCF method with thavdzbasis set is needed to repro-
lll. Cl, POTENTIAL-ENERGY CURVES duce the qualitative behavior of the potential-energy curves.

A rigorous MRDCI study of Gl by Peyerimhoff and For better energetics, the MRSDCI method with thez

Buenkef* described all the valence states, charge-transfep@sis set was needed. The improvement of usiigz over
states, and some of the Rydberg states of the molecule. FrofY{Zis ra}ther small. Based on these test resuIFs, we decided to
experimental daf and this theoretical study, it has been USe mainly CASSCF and MRSDCI for £lwith the avdz
established that the only bound valence states pf@ the Pasis set for surveys of the potential-energy surfaces, and
X 13 and 1°11, states. Hence, it is most likely that the MRSDCl/avtzfor some single point energies.
states of G that could be observed in a room-temperaturey, STATES OF Cl, CORRELATING WITH THE
experiment would correlate with £[X 12;, 1311,) inter-  Cl(X 13+)+CI(2P,) DISSOCIATION LIMIT
acting with a chlorine atom?p,).

In order to choose the optimal basis set for CASSCF an
MRSDCI calculations of G| we performed calculations for First we consider collinear approach of €m(,) to
the groundX 'Y and the first excited states,’ll, and  Cly(X 'X;). The interaction with Glbreaks the atomic or-
111, of Cl,, whose accurate spectroscopic data are availbital degeneracy, giving rise toZl state and &3 state.
able in the literature. The reason for including théIl,  The major electronic configurations for these states near the
state in the calculation is its indirect participation in low- asymmetric potential energy minimum, and for symmetric
lying excited-state potential surfaces, since avoided crossingd®..;,) structures are

*l]

@. Linear geometries

C.. D...
AL:[3pa?mia*to?mio* ] 21, :[3p0'577311'; 40’37730’3 0

3 3patata* tonto* 0] 22; :[3p0'577ﬁ773 4097730'3 0

(the C.., andD.., symmetries are treated &, andD, in Jies entirely above the g(X *3.)+CI(?P,) dissociation
the calculations Figure 1 shows CASSCF potential-energy asymptote, while th& 211 state is slightly bound. Numerical
contour plots for theX Il and 1S " states as functions of optimization of the MRSDCI energfwithout CPQ located
the two bond distances,; andr,. These plots illustrate the linear minimum(designated aXL in the following at
qualitative features of the surfaces. r=3.906 bohr and?,=8.47 bohr. The optimized, value
MRSDCI calculations indicate that the?t ™ surface was only 0.003 bohr longer than the calculated equilibrium
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FIG. 1. Potential-energy surfaca cm™?, relative to CkCl+Cl) for collinear Ct--Cl---Cl structures of G} as functions of two bond distances, in t#e

X 211 and(B) 1237 states, at the CASSCF level. The structiie is the true minimum and corresponds to the van der Waals complex. The symmetric
structuresTS-XL (i °I1,) and TS-2L (122g) are saddle points for Cl exchange. The six lowest contours for @#ottand (B) are at—10 848,—9092,
—7117,-5361,—3386, and—1191 cm%.

diatomic distancer=3.903 bohr) for Ci(X). The binding Cl+Cl,—Cl,+Cl. Consequently, they are labeled ES-XL
energy ofXL, including the full counterpoise correction for (i 211,) and TS-2L (122;;),

BSSE, was 250 cit. Calculations for bent geometries, as
will be shown later, indicate tha&L has a positive bending
force constant and is the only true minimum for a linear
structure on the ground-state surface. The asymmetric geom- ypon bending the orbital degeneracy of Kl state
etry and the small interaction energy indicaX&. corre- s Jifted, and the symmetry of =" is lowered. The corre-

sponds to a Cl-Glvan der Waals complex. For the opti- |ations between the irreducible representations for linear and
mized geometry, an MRSDGWtz calculation gave a pent geometries are,

binding energy of 380 cit. Estimating a BSSE correction

B. Bent van der Waals structures

of about 50—70 cm' (extrapolated from thavdzvalue of linear, C.,, bent, C T-shapedC,,
~100 cm %), the CP corrected value should predict a bind-—— = =
ing energy of 300—320 cnt. X 211, X 2A X 2A;

It was shown by Sannigrahi and PeyerimRbfthat, at X 211, 12A” 12B,
the linear symmetric..,) stationary point, £3; and the 1%+ 22p/ 1°B,

A" Renner—Teller component of the 21, state are bound ) _

with respect to both bending and symmetric stretch. Our cal-  Figure ZA) shows a contour plot of the potential energy
culations yield similar results. For example, we find thatfor theX ?A’ state calculated at the MRSDECPC level, as

