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This paper studies the isotopic effect of Cl+2 rovibronic spectra in the A2Πu (Ω = 1/2)−X2Πg (Ω = 1/2) system.

Based on the experimental results of the molecular constants of 35Cl+2 , it calculates the vibrational isotope shifts of the

(2, 7) and (3, 7) band between the isotopic species 35Cl+2 , 35Cl37Cl+ and 37Cl+2 , and estimates the rotational constants

of both A2Πu and X2Πg states for the minor isotopic species 35Cl37Cl+ and 37Cl+2 . The experimental results of the

spectrum of 35Cl37Cl+ (3, 7) band proves the above mentioned theoretical calculation. The molecular constants and

thus resultant rovibronic spectrum for 37Cl+2 were predicted, which will be helpful for further experimental investigation.
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1. Introduction

The element chlorine (Cl) has two natural iso-
topes, 35Cl and 37Cl, and the 35Cl almost occu-
pies 75%. Therefore, Cl2 molecule has 3 kinds of
isotopes,35Cl2, 35Cl37Cl and 37Cl2.

The spectra of the two lighter isotopes35Cl+2 and
35Cl37Cl+ have been studied widely.[1−5] There are a
large number of red-degraded bands extending from
about 640 to 340 nm which were assigned to the
A2Πu−X2Πg transition. This system has two compo-
nents: 2Π1/2−2 Π1/2 and 2Π3/2−2 Π3/2. However, the
vibrational bands were congested because of the over-
lapping isotopic bands and high rotational tempera-
ture, and furthermore, the excited electronic state is
known to be severely perturbed. It causes the anal-
ysis to be ambiguous both for the assignment of the
vibrational quantum numbers of the bands and for the
identity of the bands as belonging to the Ω = 1/2 or
Ω = 3/2 component.

In 1984, the extensive rotational envelope of
each (υ′, υ′′) vibrational band is effectively removed

in the supersonic expansion (rotational tempera-
ture is ∼20 K), which was made by Tuckett and
Peyerimhoff.[6] One hundred vibrational bands have
been fitted into two Deslandres tables (one for Ω =
1/2 and the other for Ω = 3/2). A graph of isotopic
splitting ∆ν against frequency of the 35Cl+2 A − X

vibronic band has been made. Only by correlating
the photoelectron spectrum with this optical emission
spectrum, van Lonkhuyzen and de Lange[7] could as-
sign vibrational quantum numbers to these tables.

In 1989, Λ-doubling were observed in a jet-cooled
A − X emission spectrum by Choi and Hardwick.[8]

They confirmed the identity of some of the bands as
belonging to the Ω = 1/2 bands. Later, they re-
ported more bands of the Ω = 3/2 component and
first rotationally analysed the bands of the minor iso-
tope 35Cl37Cl+.[9] Nearly at the same time, Bramble
and Hamilton[10] observed laser-induced fluorescence
excitation spectrum of Cl+2 and analysed many bands
of the (υ′, 0) progression of the Ω = 3/2 component
and some extra bands arising from the perturbation
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of both 35Cl+2 and 35Cl37Cl+.
Most recently, the absorption spectra of 35Cl+2

and 35Cl37Cl+ have been observed by employing op-
tical heterodyne detected velocity modulation spec-
troscopy enhanced by magnetic rotation (OH-MR-
VMS) in our previous publication.[11] Rotational anal-
ysis of the (2, 7) and (3, 7) bands of 35Cl+2 and the (3,
7) band of 35Cl37Cl+ were reported. The little mag-
netic enhancement of the lines confirms the identity
of these bands as due to the Ω = 1/2 component of
the electronic transition in spite of the paramagnetic
feature of Cl+2 molecule itself.

The spectrum of the least abundant isotopic
species 37Cl+2 has not yet been observed. The rel-
ative abundances of the 35Cl2,35Cl37Cl and 37Cl2 are
9.53:6.17:1.00. The spectral intensity of 37Cl+2 is, thus,
considerably weaker than those of the two lighter iso-
topes.

