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Ab initio configuration interaction calculations with full geometric optimization along the CI
CN dissociation coordinate have been carried out for several electronic states of CICN. The 
calculations treat all low-lying singlet and triplet states and yield the vertical transition 
probabilities and oscillator strengths, as well as angular dependences near the Franck-Condon 
(FC) region and least energy paths for several electronic states as a function of reel' We find 
that the low-lying excited states derive from three electronic configurations: -r?a*, -r?tr*, and 
atr-l a*. The lowest excited triplet and singlet states derive from the 1/

1 a* configuration and give 
rise to bent 1,3 A I and 1,3 A" states. States arising from the 1/'tr* configuration are linear (~ and 
il states). There is evidence of surface crossings along the reaction coordinate between triplet 
states arising from the -r?tr* configuration and those arising from the -r?a* and atr4a* 
configurations. These crossings can be induced by slight bending of CICN causing lowering of 
the symmetry. The calculated vertical excitation energies are in good agreement with features 
of the absorption spectrum, and suggest that the A continuum of CICN involves transitions to 
the 2 IA I and 11.,.1 " states. The implications to the photodissociation dynamics ofthe cyanogen 
halides are discussed. 

I. INTRODUCTION 

The photodissochltion of the cyanogen halides (XCN; 
X = CI,Br,r) has attracted considerable attention in the past 
20 years. 1-30 Following the pioneering work ofWilson2 and 
Simons3,4 and their co-workers on the photodissociation of 
rCNleadingto CN(X2~ +) and CN(B 2L +), respectively, 
more recent work has concentrated primariiy on dissocia
tion in the lowest absorption feature of the cyanogen halides 
known as the A continuum, leading asymptotically to two 
main dissociation channels: 

XCN-+CN(X2~ +) + Xep312 ) 

->CN(X2~+) +xepl/2 )' 

(1) 

(2) 

Both scalar and vector properties have been exploited in at
tempts to elucidate the photodissociation dynamics, 1-12.21-30 
and fs time-resolved studies are proving to be useful probes 
of the dynamics as well. 13 The most complete set of results 
concerns the photodissociation of rCN,I-20 and the results 
suggest a complicated picture, apparently involving several 
potential energy surfaces (PESs) and multiple surface cross
ings.b ,8-12,14 

With the aid of ab initio calculations of the relevant 
PESs, the photodissociation dynamics of triatomic mole
cules can be understood today in great detail. 31 However, the 
cyanogen halides present a particularly challenging-case. As 
a result of the large spin-orbit interaction in the halogen 
atom, the A continuum is thought to involve transitions also 
to triplet states, at least for BrCN and rCN.4 The dissocia
tion dynamics is further complicated by the possibility of 
avoided crossings, conical intersections, and nonadiabatic 
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couplings that may occur during fragment separation. Theo
retical treatments of the dissociation dynamics have been 
severely limited by the absence of ab initio calculations that 
identify the order and nature of the excited states and the 
couplings between them. Model surfaces have been con
structed that reproduce some experimental find
ings,8.14.19,27,28 hut the results, which are often model depen
dent, may not be unique and thus do not provide definitive 
proof in favor of a particular dissociation mechanism. 

The ground state configuration oflinear XCN is 4,32 

(la)2(2a)2(3a)2(ltr)4(4a)2(2tr)\ I~ +. 

The molecules have 16 valence electrons, and therefore are 
linear in their ground electronic state. The lowest energy 
excited state configuration is unknown, but derives most 
likely either from the ~a* or ~tr* electronic configura
tions. The former is suggested in analogy with the halogens 
and CH3I, whose lowest excited states all derive from the 
-r?a* configuration. King and Richardson,33 and late( Felps 
et al.34 assigned the lowest excited state(s) of the cyanogen 
halides to this configuration. The latter configuration is sug
gested in analogy with other 16 electron triatomic molecules 
(e.g., CO2, and OCS), and the similarities between their 
photoelectron spectra and those of the cyanogen .halides.32 

Rabalais et al.32 and Simons and co-workers4 adopted this 
configuration for the lowest excited states of the cyanogen 
halides. There is no real theoretical preference for one con
figuration over the other. For linear molecules, the -r?tr* 
configuration leads, in the case of small spin-orbit coupling, 
to linear 1,3~ + , 1,3~ - ,and 1,3 b. states (16 components), and 
the-r?a* configuration leads to 1,3 IT states (total of8 compo
nents).35 For bent upper states, the ~ + , and ~ - states will 
transform into A I and A " states, respectively, while the IT 
and b. states will each evolve into a pair of A I and A " 
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states.35
(b) The photoelectron spectra of the cyanogen ha

lides indicate the existence of a U nonbonding orbital cen
tered on the N atom and close in energy to the 1T orbitals.36 

The promotion of an electron from this orbital can lead to 
U1T

4
1T* and U1T

4
U* manifolds of states. Asymptotically, six 

surfaces will correlate with ground state products. 
In view of the central role that the cyanogen halides play 

in studies of photodissociation dynamics, it is surprising that 
no ab initio calculations of their excited electronic states 
have been reported, with the exception of the lowest excited 
PES of CICN. 28 The purpose of this paper is to provide such 
information for CICN, since in this case spin-orbit interac
tion is small and can be neglected, thereby simplifying the 
calculations considerably. In view of the similarities between 
the electronic (and photoelectron) spectra of all the cyano
gen halides,32-34,36 we believe that many of the findings re
garding CICN and its electronic states are germane also to 
ICN and BrCN, Since for ICN it is believed that excitation in 
theA continuum involves singlet-triplet transitions, we car
ried out calculations on low-lying triplet states as well. 

We find that even the case of CICNposes problems in 
the ab initio calculations. These problems are caused by the 
proximity of Rydberg states to the low-lying singlet states, 
and the linear geometry of the molecule which leads to in
convenience in dealing with degenerate states. Nevertheless, 
we are able to show that the lowest excited states of the cyan
ogenhalides derive from the rCT* configuration, but states 
deriving from the r1T*, and even the U1T4U*, configurations 
are close by. This gives rise to a large manifold of excited 
states in the region of the A continuum, thereby increasing 
the probability of simultaneous excitation to more than one 
surface. Furthermore, we show that during the dissociation 
there are many opportunities for avoided crossings, conical 
intersections, and nonadiabatic transitions especially be
tween the linear and bent triplet states. The implications of 
these findings to the photodissociation dynamics of CICN 
and ICN are discussed. 