X 2[1, and 122$, are bound, at the MRSDCI level, by & function of the position of the Cl atom. For this plot the
11 500 and 11 250 cit with respect to the GHCI+CI dis- origin is the C} m_idpoint, and th_e gldistance was f_ix_ed at
sociation asymptote. Because the experimental data availabfe90 bohr(approximately the optimized valueTwo minima

at the time indicated a symmetric geometry fog(®), San- &€ evident in Fig. @); one is the linear van der Waals
nigrahi and Peyerimhdif did not examine the behavior of COMPIexXL described above, and the other is a bent com-
the asymmetric stretch. Based on the potentials for symmeflex X'B also having typical van der Waals characteristics.
ric displacements, they concluded that @as a stable spe- MRSDCI optimization gave geometrical parametersXoB
cies. However, our MDSDCI calculations clearly show thatOf re=3.901,R.=6.85 bohr, andy,=66.47°. As for thexL

the X 21, and 123} states are unstable with respect to Minimum, the diatomic distance was barely perturbed by the
asymmetric displacements. It should be noted thatAke interaction with the Cl atom. There are two saddle points on

component ofX 2I1, does exhibit a local minimum, but the the X ?A’ surface shown in Fig. (). The saddle point
barrier to escape from this minimum is on|y 44 ¢ This TS-X"LB is the transition state Conﬁecting the linear mini-
local minimum is not evident in the CASSCF calculations asmum XL and the bent minimumX'B. The T-shaped
they were unable to show such small energy differenced.C,,,y=90°) saddle pointTS-X'BB connects the bent
Instead, Fig. (A) shows a rather a flat region around the minimum at angley, with its counterpart at 180° y,. The
stationary point. The symmetric structures are linear transienergies of the two saddle points are very similar
tion states for the CI atom exchange reaction(~— 180 cm?) relative to the dissociation limit. Therefore,

Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



J. Chem. Phys., Vol. 108, No. 7, 15 February 1998 Kaledin et al. 2775

X1

Cl
o0 1 2 3 4

122+

FIG. 2. Potential-energy surfaciia cm™! with CPC, relative to G(X) + Cl for bent van der Waals gt-Cl structures of G}, for (A) X 2A” at the MRSDCI
level, (B) 12A” and(C) 22A’ states, at the CASPT2 levéiote that the linear minimum is deeper at the CASPT2 Jewigie C}, center of mass is placed
at the origin, so the Cl atom shown on the abscissa appears at half the bond héﬁg:tﬂ] 95 bohr] The structuréX’B is the true bent minimum and a van
der Waals compIexXL is the linear minimum of Fig. 1. The structufs- X'LB andTS-X'BB on X 2A’ are saddle points connecting the two minif4B
andXL andXB and XB’, respecnvelyx”B and2B are T-shaped minima on the?A” and 22A’ states, respectively.

the lowest bending vibrational levels should be localizedated against MRSDCI results, is in order. For KEA’
aroundXL or X'B. With increasing excitation of the bend- ground state, the CASPT2 potential surface was very similar
ing mode, the motion will evolve from a large amplitude to the MRSDCI surface. For instance, the CASPT2 bent
libration to an hindered internal rotation. minimum X'B was found arr ,=3.91 bohr,R,=6.67 bohr,
The two minimaX'B and XL have nearly the same en- y,=68.3°. These coordinates, and the binding energy of
ergy; the bent minimum was 20 crhabove or 9 cm' be- 367 cm', compare favorably with the MRSDCI results in
low XL for calculations with or without CPC, respectively. Table Il. Considering its much lower cost-(1/10) and size-
The counterpoise correction increased Bs of X'B and  extensivity, CASPT2 is an excellent method for ground-state
XL by ~0.3 bohr. van der Waals interactions. It is not as accurate in predicting
Potential-energy surfaces for théA” and 2?A’ states excitation energies or potential-energy surfaces for excited
were examined using CASPT2. Before describing the resultstates with strong configuration interaction.
a comment on the quality of CASPT2 calculations, as evalu- CASPT2 potential surfaces for the?A” and 22A’
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TABLE Il. Summary of equilibrium and transition state structures and energies on itpotehtial-energy surfacés.

MRSDCI CASPT2 MRSDCHvtz

Method

Structure Energy r R y Energy r R y Energy r R y
Cly(X 'S 4)+Cl 0.0 3.90 0.0 3.90 0.0 3.82
XL (X 2) —249 3.90 8.70 180.0 —380 3.82 8.45 180.0
X'B (X 2A") —228 390 711 68.4
TS-X'BB (X 2A") —185 390  7.06 90.0
TS-X'LB (X 2A”) -173 390 844 35.4
X"B (12B,) -118 391 766  90.0
TS-X'LB (12A") -75 3.90 8.78 61.3
2B (12B,) —133 3.91 7.36 90.0
Structure Enerdy ry ry 0 Energy ry ry 0 Energy ry r, 0
TS-X'V (X 2A,) 1822 4.27 4.27 145.2 1612 4.16 4.16 145.9
TS-XL (X 2I1,) 4377 436 436  180.0
TS-2L (123) 5026 4.40 4.40 180.0
Cly(311,) +ClI 13000 4.90 16 500 477
Cly(*11,) +Cl 15 350 6.60 18 810 6.50
AL (1211,) 8662 4.67 4.67 180.0 9735 4.54 454 180.0
QD3h (14A)) 11 056 5.00 5.00 60.0 7778 4.85 4.85 60.0 11%66 4.92 4.92 60.0"
QC2v (1%A,) 13214 5.12 5.12 100.5 11115 4.83 4.83 101.7

aAll distances are given in bohr, angles in degrees and relative energies in wave numbers.
CP corrected.

