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The laser-induced fluorescence spectrum of jet-cooled chlorine cation has been recorded in the
500—312 nm region with high sensitivity and rigorous vibrational and spin-orbit cooling. More than
80 bands of the highly vibrationally perturbed A *IT,—X *I1, electronic transition have been detected
and shown to originate from the €2 = 3/2 spin-orbit component of v = 0 of the ground state. The
spectrum extends some 3700 cm™! to the red of any previously published report and the 0—0 band
has been identified for the first time. The bands have regular rotational structure but exhibit irregular
vibrational intervals and isotope splittings. Our ab initio studies show that the perturbations are due
to a AQ = 0 spin-orbit interaction between the A%T13, and B2A 35, states which have an avoided
crossing at ~2.5 A, which corresponds to v & 4 of the A state. The nonadiabatic coupled equations
have been solved for this two-state interaction after constructing the diabatic potentials including
only the diagonal (AA = 0) spin-orbit coupling, yielding low-lying vibrational energy levels, iso-
tope splittings, and rotational constants in good agreement with experiment. The calculations show
that many of the observed bands are actually transitions to predominantly B state vibrational levels,
which borrow oscillator strength from the A—X transition through spin-orbit mixing. Starting from
the coupled equations solutions, we have fitted the experimental data using an effective Hamiltonian
matrix that includes the vibrational energy levels of the A and B states and a single electronic spin-
orbit coupling term HSAOB which has a value of 240 cm™!. Transitions up to v/ = 32 in both states have
been satisfactorily fitted for all three chlorine isotopologues, providing a quantitative description of
the perturbations. Transitions to higher levels are complicated by interactions with other electronic

states. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4765334]

. INTRODUCTION

The diatomic chlorine cation (Cl;) is known to be pro-
duced in discharges through molecular chlorine and exhibits
an emission spectrum with a large number of red degraded, ro-
tationally discrete bands extending from 640 to 340 nm. These
bands were first studied by Uchida and Ota' in 1928 and
subsequently by several authors’> culminating in a very de-
tailed investigation by Huberman’ published in 1966. These
early investigations showed that the transition is 2IT,—2TI1;,
that the rotational structure of most of the bands is quite reg-
ular, and that the pattern of vibrational levels in the ground
state is also very regular. However, the upper state vibra-
tional levels are chaotic, with irregular vibrational intervals
and non-systematic chlorine isotope effects that made it im-
possible to assign vibrational quantum numbers to the ob-
served bands. Since the electronic transition follows AQ =0
selection rules, the values of the spin-orbit (SO) splittings in
the combining states could not be determined from the optical
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data. Huberman’ identified two band systems, system I (ter-
minating on X 2H3/2g levels) and system II (terminating on
X 2H1/2g levels) and speculated that the perturbations were
due to a homogeneous (A2 = 0) interaction between A 211504
and 2Asp, and A 21,5, and 23X+, states.

After an almost 20 year hiatus, advances in supersonic
expansion techniques and in computational methods moti-
vated Tuckett and Peyerimhoff to re-examine the CIEL emis-
sion spectrum both experimentally and theoretically.® It was
somewhat easier to differentiate between the 2 = 3/2 and the
2 = 1/2 bands in the molecular beam source and the authors
concluded that Huberman’s original assignments are proba-
bly correct. One hundred vibronic bands were fitted into two
Deslandres tables, one for A 2I13,,—X 2H3/2g transitions and
one for A 2I1y,—X 2H1/2g transitions, accounting for over
80% of the observed bands. Unfortunately, vibrational quan-
tum numbers were still not assignable despite a great deal of
effort.

Ab initio theory8 indicated that the A2I1, state, formed

by a 7y — 74 electron promotion from the ... e ng3

X 2l'Ig ground state is energetically very close to the ZEU‘ ,
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o1 excited electron configuration. The authors concluded

u
that homogeneous (A2 = 0) perturbations between B 2 Ason
and A 21_[3/2u and between 22+1/2u and A 2H1/2u levels with
very similar bond lengths were the likely cause of the vibra-
tional irregularities in the A state.

Five years later in 1989 Choi and Hardwick® obtained
high resolution emission spectra of Cl;r from a corona-excited
supersonic expansion and identified four bands that exhib-
ited A-doubling and could be unambiguously assigned as
A *Tjpu—X *Type. They agreed that Huberman’s original
ground state vibrational assignments were correct but could
not provide any further information on the upper state vibra-
tional numbering. In a subsequent paper,'” they rotationally
analyzed 15 bands with 2 = 3/2 in both states, 10 of which
were assigned to the A 213, —X 213, band system ana-
lyzed by Huberman and 5 with somewhat smaller rotational
constants which were assigned to perturbation-induced transi-
tions whose most plausible assignment is B ZA3—X 21'[3/2g.

In 1990, Bramble and Hamilton'! reported the first laser-
induced fluorescence spectra of chlorine cation and measured
single vibronic level (SVL) fluorescence lifetimes. The ions
were produced in a pulsed supersonic discharge jet and all
of the observed bands were assigned as originating from the
X 21_[3/2g component of v = 0. Two of their observations are
very significant: six new bands not previously seen in any
emission spectra were identified and found to have smaller
B’ values than previously observed transitions, and the fluo-
rescence lifetimes were found to be vibronic level dependent,
with longer values for the new bands. The authors argued that
the direct absorption transition from the ground state to the
perturbing B 2Asp, or X3, electronic states is at least
partially forbidden, accounting for the longer lifetimes of the
mixed states.

The results of these last two studies, published contempo-
raneously, suggest that the matrix elements for the vibrational
perturbations are of the order of magnitude of the excited
state vibrational frequency (350—400 cm™!) and most likely
involve interactions with levels of the B 2A, excited state.
Such perturbations would be expected to cause substantial vi-
brational irregularities in the A—X band system and generate
interloper transitions through the mixing of the A 2IT, and
BZA, levels.

In addition to emission and laser induced fluorescence
(LIF) studies, photoelectron spectroscopy has contributed to
our understanding of the chlorine cation.'””'® In their high
resolution UV photoelectron study, Van Lonkhuyzen and De
Lange'> obtained a value of Ty = 20648 4 400 cm~! and
Aso = —550 4 100 cm™! for the A state. Yencha and co-
workers'” used threshold photoelectron spectroscopy to ob-
tain the excited A state parameters Ty = 20382 £ 35 cm™!
and Ago = —790 cm~!. In recent ZEKE work, Li and co-
workers'® determined the spin-orbit splitting of the ground
state tobe —717.7 & 1.5 cm™!, and vibrational constants of w,
=646.9 cm~! and w,x, = 3.15 cm™! for the lowest six levels
of the X 2H3/2g spin-orbit component, confirming Huberman’s
ground state vibrational numbering.”

In the present work, we have generated very cold chlo-
rine cations in a pulsed discharge jet and studied their LIF
and emission spectra. The LIF spectra extend to much lower
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energy than previous studies and allow us to assign upper
state vibrational quantum numbers with confidence for the
first time. Our ab initio studies have clarified the nature and
magnitude of the perturbations, culminating in an effective
Hamiltonian least squares analysis of the observed transitions,
yielding excited state molecular constants, perturbation ma-
trix elements, and definitive vibrational assignments.

