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We present for the first time a coherent ab initio study of 39 states of valence, Rydberg, and ion-
pair character of the diatomic interhalogen ICl species through large scale multireference variational
methods including spin-orbit effects coupled with quantitative basis sets. Various avoided crossings
are responsible for a non-adiabatic behaviour creating a wonderful vista for its theoretical description.
Our molecular constants are compared with all available experimental data with the aim to assist
experimentalists especially in the high energy regime of up to ~95000 cm™~'. © 2014 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4894771]

. INTRODUCTION

The first experimental investigation of iodine monochlo-
ride was the discovery of a number of faint bands just
beyond the convergence of the v’ = 0 progression around
5755 A by Gibson and Ramsperger! and by Gibson and Rice>
in the late 1920s. Since then numerous experiments have been
performed probing several valence,>?* ion-pair,'"17:25-33
and Rydberg®"3637 states via numerous techniques such
as visible absorption spectroscopy, emission spectroscopy,
laser-induced fluorescence spectroscopy, vacuum ultra-
violet spectroscopy, and micro- and millimeter-wave
spectroscopy.

Despite the wealth of experimental data accumulated
over all these years the theoretical studies are limited to only a
handful of papers. The very first theoretical investigation ap-
peared by Balasubramanian® who in 1985 constructed poten-
tial energy curves (PEC) for several low lying valence €2 states
employing relativistic effective potentials for the I atom and a
double ¢ Slater basis set for the 4d'°5525p’/; and all Cl elec-
trons. With an eye to the interpretation of photodissociation
processes in the first and second absorption bands at 270 and
470 nm, respectively (e.g., see Refs. 40 and 41 and references
therein), Yabushita and co-workers*? calculated PECs of
Q states dissociating to two ns’np” 2Py, 5, state atoms and
discussed the avoided crossings and first order non-adiabatic
effects. The effect of the long range potential interactions on
the polarization of the Cl atoms from the UV photodisso-
ciation of ICI has also been investigated*> combining spec-
troscopic, ab initio and perturbation theory data. The above
two sets of theoretical investigations are supplemented by the
study of few ion-pair states** and by some earlier publica-
tions whose main objective is the combined study of relativis-
tic and correlation effects on the properties of heavy diatomic
interhalogens.*
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It is clear that there is an imbalance in what we know
about this molecule from an experimental and from a theo-
retical point of view. With the aim to improve this situation,
and at the same time to trigger future work just like the recent
velocity map imaging experiments on the photodissociation
mechanism of high-lying Rydberg states of molecular iodine
via ion-pair states,*® we report a detailed investigation of sev-
eral €2 states dissociating adiabatically not only to two valence
state atoms, i.e., L or Clin ns’np’, *P, , 5, but also to Rydberg
states whose PECs display numerous avoided crossings due
to ion-pair states, to electrostatic and spin-orbit (SO) effects,
creating that way a “marvelous” non-adiabatic milieu for the
nuclear motion.

From a computational point of view, diatomic (inter)
halogens XX’ (X, X' = F, Cl, Br, and I) are species of in-
tricate difficulties due to the rather large number of valence
(7 + 7 = 14 ¢7) and core (or subvalence) electrons (18(I)
+ 8(Cl) = 26 ¢7) as well as to the Rydberg character of their
excited states intermingled with charge-transfer (or ion-pair)
states.*” Apart from the pure academic interest for their per
se study additional interest is found in collisional processes
with rare gas atoms forming van der Waals complexes*®+°
and in solvation effects in He and Xe clusters.”>>! In an effort
to shed some light on the electronic structure of ICl, that is
relatively speaking poorly known, we have constructed mul-
tireference MRCI4-SO PECs for several ICI states employing
large basis sets.

Il. COMPUTATIONAL METHODS

For the ICI diatomic species the first few adiabatic disso-
ciation channels based on a term-order classification scheme
according to the Moore/NIST>? tables along with the resulting
25+1 A, molecular states are

AE=0.0eV
L. I55%5p°%, 2Py 5,) + CI3s?3p%, 2Py s,) ————s

ICIC =5 (2], "2, 'TL121 1A, PEF 121 P2,
31_[O+,O*.,l,2[2]7 3A1,2,3)’

© 2014 AIP Publishing LLC
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2. I(55*5p*CP)6s', 4P5/2,3/2,1/2) + CI3s*3p°, 2P1/2,3/2)
AE=6.886eV _
= ICICZ) . 35,120 (g ,[20

Ty SO ] M § (AP I |

3
A1,2,3’ 0-,1,2°

5A0+,0*,1,2,3.4)’
3. I(5s*5p*CP)6s!, 2P3,271,2) + CI(3s%*3p°, 2P1,2’3,2)

AE=6.934eV ICI(IE(;, 12(;[2]’ lnl[z]’ IAZ’ 32(‘)’:’
g 120 e - 10020 %A 2),

4. 1(5s25p*CP)6p!, *P) + Cl(3s%3p°, *P)
ICI(SE(J)C,I’ 32:07*,1[2]’ 3110*,0*,1,2[2]’3A1,2,3’5E(;L*,I,Z’
52:07*,1,2[2]’ 51_[OJr,O*,1.71,2,3[2]’ 5A0+,0*,1,2,3,4)’

5. 1(5s25p*('D)6s', 2D) + Cl(3s23p5, 2p) —2E=8202¢Y
ICI(' =4 121, ' (3L AL 2], @52 2 (21,
32:()1,17 31_[0+,0*,1.2[3]’3A1,2,3 [2]’3<D2,3,4)'

Two more dissociation channels of ion-pair character are
relevant to the present study, the I*(5s*5p*, 3P and 'D)
+ CI~(3s%3p%, 'S) at AE = 6.83 and 8.15 eV above the
ground state fragments,’? respectively. The number of £
states resulting from this limited set of adiabatic channels
is extremely large and practically impossible to calculate in
its totality by any computational method available today. It
is also clear that the complexity would be enormous while
any post Born—Oppenheimer (BO) treatment for the nuclear
motion problem should be well focused on the experimental
problem to be solved since a general “all states of the same
symmetry treatment” may be simply intractable.