°CP uncorrected.

dccsbhvdz r(Cly) =3.88.

states are shown in Figs(B and 2C), respectively. The quency of 14.7cm™, confirming the suspicion that the
linear minimum of 1?A” is the antisymmetric Renner—Teller symmetric bent structure is not stable. As expecTéB},X \V;
component ofXL. There is a shallow secondary minimum js |ower in energy than the alternative exchange reaction
X"B (12B;) on the 1*A” surface inC,, geometry withR  saddle point§S-XL and TS-2L.
=7.8 bohr. The ZA’ state also has a shallow minimuB
(12B,) in a C,, geometry withR=7.5 bohr. The binding
energies of these minima are about 118 and 133%me-
spectively, relative to the &+Cl asymptote. Both are shal-
lower than the two minimaXL andX’B of the ground state. The spin—orbit splitting of ground-state €R) is
881 cm'%, where?Pg, is the lower energy component. The
spin—orbit energy is large compared to tke300 cmit
Cl,+Cl interaction energynonrelativisti¢ near the van der
With Cl; constrained tdC,, geometries, Sannigrahi and Waals minima. As the bonding interaction is so weak, the
Peyerimhoff® found that the lineaX 2I1, state was subject projection of the atomic electronic angular momentuiy) (
to a strong Renner—Teller |nteract|0n. The upper Renner-en the body-fixed axis will be a good quantum number.
Teller component {B;) exhibited a linear stationary point Here, we will use(} to label the unsigned value of this pro-
(TS-XL) (the results of our calculations foFS-XL were jection. As Ch(X) approaches, the GlP5,) state splits into
described above in Sec. IV)AThe lower Renner—Teller Q=1/2 and()=3/2 projection states. ap,,,) gives rise to
component {A;) had a bent stationary poinfT8-X'V). an additional) =1/2 state.

D. The effects of spin—orbit coupling on the ground-
state surface

C. Bent symmetric structures

Sannigrahi and Peyerimhéff reported coordinates of; The spin—orbit interaction was represented by the effec-
=r,.=4.16 bohr and9,=145° for TS-X'V. In the present tive one-electron Breit—Pauli Hamiltonian
study, we obtained optimized coordinates of.=r 2 1
=4.38 bohr andd,=146° at the CASSCF level of theory. H ( Zeﬁz (rT (riaXpi)-s, 3)
I,a i

MRSDCI calculations with the avdz basis yieldeg=r,
=4.27 bohr and=145.2°, and the energy of the stationary wherei anda represent summations over electrons and nu-
point was about 2000 cnt above theXL andX’'B minima. clei, respectively, with the two-electron part of the spin—
Increasing the basis set to avtz changed the MRSDCI resultsrbit Hamiltonian neglected. The value fdgs, 14.898 27,

to ry=r,=4.16 bohr andd=145.9°, without changing the was optimized at the CASSCF level to fit the spin—orbit
energy significantly relative to the ground-state minimum.splitting of CI(P). All spin—orbit calculations were per-
To examine the stability of the stationary point, calculationsformed with thecamess9é® package. Cartesian Gaussians
were performed with small asymmetric displacements,of (e.g., sixd functiong were used InGAMESS calculations. A
andr, (6 was fixed at 145.9° Numerical second derivatives hybrid representation was used for the spin—coupled states.
of the MRSDCl/avtz energy yielded a normal mode fre-This is most easily described for linear geometries. First, the
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usual spin-free MRSDCI calculatiofwith CPQ was per- 1500.0
formed to obtain the six energies corresponding toXHdl

and 1?3 states. These were used as the diagonal elements
in subsequent spin—orbit CI calculations. The spin—orbit ma-  750.0

1125.0 7

trix elements, which are off-diagonal for this basis set, were % CED-CIeR)
calculated using the dominant CASSCF wave function for a 2750

each spin-free state. The resulting matrix, which may be re- 0.0 Cix(%; )-CICP)
ferred to as MRSD(QH,, ]+ CASSCHKH,;] was diagonal- S,

ized to obtain the energies including spin—orbit coupling. 37597

Potential-energy curves for linear LK) +Cl, calculated 750.0 _xt_ "

with and without spin—orbit coupling, are shown in Fig. 3. 7 8 0 ‘0 1 12

Significant mixing of the()=1/2 states was evident. All

three spin—orbit states show minima in Fig. 3, XL FIG. 3. Potential-energy curveenergy in cm* relative to the G(X)