Il. EXPERIMENT

The jet cooled chlorine cation (C13) was produced using
the pulsed electric discharge technique.'®?° A precursor gas
mixture of 5% chlorine gas (High purity, Matheson Tri-Gas)
in argon (High purity, Scott Gross) was prepared in a stainless
steel cylinder equipped with a pressure regulator to deliver a
constant 40 psi pressure. Pulses of the precursor mixture were
injected into a vacuum chamber through the 0.8 mm orifice of
a pulsed solenoid valve (General Valve Series 9). After an ap-
propriate time delay, an electric discharge was struck between
two ring electrodes mounted in a Delrin cylinder attached to
the face plate of the pulsed valve and along the path of the
expanding gases.

Low resolution LIF spectra (0.1 cm~!) of Cl;r were col-
lected in the 500-312 nm region by intercepting the expand-
ing discharge products with the collimated beam of a pulsed,
tunable excimer pumped dye laser (Lumonics HD 500). The
resulting LIF was imaged through appropriate cutoff filters
onto the photocathode of a high-gain photomultiplier tube
(EMI 9816QB). Since the ions tend to have higher velocities
than neutral molecules due to the space-charge effect (elec-
trostatic repulsion), the optimum signal was obtained by us-
ing a relatively short time delay between the laser pulse and
the electric discharge. The spectra were calibrated to an esti-
mated accuracy of 0.1 cm~! with optogalvanic lines of neon-
and argon-filled hollow cathode lamps.

Single vibronic emission spectra were obtained by fixing
the laser on an intense feature of a particular vibronic band
and focusing the resulting fluorescence onto the entrance slit
of a 0.5 m scanning monochromator (Spex 5S00M) equipped
with an 1800 line/mm grating blazed at 400 nm. The dis-
persed emission was detected by a cooled photomultiplier
(RCA C31034A). The monochromator was calibrated using
the emission lines of an argon hollow cathode lamp to an ac-
curacy of +1.0 cm~!. Pulsed LIF or emission signals from the
detectors and the optogalvanic apparatus were sampled with
gated integrators and recorded digitally using a LabVIEW
based data acquisition system.

High resolution (0.03 cm™!) LIF spectra of selected
bands of the *>ClJ and *CI¥’CI* isotopologues were ob-
tained using a Lambda-Physik dye laser (Scanmate 2E)
equipped with an intracavity angle-tuned etalon. In order to
separate overlapping bands of the two isotopologues, the syn-
chronous scan (sync-scan) LIF technique described in more
detail in Ref. 21 was used. In this method, a monochroma-
tor, synchronously scanned with the LIF excitation laser, is
used as a narrow bandpass filter to selectively detect one emis-
sion band from a single isotopologue. These spectra were cal-
ibrated using the I, LIF Raman shifting technique?” to an es-
timated accuracy of 40.003 cm™'.
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FIG. 1. A portion of the medium resolution LIF spectrum of jet-cooled chlo-
rine cation showing the perturbed vibrational structure. The inset shows the
chlorine isotope splittings and partially resolved rotational structure for one
band.

lll. RESULTS AND ANALYSIS
A. Description of the spectra

We began our experiments in the 400 nm region, which
produced very strong LIF signals of chlorine cation. The
spectra exhibit red-degraded bands with simple P, Q, and R
branches and readily distinguished chlorine isotope structure
as shown by the example in Fig. 1. The cold, unperturbed
spectrum of a simple diatomic molecule should consist of a
series of regularly spaced bands with a smooth intensity pro-
file. In contrast, this spectrum, which includes some of the
lowest energy cold bands identified in previous studies, shows
many of the complications evident in the Cl;r band system.
The vibrational intervals are highly irregular and there are
weaker interloper bands. Although the chlorine isotope split-
tings do not follow the expected regular patterns, they gener-
ally increase with excitation energy and the rotational struc-
ture of the bands appears largely unperturbed.

The spectra are exceptionally clean with very high
signal-to-noise ratios and no evidence of extraneous sig-
nals from other molecules (*3Cl, is predissociated’® above
19943.4 cm™"). Since the isotope splittings are substantial
(45—55 cm™!) in this region of the spectrum, the 0-0 band
is clearly to lower energy, so we extended our scan region
progressively to the red where the bands get weaker and
weaker, culminating in a very weak feature at 20286.0 cm™".
This band is some 3700 cm~! to lower energy than any
previous absorption, LIF or emission cold band reported in
the literature. Despite considerable effort, we were unable to
detect any cold bands to lower frequencies. A summary of
the data is presented in Table I.

The segment of the LIF spectrum in the lowest frequency
region is shown in the top panel of Fig. 2 with the bands la-
beled 1—12 as in Table I. It is readily apparent that bands 1—4
appear largely unperturbed, with regular vibrational intervals
and isotope shifts and no extraneous features. The interval be-
tween bands 4 and 5 is smaller than expected and two weaker
interloper bands appear just above band 5, indicating the onset
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of the vibrational perturbations. Before discussing the assign-
ments it is necessary to establish the degree of vibrational and
spin-orbit cooling in our spectra.

Using the v/ = 1 — v” = 0 interval of 640 cm~! obtained
from our own emission spectrum measurements (vide infra),
we searched our LIF spectra for any evidence of hot bands,
with no success, suggesting that all observed bands are vi-
brationally cold. As a test of this hypothesis, we altered the
expansion conditions by adding a short reheat tube>* and ma-
nipulating the time delay between the discharge and the laser
for less efficient cooling and obtained the spectrum shown in
the bottom panel of Fig. 2. A series of weak bands are ob-
served which can be readily assigned as hot bands originating
from v’ = 1 and 2, confirming that spectra obtained under the
coldest expansion conditions have insignificant populations in
v’ > 0.

The other obvious question concerns the extent of the
spin-orbit cooling in our experiments. The ground state spin-
orbit interval'® is 717.7 & 1.5 cm™!, some 77 cm~! higher
than the vibrational fundamental, so it might be anticipated
that the v/ =0 X 2H1/2g level should be depopulated in the
expansion. However, it is known that spin-orbit components
sometimes cool rather inefficiently, so this is not a priori a
necessarily good assumption. Initially, we attempted to find
bands in our spectra that were known from previous work (vi-
brational and rotational analyses) to be Q = 1/2—Q = 1/2
transitions, but were unable to identify any such features. We
then attempted to differentiate the bands on the basis of low-
resolution band contours, as shown in Fig. 3. The bottom
trace is the experimental 0.15 cm~! resolution spectrum of
a 3CIJ band at 23249.2 cm™! which we have analyzed as
a transition between 2ITs/ spin-orbit components. The simu-
lated spectrum is given in the central trace and the upper trace
shows the corresponding 2IT;,, component calculated using
the same B values but with the 8—1 band A-doubling con-
stants determined by Choi and Hardwick.® We conclude that
any 2I1;,, bands exhibiting A-doubling should be readily ap-
parent at low-resolution. No such bands have been found in
our spectra.

We have obtained approximate upper state B values for
most of the low-resolution bands in the spectrum by band
contour analysis using the very convenient graphical program
PGOPHER.? In each case, we fixed B’ = 0.2686 cm™! (from
Ref. 7) and varied T, and B until a good visual match was ob-
tained between the observed and calculated partially resolved
rotational structure. Comparisons between the B values de-
termined in this fashion and the more accurate constants ob-
tained for the same upper state levels by previous workers
showed agreement out to the third decimal place, sufficient
for the purposes of this work. The B values are summarized
in Table I.