We have constructed valence (14 e~) internally con-
tracted MRCI?*@+SO PECs for 39 molecular states using
the relativistic ECP28MDF effective core potential for the [Ar
+ 3d'%] electrons of 1 while for its 4s24p®4d'°5s*5p> elec-
trons the aug-cc-pVSZ-PP (17514p14d4f3g2h) basis set>™*®
is used generally contracted to [8s8p6d4f3g2h]. For the
Cl atom the all electron aug-cc-pV(5+d)Z basis set>*®
(21s13p6d4f3g2h) generally contracted to [8s7p6d4f3g2h]
has been employed. Core—valence (CV) correlation effects
have been accounted for by both the MRCI(4+Q) and
the restricted coupled cluster + single + double + per-
turbative connected triplets (RCCSD(T))**® computational
methods coupled with the appropriately optimized CV ba-
sis sets, i.e., the cc-pwCV5Z-PP3*© (20s17p17d7f5g3h1i)
— [11s11p9d7f5g3h1i] for the 1 4524p%4d'°55*5p> electrons
and the cc-pwCV5Z (20s12p8d6fdg2h)—[11510p8d6fig2h]
for CL3*9 Thus the ICI diatomic (70-28 = 42 e~ system) is
described by the valence [8s8p6d4f3g2h/; 8sTp6daf3g2h/ ]
and CV [11s11p9d7f5g3h1if; 11510p8d6f4g2h/~ ] basis sets
consisting of 275 and 410 spherical Gaussian functions, re-
spectively. The one electron basis set (molecular orbitals)
was generated through the complete active space SCF
(CASSCF)**© zeroth order wavefunction with active spaces
ranging from the usual valence space (5p(I) + 3p(Cl)) for all
states correlating to two ground 2P atomic states, augmented
by either a Rydberg s orbital for all ' A states correlating to
the “P or *P Rydberg atomic I states or one s and three Ryd-
berg p,, ., orbitals for all 3 A states dissociating to the corre-

AE=7.744eV

sponding atomic Rydberg states of the I atom. The 3s?(Cl) and
55%(I) electrons are not distributed in the above mentioned ac-
tive spaces of the CASSCF wavefunction since the practically
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full np shell cannot provide any angular type dynamic corre-
lation for the ns” electrons which are nevertheless fully cor-
related in all subsequent MRCI and RCCSD(T) calculations.
These correlation effects have been assessed by distributing
all 14 valence electrons in the space of 8 + 5 = 13 orbitals,
the additional 5 orbitals of primarily d(Cl) character were de-
termined at the CI level for states of 'A, symmetry (vide in-
fra). The MRCI wavefunctions form the basis for the SO (LS
operator in the MOLPRO code)>*@ calculations that take into
account the ECP spin-orbit operator for the I atom and the full
Breit Pauli operator for the Cl atom.

The molecular parameters, i.e., dissociation energies D,
harmonic frequencies ., anharmonic corrections w x,, and
equilibrium bond distances r, have been obtained through a
standard Dunham analysis.>

All calculations were done under C,, symmetry restric-
tions with the MOLPRO 2012 package of programs.>®

lll. RESULTS AND DISCUSSION

Table I collects the molecular parameters for the X' X+,
3T1,,, and *T1,, states at the valence and CV MRCI(+-Q) and
RCCSD(T) levels of theory while Table II gathers the molec-
ular parameters for all bound states presently studied or for
states that display local minima sustaining some vibrational
levels along with the corresponding experimental values.
Figures 1-4 display the corresponding PECs. In what follows
we offer a succinct discussion of their electronic structure pre-
sented according to their adiabatic separation limits. We tag
the states as *5*! A, a letter alluding to its spectroscopic no-
tation precedes the quantum number €2.

A. States correlating to two ground 2P atomic
fragments

Two ground state atomic fragments in the LS cou-
pling limit (>P) give rise to 122*!'A molecular states of
(132*[2],13%7,1310[2],» 3A) spatial and spin symmetry
(see the inset plot of Fig. 1). Disregarding for the moment the
large SO effects that cause the AS symmetries inappropriate
for the study of its electronic spectroscopy we would like to
give some insights on the bonding nature of the above states
based on the traditional and chemically intuitive valence bond
Lewis (vbL) structures.

The two X and ¥~ states result from the
combination|’P, M, = 0, £1, 1), ® [°P, M, = 0,
F1, F1),, respectively. It is rather straightforward to
understand that only the (0,0) combination will re-
sult in a chemically bound system while the (&I,
F1) combinations of X* symmetries will be unbound.
Pictorially we have the following vbL icon for the
o—bonded Tt state resulting from the (0, 0) fragments,

CICP; M,= 0)

ICP; M,=0)
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TABLE I. Energies E (E,), bond distances r, (A), harmonic frequencies w,, anharmonic corrections w X, (cm™"), dissociation energies D, (kcal/mol), and
excitation energies T, (cm’l) of the X'=+, 311 oD and 3T1 Al I?>Cl states at various levels of theory.

