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Adopting the experimentally available vibrational constants in a recent analysis of the strong perturbation between
the AT, /2u and B2A, /2u states of ClgL in the A-X band system [Gharaibeh et al. 2012 J. Chem. Phys. 137 194317], an
unambiguous vibrational assignment of the bands reported previously is carried out. The equilibrium rotational constants
B and o, of the X2H3/2g and A2H3/2u states for 35C13‘ and 3CI¥7CIT and those of the B2A3/2u state for 35C13’ are
obtained by fitting the experimental values of By. In addition, the values of B, and . of these three states for the minor
isotopologues 3>CI37CI* and 37C12+ are predicted by employing the isotopic effect. The values of equilibrium internuclear
distance R, of the three states for the three isotopologues are calculated as well.
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1. Introduction

The highly perturbed AQI'[u—X2Hg system of the chlo-
rine cation (C12+ ) has been investigated for nearly one cen-
tury, however, knowledge about the structure of the electronic
states, A’T1, and X*I1g, is still limited. This system has two
components: A’IT; ,—X*I1; , and A’Tl;/,-X?I13),. Initial
spectroscopic data came from a series of dispersed emission
studies.!!! It is difficult to assign the absolute vibrational
quantum numbers to the observed bands because of the irreg-
ular vibrational internals and non-systematic chlorine isotopic
effects resulting from the severely perturbed excited electronic
state A’I1,. In addition, since the spin—orbit splitting for the
X2Hg state is found to be very close to the vibrational en-
ergy spacing, the spin—orbit resolved vibrational bands have
been analyzed ambiguously. In 1966, Huberman!®! studied
the CI; emission spectrum and made the most comprehen-
sive rotational assignment of the observed. In 1989, Tuck-
ett and Peyerimhoffl”! observed the CIj emission spectrum
in the supersonic expansion, which allowed them to make a
fuller analysis due to the cold Doppler-free spectrum. One
hundred vibronic bands were fitted into two Deslandres ta-
bles (one for AT} ,—X*I1; 5, and the other for A?Il;/,—
X115 /2). Still, they could not assign vibrational quantum
numbers to the Deslandres tables. Ab initio calculations show
that A?T1, is crossed near its origin by some states arising from
Oy mitoy! ie. 2] and 2A,.

In 1989, the A-doublets was first observed in a jet-
cooled A—X emission spectrum by Choi and Hardwick, ! and
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four bands were unambiguously assigned as AIT; ,—X>TI, /5.
Later in 1991, they!®! reported more bands of the 2 = 3/2
component. Among those, 10 bands were assigned to the
AT, /2—X2H3 /2 system, which had been rotationally ana-
lyzed by Huberman earlier. These measurements improved the
accuracy of the rotational constants for this system. Addition-
ally, five bands were assigned to a new system of B?A,; /2
X2Hg3 /2, and they, for the first time, rotationally analyzed
the bands of the minor isotopologue *3CI3’CI*. They agreed
with Huberman on vibrational numbering of the ground state,
and their analyses were also in agreement with a new analysis
by Gharaibeh et al.!'”! However, the vibrational numbering
of the excited state seems to be modified. In 1990, Bramble
and Hamilton"!! reported the first laser-induced fluorescence
spectra of Cl;r and analyzed many bands of the (v’, 0) pro-
gression of the 2 = 3/2 component together with some extra
bands arising from the perturbation.