We have studied bands 2 and 3 (Fig. 2) at high resolu-
tion in order to unambiguously confirm that they involve the
2[5/, spin-orbit components. Although these bands are weak,
the use of the LIF sync-scan method provides spectra with
excellent signal-to-noise ratio and no isotopic contamination,
as shown in Fig. 4. Analysis clearly indicates that the low-
est J” values of both bands are 1.5, with no evidence of A-
doubling, precisely as expected for 2IT3/, transitions. We have
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TABLE I. Observed LIF band heads (cm™") of the C]}' isotopologues (relative intensities and rotational constants are for the 33 C];’ species).

Band Heads Isotope shifts Rotational constant B’
Band # 35 Cl;r BSeprert 37 Cl;r Intensity® * Cl;r) 35 Cl;r FSepigt ¥ Cl;r 737Cl;r 35 Cl;r Upper state assignment
1 20286.0 20287.7 . VW —1.7 .. .. A;v=0
2 20662.8 20659.5 VW 33 0.19123 A;v=1
3 21031.1 21023.1 vw 8.0 0.18929 A;v=2
4 21382.9 21371.2 vw 11.7 0.186 A;v=3
5 21681.3 216704 VW 10.9 0.179 A,v=4
6 21872.5 21865.4 vw 7.1 0.179 B;v=0
7 21973.5 21966.7 VW 6.8 0.170 B;v=1
8 22200.0 22180.6 22160.7 w 194 39.3 0.1788° A;v=35
9 22495.5 22474.0 22451.4 w 21.5 44.1 0.1729° A;v==6
0.1733¢
10 22620.8 22607.0 VW 13.8 0.171 B;v=3
11 22787.6 22768.7 22748.4 vw 18.9 39.2 0.1669¢ B;v=4
12 22942.3 22916.3 22890.5 ms 26.0 51.8 0.1749° A;v=1
13 23083.8 23067.3 . VW 16.5 .. 0.161 B;v=>5
14 23249.2 23215.6 23181.5 S 33.6 67.7 0.1742° A;v=38
0.1744¢
15 23382.1 23362.6 VW 19.5 0.160 B;v=6
16 23550.8 23516.5 23481.2 mw 343 69.6 0.1691° A;v=9
17 23675.6 23647.1 23618.3 mw 28.5 57.3 0.1653¢ B;v=7
18 23848.4 23818.2 23786.7 mw 30.2 61.7 0.161 B;v=2_8
19 23967.1 23928.0 23888.6 Vs 39.1 78.5 0.1690¢ A;v=10
0.1694°
20 24263.1 24217.6 24170.5 ms 45.5 92.6 0.1702° A;v=11
0.1705°¢
0.1689¢
21 24410.1 24377.3 24343.7 VW 32.8 66.4 0.156 B;v=10
22 24564.4 24519.1 24472.3 S 453 92.1 0.1664° A;v=12
0.1659
23 24676.7 24635.6 24594.5 ms 41.1 82.2 0.1588¢ B;v=11
0.1596¢
24 24857.5 24817.6 24775.7 VW 39.9 81.8 0.157 B;v=12
25 24947.1 24894.9 24845.6 mw 52.2 101.5 0.1641° A;v=13
0.1638°
0.1640¢
26 25236.2 25179.6 25122.0 s 56.6 114.2 0.1665° A;v=14
0.1669°¢
27 25378.9 25334.4 25289.3 VW 44.5 89.6 0.156 B;v=14
28 25532.5 25477.8 25422.0 s 54.7 110.5 0.16144 A;v=15
29 25625.0 25573.5 25522.1 ms 51.5 102.9 0.15414 B;v=15
30 25812.1 25764.0 25713.8 w 48.1 98.3 B;v=16
31 25882.6 25820.3 25757.9 Vs 62.3 124.7 0.1607° A;v=16
32 26058.3 26008.4 25957.7 vw 499 100.6 0.146 B;v=17
33 26165.8 26101.1 26034.8 Vs 64.7 131.0 0.1622° A:v=17
34 26289.0 26234.2 26179.2 vw 54.8 109.8 0.14514 B;v=18
35 26451.3 26389.4 26325.9 ms 61.9 125.4 0.157 A:v=18
0.1538¢
36 26519.3 26456.8 26395.0 mw 62.5 124.3 0.14914 B;v=19
37 26773.0 26701.2 26628.1 Vs 71.8 1449 0.1588° A;v=19
0.1573¢
38 26928.3 26869.6 26809.0 vw 58.7 119.3 0.138 B:v=21
39 27051.7 26980.1 26906.2 S 71.6 145.5 0.1568° A;v=20
40 27141.9 27078.5 27014.5 w 63.4 127.4 0.138 B;v=22
41 27317.5 27289.1 27217.9 vw 28.4 99.6 0.145 B;v=23
42 27362.6 27253.1 27184.3 S 109.5 178.3 0.148 A;v=21
43 27535.0 27472.9 27408.7 VW 62.1 126.3 B;v=24
44 27622.8 27544.6 27464.9 s 78.2 157.9 0.155 A, v=22
45 27736.7 27670.5 27602.0 w 66.2 134.7 0.133 B:v=25

46 27887.3 27812.6 27732.5 w 74.7 154.8 0.150 A;v=23
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TABLE 1. (Continued.)

J. Chem. Phys. 137, 194317 (2012)

Band Heads Isotope shifts Rotational constant B/
Band # 3 Cl;r Bcr’art 37 Cl;r Intensity® (*° Cl;r) 3 Cl;r St ¥ Cl;r 737Cl;r 3 Cl;r Upper state assignment
47 27935.5 27864.1 27792.5 w 71.4 143.0 0.134 B;v=26
48 28168.5 28086.8 28002.1 mw 81.7 166.4 A;v=24
49 28297.9 28228.7 .. VW 69.2 . 0.129 B;v=28
50 28425.1 28343.9 28260.5 w 81.2 164.6 0.149 A;v=25
51 28482.5 28410.3 .. VW 72.2 . 0.129 B;v=29
52 28691.8 28606.6 28518.4 w 85.2 173.4 0.149 A;v=26
53 28823.5 VW B;v=31
54 28936.1 28852.3 28764.0 w 83.8 172.1 0.145 A;v=27
55 28996.4 28922.5 .. mw 73.9 . 0.123 B;v=32
56 29189.9 29101.5 29014.0 mw 88.4 175.9 0.143 A;v=28
57 29420.9 29335.6 29246.1 mw 85.3 174.8 A;v=29
58 29474.6 29400.4 29315.7 w 74.2 158.9 . ...
59 29660.7 29571.1 29480.3 mw 89.6 180.4 0.140 A;v=30
60 29880.8 29794.3 29703.4 w 86.5 177.4 0.140 A;v=31
61 29915.6 29841.2 29769.5 VW 74.4 146.1 0.114 .
62 30104.3 30015.3 29923.3 w 89.0 181.0 0.135 A:v=32
63 30245.2 30184.1 VW 61.1 0.110
64 30322.9 30224.5 30134.7 w 98.4 188.2 0.124 A;v=33°
65 30517.0 30421.0 30337.7 \ 96.0 179.3 0.121 A;v=34
66 30724.9 30644.3 ... w 80.6 . 0.124 A;v=35
67 30921.8 30835.4 30736.6 w 86.4 185.2 0.120 A;v=36
68 31106.8 w A;v=37
69 31280.0 31190.3 w 89.7 A;v=38
70f 31439.4 31354.9 w 84.5 A;v=39
Ayw: very weak, w: weak, mw: medium to weak, ms: medium to strong, s: strong, vs: very strong.
YFrom Ref. 7.
¢From Ref. 10.
dFrom Ref. 11.