State Method —E r, o, (W X,) D, T,

X's+ MRCI* 754.556 000 2.330 388.01 (1.432) 52.81 0.0
MRCI+Q?* 754.600 045 2.332 388.10 (1.406) 54.20 0.0
RCCSD(T)* 754.611238 2.324 393.92 (1.380) 55.5 0.0
C-MRCI® 755.040 147 2.319 389.55 (1.467) 51.74 0.0
C-MRCI+QP 755.150741 2.316 392.17 (1.338) 54.05 0.0
C-RCCSD(T)® 755.200417 2.314 395.93 (1.416) 55.70 0.0
C-MRCI® 755.372692 2.319 391.45 (1.603) 51.84 0.0
C-MRCI+Q° 755.526 380 2.313 395.97 (1.504) 54.66 0.0
C-RCCSD(T)¢ 755.597 180 2.314 396.41 (1.376) 55.70 0.0
Expt.d 2.32085 384.30 £ 0.02 (1.501 £ 0.006) 50.20 + 0.29

3 M, C-MRCI+SOP 754.978 105 2.768 158.13 (3.640) 4.90 13617
C-MRCI4S0+QP 755.092 863 2.717 186.62 (3.324) 9.67 12703
C-MRCI+SO° 755.309 352 2.793 146.40 (3.653) 4.06 13902
C-MRCI+SO+Q° 755.466 251 2.732 175.55 (3.039) 8.77 13197
Expt.© 2.665(1) 224.57 (1.882) 13.94 + 0.08 12 682.05

31'IAI C-MRCI+SOP 754.974 204 2.831 125.62 (5.624) 2.45 14473
C-MRCI4S0+QP 755.088 679 2.758 160.85 (3.714) 7.04 13621
C-MRCI+SO° 755.305 625 2.873 107.37 (6.165) 1.72 14720
C-MRCI+SO+Q° 755.462 174 2.780 147.86 (3.831) 6.22 14092
Expt.d 2.67 696 210.3 £ 0.1 (1.50 £ 0.07) 1091 £ 0.11 13742.92 + 0.06

*Valence (55*5p° + 35?3p> ¢”) calculations with the [cc-pwCV5Z-PP/; cc-pwCV5Z/, ] basis set.
®Core-valence (4d'055s*5p° + 35*3p° ¢~) calculations with the [cc-pwCV5Z-PP/; cc-pwCV5Z/, ] basis set.
°Core-valence (4s%4p°4d'°5525p> + 35?3p> ™) calculations with the [cc-pwCV5Z-PP/; cc-pwCV5Z/ | basis set.

dReference 18.
“Reference 15.

The second ! T+ state dissociating to the (£ 1, 1) com-
bination of two rather dissimilar ({r) spl ()3 = 1.36°7) atoms
does not allow any bonding interaction, the same also holds
true for the ¥~ and A ( & 1, & 1) symmetries. The IT states
result from either the (0, &= 1) or the ( & 1, 0) atomic combi-
nations offering the possibility for two 3e™—2 c(enter) bonds
with the 3IT state being substantially bound while its singlet
analog is of quasi bound character. So, within the AS scheme
only two states, the ' ©* and the *I1, are bound while the rest
10 25+1 A states are repulsive; see the inset of Fig. 1. The in-
clusion of the SO effects changes completely the morphol-
ogy of most of the PECs as can be seen in Fig. 1, revealing a
number of bound states not present in the AS energy scheme.
All 5+ A states dissociating to two ground state *P atoms
have been state averaged at the CASSCEF level thus creating a
common set of molecular orbitals. For all these £A states we
have calculated the MRCI wavefunctions which were used in
the construction and diagonalization of the SO Hamiltonian
matrix (36 x 36). Two sets of MRCI and MRCI+SO cal-
culations were done for the same set of 7! A and Q states
differing in the size of the reference space employed for the
generation of the single and double excitations. In the first set
of calculations the internal space of the CI resulted from the
distribution of 14 (7 + 7) ¢~ in 8 (3s 4+ 3p + 5s + 5p) valence
orbitals giving rise to 5.7 x 10° (A)), 2.7 x 10° (*A,), 3.8
x 10° ('B,), 8.0 x 10° (PA,), 4.6 x 10° (°A,), and 6.4 x 10°
(3B,) CFs. In the second set of calculations the 14 valence
electrons were distributed in the space of 8 + 5 = 13 active
orbitals, the additional 5 orbitals of primarily d(Cl) character
were determined at the CI level for states of 'A; symmetry.

The “augmented” MRCl(aug) spaces consist of 692 x 10°
('A,,'A,, and 'B,), and 1.3 x 10° (*A,, *A,, and °B,) CFs.
That way we give more correlation space to the already con-
gested Hartree-Fock 3s?3p° electronic cloud at the level of
reference space providing better energetic results.

Let us consider first the atomic splittings between the
3/2 and 1/2 J components of the 2P term. The experimental
values™ are AEq(1/2 < 3/2) = 882.3515 cm™! and AE(1/2
<« 3/2) =7602.970 cm~! while the corresponding theoretical
values are 810 (800) and 7062 (7020) cm~' with the valence
(augmented) active spaces, respectively, no more than 8% off
the experimental values.

It is interesting to present in some detail the results of the
X 'S+ state of I3Cl, a state that is the least “perturbed” by
the SO effects. We will firstly comment on the CV correlation
effects. We have considered in a step by step basis the effect
of the 440 (Table 1), 4524p®4d'° (Table 1) and 4s*4p®4d'%/,
+ 2522]96/Cl (Table II) electrons at both the MRCI(+SO),
MRCI(+S0+Q) and RCCSD(T) levels of theory. The com-
bined effects of missing electronic correlation and size non-
extensivity “errors” with respect to the RCCSD(T) results are
pretty large even at the valence correlation level (55 mE))
graciously corrected at the +Q level of theory; the remain-
ing “error” is ~ 11 mE, (see Table I). When including the
4d" electrons the MRCI “error” amounts to 160 mE,, while
at the MRCIH-Q level to ~50 mE,. By considering the entire
n = 4 shell, the MRCI “error” is 224 mE,, and the MRCI+Q
one is 71 mE,. In the light of the above results we should
be extreme cautious when interpreting the CV results. At the
valence level the equilibrium distance r, is pretty large, i.e.,
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TABLE II. Energies E (E,), bond distances 1, (A), harmonic frequencies w,, anharmonic corrections @ x, (cm™), dissociation energies D, (kcal/mol) and

excitation energies T, (cm™") of fourteen I>3Cl states at various levels of theory.