In 2012, Gharaibeh er al.['%! studied the laser-induced
fluorescence spectrum of jet-cooled Cl;r with high sensitivity
and rigorous vibrational and spin—orbit cooling. A full under-
standing of the A’IT /2—X2H3 /2 band system was presented,
including a complete treatment of the interaction between the
A%Tl,3/, and B*A,3; states, based on the experimental spec-
trum and ab initio calculations. The (0, 0) band was identified
for the first time. They studied two bands at high-resolution
and obtained the accurate B values. For most of the low-
resolution bands, they listed approximate upper state B values
as well.
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More information about the electronic states of Clj
has been derived from the photoelectron spectroscopy
(PES).[712131 Tn 2007, Li et al.!"?! studied the isotopomer-
resolved vibrational and spin—orbit energy structures of
Cly (XZHg) by one-photon zero kinetic energy (ZEKE) pho-
toelectron spectroscopy. The precise values of the spin—orbit
splitting for X2Hg were reported. Most recently, Mollet and
Merkt!"3! studied the X?I1,, AT1,, B2A,, and a*Y states of
Cl;r by partially rotationally resolved pulsed-field-ionization
zero-kinetic-energy (PFI-ZEKE) photoelectron spectroscopy.
A large number of Franck—Condon-forbidden transitions to vi-
brational levels of the X2Hg (2 = 3/2, 1/2) were observed.
The potential energy function of Cl;r (XZHg) was determined
in a direct fit to the experimental data. Transitions to vibra-
tional levels of the A?T1,; /2 B%Ay; /2 states were identified by
using the results of Ref. [10] and transitions to the upper spin—
orbit component A%I1,, /2 (U =2-6) were detected. Addition-
ally, the A’IT,,; /2 state was found to be perturbed by the Y 2
state. Unfortunately, their data were too scarce to model this
interaction.

In the present work, we study the rotational structure of
the Q = 3/2 component of the X?II,, A’II,, and B?A,3
states. Aiming to obtain the equilibrium rotational constants
B. and o, of these states based on the experimental data, we
reassign the vibrational quantum numbers for the previously
observed bands and subsequently fit the rotational constants.
Using the isotopic effect, the rotational spectroscopic con-
stants for the minor isotopologues 3CI*7CI* and 3’ClJ are
predicted.

2. Theoretical details

Two methods are used to calculate the values of origin Ty
for vibrational bands of the A*IT;/,~X*I1;, system of Cl;.
The first method is to use the effective Hamiltonian matrix.
The form of the matrix is shown in Fig. 8 of Ref. [10]. The
diagonal energy terms are £, = T, + G, where

Gy = O v+1 — O v+1 2
v — @e 3 e Xe 3

1 3 1 4
+a)eye<v+2> +WeZe(U+2> +---

The off-diagonal terms are Hg“g <X§ A| X53>, where the first
term is the electronic spin—orbit interaction matrix element
and the second term is a vibrational overlap.!'*! The vibra-
tional overlaps are calculated by using LeRoy’s RKR1 2.0 and
LEVEL 8.0 programs.[!>1°1 Additionally, for calculating the
matrix elements, we adopt the reported vibrational constants
and also the spin—orbit coupling term Hg“g 101 The matrix is
diagonalized and the eigenvalues are stored for calculating the
values of origin Tp(v’,v") = E,» — Ey» of vibrational bands.
Note that the adopted vibrational constants and the interaction
constant are fitted by using the band heads rather than band

origins in Ref. [10], because the band origins cannot be deter-
mined accurately without full rotational analysis. However, it
was argued that this introduces a little error (only 0.3 cm™'—
0.5 cm™ "), which is well within the overall standard error for
the least square analysis. As to the vibrational assignment, it is
accurate enough. Moreover, the band heads replace the band
origins in the second calculation method.

The second method is much simpler: there is no need to
calculate the vibrational overlaps nor to diagonalize the matri-
ces. Using the experimentally observed positions of the band
heads, such as Ty(v’,0) of the (v’, 0) bands, the values of band
origin Ty (v’,v"”) can be evaluated by using the following for-
mulas:

Ty(v',0") = Ey = Eyr, (1)
T()('UI,O) = EU/ 7E1)”:0’ (2)

and
To(v',0") = To(V',0) + Eyr_g — Eyn. 3)

The vibrational constants @/ (645.6 cm™!) and @.x!
(2.98 cm™!) of ¥CI] (X?T15,)!"* are adopted. In Ref. [10],
70 band heads of the >ClJ species are listed, which all orig-
inate from the v” = 0 level of the X*I1; , state. The relevant
upper levels are A2H3/2(v’ = 0-39) and B2Au3/2(1)' =0, 1,
3-8, 10-12, 14-19, 21-26, 28-29, 31, 32). The extent of the
upper levels and the accuracies of the band heads are sufficient
for the purpose of this work.