'5'( 211 the true linear minimum of the around state WaS+CI(2P)], with (solid curve$ and without(broken curves spin—orbit in-

3/2: _ 9 J “teraction, at the MRSDCI level. These are for the linear geometry myith

the only state that was bound with respect to angular disfixed at 3.90 bohrXL corresponds to the ground-state van der Waals mini-

placements. Inclusion of the spin—orbit coupling had verymum

little effect on the well depth and equilibrium distance of the

XL minimum. The well depth increased from 250 to

280 cm', while the bond length increased by just 0.01 bohr.V. STATES OF Cl; CORRELATING WITH THE EXCITED
The effects of spin—orbit coupling on the bent van derCl,(*I1,,,'IL,) +CI(*P,) DISSOCIATION LIMITS

Waals m|p|mumx B were briefly examllnec(thls. was .the There are twelve states that correlate with thg(TI )

only nonlinear geometry calculated with the inclusion of | ¢y2p y gissociation asymptote. To facilitate discussion of
spin—orbit coupling The 228 cm™ well depth predicted by  the excited states, it will be helpful to first note the symmetry
the spin-free calculations was reduced to 106tmhen  species of the states for the various geometries considered.
spin—orbit coupling was taken into account. Hendd,  The term symbols for these states for the relevant point
2[14, is the global minimum of the ground-state surface. groups are:

Den N %3 M S I, g 27, “Aq

C 22+ 22— 42+ 42— 21—[ 41—[ 2A ZA

Ca ’B, ’By A ‘A, ’A;,%B; ‘A;,Bo ’A,,%Bo *A1,By

Cs 2Ar 2AH 4Ar 4Arr ZA!I’ZA! 4Arrl4Ar ZAHIZA! 4Ar’4AH
[

A. Linear geometries 12Hg :[3p0u2ﬂ.u4ﬂ.g* 3092%40”* 9,

To obtain a qualitative overall picture of the%@H_u) representing 75 — ] excitation from thex 211, state.
+CI(?P,) excited states for coordinates in the vicinity the Starting from a slightly bent symmetric geometry, nu-
ground-state minimum, a state averaged CASSCF calculgperical optimization of the CASSCF energies of th&A?
tion was performed. Inc.luded in this calculation were _th_eand 3?A’ states, which correlate withZT (12I1), gave a
three states corresponding to the ground-state dissociatiqfhear symmetric geometry with a bond length of 4.93 bohr.
limit (X 2I1 and 123%), the twelve CJ(°I1,)+CI(?*P,)  Therefore, the linear symmetric structuk is a real mini-
states, and the six states that correlate with('Cl,) mum on the FII, potential surfaces. Both Renner—Teller
+CI(?P,). Figure 4A) shows the results for afl1 and?3 * components were bound for the bending coordinate, indicat-
states as functions af,, with ry fixed at 4.67 bohr, the ing that vibronic interaction is small. Optimization of the
CASSCF equilibrium internuclear distance of linear; Cl 2201 state at the MRSDCI level gave a linear symmetric
AL(12Hg) (see below Here it can be seen that, of the structureAL(lZHg) with bond distances of 4.67 bohr. The
excited states, 2I1 was the only significantly bound state. MRSDCl/avdz dissociation energy ofAL with respect to
The results for states of other symmetry species and the quaBl,(®I1, ,r .= 4.669 bohr}- CI(?P,) was 4338 cm’. In-
tet states are not shown, but these were all found to be resreasing the basis @vtzincreased the dissociation energy to
pulsive under the above constraints. 6765 cm L.

A two-dimensional CASSCF potential-energy surface
for linear 2211 is shown in Fig. 5. The minimunAL, occurs
at a symmetric geometry that corresponds ﬁHJg. As will
be discussed later, this minimum occurs due to valence bond For bent asymmetric geometries there is extensive state
interactions. The main electronic configuration is mixing within the low-lying manifolds of A’ and?A” states.

B. Bent geometries
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\‘ \
15000 - (B) r,=4.38 bohr 4 H \ N
32An o =146° \ ~—— —
10000 \ \ I
N O s e
& 5000 3} N o
o €Ll L S
12A 22A 1 1 1 1 1
] 3 4 5 6 7 8
228
-5000 | TSX'V 1), bohr
X2A . . _ .
-10000 CL(E;HCl FIG. 5. Potential-energy surfage cm™2, relative to C}(°II,) + Cl) of the
8 4 5 bonr © 7 8 linear 2211 state. This surface was obtained from a 3-state-averaged