State Method —E T, w, (0X,) D, T,
x'sh MRCI 754551756 2332 387.55 (1.457) 50.6 0.0
MRCI+Q 754.599 293 2.332 389.71 (1.775) 54.0 0.0
MRClI(aug)* 754.580295 2.324 396.23 (1.455) 53.8 0.0
MRCI(aug)*+Q 754.599 294 2.279 390.03 (1.689) 49.0 0.0
RCCSD(T)® 754.611238 2.324 393.92 (1.380) 55.5 0.0
C-RCCSD(T)* 755.597 180 2314 396.41 (1.376) 55.7 0.0
C-RCCSD(T)? 755.941281 2311 397.46 (1.381) 55.8 0.0
MRCI+SO 754.554 093 2.339 379.01 (1.481) 44.6 0.0
MRCI(aug)*+SO 754.582744 2.331 387.48 (1.416) 48.0 0.0
MRCI(aug)* +SO+Q 754.609 859 2.336 383.26 (1.539) 497 0.0
Expt.° 2.32085 384.30 £ 0.02 (1.501 = 0.006) 50.20 + 0.29 0.0
n,, MRCI+SO 754.494 748 2731 183.97 (2.656) 7.35 13025
MRCI(aug)*+SO 754.519 126 2713 204.53 (2.022) 8.03 13963
MRCI(aug)*+SO+Q 754.552 146 2.676 220.31 (2.767) 13.44 12667
Expt.f 2.665(1) 224.57 (1.882) 13.94 £0.08 12682.05
iy, MRCI+SO 754.490 467 2.770 159.91 (3.383) 4.65 13964
MRCI(aug)*+SO 754.514 502 2.739 185.20 (2.704) 5.13 14977
MRCI(aug)*+SO+Q 754.547 090 2.674 201.21 (0.966) 10.28 13776
Expt.t 2.67 696 210.3 + 0.1 (1.50 + 0.07) 1091 £0.11 13742.92 + 0.06
3T,- MRCI(aug)*+SO 754.504 362 2.820 17203
MRCI(aug)*+SO+Q 754.536493 2.781 186.07 (5.448) 3.63 16102
o MRCI(aug)*+SO 754.499 614 2738 18245
MRCI(aug)*+SO+Q 754532178 2.680 214.48 (16.45) 0.93 17049
Expt.° 261178 211.42 £ 0.03 (7.976 & 0.007) 0.52 4 0.06 17376.04 £+ 0.05
3E 0 MRCI(aug)*+SO 754.503 46 ~4.02 17400
Expt.t 36.855 £ 0.4 (1.135 £ 0.1) 0.65 £ 0.06 18157.1 +0.02
M gugr MRCI+SO 754.456 637 3.174 141.63 (4.983) 3.60 21389
MRCI(aug)*+SO 754.479313 3.182 140.69 (4.852) 3.12 22700
M, MRCI+SO 754.369 142 3.386 172.94 (0.399) 86.2 40594
MRCI+SO+Q 754.430 130 3.366 174.68 (0.449) 100 39446
Expt.2 3.3502 173.63 (0.5572) 96.2 39061.83
Local minimum
MRCI+SO 754314674 2.241 440.73 (1.383) 52546
MRCI+SO+Q 754.359272 2.234 443.96 (0.837) 54998
Expt.hi 53500
’n 81 MRCI+SO 754.357 462 3.380 173.59 (0.374) 85.5 43157
MRCI+SO+Q 754.418 459 3.360 174.45 (0.341) 99.3 42007
Expt.2 3.2930 170.31 (0.4706) 96.1 39103.67
Local minimum
MRCI+SO 754.304 310 2.248 42371 (—2.014) 54821
MRCI+SO+Q 754.349253 2.229 446.32 (1.756) 57196
Expt.! 58197
3% ot MRCI 754.350 654 3.185 181.28 (0.706) 81.4 44136
MRCI4Q 754.419 840 3.136 184.85 (1.113) 100.6 39386
ExptJ 3.2582 184.158 (0.7439) 98.0 44924375
Sy P MRCI+SO 754.345766 3.374 173.57 (0.304) 78.1 45724
MRCI+SO+Q 754.406 781 3.354 175.48 (0.423) 92.0 44570
Expt.8 3.2553 165.69 (0.288) 96.2 39059.48
Local minimum
MRCI4SO 754.294 832 2.238 438.04 (0.508) 56901
MRCI4SO+Q 754.339 531 2.227 447.37 (1.704) 59330
Expt.! 57557
1 zj,m MRCI 754.321462 3.292 162.0 (0.202) 70.6 50543
MRCI+Q 754.383302 3.250 161.12 (—0.813) 83.8 47404
Expt.X 160.72 (0.195) 100.9 51199.96
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TABLE II. (Continued.)
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State Method —E r, w, (0 X,) D, T,
A MRCI 754.316432 3.158 183.56 (0.607) 67.5 51647
MRCIH+Q 754.379 052 3.124 186.03 (0.367) 81.2 48337
1l'IH/1 MRCI 754.315712 3.300 183.30 (0.612) 66.7 52319
MRCI+Q 754.379811 3.283 184.06 (0.502) 81.6 48171
Expt.X 184.03 (0.596) 51615.6
Local minimum
MRCI 754.295 843 2.238 445.01 (1.344) 56679
MRCIH+Q 754.343212 2.234 455.81 (2.129) 56203

“MRCI calculations using the “augmented” reference space, see text for details.
bValence (5525p° + 3523p° ¢7) RCCSD(T)/[cc-pwCV5Z-PP/ cc—prVSZ/C]] calculations.