II. COMPUTATIONAL DETAILS AND RESULTS 

Most of the calculations reported here were carried out 
with the same Gaussian basis set as was previously used, the 
Dunning's3? double zeta quality (9s5p/4s2p) contracted 
atomic orbital basis set augmented by a set of six d polariza
tion functions on each atom with Gaussian exponents ofO.60 
for chlorine, 0.75 for carbon, and 0.80 for nitrogen. Hartree- -
Fock calculations were performed using the GAUSSIAN 86 
system of programs.38 In order to overcome the shortcom
ings of the SCF calculations in describing virtual molecular 
orbitals, improved virtual orbitals (IVOs), 39 which are gen
erated from the ground state wave functions and are the 
variational correct approximations to the self-consistent or
bitals for the excited state, were implemented. This resulted 
in a significant improvement in the calculation of the PESs, 
and especially the dissociation energy. 

Large scale configuration interaction (CI) calculations 
involving all single- and double-hole excitations from a mul
ticonfiguration set of reference configurations were carried 
out. The n = 1 electrons of alrthree atoms were frozen. The 

reference configurations were chosen on the basis of their 
importance to the electronic state under study, and the re
sulting CI program was solved using the program PEPCI.40 

As a general rule, all configurations which had a coefficient 
in the final wave function greater than 0.1 were included in 
the reference space. All geometries were optimized by the 
finite difference method using the quadratic fitting function. 

Two basis sets were used in the calculations. We found 
that the compact basis set used in our previous calculations 
of the low-lying electronic states of CINO was usually ade
quate (basis a).41 However, since the first Rydberg states of 
CICN lie at -8.5 eV,4,33,34 we supplemented the basis set 
with radially expanded (Rydberg) functions centered on C, 
N. and CI (basis b), in order to obtain the Rydberg states. 
We find that the virtual orbitals have substantial (:> 0.3) 
Rydberg character, spread over all three atoms, and its in
clusion results in lowering of the energies of some high-lying 
states by up to 0.3 e V. Thus, radially expanded orbitals hav
ing sand p Rydberg functions with exponents 0.044 for car
bon, 0.064 for nitrogen, and 0.048 for chlorine were used in 
basis b.42 For non-Rydberg states, the results with and with
out the Rydberg functions were quite similar (see below). 

The experimental eqUilibrium geometry of CICN is 
Q 0 043 

rCN = 1.163 A, r cci = 1.629 A, and LCICN = 180, and 
15 molecular orbitals (MOs) are occupied in the ground 
state.32 For linear geometry, the MOs principally involved in 
the excited states and obtained by using SCF (without IVO) 
with a basis set without Rydberg furictions (basis a) are 
listed in Table I along with their energies. In order to limit 
the necessary CI size, it is computationally convenient to 
lower the molecular symmetry in order to split the degener
ate shells. To remove these degeneracies in a systematic way, 
we lowered the molecular symmetry to Cs by slightly bend
ing CICN to 170·. The resulting molecular orbitals are listed 
in Table II, and the correspondence between the C m V and Cs 

orbitals is presented in Table III. In Table II we used SCF 
with IVO in the calculations of the molecular orbitals, and 
we give the orbital energies obtained with and without the 
Rydberg basis functions. The main cause for lowering of the 
energies of the virtual orbitals is the Rydberg basis functions, 
rather than the slight bending of the molecule or the inclu
sion ofIVOs. The changes in energy upon bending are in the 
direction expected from the Walsh diagrams. 35,44 The slight 

TABLE I. SCF molecular orbitals (without IVO) involved in the lowest 
excited states ofClCN; LCICN = 180·, basis set a. 

Symmetry MO Eigenvalue (a.u.) Description" 

41T* 18 0.17820 Clpx -CN~ 
41T* 17 0.17820 Clpy -CNn-: 
100* 16 0.172 78 CICNa: 
31l' 15 - 0.46497 Clpy -CN1l'y 
31l' 14 - 0.46497 Clpx -CN1l'" 
9G' 13 - 0.598 45 Clp, - CNG'z 
21f 12 - 0.598 64 Clpy + CN1Ty 
21T 11 -0.59864 Clpx +CN1l', 

• The z axis is along the molecular internuclear axes. 
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TABLE II. SCF molecular orbitals (with IVO) involved in the excited states ofClCN;n LCICN = 170·. 

Eigenvalue (a.u.) Eigenvalue (a.u.) 
Symmetry MO Basis set a Basis set b Description 

16 a'* 20 0.13062 Rydberg" 
15 a'* 19 0.11146 Rydbergb 

14a'* 18 0.20477 0.11141 Clp. + CN~.y( + Ryd)b 
4a"* 17 0.177 82 0.08531 CIpv - CNn;( + Ryd)b 
13 a'* 16 0.14621 0.05146 Clpx.z - CN~z( + Ryd)b 
12 a' 15 - 0.46447 - 0.46750 CIpx -CN1Tx 
3 a" 14 - 0.46496 - 0.467 99 Clpy -CN1r, 
11 a' 13 - 0.585 84 -0.58942 Clpz -CNa, 
2a" 12 -0.59838 - 0.60120 Clpy + CN1Ty 
10 a' 11 - 0.59846 - 0.60128 Clpx + CN1Tx 

• Basis set a is not augmented by Rydberg orbitals; basis set b incorporates sand p Rydberg functions on all 
three atoms in the IVOs (MOs 16-20). 

"The Rydberg functions were used only in basis set b. 

bending affects neither the energy of the electronic states nor 
their relative order in a significant way, and its main out
come is splitting the degenerate 'IT orbitals lying in the y and x 
directions (the z direction is along the linear ClCN internu
clear axis) into at and a" orbitals. 