Molecular chlorine has three isotopologues, *>Cl,,
3¢’cl, and 37Cl, with relative abundances of 57.41%,
36.72%, and 5.87%, respectively.

The spectroscopic constants for two different isotopo-
logues i and j have the following relationships: 7]

o) = p; jwéi) , “
ot = plaed”, )
oo = pio, ©)
BY = pzB) — plal’ (v + ;) : %)
and
DY) = ptpl) + p3pl (v + ;) : ®)
with

Hi
ij =/ ©)
Pij Ty

where U; and y ; are the reduced mass values for isotopologues
i and j. The values of p for the pairs *>Cl, and 3>CI*’Cl, and
3Cl, and ¥7Cl, are 0.98640 and 0.97261 respectively. The
investigations of the isotopic effect in electronic band spectra
lead to the determination of the correlated constants!®! and are
helpful for discovering the new isotopologues of very small
abundance.!"’]
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3. Results and discussion

The vibrational band origins of the A’IT; /2—X2H3 /2 and
B2A,3/,-X?T13, are calculated by using the above two meth-
ods respectively and subsequently the observed bands reported
in Refs. [6], [7], and [9] are reassigned. Listed in Table 1 are
the origins with the vibrational assignments in a Deslandres ta-

ble for the A?T13 5,—X?I13 5, system of **CI; . The vibrational
assignments for the emission spectra of 3°Cl3 and 3CI*’C1*
observed by Choi and Hardwick!®! are listed in Table 2. We
agree on their ground state vibrational assignments but modify
the vibrational numbering of the excited state ATl /2- More-
over transitions to the B%A,; /2 state have also been assigned,
and they are also listed in Table 2.

Table 1. Deslandres table for 3 Clzr AT, /2u*X2H3 /2¢- All data are in units of em~ !,

"

v
v 0 1 3 4 5
5 215572 20926.30P 20298.58° 19676.74° 19060.7°
6 21857% 21222.091¢ 20594.394¢ 19972.61° 193562
7 22301.97° 21668.33P 21040.62° 20419.4°
8 22609.345¢ 21975.704¢ 21347.975¢ 207272 20109?
9 22910.86° 22277.20P 216472
10 23966% 23326.99" 22693.378¢ 22066
11 242632 23623.26" 22989.512¢ 22360? 21740.056° 211202
12 24564.25 23924.63° 232922
13 24947.520 24307.94° 23674.199¢
14 25235.98" 24596.41° 23966 22713.040°
15
16 25882.50P 25242.94b
17 26166.25° 25526.65° 248932
18
19 26773.31°
20 27051.61°

aFrom Ref. [7], Pfrom Ref. [6], ¢from Ref. [9].

Table 2. Vibrational assignments for the emission spectra of 3 C12+ and
35C1¥7CI observed by Choi and Hardwick!®.

1 (v, v")
Upper state This work  Ref. [9]

Band origins/cm™

ey 21222.091 ALy, (6,2) (5,2)
20594.394 ALy 5, (6,3) 5,3)
22609.345 ALy 5, @8, 1) 7,1
21975.704 ALy 5, (8.,2) (7,2)
21347.975 AL, (8,3) (7,3)
22693.378 AL 5, (10, 2) 9,2)
22989.512 ALy, 11,2) (10, 2)
21740.056 ATy, (11, 4) (10, 4)
23674.199 AL, (13,2) (12,2)
22713.040 ALy 5, (14, 4) (13, 4)
21513.817 B2A)2 4,2) (x,2)
20886.082 B2Ay)2 4,3) (x,3)
23035.716 B2Ay)2 7, 1) o 1)
22402.080 B2A)2 (7,2) ,2)
24036.785 B2A3) 11,1 z 1