¢Core-valence (4574p°4d'°55*5p® + 3523p® ™) RCCSD(T)/[cc-pwCV5Z-PP/; cc-pwCV5Z/, | calculations.
dCore-valence (4s24p%4d'055*5p° + 25*2p35?3p> e~) RCCSD(T)/[cc-pwCVSZ-PP/; cc-pwCV5Z/, ] calculations.

¢Reference 18.

Reference 15.

gReferences 44 and 60.

hReference 33.

iReference 31.

IReference 32 and D, from Ref. 29.
kReference 34.

r,(MRCI) = 2.330 A while at the RCCSD(T) level of the-
ory (r, = 2.324 A) it gets much closer to the experimen-
tal value of r, = 2.32085 A.'® The situation is also good
at the C-MRCI(4d'°) level of theory with an obtained value
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-754.58
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FIG. 1. MRCI4-SO energy curves of all  ICI states dissociating to two
ground state atoms I(zPl nap) + Cl(zP] n.3p)- The inset displays the MRCI

energy curves of all 2! A ICI states dissociating to I(>P) + CI(P). Energy
ranges from 0 to 26940 cm™!.

of r, = 2.319 A, but r, tends to become even smaller at
the C-MRCI(4d'")+Q (r, = 2.316 A), C-RCCSD(T)(4d"")
(r, = 2.314 A), C-MRCI(4s4p°4d'*)+Q (r, = 2.313 A)
and C-RCCSD(T)(45%4p%4d'% and 4s24p%4d'°® + 25°2p%) (r,
= 2314 and 2.311 A) levels of theory. We do not observe
any dramatic differences in the o (w.x,) values. One remark
though seems to be in order. At both the valence and CV

" P B P I
75418 | I(5s5p'6s',"D)+CI(’P)
-754.20 + =
I 1(5s’5p'6s', P)+CICP)  /
75422 | A
i 1(5s"5p%s', P)y+CI(P) -
75424 | 2 i
X L J
8
By -754.26 | -
:1-‘) o -4
&
-754.28 |- ad
-754.30 =
-754.32 -
-754.34 -
75436 Ll U M0 0 00 w0 1101 )
2 4 6 8 10 12 14 16 18 20
7, ,(bohr)

FIG.2. MRClenergy curves of the >~ ~, 1+, and ! A ICl states dissociating
to I(5525p*6s'; *P) + CI(P). Energy extends from 48 887 to 90587 cm™!.
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FIG. 3. MRCI energy curves of six 'TT ICI states dissociating to various
asymptotic channels; see text for details. Energy extends from 23 647 to
94976 cm™ .

RCCSD(T) levels the above molecular parameters are sys-
tematically found to be larger than the MRCI ones and this
is due to the fact that the RCCSD(T) method being unable
to correctly dissociate the molecular states produces steeper
PECs.

At the MRCI(+Q)[SO]l{exp}'® level the equilib-
rium properties of the X state are E = —754.551756
(—754.599293) [-754.554093] E,, r, = 2.332 (2.332)
[2.339] {2.32085} A, w, = 387.5 (389.7) [379.0] {384.30
+ 002} cm™' and D, = 50.6 (54.0) [44.6] {50.20
4 0.29} kcal/mol with the valence reference space while
with the “augmented” reference space the results are E
= —754.580295 (—754.599294) [-754.582744] E,, r,
= 2.324 (2.279) [2.331] {2.32085} A, w, = 396.2 (390.0)
[387.5] {384.30 £ 0.02} cm™!, and D, = 53.8 (49.0) [48.0]
{50.20 + 0.29} kcal/mol; see Table II. Although the MRCI
energy drop due to the additional five “d” orbitals is ~30
mE, the molecular parameters seem to be rather insensitive
with the exception of the D, value at the MRCI4-SO level of
theory (48.0 vs 44.6 kcal/mol) which is closer to the experi-
mental one (50.20 kcal/mol). The SO effects amount to only
2.4 mE,, at both reference spaces, an energy contribution due
to the small (2%) presence of the first but rather remote i
state (AECII < '=1) = 44.5 kcal/mol).

The first excited state is of *IT symmetry giving rise to
0%, 07, 1, and 2  states, all of them dissociating to two
ground state atoms, i.e., |°P5,); ® [*P5,) - The *I1 state is

J. Chem. Phys. 141, 104312 (2014)
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FIG. 4. MRCI+SO energy curves of three 31'12’ 1.0 ICl states dissociating to
various asymptotic channels; see text for details. Energy extends from 44 497
t0 88392 cm ™.

bound by 9.3 kcal/mol due to two 3e~—2c bonds, a o and a
7. The analysis of the equilibrium MRCI4-SO wavefunctions
is quite revealing,

PPMg_,) = 0.50 [P, X =1)+i [T, = = 1)]
+0.50[)’M,, © =—1)—i ', £ = —1)],

Mg ;) = 0.92]’I, = = 0)+0.37|'TI, £ =0),

PHg_y ) =050(’M,, = =1)—i [T, = =1)]
—050[P’M,. = =—1)+i [T, = = -1)],

PMg_p:) 2050’1, & =1)—i ', £ = 1}]

+0.50[’M,, & =—1)+i [N, = =-1)],

alluding to the purity of the 2 states, i.e., being prac-
tically of only 3IT spatial-spin symmetry. For the first
excited and experimentally “dark” (A") °I1, state, the
MRCI(augmented)+SO+Q valence results of I33Cl are,
r, = 2676 A, o, = 220 ecm™!, wx, = 2.767 cm™’,
D, = 13.44 kcal/mol, and T, = 12667 cm™!, while the
limited experimental data are r, = 2.63,'1 2.665(1)" A,
w, = 226(4),'1 224.57(15)" em™!, w.x, = 1.394,'! 1.88215
em~!, D, = 13.95 £ 0.06,'' 13.94 + 0.08" kcal/mol, and
T, = 12680(20),'"" 12682.05(27)"> cm~!. The agreement is
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indeed excellent. At the C-MRCI(+Q) level of theory when
correlating either the 4d'0 or 4s?4p®4d'® electrons the re-
sults are not good; see Table I, due to the severe size non-
extensivity errors discussed earlier and the lack of the addi-
tional five “d” orbitals in the reference space at the CI level.