¢This and subsequent assignments are tentative as these bands have not been fitted with the effective Hamiltonian model; see text.
fFurther weak bands that could not be assigned to a particular chlorine isotopologue or vibrational level were measured at 30455.8, 30471.8, 30490.3, 30561.2, 30576.2, 30789.1,
30885.0, 30989.2, 31014.2, 31026.1, 31175.1, 31206.4, 31288.4, 31367.8, 31489.5, 31513.0, 31561.2, 31585.4, 31621.9, 31647.0, 31691.7, 31710.4, 31734.0, 31756.2, 31794.7,

31806.3, 31837.6, 31868.7, 31898.4, and 31929.4 cm™!.

used PGOPHER? to fit the individual rovibronic transitions
using least squares methods. In each case, we were able to
fit the rotational structure, which is free of detectable pertur-
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12727
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20000 20500 21000 21500 22000 22500 23000
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FIG. 2. The low energy end of the LIF spectrum of chlorine cation. The top
“cold” spectrum was taken under expansion conditions that maximize the
ground state vibrational and spin-orbit cooling. All the observed transitions
in this spectrum originate in the v’ = 0 level of the lowest Q = 3/2 spin-
orbit component of the X 2l'Ig state. The inset shows the very weak 0-0 band.
The bottom “hot” spectrum was recorded under much less vigorous cooling
conditions and exhibits hot bands arising from v/ = 1 and v/ = 2.

bations, to experimental accuracy (0.003 cm~!) by varying
only Ty, B”, and B’, with the results shown in Table II. The
ground state B values are the same within their respective un-
certainties (average = 0.2686 cm™') and identical to that ob-

Experiment

23236 23241 23246

23231 23251

WAVENUMBER (cm™)

FIG. 3. A comparison of the rotational contour of an observed Cl;r band and
calculated contours for = 1/2 (top) and 3/2 (middle) transitions.
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FIG. 4. A portion of the high-resolution 35Clz+ 1-0 band sync-scan LIF spec-
trum with rotational assignments. The overlapping >CI*’CI™ lines present
in the total LIF spectrum are completely suppressed here. The bottom trace
shows the PGOPHER simulation using the constants in Table II and a rota-
tional temperature of 30 K.

tained for v/ = 0 by Huberman,’ indicating that both bands
originate from the same ground state v/ = 0 X 21'[3/2g level.
The excited state B values are larger than any of those deter-
mined in the early literature and almost identical to those ob-
tained recently from analyses of the 2IT;,, bands at 16 913 and
17 282 cm™!, tentatively assigned as 2—7 and 3—7.26 We are
led to the definite conclusion that all the bands in our cold
spectra originate in the ground state v =0 X 21'[3/2g level.

In addition to LIF spectra, we also obtained wavelength
resolved emission spectra for many upper state levels. By
laser excitation of higher energy LIF bands where the chlo-
rine isotopologues are completely resolved, we have recorded
emission spectra of ¥*CI3, **CI*’CI*, and ¥’CI; . Combining
the data from several such spectra, we have mapped out the
ground state energy levels and determined the vibrational con-
stants of the three isotopologues, as presented in Table III.

B. Determination of the vibrational numbering of the
lowest LIF bands

The crucial question for a band system with such a long
Franck-Condon profile is what is the upper state vibrational
assignment of our lowest cold band with band head at 20286.0
cm~!'?Is it the 0—0 band or are there more bands, too weak to
be detected, to lower energies? Unfortunately, this band has
very low intensity and we were unable to subject it to a de-
tailed rotational analysis or obtain emission spectra from it.

TABLE II. The rotational constants (in cm~') of 3 Clz+ and 3C17CIt.

1-0 band 2-0 band
Constant® scyf Bt Bcyy Bt
B 0.26864(10)>  0.26139(10) 0.26863(15) 0.26145(14)
B 0.19123(9) 0.18611(9) 0.18929(13) 0.18430(12)
To 20625.844(3) 20622.580(3) 20994.118(3) 20986.134(3)
aThe spin-orbit coupling constants were fixed at A’ = —790 cm™' (Ref. 17) and

A" = —717.7cm™" (Ref. 18).
>The numbers in parentheses are standard errors of 3o

J. Chem. Phys. 137, 194317 (2012)

TABLE III. Measured ground state 2H3/2g energy levels, the fitted vibra-
tional constants, and the least squares residuals (all in cm™! ), from the emis-
sion spectra of 35C12', 3c’crt, and 37Cl§' .

QSCI; 35Cl37Cl+ 37C1;—
N Energy® Residual Energy Residual Energy Residual
1 640 0.3 632 —0.1 623 0.2
2 1273 —0.1 1258 0.1 1240 —0.5
3 1901 0.3 1877 —-0.8 1852 -0.3
4 2522 —-04 2493 1.2 2459 0.8
5 3138 —-02 3100 0.0 3059 0.6
6 3748 —0.1 3702 -0.3 ... .
7 4352 —-0.2 4298 —-0.7 4239 -2.1
8 4951 0.6 4889 —-0.2 4826 2.3
9 5542 —-0.7 5475 1.2 5399 —-1.5
10 6129 —-0.2 6052 —0.6 5972 0.6
11 6710 0.2
12 7285 0.5
13 7854 0.7 ... ...
14 8416 -03 8309 0.0
15 8973 —-04
w,  645.15(12)° 637.54(23) 629.31(70)
weXe  2.9345(69) 2.938(14) 2.919(57)

2Energy above the lowest vibrational level of the X 2 I3/, state.
®The numbers in parentheses are standard errors of 1o.

However, chlorine isotope effects strongly indicate that it is
in fact the 0-0 band. From the high resolution analyses, we
obtain the precise *>Cl; —3CI’CI* isotope shifts of bands 2
and 3 as +3.26 and +7.98 cm™! and band 1 has an isotope
effect estimated from band heads as —1.7 cm™!. Using our
ground state vibrational constants from SVL emission spectra
of w, = 645.0 cm~! and w,x, = 2.93 cm~! and an estimated
range of upper state constants of @, = 350-400 cm~! with
w.x, = 2.0 cm™!, the 0-0 band isotope shift is readily calcu-
lated to be from —2.0 to —1.7 cm™'. The calculated isotope
shifts for the 1—0 and 2—0 bands are positive with values of
2.7-3.7cm~" and 7.2—8.9 cm™!, very similar to the observed
values of bands 2 and 3 in our LIF spectra. A consistent pic-
ture emerges with bands 1, 2, and 3 assigned as 0—0, 1 -0, and
2—0, respectively. The only caveat is that the higher bands in
the spectrum are known to be perturbed with irregular isotope
splittings which cannot be relied on to determine the vibra-
tional numbering.