The highest occupied molecular orbitals are MO 14 and 
15, which are degenerate at 180· (Table 1), and are mainly 'IT 

nonbonding, with a bonding configuration between C and N 
and an antibonding configuration between CI and C. MO 13 
is a nonbonding (T orbital lying along the molecular axis, and 
having its largest coefficient on the N atom. MOs 11 and 12 
are a pair of degenerate bonding 'IT orbitals where all the p 
orbitals are in-phase. In contrast with the electronic struc
ture ofCINO, where the HOMOs (highest occupied) con
sist largely of nonbonding orbitals centered on Cl, in ClCN 
the MOs are delocalized with substantial coefficients on all 
atoms, and are thus true molecular orbitals. This, of course, 
is a consequence of the similar electronegativities of CI and 
CN. In ICN, we expect less delocalization, as indeed con
firmed by its photoelectron spectrum.36 The LUMO (lowest 
unoccupied) is MO 16, which is u antibonding, with the u* 
character delocalized along the two bonds. On the other 

TABLE III. Correlation of symmetry representations on molecular orbitals 
among the point groups of importance. 

Ci'i#:;(1 C, 

ISa'* 
41T* 14a"* 

10a* 3a'* 

12a' 
31T 3a" 

90- lla' 

21T 
2a lf 

lOa' 

hand, MOs 17 and 18, which are 'IT antibonding, are mainly 
localized on the CN moiety, and promotion of an electron to 
these orbitals is expected to weaken the CN bond. For linear 
geometries, excitation from MOs 14 or 15 to MO 16 yields 
1,311 states (~(T* configuration), whereas excitation to MOs 
17 or 18 leads to 1,3~ + , 1,3~ - , and 1,31:1 states (~'lT* config
uration), all in linear geometry. 

The order of the occupied orbitals and their nature are 
in agreement with the photoelectron spectroscopy results 
that field CICN ionization potentials of 12.3, 13.8, and 15.3 
e V assignable to ionization of electrons from 'IT-nonbonding, 
uwnonbonding, and 'IT-bonding orbitals, respective1y.36 In 
addition, the vibrational structure in the photoelectron spec
trum suggests significant delocaIization of the occupied 1T 

orbitals, in agreement with the present calculations. 36 

The calculated vertical excitation energies are summar
ized in Table IV. The calculations were done with an initial 
geometry of 170·, and with basis sets excluding (basis a) and 
including (basis b) Rydberg functions. Clearly, the Rydberg 
functions have relatively small effect on the relative excita
tion energies and are important mainly for high-lying va
lence states and Rydberg states. We find that the angular 
dependences and the effects of stretching the Cl-C bond on 
the states' energies do not change significantly upon the ad
dition of the radially expanded functions. Since the Rydberg 
functions are important only at high energies, and the calcu
lations with basis set b are much more time consuming than 
with the more compact basis set a, the former was used only 
in calculations of the vertical excitation energies, whereas 
basis set a, which has proven to be quite successful be
fore,41,45 was used for calculations of angular dependences 
and minimum energy paths for the lower states. Since the 
calculations were performed at 170· geometry, the electronic 
states are listed in the their Cs symmetry notation. In cases 
where the angular dependence shows that the upper state is 
linear, the COO" notation is given in parentheses (see below). 

The most intriguing feature in Table IV is that there are 
three electronic configurations that lead to close-lying va
lence states, ~u*, ~'lT*, and U'lT4(T*. For the low-lying triplet 
states, the energy difference between states arising from the 
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TABLE IV. Vertical excitation energies and oscillator strengths. 

Vertical energy (eV)U 

!calc Optimized geometryb 

State Primary exci tation Basis a Basis b (basis b) reN' LCICN 

1 "A'(l"k+)C 0.00 0.00 1.16 180" 
1 JA' 16" (0"*) <-15 •. (1T) 6.17 6.19 1.17 ' 117" 
1 3A" 16" (0"*) .... 14 •. (1T) 6.58 6.61 1.17 130" 
2 J A '(l 3k + )" 17 •• (1T*) .... 14 •• (1T) 6.92 6.92 1.32 180· 

l"A" 16" (0"*) -14 •• (1T) 7.40 7.26 lXIO- 1 1.17 130" 
2 JA"(1 31l)e 17 .. (1T*)-15 •. (1T) . 7.50 7.48 1.32 180" 

2"A' 16" (0"*) -IS" (1T) 7.88 7.66 2XIO- 1 1.17 126" 
3 JA '(2 'Il)e 18" (1T*) -IS" (1T) 7.86 7.77 1.32 •. 180" 

2 "A "(l"Me 17 •• (1T*) -15 •• (1T) 8.19 8.19 IXIO- J 1.32. 180" 
3 3 A" (1 3~ - )" 18" (1T*) .... 14 •. (1T) 8.24 8.22. 
4 JA' 16" (0"*) .... 13 •. (0') 8.51 8.36 1.17 136" 
4 3A' 17 a" (1T*) .... 130' (0') 8.57 8.58 
3 "A" 18" (1T*) .... 14 •• (17') 8.91 8.74 2XIO- 1 

3 'A'(2 '11)" 17 •• (1T*) -14 •• (17') 8.94 8.79 3XIO-' 1.32 180" 

18a·(1T*)-15,,(1T) 

5 'A' 19,,(0"*) .... 150'(1T) 9.20 
5 'A' 19.( (0"*) .... 14a• (1T) 9.21 

4'A' 16 •. (0"*) .... 13 •. (0') 9.61 9.38 4XIO- 2 1.17 . 136" 
5 lA' 19 .. '(0'*) .... 150' (1T) 9.51 IXIO- 2 

4'A" 190' (0"*) -14". (1T) 9.54 IXIO- 4 

6 JA' 16.,. (0"*) -11 •. (1T) 9.92 
6 'A" 16" (0"*) -12 •• (1T) 9.95 

5 'A" 17". (1T*) .... 13 •. (0') 9.98 6XIO- l 

7 3A' 180' CIT") .... 13" (0') . 10.20 
7 3A" 20 •. (0"*) -14 •• (17') 10.64 
6 'A· 16.,. (0"*) -12a' (1T) 10.67 6XIO- 2 

7 'A" 20 .. (0"*) -14 •• (17') 10:74 . 7XIO- 2 

16 •. (0"*) -12 •• (17') 

6 'A' 18 •. (1T*) -13" (0') , 10.80' 5XIO- 1 

16a· (0"*) -110' (1T) 

7'A' 16a' (0"*) -l1a' (11') 

18" (0"*) -13a' (0') 10.98 2X 10-' 

U In both cases, the calculations were performed at the experimental equilibrium geometry:, 
rcc, = 1.629 A, rNC = 1.163 A, LCICN = 170". (Ref. 43). 