CASSCEF calculation. The linear symmetric structAde is a real minimum.
FIG. 4. (A) Potential-energy curve@ cm ! relative to Cy+Cl for all 23 * The six lowest contours are at 1536, —658, 220, 1098, 2854, and
and?II states that correlate with £}, %1, ,'T1,) +CI(?P,). These are = 6585 cmh,
for the linear geometry wittr, fixed at 4.67 bohr. The potentials were
obtained from 21-state-averaged CASSCF calculati@)sPotential-energy
curves for bent structures that correlate witfg(éﬁ‘,g+ SBI0,) + CI(?P,). For
these 7-state-average CASSCF calculatignand 6 were fixed at 4.38 bohr 1 %A is [3paize'4a’z’ze"4e’2aé1]_ The minimum has a bond
and 1467, respectively. length of 4.85 bohr, and 4A] is the lowest energy state in
this coordinate region. Optimization of th@D3h bond
length using the CCSB (acesi*® version analytical gradi-
This point is illustrated by Fig. @), which shows one- ent techniqu® yieldedr,=4.92 bohr. Vibrational frequency
dimensional curves calculated withy=4.38 bohr_andé  calculations at the CCSD analytical second derivafilevel
=146° (near the symmetric bent transition stat8—X'V in gave vibrational constants abg,=254.5cm? and wp,
the ground stafe These curves were obtained from a seven-=308.5 civl. These values suggest a rather deepl local
state-averaged CASSCF calculation. Avoided crossings ar@inimum. However, the MRSDCI energy of this minimum
evident in this plot in the range,=4 to 5 bohr. Clearly, Qp3h is ~11300cm® above the ground-state van der
these avoided crossings and their counterparts in linear gyaals minimumXL. There was a noticeable disagreement
ometries[cf., Fig. 4A)] influence the location of the A1 between CASPT2 and MRSDCI energetics of @®3h
state minimum. minimum, but this was due to the fact that CASPT2 calcu-

CASSCF _calculations were used to examine th_e bendingtes the total energy of gfround-state fragments (G4Cl)
and symmetric stretch modes of the doublet excited stateg pe ~4000 cni? higher than MRSDCI, relative to the
[including those that correlate with £HI,)+CI(*P)].  minimum XL. CASPT2 is not expected to do well for exci-
With the exception of 21, these states were found to be tation energies. On the other hand CCSD, which should be
repulsive. . _ more accurate, calculates the total energyQid3h to be

Quartet states all lowered their energies towards strongly. 5000 cni? higher than the MRSDCI energy. A possible
bentzlgsometrle.s. A CASSCF optimization for the lowsst  source for this discrepancy is the treatment of the core elec-
and”A" states inCs symmetry, near &3, geometry, led 0 trons, which are not frozen during evaluation of CCSD en-
dissociation. As the three unpaired electrons in these state§qy derivatives. When a single point calculation is done

occupy antibonding orbitals, dynamical correlation is neededyith the core frozen, the agreement with MRSDCI is very
to create a bonding interaction. CASPT2 calculations predic§ood (cf. Table I).

that some of the quartet states are bound. For instance, Fig. The 14E” state, which is derived from partially filleg!

6(A) shows CASPT2 potential curves forf@onfined to a  ande” orbitals, is weakly bound when the geometry is con-
D3, geometry. The lowest energy"A; state seems to be strained toDg, [Fig. 6(A)]. When this state is optimized
strongly bound and some other states weakly bound, witlysing CASPT2, the minimum is found to beCa, structure

respect to the GtCl+CI dissociation limit. with #=101.7° andr,=r,=4.83 bohr(QC2v). The domi-
CASPT2 numerical geometry optimizations confirmednant electronic configuration is

that theD, minimum of 1%A] is, in fact, the global mini- 4 o o o o o o 1 11
mum for this statgQD3h). The dominant configuration of 1°Az:[3pa;“a;"b, b, "a,"b, by "a, b, .
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FIG. 6. (A) CASPT2 potential-energy curven cm ! with respect to  FIG. 7. Potential-energy curvegin cm ! relative to c&(lzg e)
Cl+CI+Cl limit) of all the quartet states that correlate with,@II,) +CI(?P,)) for linear Ck. (A) Diabatic?IT states withr ; fixed at 3.91 bohr,
+CI(?P,). 21-state-averaged CASSCF reference functions were used inalculated with a restricted MCSCEB) Adiabatic?I1 states witlr; fixed at
calculating this surface.; was fixed at 4.67 bohiQD3h is the lowest true  a smaller value of 3.50 bohr, calculated with five-state-averaged CASSCF.
minimum in the quartet statéB) The same states i@,,, symmetry with Regions of curves with knots represent substantial contribution of charge-
the bond angle fixed at 101.7QC2v is the quartet state. transfer states.