The second excited state is the 2 = 1 (A) component
of 31 and the only one from this set that is a mixture of
84% 3T1(X = 0) and of 14% 'TI(X = 0). Our theoretical va-
lence MRCI(augmented)+SO+Q values are r, = 2.674 A,
w, =201 em™!, @ x, = 0.966 cm™!, D, = 10.28 kcal/mol,
and T, = 13776 cm™'. The corresponding experimental val-
ues are r, = 2.67696,'® 2.685,'> 2.685(1)° A, w, = 210.3
+ 0.1, 211.0," 211.03)° em™!, w,x, = 1.50 £+ 0.07,'®
212,55 2.12(1)° em™!, D, = 1091 £ 0.11,'8 10.91'5°
kcal/mol, and T, = 1374292 + 0.06,'8 13742.9,5
13742.9(5)° cm™! in excellent agreement with the obtained
theoretical values. As can be seen in Fig. 1, there are three
more states of potential interest that are either bound with re-
spect to their dissociation limit or present local minima, the
rest are of repulsive nature and will not be considered any fur-
ther. The 3TT(Q = 07) state presents a local minimum at 2.680
A with w, = 214.5 cm™', w.,x, = 16.45 cm™! D, = 325.3
cm~! and an excitation energy of T, = 17049 cm™' only at
the augmented MRCI4-SO+Q level of theory, the morphol-
ogy of its PEC at the valence space (without the d orbitals)
is smoother with no minimum. The latest experimental data'®
on the (B) 0% state are r, = 2.61178 A, w, = 211.42 4 0.03
em™!, w.x, = 7.976 £ 0.007 cm™', D, = 183 £ 20 cm ™!,
and T, = 17376.04 £ 0.05 cm ™" in very good agreement with
the calculated values.

The last state to be discussed is of (B”) 0 symmetry and
dissociates adiabatically to I(*P;,,) + CI(*Py),). At the equi-
librium distance its wavefunction is an amalgam of four dif-
ferent AS states, i.e.,

[07) = 0.36|X'T) +0.24|3' £ 1)
+031[|PM,, 2 =1)—i|[’T, T = 1)]

+0.32[|2°M,, 2 =1)—i [2°’T, £ = 1)]

+031[|PI,, 2 =—1)+i|I, = = —1)]

[
[
[
+0.32[|12°M,, = =—1)+i 2’0, = = —1)],

with molecular constants r, = 3.174(3.182) A, w, = 142(141)
cm™!, w.x, = 4.98(4.85) cm™!, D, = 3.60 (3.12) kcal/mol,
and T, = 21389(22700) cm™! at the valence (augmented)
MRCIHSO level of theory. It is an experimentally undetected
state but termed as B” in Ref. 14.

A last comment on the avoided crossings between
the Mgy and 3%, and ;. and °Mp,. states
(see Fig. 1) is in order since they are predicted to con-
tribute to the absorption bands of the UV photodissoci-
ation spectra of ICL***? Tonokura et al**® have found
these avoided crossings at 7.05 and 5.4 bohrs, respectively,
more recently Yabushita and co-workers**®-4*@ have placed
them at 6.84 and 5.38 bohrs, respectively, while we have
found them at 7.2 and 5.6 bohrs, respectively. Such dif-
ferences could in general be significant in the theoretical
simulations of the photodissociation dynamics of the ICI;
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however, we should note that apart of their positions, the non-
adiabatic coupling terms, as well as their whole shape, espe-
cially in the long-range region,* of the underlying PECs have
be found**©* to play a more significant role. In addition,
quantum interference effects between the states produced by
the coherent excitation during the photodissociation,’ have
also been found*?@ to influence the comparison between the-
oretical calculations and experimental data. Such investiga-
tion, involving non-adiabatic quantum dynamics simulations,
is beyond the scope of the present article, and thus, it is not
possible to comment meaningfully on the relevance of the
calculated PECs on the experimental measurements of the
photofragment branching ratios, angular momentum polariza-
tion, and anisotropy parameters of the ICL.

B. States correlating to a Rydberg | atom

The states to be discussed in this paragraph correlate adi-
abatically to an I atom of Rydberg nature. Based on prelim-
inary calculations at the CASSCF level of theory we have
constructed MRCI PECs for states of ' X+, 'A, 3%~ (Fig. 2),
'T1[4] (Fig. 3), and *T1[3] (Fig. 4) symmetry “corrected” for
by only the diagonal SO effects.