The final piece of evidence concerning the vibrational
numbering comes from SVL emission spectra. The emission
spectra from bands 2—5 (see Fig. 2) are shown in Fig. 5. It is
well known that the number of nodes in such dispersed flu-
orescence spectra should be the same as the upper state vi-
brational quantum number and it is apparent that the lowest
frequency LIF band 2 has an emission spectrum with at least
one node. Unfortunately, we have no method to tell whether
there is a second node as the spectrum extends beyond the
range of our monochromator/detector limit of 850 nm. It is
also evident that going to higher upper state quantum num-
bers (bands 3-5) shifts the Franck-Condon pattern in a sys-
tematic way suggesting that the upper state wavefunctions are
not heavily perturbed and the number of nodes is still a use-
ful, although in this case experimentally limited, diagnostic.
We conclude that the existence of one node argues strongly
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FIG. 5. Single vibronic level emission spectra obtained by laser excitation of
bands 5 (top) to 2 (bottom) (see Fig. 2) in the LIF spectrum of chlorine cation.
In each case the horizontal scale is displacement from the laser excitation
wavenumber, which gives a direct measure of the ground state energy relative
to that of v/ = 0. The feature at 0.0 cm™! is scattered laser light.

that the upper state of cold band 2 is v/ = 1, in accord with
the isotope data.

With the LIF bands 1-3 established as transitions to v’
= 0, 1, and 2, respectively, we can now examine the higher
energy bands listed in Table I and attempt to make vibrational
assignments. The first four bands (0—0, 1—0, 2—0, and 3—0)
appear fairly regular with vibrational intervals of 377, 369,
and 352 cm~! and isotope shifts of —1.7, 3.3, 8.0, and 11.8
cm~! although the 3—0 isotope splitting is slightly smaller
than calculated (11.6-14.0 cm™!) and the anharmonicity is
quite a bit larger than that of the ground state. Curiously, the
B, values of bands 2—4 fit very well with the usual relation-
ship yielding B, = 0.1953(9) cm~! and ., = 0.0026(4) cm ™.
In attempts to assign the 4—0 band, we confront an immedi-
ate problem, as there are three weak bands (labeled 5, 6, and 7
in Fig. 2) in the vicinity, all with isotope effects smaller than
expected. Undoubtedly, some of these bands are transitions
to the interloper states that perturb the A 21555, levels. Us-
ing the data in Table I and the previously noted criterion that
the B values of the interloper states are significantly smaller
than those of A state levels, it appears that band 7 terminates
on an interloper state with B’ = 0.170 cm™!. Bands 5 and 6
have anomalously small isotope effects (10.9 and 7.1 cm™!),
B’ values (0.179 and 0.179 cm™'), and vibrational intervals
(298 and 191 cm™!) and it proved difficult to assign them with
any certainty. These difficulties only increase as one moves to
higher bands in the spectrum. At this point, we appealed to
theory to attempt to understand the nature of the perturba-
tions in more detail, which would hopefully allow us to make
definitive assignments for the observed bands.

IV. COMPUTATIONAL DETAILS
A. Ab initio electronic structure calculations

For the description of the Cl atom, the correlation
consistent polarized valence quadruple zeta basis set aug-
mented by a large exponent d function (cc—pV(Q+d)Z)

J. Chem. Phys. 137, 194317 (2012)

(16s11p4d2f1g)*>” was employed, generally contracted to
[6s5p4d2flg], giving a total of 64 spherical Gaussian func-
tions.

Our zeroth-order wavefunctions are of a complete active
space self-consistent field (CASSCEF) type constructed by dis-
tributing all 13 valence electrons into 8 molecular orbitals
correlating to the atomic 3s+43p valence shell. A state aver-
age (SA) treatment for states of the same spin and spatial
(£A) symmetry was used under D,, symmetry and equiva-
lence restrictions. This way all molecular |AS) states disso-
ciate smoothly to their respective adiabatic fragments at the
Hartree-Fock limit. Additional correlation was extracted by
single and double replacements out of all configuration func-
tions (CF) of the reference CASSCF space (CASSCF+1+4-2
= MRCI). The resulting configuration interaction (CI) spaces
(~1.5 x 10% CFs) were subsequently internally contracted
(icMRCI) to approximately 1/4 of their initial size. We have
thus constructed complete potential energy curves (PEC) for
all the Cl;r states of 24(xt, T [2], IT [2], A)gy symme-
try, dissociating adiabatically to the ground state atomic frag-
ments CI(3s?3p>; ?P) + CIT(3s*3p*; 3P) (see Fig. 6). Size
non-extensivity errors are mitigated through the multirefer-
ence analog of the Davidson correction, denoted as 4+Q in
what follows.”® The molecular constants and other relevant
features of the bound state PEC’s are summarized in the ac-
companying supplementary material.>’

Spin-orbit coupling has been accounted for by diagonal-
izing the H,; + Hgo in a basis comprising the eigenfunctions
of the electronic Hamiltonian H,;. The full Breit-Pauli opera-
tor is used for the calculation of the matrix elements between
the CFs of the “internal” zeroth-order CASSCF wavefunction,
while the effect of the “external” space is considered through
a mean field one-electron Fock operator.3°

Since we are only interested in deciphering the A 2TT3/5,—
X 2H3/2g Cl; spectrum, we had to adjust our SO computa-
tional strategy accordingly. We have obtained the lower state
PEC by diagonalizing the SO operator within a space com-
prising only the 4 A+X (= Q) components of the X *I1,
state. The upper 2 = 3/2, states were obtained from a 16
x 16 matrix generated by all 2 components of the *Z ", 21,
2A,, sz , and 22; states. The presence of the latter two A
= ( states in the SO matrix is important since their 2 = 1/2,
components interact heavily with A 2100 (see Fig. 7). Our
basis set is well suited for such a computational endeavor. For
example, the ionization energy (IE) of the CI atom is found
to be IE = 12.73 (12.84) eV at the CISD(+Q) level of theory
and compares nicely with the experimental value of 12.9676
eV.3! The atomic SO splittings of both the neutral CI(*P)
and ionic CIT(®P) atoms [AEq(1/2—3/2) = 794.45 cm™!,
AE, (1-2) =605.80 cm™!, and AE, (0—2) =908.71 cm™']
also compare well with the experimental values of 882.35,
696.00, and 996.47 cm™!, respectively.32

For all electronic structure calculations, the MOLPRO
2010.1 suite of programs was employed.

B. Coupled equations

Figure 6 shows the PECs of all |AS) states dissociat-
ing to CI(3s%3p’; 2P) + Cl+(3s23p*; 3P) calculated at the
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FIG. 6. The MRCI potential energy curves for the excited states of chlorine cation that dissociate to the ground state atomic fragments Cl(3s23p°; 2P)

+ CIt(3523p*; 3P).

MRCI level of theory. The A 21, and B A, PECs cross at
~2.22 A. When the spin-orbit interaction is considered, the
crossing becomes avoided and the A and B states exchange
their electronic character (see Fig. 7). It is this spin-orbit A
= 0 interaction that leads to the observed perturbations in
the A—X band system of Cl;L . The main CASSCEF equilibrium
configurations of the B state are

|BZA,,> >~ 0.60 |...ag2n:<7ulng2) —0.37 |...Ug2rrgaulrr,f>.

It is important to note that the spin-orbit interaction is

not due to the main configurations of the A (..o 77, ;) and
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FIG. 7. Potential energy curves including the spin-orbit interaction for the
lowest few u symmetry electronic excited state of chlorine cation. States of
the same 2 value interact, leading to avoided crossings.

B(...ogzn;‘ o) 71;) states, which differ by two spin orbitals, but
due to the 0.37 component (...ogzngoulnf) of the B 2A, state,
as originally suggested by Bramble and Hamilton.'!