° Geometry optimized at rCCl = 1.629 A. 
"These states have linear configurations, but are given here in C, symmetry notation, since the calculations 
were done at 170" .• 

----

_ C"_ 

-" ' 

first two configurations is less that 1 eV, and less than 2 eV 
between states arising from the 'fi30'* and O'1T

40'* configura
tions. This is very different from the behavior of ClNO, 
where all the low-lying triplet states between 1.75 and 4.48 
eV arise from a single electronic configuration.41 The multi
configurational excitati'ons give rise to a large number of 
close-lying singlet and triplet states, thereby providing op
portunities for adiabatic and nonadiabatic curve crossings. 

with LCICN = 117-140·, whereas triplet states deriving 
from the 'fi31T* configuration have their minimum energy at 
the linear geometry. 

The angular potential variations of some of the states are 
calculafed in the Franck-Condon (FC) region, and the re
sults are presented in Table V and Fig; 1. The linear or bent 
preferred geometries for these states are quite apparent. Ge
ometrY optimization near the FCregiQn (rCiC = 1.629 A) of 
some of the low-lying states shows that the electronically 
excited states can be divided into two distinct groups; states 
arising from the t?0"* and O"1T

40"* configurations are bent, 

The dynamics of the photofragmentation of CICN to 
Clep1/2,3/2) + CN(X2~ +) depends on the nature of the 
PES along the dissociation coordinate. We therefore calcu
lated least energy paths for several low-lying electronic 
states as a function of the CI-C bond length. The results of 
the calculations for the bent states that correlate with 
Clep,f2,3/2) + CN(X2~ +) are summarized in Table VI 
and Fig. 2. The calculations, which cover the range 
rClC = 1.6-3.0 A, show that these bent states are purely re
pulsive. Although at r CIC = 3.0 A the state energies and r CN 

have not quite reached their asymptotic values, we adopt this 
value as approximately representing full dissociation. 

More intriguing is the behavior of states arising from the 
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TABLE V. Angular potential energy variation of some states of ClCN. 

Energy (eV) 
ClCN 
(deg) IIA '(11~+) 1 3A '. 13A N 2 'A '(1 3~ + ) IIA N 2 "A "(\ 3~) 21A' 4 3A' 

90' 3.57 6.20 6.89 10.12 7.81 9.35 7.43 8.92 
100' 2.89 5.19 6.09 9.32 7.02· 9.15 6.88 8.19 
110" 2.12 4.65 5.65 8.64 6.46 8.70 6.59 7.50 
120' 1.46 4.43 5.34 8.13 6.11 8.25 6.42 7.06 
130' 0.96 4.49 5.25 7.83 6.00 8.13 6.40 6.80 
140' 0.59 4.71· 5.36 7.54 6.10 8.00 6.59 6.76 
150' 0.~1 5.07 5.62 7.33 6.42 7.82 6.88 7.02 
160' 0.07 5.57 6.03 7.02 6.86 7.70 7.32 7.55 
170- 0.03 6.20 6.60 6.98 7.37 7.66 7.82 8.17 

"Energy relative to 1 IA 'Eeq = - 552.161111 9 a.u., at the calculated equilibrium bond distance: rCCI = 1.63 A, rCN = 1.16 A, LClCN = 180'. 

r?1T* configuration. ,These states derive from le~~ing 
18,17..-14,15 excitations in the FC .region. According to Ta
ble V ancl)<'ig. 1, the electronic states associated with this 
configuration are linear ~ and A states. Optilllization of the 
CN bond length yields r CN . = 1.32. A, and a lillear geometry. 
The large change in rCN from its ground, ~tate valuecreflects 
the localized nature of the 1T~ orbital on CN that weakens the 
bo~d, thereby causing its significant elongation. 

The calculations,Of the m.inimum energy paths fot states 
deriving from ff31T* excitation as a fun~tion ~fC-Cl bond 
length show yvidenc~ of avoided crossings b~tween states of 
similar symmetry (Cs point group) deriving from the r?ir* 
and r?u* configurations. For example, following the minie 
mum etiergy path of the lowest triplet state deriving from the 

·c 

11 

fO 

9 

8 

~7 
> 
~ 

6 
>-
(.') 

[55 f3£"" z 
lLl4 

3 

2 

90 fOO 110 f20 130 140 f50 160 170 
CICN ANGLE (DEG) 

FIG. 1. The angular dependence of the potential surfaces at the Franck
Condon region; rcC\ = 1.629 A; rCN = 1.17 A. . 

r?1T* configuration, the 2 3A I (l7a" ..-14ao ) state, we find a 
barrier near r CCl = 1.9 A whose height is ~ 0.2 e V above the 
minimum energy at reCl = 1.6 A (see Table VII). At 
r eCl < 1.9 A, the principaJ excitation in 2 3 A I is 17<- 14" the 
geometry is linear and the optimized rCN is 1.32 A., At 
1.9<rCCl < 2.2 A, the leading excitations are 16--13 and 

TABLE VI. Geometrically optimized potential energy surfaces ofCICN for 
some electronic states which lead to CN!X 2l: +) + Clep). 