The lowest lying state displayed in Fig. 2 is of 3%~ sym-
metry giving rise to = 0" and 1 states upon second order
SO effects. Although the 3%~ state correlates adiabatically to
1(5s>5p*(PP)6s', *P) 4+ Cl1(35%3p>, 2P) it originates from the
ionic limit I (5s25p*, 3P) + C1~(3s23p°, 'S) due to a severe
avoided crossing at 15.0 bohr. This ionic limit generates six
2 states, which according to Hund’s case ¢ are designated
as 07(P,), 1CP,), 2°P,), 0~ CP)), 1(P,), and 0 (*P,). The
CASSCEF equilibrium CFs are (showing only 10 valence elec-
trons)

P27) = 0.87|10%(2pE") 202 (2p2) 177 (2p")27) (2pih) Ly
x(2p5") 27y (2p3))
+0.27|16%20* (1772 1) 275 + L 2 Ly 27 ) ),

with Mulliken atomic charges of [1084C1-084  poth of
them being typical for an ion-pair state. The MRCI(+Q)
molecular constants of its adiabatic PEC are r, = 3.185
(3.136) A, w, = 181.3 (184.9) cm™!, w x, = 0.706 (1.113)
cm~!, D, = 81.4 (100.6) kcal/mol, and T,CE~ « X 'EF)
= 44136 (39386) cm™. Although the 3%~ state can be
viewed as a potential perturber to the (E)*I1,, state the above
molecular constants are in very good agreement with the
constants of the f 0 (°P,) state, i.e., r, = 3.2582(3) A, 2 w, =
184.40(16), 184.158(8)* cm™!, w.,x, = 0.771(19),%
0.7439(15)*2 cm™!, D, = 98.0 kcal/mol,? and T,
= 44923.79(41),% 44924.375(29)* cm~!, observed
for the first time by Brand et al,” in 1984. A *%~ state
appears in the literature as a diabatic component in a post
Born—Oppenheimer treatment of the *IT1,3X~, and ' X+ states
that correlate to IT(*P, 'D) + C1~(!S), a treatment that aims
to model the ion-pair 0" (*P,, *P,)) and 1(°P,, 3P, ) states.*
Two more states of ' S, and ' A,) AS ) symmetry ap-
pear in Fig. 2 that correlate adiabatically to 1(5s*5p*(*P)6s!,
ZP) + ClI(3s23p>, ?P) but they are of ion-pair character due to
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an avoided crossing at 16.0 bohr with states originating from
IT(5525p*, 'D) + C1~(35s%3p°, 'S) through intermediate states
correlating to I(5s*5p*6s', ?D) 4 C1(35%3p°, *P).

The IE;&) state can be identified with the f 0*(1D2)
state observed through double-resonance ionization nozzle-
cooled spectroscopy for the first time by Donovan et al.?*
in 1993. The limited available experimental data**
T, = 5119996 cm™!, o, = 16072 cm™!, ox,
= 0.195 cm™!, and D, = 100.9 kcal/mol are in good
agreement with the MRCI(4+Q) molecular constants
r, = 3.292 (3.250) A, w, = 162.0 (161.1) cm™!, w.x,
=0.202 (—0.813) cm™!, T, = 50543 (47404) cm™! and D,
= 70.6(83.3) kcal/mol. Its equilibrium CASSCF CFs is an
amalgam of different configurations,

I'SF) = |[(0.63)10% + (0.57)10'26 ' 117277 Ly 273
+0.35 [[lo”20> 17¢ 1y (275 + 2715))

while the Mulliken atomic charges I**83C1~%%3conform to its
ion-pair nature. It is also true that the E 0T (*I1,,), fOT(Py),
and f’ 0+(1D2) states would form a 3 x 3 non-adiabatic sys-
tem for the calculation of the vibrational levels as postulated
by Donovan et al.?*

The highest lying state in Fig. 2 is of ' A symmetry giv-
ing rise to a = 2 state upon SO interaction. To the best
of our knowledge a 2('D,) ion-pair state has never been ob-
served before. The equilibrium CASSCF CFs are typical for a
A = 2 symmetry,

'A) = 0.68 [102202 172172 (272 — 272)),

with Mulliken atomic charges of I*%%°C1=%°| mirroring the
ionic character due to the I* (D, M; = +£2) atomic term. Its
MRCI(4-Q) molecular parameters are r, = 3.158 (3.124) A,
w, = 183.6 (186.0) cm™', w,x, = 0.607 (0.367) cm™!,
D, = 67.5(81.2) kcal/mol, and T, = 51 647 (48337) cm™~".

The last states to be discussed are of 3T and 'TT AS sym-
metry correlating adiabatically to I(5s*5p*6s', *P) 4+ CI(*P)
and I(5s5p*6s!, 2P) + CI(*P), respectively, but diabatically
to the ion-pair fragments I*(*P) + CI=('S) and I ('D) +
CI=('S), respectively. We have constructed PECs of five *I1
and six 'IT states correlating to I(5s25p5, ’P) [*I1(2) and
T1(2)], 1(5s%5p*6s!, *P) [*T1(2)], I(55s*5p*6s!, 2P) [T and
IT1(2)], and to I(5s*5p*6s!, 2D) [ T1(2)].

The 'TT symmetry gives rise only to Q = 1 states while
the 3IT one to states of 2 = 0T, 0~, 1, and 2. We have con-
sidered only the diagonal form of the SO operator, thus the
'T1 PECs remained identically the same while the *IT ones
were split into the 2 = 2, 1, and 0 (the & symmetry could
not be differentiated) components equidistantly separated by
AE(1<-2) = AE(0<-1) = 12 mE,. Needless to say that the
same happens for the 3IT state correlating to two ground state
atoms but the 2, 1, and 0 components bear little resemblance
with the 2 PECs when properly calculated; see Fig. 1.