The MRSDCI energy o QC2v) was about 13000 cit X (mmem)*(momom5) and three CSF's for electron configu-

. Y Yy . :
above the ground-state van der Waals minimdim. All  ration (o%c?0™* g)(wiwiwi)(wywywy)f’ to obtain approxi-
other gquartet states were predicted to be dissociative. mate “diabatic” states corresponding tCT1) I, and

(CT2 2II, where CT1 and CT2 correspond to the
Cl3 (X 2Ig) +CI~(*Sy) and Ck(?I1,)+CI~(*S,) dissocia-
tion asymptotes, respectively. From a separate MCSCF

The experimental adiabatic ionization potential of calculation with a group of six CSF's corresponding
Cly(X) is 11.50 eV¥ and the electron affinity of chlorine to  (c?00* ) (mymm)(mimoml) and  (02ote™?)
atom is 3.61 e\?! Consequently, the first charge transfer X (m{m;m3)(mym,m,)°, two approximate diabatfdl states
dissociation asymptote, £1(X 2I14)+CI~(*S,), lies about  that correspond to gi°Il,,'I1,)+CI(*P) limits were ob-
8 eV above the van der Waals minimuKL. For linear tained. Figure ?A) shows these four diabatic states and the
geometries, the only state correlating to this limit i¥l&  ground state curve far;=3.91 bohr. As the charge transfer
state. From the results of Peyerimhoff and Bueftkand our  states were not allowed to mix with valence excited states in
test calculations on the excited states o0f,Gl can be in- these calculations, they were easily identified by their long-
ferred that the maximum number &fl states, resulting from range behavior.
Cl,+CI(?P,) interaction, before the first charge-transfer dis- In general it is difficult to find adiabatic charge-transfer
sociation asymptote occurs, ranges from three to fifteen, destates, since many covalent states are lower in energy and
pending on the diatomic internuclear distance. A number obubstantial covalent-ionic mixing takes place. For shorter di-
state averaged CASSCF calculations were undertaken to firetomic distances, however, the charge transfer states;of Cl
the charge-transfer states. However, in sifting througtffhe  drop below many of the covalent states, and may be located
states these calculations produced, we were unable to fird state averaged CASSCF calculations. The calculations of
any that clearly exhibited charge transfer characteri¢tics, ~ Peyerimhoff and Buenk& and our own results for(Cl,)
Coulombic long-range attraction <3.5 bohr predict that there will be no more than thfék

An approach that involved manipulation of configura- states below the state which dissociates into, (&)
tions in the MCSCF procedure turned out to be a usefukCI™(!S). We have performed a five-state-averaged
technique for locating the charge transfer states. We firsEASSCF calculationwith full valence active space, as in
performed a six-state-averaged MCSCF calculation includether CASSCF calculatiohson the?IT states with the di-
ing only three CSF’s for electron configuratioordo?o* ©) atomic distance held in the range=3.4—3.6 bohr. These

VI. CHARGE-TRANSFER STATES OF Cl ;3
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calculations produced some adiabatic states that had substasxpression[ g, (Cls)], to ensure that only bound states
tial ion pair character. Figure(B) shows the potential curves were included in the summation. The vibrational energies
for ?II states for the very short diatomic distance raf  associated with, were calculated using Morse vibrational
=3.5bohr. Shown by dots on the potential-energy curvesparameters derived from the radial potential-energy curve
the charge-transfer contributions derived from theshown in Fig. 3. A fit to this curve yielded the vibrational
Cl3 (X?I1g) +CI~(*S,) asymptote are shared by severalparameters w,=40.6, wX,=1.68, D,=245 and D,
adiabatic states and create a series of avoided crossing225 cnit. To simplify treatment of the internal rotation,
among them, and no single state can be identified as thge anisotropy of the PES was ignored. For evaluation of the
“charge-transfer state”. Since our approach is limited to lin-partition function, this should be a reasonably good approxi-
ear geometries only, where we can use symmetry very effimation. The energy level expression for the combined inter-
ciently, we Cagznm say definitely if these ionic states are trugal rotation and overall rotation could then be written as
minima. The 5II state, for example, is strongly bound in

the stretching motion, but it may become more stable for E(,.L)=bJ(I+1)+BL(L+1), ®)
bent geometries. Transition dipole moments were calculatedthereJ andL are the angular momentum quantum numbers
for 4211—1,2,3?[1 transitions. For the geometries ranging for Cl, rotation and G}—ClI rotation, respectivelyb is the
r;=3.4-3.6 bohr and,=5.0-9.0 bohr, the transition mo- Cl,(X) rotational constant, an#l is the overall rotation con-
ment is of the order of 2 a.u.; the transition is very strong, astant, obtained by treating £as a point mass located at the
is expected for a transition containing a charge-transfer chadistanceR, from the Cl atom B=0.036 cml). Equation

acter. (5) assumes rigid rotor energy expressions for both motions.
The van der Waals patrtition function was defined by
VII. PARTICIPATION OF Cl5 IN THE CI+CI+Cl,—2Cl, (2J+1)
RECOMBINATION REACTION Quaw(Cl) =2, > >, >— (2L+1)
v, J L

As discussed in the Introduction, Hutton and Wright
proposed a mechanism for the recombination reacti@)s,

and (2), involving the triatomic _intermediate ¢land re-  \where division by two accounts for the Géxchange sym-
ported rate constants for reacti¢l): Cl+Cl,=Cl; to be  metry andE(v,) is defined by the usual Morse expression.