State rCCl CA) rCN CA) ClCN(deg) Energy (eV)n 

IIA' 1.63 1.160 • 180' 0.00 
1.80 1.180 180· 0.36 
2.00 1.185 180· 1.38 
2.20 1.190 180' 2.41 
2.60 1.190 180· 3.55 
3.00 1.190 180· 4.17 

1.60 1.170 130' 4.66 
1.80 1.170 135· 4.55 
2.00 1.180 135" 4.51 
2.20 1.180 135' 4.47 
2.60 f:185 140' 4.44 
3.00 1.190 140' 4.43 

1.60 1.170 130' 5.48 
1.80 1.170 130' 5.01 
2.00 1.175 130· 4.80 
2.20 1.185 13S' 4.64 
2.60 1.185 135· 4.53 
3.00 1.190. 140· 4.48 

1.60 1.170 130· 6.26 
1.80 1.170 130· 5.58 
2.00 1.180 130· 5.36 
2.20 1.180 130· 5.16 
2.60 1.185 140· 4.84 
3.00 1.190 140· 4.70 

1.60 1.170 125' 6.66 
1.80 1.170 125· 5.99 
2.00 1.180 125· 5.55 
2.20 1.185 135' 5.27 
2.60 1. 185 ' 140' 4.94 
3.00 .1.190 140' 4.62 

"Energies relative to llA'Eeq = - 552.1611119 a.u. at the calculated 

equilibrium geometry: reel = 1.63 A, rCN = 1.16 A, LCICN = 180'. 
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8 

7 

6 

~4 
a: w 
z 
W 3 

2 

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 
REACTION COORDINATE rcci (A) 

FIG. 2. Optimized least energy paths along the reaction coordinate, '=1' 
for electronic states correlating with CIC1p) + CN(X2~ + ) products. In 
the calculations, 'CN and LCICN were optimized as a function of 'eci' 

16-11, and the state is bent with optimized LCICN = 140· 
and 'CN = 1.22 A. Although the barrier is small and almost 
within the error of the calculations ( ± 0.1 eV), the change 
in the leading orbital excitations suggests an avoided cross
ing. 

When we follow the lowest state with leading 17 -14 
excitation, we observe a- different behavior. Up to 
'CCI = 1.8 A, this is the leading excitation in the 2 3 A' state 
(see Table VIII), as described above. However, at 
rCCI > 1.8 A, we find that the 17 -14 excitation appears as 
an important configuration in several excited states which 
are higher in energy than the 2 3 A ' state. Each ofthese state is 
described by several excited configurations. The optimized 
energies of the lowest of these states are given in Table VIII 
as a function of r CCI' A fast increase in energy with increas
ing rcCI is obtained for 'CCI > 1.9 A, and orbital excitations 
16 ...... 13 and 18-15 contribute significantly to the state, in 

TABLE VII. Minimum energy path for the 2 3A ' state of CICN. u 

rcci 'CN LCICN E 
(A) cA) (deg) (eV) 

1.5 1.32 170' 6.20 
1.6 1.32 170· 5.76 
1.7 1.32 - 170' 5.84 
1.8 1.30 170' 5.89 
1.9 1.22 140· 5.97 
2.0 1.22 140' 5.61 
2.2 1.21 135' 5.27 

"Calculated with basis set a and equilibrium bending angle 170'. Energies 
relative to 1 'A 'E<q= - 552.1611 a.u. at the calculated equilibrium ge
ometry. 

TABLE VIII. Optimized geometries for the lowest triplet state with domi
nant 17+-14 (~1T*) excitation." 

r CCI rCN LClCN E 
CA) (A) (deg) (eV) 

1.5 1.32 170' 6.20 
1.63 1.32 170· 5.78_ 
1.8 1.30 170· 5.89 
1.9 1.30 170' 6.04 
2.0 1.30 170· 6.34 
2.2 1.32 170· 7.33 

a See footnote to Table VII. 

addition to the 17 -14 excitation. Thus, around 
'CCI = 1.9 A, there is evidence for surface crossing affecting 
the 2 3A 'state. The natural candidates for participation in 
this avoided crossing are the 4 3 A ' and 6 3 A ' states, whose 
leading excitations in the FC region are 16-13 and 16-11, 
respectively (see Table IV). It is quite likely that multiple 
avoided crossings affect some of the other upper states, lead
ing to the mixed configurations observed at large r CCI • 

Another cut in the potential that has implications to the 
dissociation dynamics is given in Table IX. Here, rCN in the 
2 3 A ' state is fixed at its FC value, 1.17 A, and only the bond 
angle is optimized. We find that at r CCI = 1.6-2.2 A, the 
optimized CICN angle is 130·, and the energy decreases 
monotonically with increasing 'CCI' However, upon bend
ing, the leading excitation changes to a combination of 
16 - 13 and 16 <- 11. This shows that near the FC region, 
there are strong bending forces affecting at least some linear 
excited states of r1T* configuration. 

Our calculations show that six states (3 XA ' and 3 XA " 
in Cs symmetry) correlate with ground state products and, 
in addition, we identify four states, 1,3 A ' and 1,3 A ", that cor
relate with Clep) + CN(A 2n). The states deriving from 
the r1T* configuration correlate apparently with highly ex
cited states of free CN, and possible candidates are the 
E2~ + andF 2!::"states ('CN = 1.3245 and 1.3732 A, respec
tively).46 

III. DISCUSSION 

A. Electronic spectroscopy and comparisons with 
experimental results 

Several experimental observations can be compared 
with the calculated results; the electronic spectrum, CI-CN 

TABLE IX. Optimized LCICN for the 2 3 A' state, with 'CN = 1.17 A.a 

'= 'CN LCICN E 
cA) (A) (deg) (eV) 

1.63 1.17 130' 6.84 
1.8 1.17 130' 6.36· 
1.9 1.17 130' 6.00 
2.0 1.17 130' 5.66 
2.2 1.17 130' 5.33 

U See footnote to Table VII. 
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bond dissociation energy, photoelectron spectrum and pho
todissociation dynamics. The photoelectron spectrum is 
compared with the theoretical results in Sec. II and shows 
good qualitative agreement with the calculations. We find, 
in agreement with experiment, that the highest occupied 
MOs consist of two pairs of delocalized nonbonding and 
bonding l' orbitals, and a aN nonbonding orbital whose ener
gy is between the two pairs of l' orbitals. More intriguing is 
the proximity of the calculated 1'* and a* virtual orbitals, 
leading to the appearance of close-lying excited states of both 
'fi31T* and ff3a* configurations. 