The lowest of the 3IT states (see Fig. 4) correlating to
the first Rydberg I atom features two potential minima of
ion-pair and Rydberg character as was also the case in the
E state of 1,.¥® The global MRCI+SO+Q minimum of ion-
pair character of the Q2 = 2 (r, = 3.366 A, w, = 1747 cm~ !,
w.X, = 0.449 cm™!, D, = 100 kcal/mol, T, = 39446 cm™!),
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Q=1(@,=3360A, 0, =1745cm !, w x, = 0.341 cm~ !,
D, = 99.3 kcal/mol, T, = 42007 cm™'), and € = 0
(r, = 3354 A, w, = 1755 ecm™!, w.x, = 0423 cm™!,
D, =92.0 kcal/mol, T, =44 570 cm~") PECs should be iden-
tified with the experimental D’ 2 (°P,) (r, = 3.3502 A, w,
= 173.63 cm™!, w.x, = 0.5572 cm™!, D, = 96.2 kcal/mol,
T, = 39061.83 cm™),*% g 1 (P, (r, = 3.2930 A,
w, =170.31 cm™!, w x, = 0.4706 cm™!, D, = 96.1 kcal/mol,
T, = 39103.67 cm™!),*¢ and E 0* (°P,) (r, = 3.2553 A,
w, = 165.69 cm™!, w_x, = 0.288 cm~!, D, = 96.2 kcal/mol,
T, = 39059.48 cm™1),*% states, respectively, in very good
agreement with the theoretical values. We should mention at
this point that the experimental D, values are given with re-
spect to I+(3P2) + Cl‘(ISO) while the theoretical ones are
calculated with respect to their adiabatic limits. The I atomic
excitation energies calculated at the MRCI(4Q) level of the-
ory of the supermolecule are in pleasant agreement with the
experimental ones, i.e., AE(*P <« ?P) = 6.734 (6.923) eV
vs 6.886 (exp)’ eV and AE(P <« 2P) = 7.007 (7.198) eV
vs 6.934 (exp)’* eV. The local minima of the 31'12’ 1,0 States
are of purely Rydberg character, the outer electron is orbit-
ing in a Rydberg o (6s6p,) orbital. It is interesting to no-
tice (see Fig. 4) that the local minima of all three SO com-
ponents (2 = 2, 1, 0) suffer avoided crossings around their
equilibrium distances with the repulsive parts of the same €2
symmetry PECs converging to the (2nd) 3IT state dissociat-
ing to two ground *P atoms. The diabatic states though that
can be formed from the two adiabatic ones have the follow-
ing molecular MRCI+SO+Q constants Q = 2 (r, = 2.234 A,
w,=4439cm™!, v x, =0.837cm™!, T, =54998 cm™"), Q@
=1(r,=2229A, 0, =4463cm™!, w,x, = 1.756 cm™!, T,
= 57196 cm’l), and Q =0 (r, = 2.227 10\, w, =4474 cm~!,
w.x, = 1.704 cm™!, T, = 59330 cm™!). Three more states
(2 =2, 1, 0) conclude the Rydberg states presently studied,
Q=2(,=2278A, 0, =425cm™, T, =62535cm™"), Q
=1(,=2278 10\, w, =371 cm™ !, T, = 64630 cm™ ), and
Q=0(,=2277A, w, =387 cm™', T, = 66663 cm™1).
In Fig. 5 of Ref. 31 the PECs of all observed Rydberg states
are sketched. We are therefore tempted to make the following
correspondence [*T15,], 65'0; a5(2) (T, = 53500 cm™")3!-33
< Q =2 (T, = 54998 cm™!, local minimum of D),
[’1,,]. 6s'o; be(1) (T, = 58197 em ™) & Q =1 (T, =
57196 cm™!, local minimum of B), and [*1,,], 65'c; be'(0T)
(T, = 57557 cm™!)*! & Q = 0 (T, = 59330 cm™", local
minimum of E).

The last studied state in this work is the 'T1; correlating
adiabatically to I(5s25p46s1, 2P) + CI(*P) but diabatically to
the ion-pair I (55*5p*, D) + CI1~('S) through the intermedi-
ate of 1(5s>5p*6s!, D) + CI(*P); see Fig. 3. Its PEC features
two minima of ion-pair (r, = 3.283 10%, w, =184.1 cm™!, WX,
= 0.502 cm™!, D, = 81.6 kcal/mol, T, = 48171 cm™!) and
Rydberg character (r, = 2.234 A, w, = 4558 cm™!, w x, =
2.129 cm™!, T, = 56203 cm™ b, practically identical to the
31, Rydberg minimum (vide supra). A second Rydberg min-
imum due to the I(°D) state is located at T, = 76 558 cm™!
withr, =2.565 A, w, = 260.9 cm™', w_x, = 1.869 cm~'. The
ion-pair minimum should be identified with the H' 1 d D,) (w,
=184.03cm™!, T,=51615 cm’l) state observed for the first
time in 1993.3*
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IV. CONCLUSIONS

We have constructed MRCI4SO potential energy curves
for thirty nine €2 states of the diatomic ICI covering an en-
ergy range of ~ 95000 cm~! employing effective core po-
tentials and large Gaussian basis sets. The studied states con-
verge adiabatically not only to ground state atoms but also to
Rydberg dissociation channels. A general feature of the po-
tential curves is the existence of numerous avoided crossings
due to electrostatic and/or spin orbit effects creating an excit-
ing vista for the appearance of non-adiabatic effects.’® This
is especially true for those curves that dissociate to Rydberg
I atomic states and present potential minima of both Ryd-
berg and ion-pair character. The extracted MRCI4-SO molec-
ular parameters are in acceptable agreement with the experi-
mental data. However, by considering the +Q correction, the
MRCI+SO4-Q results are dramatically improved providing
very good, and in some cases, excellent agreement with ex-
periment. Thus the present study will serve preciously to the
experimental community for the wealth of information it con-
tains. The (inter)halogen diatomics proved to be of intrinsic
difficulties due not only to the large number of electrons in-
volved but also of the nature of the intervening excited states
and we do hope that future theoretical work will focus on the
specific problems raised herein.
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