BScrart 21217.479 ALy, (6,2) (5,2)
20598.076 AL, (6,3) 5,3)
22584.246 ALy 5, @, 1) 7,1
21959.075 ALy, (8,2) (7,2)
21339.656 AL, (8,3) (7,3)
22671.110 ALy 5, (10,2) 9,2)
22960.571 ALy, 11,2) 10, 2)
23887.800 AL ), 12, 1) 1, 1)
22390.594 B%Ay)2 (6,2) (v, 2)

Based on the unambiguous vibrational assignments of the
states, some vibrational quantum numbers v with the rota-
tional constants By are modified consequently, such as B}, in

Ref. [9]. The rotational constants of the XI5 /28> AT, /2u>
and B2A; /2u States for 35C1§' and HCIP7CI* in the previous
work are listed in Table 3. The constants B, and o, are fit-
ted according to By = Be — 0t (0 + 1/2). The derived values
of B, and o of the X°TI; /2¢ and AT, /2u states for 35 C12+ and
BCP7CIT and those of the B?A5 , state for 35CI7 are listed in
Table 4. The values of equilibrium internuclear distance R, for
those three states of all the three isotopologues are determined
from the values of B, and listed in Table 4. The derived rota-
tional constants of the XI5 /2¢ and AT, /2u State are in good
agreement with those from the ab initio PECS in Ref. [10].
For ¥ C12+ (B2A, /2u)- the derived value of B is 0.1746 cm~lin
comparison with the theoretical value of 0.1617407 cm~'.10]

Using Eq. (7), the rotational constants of the minor iso-
topologues *>CI*’CI* and 3'Clj are predicted and listed in
Table 4 as well.

It should be mentioned that according to the calculated
vibrational band origins, the bands at 16913, 17030, 17282,
and 17323 cm~! would be assigned as (1, 6) (3, 7) and (2,
6) of *CI3 and (2, 6) of *>CI*’CI" of the AIT;/,-XT1;),
sub-system instead, which are tentatively assigned as (2, 7),
(3, 7), and (4, 8) of 3Cl3 and (3, 7) of *>CI*’CI" of the
AT /,-X2I1; 15.120211 When modifying the vibrational quan-
tum numbers of the bands, the experimental rotational con-
stants in Refs. [20] and [21] are in good agreement with those
in Ref. [10].
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Table 3. Experimentally determined rotational constants of the XI5 J2g> AT, /20, and B2A; /2u states. All data are in units of em™ !

X230, ALy ), B2As,
v// B/ v/ Bl 1)/ B/ ,U/ B/
Scyf 0 0.2686(8)? 0 16 0.16072 0 0.179¢
1 0.267309(39)° 1 0.19123¢ 17 0.16222 1 0.170°
0.2670(4)? 2 0.18929¢ 18 0.157¢ 3 0.171¢
2 0.265639(35)° 3 0.186° 19 0.15882 4 0.166859(60)°
0.2654(0)? 4 0.179¢ 20 0.1568% 0.161¢
3 0.263893(33)° 5 0.17882 21 0.148¢ 5 0.161¢
0.2637(6)* 6 0.173284(35)° 22 0.155¢ 6 0.160°
4 0.26234(22)P 0.1729° 23 0.150¢ 7 0.165263(48)°
0.2621(2)* 7 0.17492 25 0.149¢ 0.161¢
8 0.174426(33)° 26 0.149¢ 8 0.161¢
0.17422 27 0.145¢ 10 0.156¢
9 0.16912 28 0.143¢ 11 0.158755(88)°
10 0.168992(40)° 30 0.140° 0.157¢
0.16942 31 0.140° 12 0.157¢
11 0.170458(42)° 32 0.135¢ 14 0.156°
0.17022 33 0.124¢ 17 0.146°
12 0.1664* 34 0.121¢ 21 0.138¢
0.1659° 35 0.124¢ 22 0.138¢
13 0.163750(54)° 36 0.120¢ 23 0.145¢
0.16412 25 0.133¢
14 0.16689(22)° 26 0.134¢
0.1665 28 0.129¢
29 0.129¢
32 0.123¢
X2H3/2g ATy 5, B2Ay,
v// B/ v/ Bl ‘Ul B/
BSceprart 0 0.26139(10)° 1 0.18611(9)° 6 0.159453(82)"
0.26145(14)° 2 0.18430(12)¢
1 0.260135(50)° 6 0.169733(51)°
0.26 8 0.169842(46)°
2 0.258471(52)° 10 0.16319(78)°
0.2585% 0.16442
3 0.256789(53)° 11 0.166336(62)°
0.16632
12 0.164038(54)°