The CICN bond dissociation energy 
[CICN --Clep) + CN(X2~ +)] can be estimated from 
the asymptotic energies at reCl = 3.0 A. We find that the 
energy of the ground state is 4.17 eV above the value at the 
equilibrium geometry, and still rising slowly with r CCl' The 
average energy of the four repUlsive bent states that correlate 
with ground state products at the same r CC! separation is 
4.56 eV, and still slowly going down. The average of all the 
repulsive states correlating with ground state products and 
corrected for zero-point energies is 4.4 eV, in good agree
ment with the experimental value of 4.33 eV.47 In these cal
culations, IVOs and basis set a were employed. 

The interpretation of the electronic spectra of the cyano
gen halides has been the subject of continued debate, as dis
cussed in Sec. I. There is no clear theoretical preference for 
choosing between the ff31'* and ff3a* as the electronic con
figuration responsible for the first singlet excited state. Our 
results show unambiguously that the lowest two singlet ex
cited states in CICN area pairoflA I and lA " states (Cs point 
group) deriving from the ff3 a* electronic configuration, and 
correlating with a 1 II linear state. The vertical energies of 
these states, 7.26 and 7.48 eV above the ground state, are 
close to the location of the peak in the lowest, structureless 
absorption feature known the A continuum, which is at 
-7.0 eV.33,34 The absorption band extends from -170 nm 
(7.3 eV) to -210 nm (5.9 eV). The calculated oscillator 
strengths for the 2 1A " and 1 1A I states are 1.7 X 10-2. and 
5.9 X 10 - 2, respectively. These are upper limits and the ob
served values are expected. to be reduced by the unfavorable 
FC factors for the linear-bent transitions. Thus, the calcula
tions are in satisfactory agreement with the measured oscil
lator strength of the A continuum (4.8 X 10 ~ 3 and 
6.5 X 10 - 3).33,34 We therefore assign the A continuum to 
excitations to the bent 2 1A I and 1 1A " states, with the latter 
probably contributing more to the long-wavelength side of 
the absorption band. The bent nature of the states is in agree
ment with the observation of highly excited, inverted 
CN (X 2~ +) rotational distributions obtained upon 190-
213 nm photolysis, which are typical of dissociation with a 
large torque.23 Preliminary, unanalyzed rotational-align
ment results show some polarization in the 
CN(B 2l: + ~X2~ +) laser induced fluorescence signal; 
however, the results are dependent on photolysis wave
length, indicating the participation of more than one PES in 
this wavelength region.23 More accurate results are needed 
for detailed comparisons with the calculations. 

The analysis of the next higher absorption features at 
8.0-10.0 eV is less straightforward, but the spectrum likely 

consists of both valence and Rydberg transitions.4,33,34 The 
latter are assigned to the relatively sharp features known as 
the Band C bands.33 Macpherson and Simons assign the 
transitions originating at 73 965 em -1 (9.17 eV) and 74460 
em -1 (9.23 eV) to the 1,3 II Rydberg transitions,48 whereas 
Felps et al. assign the origin of these transitions at 70075 
em -1 (8.7 eV) and71 380 cm -1 (8.85 eV).34 The first cal
culated triplet and singlet Rydberg states have their vertical 
excitation energies at 9.2 and 9.4 eV, respectively, in fair 
agreement with the experimental assignments of the Band C 
bands, whose strongest bands appear around 9.2 eV.33 Felps 
et al. find, in addition, a broad underlying absorption fea
ture, which they attribute to valence excitation to a state 
deriving from the ff31'* configuration. Its origin is tentative
ly assigned at 62 050 em - 1 (7.7 eV) and its maximum is at 
68650 cm- 1 (8.5 eV).34 In our calculations we find two 
relatively strong transitions with ff31'* excited state configu
rations, whose vertical transition energies are -8.7 eV (see 
Table IV), in good agreement with the assignment of Felps 
et al. The experimental data show that the absorption band is 
broad and exhibits an oscillatory structure with somewhat 
irregular intervals of 600-700 cm - 1. The oscillations may 
have a similar explanation as in the B I AI+-X I A 1 spectrum 
ofwaler, and may represent resonances or periodic orbits,49 
although the similarity between the spectral spacings in the 
CICN band and the C-Cl stretching frequency (744 em - I in 
the ground electronic state) has been noted.34 Guest et al. 
determined the alignment parameter from the 
CN B 2l: + <--X2~ + emission following photolysis at 157.6 
nm in the same band system, and deduced that the transition 
is predominantly paralle1.29 A tentative assignment would 
then be the 3 1A I state. We find that the strongest absorptions 
occur at 10.67-10.98 eV, whereas experimentally thestron
gest absorption feature appears around 10 eV,34 but the ac
curacy of the calculations at these high energies is not very 
good. The high density of electronic states between 8.7 and 
11 eV makes sirriultaneous absorption to more than one sur
face quite probable and opportunities for surface crossings 
are abundant. Indeed, Simons and co-workers, who mea
sured the polarization of the CN (B 2l: + ) emission follow
ing 120-140 nm photolysis, found that the quantum yields 
for production of CN (B 2~ + ) were low « 0.1 ), and did 
not exhibit the sharp bands which dominate the absorption 
spectrum in this region, but rather appeared like the under-· 
lying continuum.4 Polarized emission was observed at many 
wavelengths, but no correlation with specific states was 
made. 

We conclude that the lowest excited singlet and triplet 
states of CICN arise from the 'fi3a* configuration yielding 
bent 1,3 A I and 1,3 A " states. This is in agreement with the 
original assignment of King and Richardson and also with 
Felps et al 33

,34 The theoretical calculations of Waite and 
Dunlap also show that the first excited singlet state ofCICN 
is bent, but they assign it to ff31'* excitation.28 The next high
er valence singlet states in our calculations arise from the 
~1'* configuration and the triplet states are all linear. The 
assignment of these states as l: and A states is tentative and 
based mainly on the convergence of the two triplet states 
assigned as A ( Coo D point group) to a similar energy value 
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when the CICN angle approaches 180·. The slight bending of 
CICN used in out calculations affects neither the order nor 
the assignment of the excited states, and only very little their 
vertical energies. 