The state mixing results in the breakdown of the Born-
Oppenheimer (BO) approximation, so that the vibronic lev-
els should be found by solving the coupled equations.** It is
well known (see p. 264 of Ref. 35) that their form depends
on the choice of either diabatic or adiabatic electronic wave-
functions. In the present case, we can define in a natural way
a diabatic basis comprised of the adiabatic MRCI PECs after
the inclusion of the diagonal SO energy contribution. Since
the #X 735, state is practically a pure quartet spin state (circa
99.5% of *X character at all R distances) the upper Q = 3/2,
vibronic levels can be adequately approximated by a two BO
term wavefunction

Vi(g, R) = %[dﬁ(q; R)x5.(R) + @%(q;: R)xg (R,

(H
where ¢ stands for the set of electronic coordinates, R for the
internuclear distance, d for diabatic, and ¢ for coupled.

The vibrational functions ¥, ; (R) are the solutions of the
following nonadiabatic coupled equations:
d2
2
[ /20) 7 s

=Eixi;(R), 2

+ VAR (R + HEE (Rx 1 (R)

d2
[—(hz/Zu)m + VE(R)x5:(R) + HY (RxS (R

= E; x5, (R). )
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TABLE IV. The results of the coupled equations calculations for the chlorine cation (in cm™"). In each case Diff. denotes the experimentally observed value
(see Table I) minus the calculated value.

Band origin Assignment 35C1;'—35C]37C1+ 35Cl;’—37C];'
Calc. Diff. Calc. Dift. % A % B Calc. Diff. Calc. Diff.
20285.9 0.1 0.1887 MPv=0 1v=0 -17 0.0 -35
20658.4 4.4 0.1871 0.0041 98v=1 2v=0 32 0.1 6.5
21022.9 8.2 0.1853 0.0040 9%6v=2 4v=0 79 0.1 16
21373.5 9.4 0.1826 0.0034 9lv=3 9v=0 11.9 —-0.2 24
21682.3 -1.0 0.1754 0.0036 66v=4 34v=0 12.1 —-12 24.8
21881.1 —8.6 0.1711 0.0079 45v=4 55v=0 6.7 0.4 13.9
21990.1 —16.6 0.1668 0.0032 3lv=>5 MOv=1 6.9 —0.1 13.5
22192.7 7.3 0.1746 0.0042 70v=>5 30v=1 18.6 0.8 372 2.1
22314.0 0.1625 13v=6 87v=2 4.9 9.9
22491.2 43 0.1725 0.0008 68 v =0 2v=2 233 —1.8 473 —-32
22634.8 —14.0 0.1640 0.0070 26v=06 T4v=3 12 1.8 242 e
22794.8 —-72 0.1674 —0.005 49v="1 5lv=4 21.8 -29 44.4 —-52
22938.2 4.1 0.1672 0.0077 50v="7 50v=4 229 3.1 45.7 6.1
23105.2 —21.4 0.1612 —0.0002 24v=28 76v=>5 17.9 —14 36.3
23233.4 15.8 0.1699 0.0043 70v=38 30v=>5 325 1.1 65.9 1.8
23406.2 —24.1 0.1574 0.0026 13v=9 87v=06 19 0.5 38.5
23536.0 14.8 0.1699 —0.0008 75v=9 25v==6 36.5 —-22 73.8 —42
23688.7 —13.1 0.1573 0.0080 21v=10 Yv=17 26.2 2.3 52.9 44
23849.8 —14 0.1655 —0.0045 58 v=10 42v=28 343 —4.1 69.9 —-82
23960.7 6.4 0.1597 0.0093 40v=10 60v=38 34.8 4.3 69.2 9.3

To solve them, we have used the Fox-Goodwin propaga-
tion scheme®® with matching of propagated outward and in-
ward solution matrices.’” The number of integration points
has been taken equal to 2001, with a grid extending from
Rpin = 1.48 Ato Rumax = 5.29 A. The only empirical adjust-
ment is that the B state diabatic curve has been shifted up-
wards by 140 cm™' in order to match experiment as closely
as possible. We have obtained the vibronic levels and corre-
sponding wavefunctions for the three isotopologues, **CIL} (1
= 17.48442634 amu), CI7CIT (u = 17.96982831 amu),
and ¥'Cl} (u = 18.4829513 amu). We have also calculated
B! as an expectation value based on the following simple
expression:

Rmax
Bi= [R5 (R + 5 (RP)AR. )
R

‘min

Once the ith solution of Egs. (2) and (3) was obtained, the
nuclear factors x, ;(R) were normalized according to

Rmax
/ (x5, (R + xj (R]dR = 1. 5)
R,

‘min

The percentage P, ; of each nuclear factor is given by

Rinax
P, = 100/ xs(R¥dR (n=A,B). (6)
Ruin
We label the vibronic levels based on the largest percentage
of a given diabatic state. The vibrational quantum numbers
were determined by comparing plots of the associated nuclear
wavefunctions x, ; to the shapes of the corresponding dia-
batic vibrational wavefunctions and identifying which func-
tions were most similar.

C. Computational results

Figure 6 indicates four low-lying electronic states (A
2T, B 2A,, lej , and IZEU’ ) accessible by electronically
allowed electric dipole transitions from the X ?T1, state. How-
ever, our transition moment calculations show that the vertical
transition to the A state is very strong (R, .» = 1.8 D), whereas
transitions to the other states are much weaker (B A, = 0.07
D, leu+ = 0.01 D, and 12Zu’ = 0.16 D), consistent with
our observation that all the bands in our spectra have simple
AA = 0 rotational structure. Franck-Condon factors calcu-
lated for the A—X transition from the curves in Fig. 6 indicate
a very weak 0-0 band, a long Franck-Condon profile, peak-
ing at about v/ = 23 and tailing off to dissociation at about
v/ = 42. Since our spectra contain about 100 bands (see
Table I), many of the observed features must be perturbation-
induced interloper bands.

The results of the solution of the coupled equations
for the lower levels of the A—X transition are presented in
Table IV. The agreement with experiment is very gratifying
and clearly leads to definitive assignments. The first four lev-
els are primarily v = 0-3 of the A state, perturbed slightly
from above by interaction with energetically distant levels of
the B state. The A state v = 4 level interacts strongly with the
nearby v = 0 level of the B state, yielding bands 5 (66% A v
=4) and 6 (55% B v = 0) in the spectrum. Due to the lower
vibrational frequency in the B state (286 cm™! vs. 382 cm™!
in the A state), the levels interleave, producing interloper band
7(69% B v = 1), and perturbed band 8 (70% A v = 5). Then
the calculation predicts a band at 22314 cm™! with upper state
87% B v = 2 that is not observed in the spectrum. This is
reasonable because the mixing with the A state, which car-
ries all the oscillator strength, is very small, so the interloper



194317-10  Gharaibeh et al. J. Chem. Phys. 137, 194317 (2012)
Av=0 Av=1 Av=2 Av=3 Bv=0 ‘ Bv=1 ’ Bv=2 ‘ Bv=3 ‘
Av=10 E(4 v=0)
Av=1 E (4 v=1)
Av=2 E (4v=2) Symmetric
Av=3 E (4v=3)
Bv=10 Xoo Xot Xo2 Xos E(B v=0)
Bv=1 Xio Xu Xi2 Xis EB v=1)
Bv=2 ) Xii Xy X E(Bv=2)
Bv=3 X0 X X Xss E(Bv=3)

FIG. 8. The form of the effective Hamiltonian matrix used to calculate the vibronic energy levels in the spectrum of Cl;’ . The diagonal energy terms are just
Ey =T, + @, (v + 1/2) — exe (v + 1/2)? + weye (v + 1/2)3 + ... and the off-diagonal terms Xjj are HEE (x%yalx%vs).

band is undetectably weak. Turning to the calculated B val-
ues, it is evident that they are generally slightly smaller than
the experimental values but follow the observed trend, with
smaller values for the B state vibrational levels, consistent
with the ab initio predictions: A state R, = 2.25 A and B state
R, = 2.44 A. Finally, the data in Table IV also show that
the calculations satisfactorily reproduce the chlorine isotope
shifts for bands 1-8.