aFrom Ref. [6], Pfrom Ref. [9], “from Ref. [10].

Table 4. Fitted rotational constants, the predicted rotational constants (in cm™!), and the equilibrium internuclear distances of the X>IT; /200 A, /2us

and B2A3/2u states.

35 C12+ 35 Cl37c1+ 37Cl2+
This work Previous work This work This work Previous work This work Previous work
XT3 5, B, 0.269791(85)2 0.26950P 0.262648(14) 0.262503¢ 0.255216°
0.2707(11)°
e 0.001665(27) 0.00164° 0.0016730(52) 0.001598¢ 0.001532¢
0.0012(4)°
c 0.00006 0.0000073
R. 1.891 A 1.890 A 1.891 A 1.891 A
ATy, Be 0.1903(14) 0.18974954 0.1878(24) 0.1852¢ 0.18462414 0.1800¢ 0.17949854
Oe 0.001770(63) 0.0013758924 0.00208(28) 0.0016988¢  0.001320652¢ 0.001629¢ 0.0012659734
c 0.0038 0.003
R. 2251 A 2.25 Ad 2.235A 2251 A 2.254 Af 2251 A 2.254 Af
B2A32, B, 0.1746(12) 0.1617407¢ 0.1699° 0.1573721¢ 0.1652¢ 0.1530031¢
Ole 0.001561(69) 0.001193303¢4 0.001498¢ 0.0011460154 0.001436° 0.0010986084
c 0.003
R. 2350 A 2.44 Ad 2.350 A 2.442 Af 2350 A 2.442 Af

4Numbers in parentheses are in the units of the last quoted digits. YFrom Ref. [6], from Ref. [13], 9from Ref. [10].

“Predicted using the isotopic effect. fCalculated based on the constants of the previous work.
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However there is less experimental information about the
A state Q = 1/2 levels than about the Q = 3/2 levels. The-
oretically, the AII, J2u levels above ~ v =4 will be per-
turbed by levels of the CZZI+ > state.!!°! In the experiment,
the jet-cooling only allows the Q = 3/2-Q = 3/2 transitions
to be observed.!'% If more bands of the other half transitions
Q =1/2-Q =1/2 could be observed, combined with the data
reported in previous work, the data could be fitted to under-
stand the whole structure of C13 and the spin—orbit coupling
constant A for the A?T1, state would precisely be obtained.

4. Conclusions

The vibrational and rotational structures of the A?TI; /25
B2A35. and X?I13, states of the three isotopologues of Cl;
(35C12+, Scr’crt, 37Cl;r ) are studied. Using the previous ex-
perimentally observed positions of the band origins and the
vibrational constants,[1%13] we calculate the vibrational band
origins of the A?I1;/,-X?IT;, and B2A3,-XT15 ) systems
and reassign the observed bands reported in Refs. [6], [7],
and [9]. Some vibrational quantum numbers of the states are
modified, and thus the experimental rotational constant By, are
modified accordingly.

Based on the unambiguous vibrational assignments of the
states, the values of By reported in previous investigations
are used to derive the constants B, and ¢, of the XTI, /28
and AT, /2u states for 35C12+ and 3CIF7CI* and those of the
B2A, /2u State for 35C12+. Then the rotational constants of the
minor isotopologues *CI37CI* and 37C12+ are predicted based
on the isotopic relations. Additionally, the values of equilib-

rium internuclear distance R, for those three states of all the
three isotopologues are calculated.
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