B. Implications to the photodissociation dynamics of 
the cyanogen halides 

CN(X 2k +) rotational distributions were measured 
following photodissociation ofCICN at several wavelengths 
within the A continuum.23 The highly excited, inverted rota
tional distributions are nicely modeled both by quantal27 (bl 
and classicaJ23.27(al.27(b) calculations on a repulsive PES 
with bent equilibrium geometry.28 However, at the long 
wavelength tail of the A continuum (;;>208 nm), the d~stribu
tions change abruptly; they are still inverted, but peak at 
lower Nil, and it is suggested that a second surface is respon
sible for these colder distributions. There is little doubt that 
the A continuum consists of excitations to the 2 lA 'and 
1 IA " states, and it is tempting to assign them as the surfaces 
responsible for the observed CICN dissociation at 193-210 
nm.23 However, no photodissociation results at· wave
lengths < 193 nm are available, nor are accurate recoil ani
sotropy and rotational alignment data that can aid in the 
correct assignment of the observed dissociative states. Also, 
o.ne cannot rule out the possibility that the weak absorption 
tail (0- < 3 X 10 - 20 cm - 1) 23 yielding the colder CN rota
tional distribution at photolysis wavelengths> 208 nm arises 
from a forbidden singlet-triplet transition. The 1 3 A ' and 
1 3A II states both have vertical energies near 200nm (see 
Table IV), and we have found before that the spin-orbit 
interaction in Cl is sufficiently strong to induce singlet-trip
let transitions by intensity borrowing from strong allowed 
transitions (e.g., in CINO).41 The experimental findings 
suggest that the surfaces responsible for dissociation of 
CICN in theA continuum are all repulsive with bent equilib
rium geometry, and we ascribe them to states deriving from 
the ff3u* configuration. 

A more intriguing and complex situation occurs upon 
dissociation on the triplet 2 3 A ' state, which involves avoided 
crossing(s) between one or more surfaces at rcCl g.; 1.9 A. It 
appears that as the ~l bond length increases. triplet states 
with leading excitations arising from the ff30-* and O"1lo-* 
configurations (e.g., leading excitations 16 <--13, 12, 11) go 
down in energy, while the linear triplet states deriving from 
the ff3-rr* configuration go up in energy. Since there are sever~ 
al close-lying states in the 8-10 eV region. there are many 
opportunities for surface crossings and some were identified 
in our calculations (Sec. II). We note that in these calcula
tions the linear states were slightly bent (170·), resulting in 
avoided crossings between states of the same symmetry (i.e., 
A ' or A "). In reality, zero point bending motions or excita.
tion of hot bands may provide the slight bending required to 
lower the symmetry from C",," to Cs ,. thereby encouraging 
surface crossings. I7 As can be seen from Table IX, there are 
strong bending forces acting in the FC region, and the opti
mum angle obtained when rCN is fixed at its FC value (1.17 
A) is 130·. There are two forces acting on molecules dissoci
ating on the 2 3 A ' (ff3-rr*) surface; one tends to extend the 

CN bond to its optimum value, 1.32 A, while the other acts 
to bend the CICN angle (Table VII). The final CN energy 
distribution will therefore be very sensitive to the shape of 
the PES near the FC region, and to the bending motions. that 
govern the couplings and avoided crossings along the reac
tion coordinate. 

Although, strictly I'peaking, our results are germane 
only to CICN, owing to the similarities among the electronic 
spectra of the cyanogen halides, they may also provide in
sights into the photodissociation dynamics of ICN in the A 
continuum (which is thought to involve singlet-triplet tran
sitions).4.20 In ICN spin-orbit interaction is particularly 
large (the iodine atom spin-orbit states are separated by 
7603 cm - I ), and for linear-linear transitions, an = 0, ± 1 
transitions are allowed. The most detailed studies in the A 
continuum were done at 248 and 266 nm. 5

-
20 The measured 

scalar properties include the global CN(X2~ +) rotational 
distributions, and the individual rotational distributions cor
relating with Iep3/2 ) and ICZPI12 ) [reactions (1) and (2), 
respectively]. Vector properties include measurements of 
the anisotropy parameter /3, the rotational alignment pa
rameter, A b2l, and the orientation parameter A 61). 

The CN(X2~ + ) rotational distributions obtained fol
lowing dissociation of ICN at 235-280 nm are all multimo
dal; they have at least one distinct component peaking at low 
Nil, and one component peaking at high Nil. 8 Pitts and Bar
onavsky,21 and later Hess and Leone22 showed that at these 
wavelengths, both Ie P3l2) and Ie P1I2 ) are produced 
[channels (1) and (2), respectively]. Nadler et a!., using 
sub-Doppler resolution spectroscopy to dissect the CN rota
tional distributions into two separate contributions from 
channels (1) and (2), found that at 266 nm low and high Nil 
are associated predominantly with IePII2 ) [reaction (2)] 
and Iep312 ) [reaction (1)], respectively.9 It was proposed 
that reactions (2) and (1) are associated with linear and 
bent surfaces, respectively.9 The recoil anisotropy panim
eters for the two channels were unequal 
[/3 (I2P I12 ) = 1.6 ± 0.2; /3(I 2P312 ) = 1.3 ± 0.2], but with
in each channel/3 did not vary significantly with N". Using a 
similar technique, Black et al. showed recently that at 248 
nm, the /3 parameters are N" dependent; N" levels correlat
ed with channel (2) yielde4 /3 = 1.85, and the eN rotational 
distribution was cold, while those correlated with channel 
(1) showed two distinct regions, /3 = ~ - 0.5 for N" = (},.. 
25, while for higher N", /3 increased monotonically with N" 
up to a value of ~ 1.0.6 