The calculations continue to match experiment very well
until the last two entries in Table IV, which predict a per-
turbed band (58% A v = 10; 42% B, v = 8) at 23849.8 cm™!
with the larger B value and an interloper band (40% A
v =10;60% B v = 8) above it at 23960.7 cm™~' with a smaller
B value. However, the spectrum begs to differ, with the weaker
interloper (with smaller B value) occurring at 23848.4 cm™!,
below the very strong perturbed band with larger B value at
23967.1 cm~'. Clearly, the actual mixing of the A and B state
wavefunctions is not quite as predicted by the calculations. At
higher energies, the agreement between the observed and cal-
culated properties of the spectrum slowly degrades, reflecting
the limitations of a purely two-state ab initio model.

V. FITTING THE EXPERIMENTAL DATA

The coupled equations clearly show that the perturbations
are due to a spin-orbit interaction between the Q2 = 3/2 com-
ponents of the A 211, and B %A, electronic states. In order
to treat the data more quantitatively, we have used an effec-
tive Hamiltonian with vibrational and spin-orbit interaction
constants that could be refined by least squares methods. The
matrix element coupling a level of the A state with vibrational
quantum number v, to a level of the B state with vibrational
quantum number vp can be written as HSAOB (x dvA|deB>s
where the first term is the electronic spin-orbit interaction ma-
trix element and the second term is a vibrational overlap.®
Our ab initio SO calculations showed that H? has a value of
about 240 cm™! and that this value is almost constant (within
20%) from R = 2.0 to 3.6 A. We obtained the preliminary
vibrational overlaps (A state up to v = 42, B state up to
v = 60, limited by dissociation) and vibrational constants
from the MRCI PECs (Fig. 6).

A large matrix of the form shown in Fig. 8 was set up and
diagonalized and the eigenvalues, eigenvectors, and deriva-
tives were stored. The vibrational constants of each electronic
state and the spin-orbit coupling term HSAOB were varied to
minimize the sum of the squares of the deviations of the ob-
served and calculated transition frequencies. The initial fit-
ting was guided by the coupled equations calculation. Start-
ing with the first 20 transitions of *>CI} (see Table I, up to A
v = 11, B v = 8), we found that we could obtain a good fit
with a minimal set of constants, as long as the basis extended
up to v = 30 for both electronic states. Examination of the ab
initio vibrational overlaps of the A state v = 10 level, for ex-
ample, showed that they range from 0.41 with Bv=41t00.11
with B v = 34, slowly dying off at higher levels, which ac-
counts for the necessity of a large vibrational basis. Although
the maximum interaction occurs between energetically simi-
lar levels, the large matrix elements [240 cm~! x 041 =984
cm™! at B v = 4 down to 26.4 cm~! at B v = 34] mandate
significant level shifts due to more remote levels as well.

In each case, we have fitted the band head data of
Table I, rather than vibrational band origins which cannot be
determined precisely without full rotational analysis. How-
ever, this introduces little error as tests show that the band
origins are only 0.3-0.5 cm™' to lower energy, well within
the overall standard error for the least squares analysis.

Bootstrapping up from our initial set of 35CliF assign-
ments, we found that all of the A state levels up to v = 32
could be readily identified, along with most of the B state
levels up to v = 32 (for some B state levels the mixing is
too small to generate any appreciable intensity as found in
the coupled equations calculations). In our initial analysis,
we varied T,, w,, w.X., and w,.y, in both states and the sin-
gle interaction constant H¢?, using the ab initio vibrational
overlaps. New PECs and vibrational overlaps were then cal-
culated from the fitted vibrational constants using LeRoy’s
RKRI1 2.0 and LEVEL 8.0 programs®3° and the process was
repeated until no further improvements in the least squares fit-
ting could be achieved. In this fashion, all the observed tran-
sitions of 35C12+ up to v/ = 32 (85% of those in Table I) were
fitted to an overall standard error of 0.7 cm™!, about 1 or-
der of magnitude larger than the measurement error, typical
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TABLE V. The fitted® vibrational and spin-orbit interaction constants

(incm~1) of CI3.

Constant Berf Scr’ert et
A 23, state
T, 20440.81(72) 20441.53(70) 20440.81°
e 386.46(36) 381.29(35) 376.24(17)
WeXe 2.027(47) 1.976(45) 1.944(16)
®eYe —0.0299(21) —0.0294(20) —0.02834(35)
®eZe 0.001010(32) 0.001014(30) 0.00101°
e, —1.5x 1073 —1.5 x 1073 —1.5x 107?
B. 0.1897495¢ 0.1846241 0.1794985
e 0.001375892 0.001320652 0.001265973
B 2A3/2u state
T, 21913.42(104)  21913.11(104) 21913.42°
e 284.49(36) 281.03(36) 276.67(22)
WeXe 1.533(41) 1.543(42) 1.425(21)
®eYe —0.0094(18) —0.00666(188)  —0.00990(52)
®eZe 0.000157(27) 0.000117(28) 0.000157°
e, —2.0 x 107 —2.0 x 107 —2.0 x 107
B. 0.1617407¢ 0.1573721 0.1530031
e 0.001193303 0.001146015 0.001098608
H4E 240.58(67) 241.44(73) 240.58P
Std. Error 0.70 0.69 0.99
# Fitted transitions 60 59 46

“Standard deviations in parenthesis are 1o. Constants without parentheses were fixed at
preliminary values in the final analysis.

°Fixed at **CIJ value.

“Rotational constants [By = B.—a.(Vv + %)] from the ab initio PECs that were used in
the RKR calculations to determine the vibrational overlaps.

of low order Dunham expansion fits of vibrationally resolved
data. The vibrational constants up to w,z, were varied but,
due to correlations, the w,a, constants had to be fixed in the
final least squares analysis. Beyond v’ = 32, the constants did
not predict subsequent transitions, particularly those to the B
state, very well and the least squares standard error increased
rapidly.

Significant effort was made to try to include levels be-
yond v/ = 32 in the effective Hamiltonian analysis, without
success. Although the ab initio vibrational levels of the A and
B state diabatic potentials were readily fitted with a limited
Dunham expansion, high order Dunham constants were not
least squares determinable in fitting the experimental data.
We also attempted to include a vibrational level dependent
spin-orbit interaction expression of the form Hsp = HSAOB
+ o [R—R(va,vp)] where R, is the bond length at the curve
crossing, with interaction matrix element H&P R(va,vp) is
the R-centroid of any two vibrational levels, calculated from
the PECs using LeRoy’s Level 8.0 program.® This did not
improve the overall standard error significantly and the stan-
dard deviation of o was comparable to its error. Attempts to
include bound-free vibrational overlaps also did not lead to
any improvement.