k1:9-0?i< 10" cn’mol™* s  (forward and K_;<7.6  The summations in Eq6) were constrained by the condition
X 10° s7* (reversg. These rate constants establish a IowerE(vz)JrE(J,L)gDo_ For the well depth obtained from the

x @~ (Ewz) +EQ.L)/kyT (6)

bound for the equilibrium constant of effective radial potential §o=—AU=225cm?), Eq. (6)
[Cly] gives guqw(Cly)=2.0x10° at 295 K. With the above ap-
eq:m>120 cn? mol ™1, proximations, Eq.(4) predicts an equilibrium constant of

K.=40 cn mol~! at 295 K.
We have used the potential-energy surface of theg@und
state reported here to predikt,,. Application of conven-
tional statistical mechanics to this problem yields VIIl. DISCUSSION
A. Ground-state potential-energy surfaces

efAU/ka’ (4)

Qe
eq:ﬁqsu In contrast to previous studies, we find that t@g,
2 structure for CJ(X) (TS-X'V) is not a true minimum on the

where theq'’s are the molecular partition functiondU is  ground-state surface. Sannigrahi and Peyerimihafil not
the energy difference between the reactants and prodlicts, examine asymmetric structures and thus did not locate the
is the temperature arig, is the Boltzman constant. Partition van der Waals minimum nor identified ti&, structure as a
functions for CIEP) and CL(X) are readily evaluated using transition state, ou€,, structure and energies are in agree-
the accurately known spectroscopic constants. The partitioment with their earlier high-level calculation. Other lower
function for Ck was obtained by the following approximate level calculations have found a minimum f@, , but the

means. _ _ present multireference treatment clearly shows that this ge-
As the van der Waals complé&_ in X ?I15,is the only  ometry is unstable.
significantly bound state that correlates with (&) The CK(X)-CI(®P5,) bond dissociation energy ob-

+ CI(?P3), the partition function was calculated based ontained form our calculations (280 ¢y compares favorably
the properties of this twofold degenerate PES. The vibrawith Leeet al. estimaté* of 330 cm * derived from inelastic
tional and rotational partition functions were estimated byscattering data. As was shown in Sec. IV, the dissociation
first noting that CJ(X) is almost unperturbed by the rela- energy of the ground state increased by 100tmr 40%
tively long-range interactions with GIP3,). Hence, the in- when theavtz basis set was used. The dispersion-dominant
ternal motions may be described as thg(X) stretch ¢,), van der Waals interaction in the ground state requires a very
the CbL—Cl van der Waals stretchv§), and the CJ(X) inter-  large basis set in order to fully recover the binding energy, so
nal rotation within the complex. The partition function asso-we expect that basis sets af qz quality or better will give
ciated withv, was therefore the same gg,(Cl,). even closer agreement with the scattering results. An indirect
The van der Waals stretch, internal rotation and overalbexperimental probe of the &X)—Cl well depth is provided
rotation of Ck were considered in a single partition function by the CHCl,=Cl; equilibrium constant. In Sec. VII the
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equilibrium constant was estimated using the properties fCCSIOT)], in excellent agreement with the present result.

the ground-state PES. The result was about a factor of $he barrier to exchange can be understood as originating

smaller than the experimental lower bound. Model calculafrom an avoided crossing between the two valence bond

tions indicated that the bond dissociation energy needed tstructures with the odd electron in @ orbital: CE—CP

be increased to around 600 Chin order to obtain agree- -CI° (corresponding to the reactargnd its counterpart €l

ment with the experimental equilibrium constant. While we - CIP—CI® (corresponding to the prodyctFrom Fig. 4A) it

had anticipated that the present calculations would underess evident that Z11 is the other state involved in the collin-

timate the bond strength, we had not expected that thegar avoided crossing.

would be in error by a factor of 2. There are, of course, other A similar argument applies to the exchange barrier of the

possible sources for the discrepancy. These include the sim-2% " state, as seen also in Fig(A. The saddle point

plifications made in estimating the equilibrium constant fromTS-2L (1 229*) is due to the avoided crossing between the

the PES, and omissions in the kinetic model used to analyzevo valence bond structures similar to the above but with the

the original data. Overall, we do not consider the discrepancgdd electron in ar orbital. This time the interaction is very

to be serious enough to call into question the role gfi€CI strong due to the involvement @f odd electron. Thus the

atom recombination. upper state becomes simply repulsive without any minimum,
It is interesting to note that, for spin-free calculations,as the interaction is strongly antibonding.