The experimental observations are straightforward, and 
measurements of different vector properties lead to the same 
conclusions regarding the polarizations of the transitions in
volved and their dependence on N".5-12 The interpretation 
of these data, however, is not unambiguous. With 266 nm 
photolysis, the initial absorption was assumed to involve a 
parallel transition to a linear surface correlating with chan
nel. (2), which is then coupled to the surface responsible for 
channel (1).9 This interpretation reconciled all the experi
mental observations at 266 nm, except the decrease in the 
value of /3 following surface crossing, for which only tenta
tive explanations have been offered. Black ei a!. interpreted 
their results at 248 nm in terms of at least three surfaces: two 
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bent surfaces correlating with channel (1) [one associated 
with a perpendicular transition (low-medium N /I), and the 
other with a parallel transition (medium-high Nil) ], and a 
linear surface, reached via a parallel transition, correlating 
with channel (2). b They proposed that the linear surface and 
the bent surface with f3 - - 0.5 are accessed directly, while 
the bent surface with positive f3 is reached via surface cross
ings with the linear surface.6 

Ifwe assume that, except for a much stronger spin-orbit 
interaction, the excited state configurations in ICN are simi
lar to those of CICN, we may start to appreciate the com
plexity of the photodissociation dynamics of ICN. For ex
ample, our calculations indicate that excitation via the 
0+ <- 0 + linear-linear transition (e.g., to the triplet states 
deriving from the tr1T* configuration) would give rise to a 
parallel transition. In the limit of linear molecule and 
Hund's case (c), as is proper for ICN, 3n states will split into 
0+ ,0 -,land 2 states, 3~ - states will yield 1 and 0 + dis
tinct electronic surfaces, and A states-3,2, and 1 states. For 
bent excited states, there will be further splittings of each 
state with .0. > 0 into A 1 and A II states.35 The opportunities 
then of coupling to other surfaces deriving from both the 
tr1T* and tra* configurations are numerous, and several 
states can participate in avoided crossings, and nonadiabatic 
transitions during the dissociation. 51 

Also, recall that the coupling coefficients depend both 
on the energy and the molecular geometry, and thus may 
vary during the dissociation, thereby inducing crossings and 
recrossings during bond separation. For example, we find 
that at 1.9 A < rCCI < 2.2 A, many states become close in en
ergy, enhancing the probability of curve crossings. In addi
tion, the linear-bent geometry of many of the transitions can 
give rise to simultaneous excitations of A I and A /I surfaces 
that are Renner-Teller pairs (i.e., those states correlating 
with IT or A states in Coov symmetry), and are therefore 
degenerate in the linear configuration of the FC region.52 In 
addition to direct excitation of states deriving from the tr1T* 
configuration, simultaneous optical excitation to one or 
more of the bent states deriving from the 3rr state (tra* 
configurations) cannot be ruled out, and transitions to A I 

and A /I states will give rise to additional parallel and perpen
dicular transitions. The relative importance of the different 
processes is likely to be a function of wavelength within theA 
continuum. 

In view of this complexity, it is doubtful that with our 
present knowledge and theoretical capabilities a unique in
terpretation of the ICN results in the A continuum is forth
coming, and this complexity has been indeed highlighted in 
the most recent experimental studies.6,7 In addition, two 
theoretical treatments achieved reasonable agreement with 
the experimental results assuming very different dissociation 
schemes; Marinelli et al. assumed direct excitation to three 
surfaces only minor effects due to nonadiabatic interac
tions, Sea) while Goldfield et al. succeeded to no lesser extent 
by building a model potential in which the initial excitation 
involved only one state, followed by nonadiabatic surface 
crossings. 14 

Following the fs experiments of Zewail and co
workers,13 renewed interest in ICN as a model for dissocia-

tion on two coupled surfaces has emerged, and resulted in 
several recent theoretical publications. 15,18,19 Our calcula
tions suggest that the assumption that only two surfaces are 
involved in the dissociation in theA continuum is likely to be 
an over simplication. Based on the experimental data, the ab 
initio calculations for CICN, and the present discussion, we 
believe that it is unjustified to assume that a single electronic 
transition is responsible for the entire absorption spectrum 
in the A continuum, and that the model potentials used to 
date may be too simplified to describe the complex processes 
which occur during ICN dissociation. 

IV. SUMMARY 

( 1) The low-lying excited states of CICN derive from 
three electronic configurations leading to. many close-lying 
singlet and triplet excited states. The lowest excited state 
derives from the tra* configuration, but states deriving 
from the tr1T* and a1T4a* configurations are < 2 eV above 
the lowest excited state. This gives rise to a dense manifold of 
close-lying dissociative states, many of which can be ac
cessed optically. The calculated vertical excitation energies 
are in good agreement with features in the absorption spec
tra ofCICN. 

(2) The low~lying excited electronic states arising from 
the tra* and a1T4a* configurations are bent, with equilibri
um angles 117°-140°. The lowest states arising from the tr1T* 
configuration are linear. 

( 3) There is evidence of avoided crossings between 
states arising from the tr1T* configuration and those arising 
from the tra* and a1T4a* configurations. The avoided cross
ings can be induced by slight bending of CICN causing low
ering of the symmetry from COO" to Cs ' 

( 4) The A continuum of CICN involves transitions to 
the bent 21A I and IIA " surfaces, with a possible excitation of 
the bent 1 3 A " surface at the weak, long-wavelength tail of 
the absorption band. This is in agreement with the experi
mental results on the photodissociation of CICN, which 
yield highly rotationally excited CN (X 2~ + ) and also sug
gests the participation of more than one surface across the A 
continuum. 

(5) Based on the similarities between the electronic 
spectra of the cyanogen halides, and taking into account the 
large spin-orbit splitting in iodine, we believe that the A con
tinuum in ICN consists of transitions to several surfaces 
whose contributions vary across the absorption band in 
agreement with recent experimental results.6,S,21.22 Simulta
neous excitations to more than one surface at each wave
length are possible,6.8 and there are numerous opportunities 
for avoided crossings and nonadiabatic surface crossings 
during the dissociation.6-12,14 These may involve more than 
two surfaces, as the couplings change along the reaction co
ordinate during the dissociation. 
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