In the final analysis, transitions up to v = 32 were fit-
ted for each of the chlorine isotopologues, and the results are
summarized in Table V. The % Cl;r and H¥CIFCI* data sets
were comparable and in each case ~60 transitions were fit-
ted with an overall standard error of ~0.7 cm~'. The ¥'Cl;
data set was more sparse, particularly at low v, and we found
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that fewer constants could be varied, so some were fixed at
their *>Cl; values, resulting in a higher overall standard error
(0.99 cm™") for the 46 fitted transitions. However, in all three
cases, the fitting process went very smoothly, readily predict-
ing higher transitions, and weak or overlapped bands, up to
the limit of v/ = 32. The full details of the least squares re-
sults are presented in the supplementary material. >’

VI. DISCUSSION

The effective Hamiltonian calculations show that the per-
turbations of the A state 2 = 3/2, levels with v < 32 can be
successfully fitted using a A2 = 0 spin-orbit interaction with
a constant HSAOB electronic interaction term. However, it is im-
portant to recognize that the matrix elements are large and
thus the A state vibrational level shifts are substantial and in-
volve significant interactions with several B state vibrational
levels. For example, in the absence of the spin-orbit interac-
tion, the B state v = 0 level occurs between the v = 3 and 4
levels of the A state and the ¥CIJ coupling matrix elements
(Ava |Hso| Bvg = 0) are 53 cm™! for vy = 0,98 cm™! for vy
=1,122cm™! forva =2, 120cm™! for va =3, and 97 cm™!
for vo = 4. As a result of these interactions, as well as those
with energetically more distant vibrational levels of the B
state, the A state v = 0—4 levels are pushed down from above
and the low-lying B state levels are pushed upwards, such that
va = 4is displaced by —133cm~' and vg =0 by +139 cm™!.
The level displacements get progressively smaller at higher
energy so that they seldom exceed 20 cm~! above v, = 10.

In our least squares analysis, each observed level has one
basis function with a coefficient greater than 0.5 so that as-
signments can still be made, and generally the second largest
coefficient is for the other electronic state, in agreement with
the coupled equations results. For example, bands 11 and 12
(Table I) are calculated to have the coefficients (Av;Bv) A7
= 0.54; B4 = 0.81 and A7 = 0.79; B4 = 0.53, respectively.
As in this example, the bands generally occur in matched pairs
because of near-degeneracies, although there is also mixing
with a plethora of energetically remote basis states.

Our results also explain why the rotational structure of
the bands in the spectrum appears largely unperturbed. The
interactions are primarily between energetically distant vi-
bronic states, affecting each excited state rotational level of
a given vibrational level in a similar manner. Simple 2 x 2
matrix calculations show that the rotational structure will be
slightly modified but will still fit the usual F(J) = B, J(J
+ 1) — D, [JUJ+D7]? expression although the D, values of-
ten exhibit anomalous negative signs, precisely as found by
previous workers.” ! The B values are also modified slightly
reflecting the fact that intrinsically the rotational constant
in the A state (R, = 2.25 A) is larger than that of the B
state (R, = 2.44 A).

It is noteworthy that the least squares determined value
of HiP = 240 cm™' is identical to the ab initio result ob-
tained from both the avoided crossing (see Fig. 7) and from
the matrix elements of the SO matrix, attesting to the high
quality of the theoretical calculations. The determined vi-
brational constants of the A and B states (Table V) are also
very similar to those obtained from the ab initio curves (see
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supplementary material®®) and are, therefore, entirely rea-
sonable. The least squares determined electronic term val-
ues of the A and B states are 366 and 413 cm™! higher than
the ab initio values and the measured A state 7, of 20286
+ 1 cm™! is comparable to the less accurate threshold pho-
toelectron result'® of 20382 4 35 cm ™.

The fundamental question remains: why are we un-
able to accurately fit transitions to vibrational levels above
v/ = 32 in our spectrum with the two-state effective Hamil-
tonian model? The answer is that the high vibrational levels
of the A and B states are affected by interactions with the
levels of other nearby electronic states. For example, the in-
set in Fig. 6 shows that there is an avoided crossing between
the A 2T1, state and the 2 2I1, electronic state at 3.6 A. This
kink in the A state potential occurs at a vibrational energy of
~10 000 cm~! which is equivalent to v = 30-35, near the
onset of our fitting problems. Nevertheless, despite such com-
plications, the mechanism of the perturbations for the great
majority of the bands in the spectrum is now quantitatively
understood in substantial detail.

It is of interest to compare the present results with the
ground-breaking analysis of the emission spectrum of chlo-
rine cation published by Huberman’ in 1966. The first col-
umn of his system I Deslandres table (Table VI, Ref. 7) corre-
sponds precisely to the cold bands observed in our spectra and
can now be assigned upper state vibrational quantum num-
bers. The ground state harmonic vibrational frequency, anhar-
monicity, isotope effects, and By value are also all in good
agreement with our results. His speculation about the nature
of the electronic transition (A 2IT,—X 2Hg) and the cause of
the perturbations (homogeneous A2 = 0 interactions with
nearby A, and X" electronic states) has also borne the test
of time, proving to be largely correct.

Finally, it is important to note that our data only address
half of the problem in that the jet-cooling only allows us to
observe transitions to the A state 2 = 3/2 levels. However,
it is now clear that the A 2I1/, levels must be perturbed by
levels of the C 225, state, which have an avoided crossing
at 2.54 A. The C 2%+ 1o zero point level occurs at approx-
imately the same energy as v = 4 of the A 21, state. The
spin-orbit matrix element, measured from the data in Fig. 7,
is ~175 cm™!, slightly smaller than H{? = 240 cm™'. From
this information, one can expect that the first few Q = 1/2
transitions will appear to be relatively unperturbed but inter-
loper C state levels will appear above ~v = 4, mirroring the
vibrational structure and perturbations observed in the
Q = 3/2 spectrum. If the transitions to the lower levels could
be observed, the vibrational numbering would be clear and
they could be extrapolated to the €2 = 1/2 transitions reported
in the literature, the data could be fitted as in the present work,
and Huberman’s’ band system II would also be quantitatively
understood.

VIl. CONCLUSIONS

The LIF spectrum of jet-cooled chlorine cation has been
recorded and the observed transitions identified as A 2I13/,,—
X *I3,. The 0-0 band has been positively assigned and
the onset of strong homogeneous spin-orbit perturbations ac-
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companied by the sudden appearance of interloper bands has
been observed. High level ab initio calculations including
spin-orbit coupling show an avoided crossing between the
A 23, and B 2Aspy potential curves which is the cause of
the observed perturbations. Solution of the nonadiabatic cou-
pled equations in the SO-diabatic basis provided a detailed
description of the low-lying transitions, allowing definitive
vibronic assignments to be made for the first time. Starting
from these calculations, we were able to fit all of the observed
bands in the spectrum up to v/ = 32 to an effective Hamil-
tonian SO-diabatic model incorporating a single electronic
spin-orbit coupling term and vibrational overlaps between the
bound vibrational levels of the two states. This work provides
a quantitative treatment and thorough understanding of this
highly perturbed spectrum.
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