the linear van der Waals complé«?II is lower in energy

than the 3" state. One might think that the least exchangec. Vibrational fundamentals of Cl  5(X)

repulsion would be achieved when the unpaired electron ap-

proaches the closed shell diatom in the orbital, with the

par orbitals filled. However, the ground state of,®has more

The frequencies of the ground-state stretching modes
can be predicted using the MRSDCI potential. As the mol-
Fcule is basically G[X) perturbed by ClI, the high-frequency

charge distributed off axis, and the repuision is Smallesstretch fundamental will be close to the unperturbed diatomic
when the Cl atom approaches with tpe- orbital doubly alue of 554.3 cm? (*°Cl,). From the analysis in Sec. VII,

occupied. For side-on approach the electrostatic and ex- .
change repulsion is minimized when the unpaired electron i he low-frequency GHCl stretch should have its fundamen-

in the atomicpo orbital. Hence, the&XB van der Waals mini- al nea(ljr ??ﬁ;ﬂ 'DTEe be:]dmé; HOf tcsé%?;ﬁ t_)een (ljlsgussfetg n
mum hasA’ symmetry. some detail by Dubernet and Hu eir analysis of the

Geometric aspects of the g(:)()+CI(2P ) interactions f;escﬁ::Stsact"c.tqurcﬁfe?p‘t)ﬁ:trstgg %igg.?] S|s§rntcvtwtrr:l{1:; moha e
are not so easily visualized when spin—orbit coupling is in- uis, It 1S TIKely ing structu y hav

cluded. Dubernet and HutsSnhave discussed purely elec- calculated is realistic. Their model predicts a bending funda-
trostati.c interactions between £X) and CI€P;). From a mental of about 10 cm". The transition dipoles associated
J .

general perspective they argued that, for complexes consis\(\fIth the three ylbratlonal modes will all be very ST".a”’ so it
ing of a2P atom bound to a closed shell diatom, e, woul_d be a difficult matter to observg the IR transitions. The
state will be much more strongly bound than iy, state. predl_cted _fundamentals are very different fr_orre12dtthe IR ab-
This situation occurs because there are electrostatic terms fég;pgon _Iines .k;epoéted%?:)l/ Nel_sin z_and E 'm _ede.g:}.,
2p,,, states that are averaged out féx,, states. From Fig. 3 6 cmi” attributed t0™Cly), reinforcing the notion that
it can be seen that our spin-couplad initio calculations they observed something other thary.Cl
were in accord with this expectation. Dubernet and Hutson
estimated the anisotropy of the ,CK)—CI(?P) interaction
by assuming that the potential energy would be dominated As described in the introduction, broad emission features
by the quadrupole—quadrupole term. Their predictions of theppearing in the 370-480 nm range have been tentatively
relative energies of th€J,=3/2, 1=3/2), (J,=3/2, O assigned to Gl Measurements in the gas phase and an Ar
=1/2), and(J,=1/2, Q= 1/2) states, for the linear complex matrix indicate the emitting levels are long-livedr (
with R=7.4 bohr(see Fig. 9 of Ref. 45 were in reasonable >12 us).?%2*Kawasakiet al?? used excitation wavelengths
agreement with the correspondial initio results. The elec- in the range 415—427 nm to obtain their gas-phase emission
trostatic model also predicted a linear equilibrium geometryspectrum. They compared their results with an unpublished
for the (J,=3/2,2=3/2) ground state. Note that the electro- ab initio calculatiorf® that predicted absorption transitions at
static minima of the(J,=3/2, 0=1/2) and (J,=1/2, & 680 and 370 nm. The transitions were assigned @1
=1/2) states corresponded to the T-shaped geometry. This X 2A; and 2232<_7( 2A;, and the gas-phase spectrum
was in accord with the fact that ttab initio energies for the  was attributed to the latter. The present calculations predict
(Ja=3/2,Q=1/2) and(J,=1/2,Q =1/2) states decreased as tnat vertical 1252<_$“< 2p, and 2252<_§ 2A, transitions
the complex was bent away from linear. will occur near 730 and 450 nm, respectively. ThéB2
state[4 A’ in Fig. 4B)] does not have bound regions, and
will not emit to any significant degree. It is conceivably that
the 22I1-X 2A’ transition, originating from the van der
At the MRSDCI level, barriers to GICI,—Cl,+Cl ex-  Waals ground state, could be responsible for the absorption
change on the ground-state surface were found to bband detected by Kawasakt al?? However, the emission
4377 cmi'1 (TS-XL) and 1822 crt (TS-X'V). For collinear  characteristics of this system would not be consistent with
exchange, Galbraitht al*” obtained a barrier of 4326 cth  the observations. The transition dipole is relatively small for

D. Electronic spectra provisionally assigned to Cl 3

B. The Cl exchange saddle points
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the van der Waals geometry, where the transition is approxi- Our ground-state calculations support the proposed idea
mately Ch(B3IT)—Cl—Cl,(X)—Cl, but the transition dipole that transient Glformation participates in the process of Cl
becomes large in the vicinity of the?2I (1 2Hg) state mini-  atom recombination.
mum. Hence, most transitions would occur in this coordinate
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