In order to help the seeking of the spectrum due
to 37Cl+2 , we studied the isotope effect of Cl+2 in the
present paper. Using the isotopic effect, we calculated
the vibrational isotope shifts of the (2, 7) and (3, 7)
band between the isotopic species 35Cl+2 , 35Cl37Cl+

and 37Cl+2 and obtained the molecular constants of
35Cl37Cl+ and 37Cl+2 based on the experimental re-
sults of the most abundant one 35Cl+2 . The calcu-
lated rovibronic spectrum of 35Cl37Cl+ (3, 7) band
was proved in comparison with the experimental re-
sult. Therefore, the theoretical predicted rotational
constants and resultant spectrum for 37Cl+2 will be
helpful for further work.

2. Spectra of Cl+2

The absorption spectra of Cl+2 have been recorded
at high resolution in the region 16820–17350 cm−1.[11]

The experimental details were described in Refs.[11]
and [12]. The I2 absorption spectrum[13] was simulta-
neously recorded to calibrate the absolute wavelength
of each observed spectral line with the uncertainty
ranging from 0.005 to 0.01 cm−1 depending on its
signal-to-noise ratio.

The P and R branches are observed while the
Q branches are absent, which is consistent with the
character of the 2Π − 2Π transition. We employ the
Faraday effect to tell the spectrum observed due to
Ω = 1/2 or 3/2 component because the spectral signal
will linearly increase the applied longitudinal magnetic
field if the states are paramagnetic.[14] Comparing the

two sets of spectrum with the magnetic field ON or
OFF, we find that some lines keep unchanging, pre-
senting a weak Zeeman effect.[15] It confirms that they
arise from the essentially diamagnetic state 2Π1/2.[16]

Thus, they were picked out and assigned to the (2, 7)
and (3, 7) bands of 35Cl+2 and (3, 7) band of 35Cl37Cl+

in the A2Π1/2−X2Π1/2 system. It extends the range
of vibrational assignments considerably in both the
ground and the excited states. By the vibrational and
rotational analyses of these two isotopic species, we
derived precise molecular constants.[11] Unfortunately,
the spectrum due to the least abundant isotope 37Cl+2
failed to be observed.

3. Theory

For isotopic molecules, the formulae for the
vibrational energy levels are in a very good
approximation[17]
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where ρ2 = µ/µi and µ is the mass of molecules. The
values of ρ for the pairs 35Cl2 and 35Cl37Cl, and 35Cl2
and 37Cl2 are 0.98640, and 0.97261 respectively. Ne-
glecting the higher order correction term of ωeye, we
find that the vibrational isotopic shift of two isotopic
molecules is
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Here νe is the difference of the two electronic poten-
tial curves involved, which is the same as a very good
approximation for the two isotopic molecules.

For isotopic molecules, the rotational constants
are given to a very good approximation[17]
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Therefore, the rotational isotopic shift of the band
lines is,

∆νr = νr − νi
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4. Results and discussion

The band origins obtained in our work provide ad-
ditional entries to the Deslandres table of the Ω = 1/2
component of Tuckett and Peyerimhoff.[6] Thus the
improved values of the vibrational constants of the up-
per and lower states were obtained by using the band
origins in our work[11] together with those of (8, 1), (8,
2), (11, 1), (11, 2) and (12, 1) bands in Ref.[8]. The
derived constants are listed in Table 1. The standard
deviation (σ = 19 cm−1) is mainly due to the irregu-
lar vibrational intervals caused by the perturbations,
however, it means that we have got a relative accu-
racy at the order of 1.0×10−3. The perturbations also
affect precisely predicting the position of the bands of
35Cl37Cl+ or 37Cl+2 based on that of the most abun-
dant isotope 35Cl+2 . Nevertheless, the analyses of the

Table 1. Summary of the molecular constants (in

cm−1) of 35Cl+a,b
2 .

νe ωe ωexe σe

A2Πu 20640(25)c 390.4(64)c 2.52(42)c 19

X2Πg 0 643.6(59)c 2.62(81)c

Be αe σe

A2Πu 0.1971(16)d 0.00226(17)d 0.0012

X2Πg 0.26893(15)d 0.001346(32)d 0.00015

a Values belonging to the Ω = 1/2 component.

b Numbers in parentheses denote one standard deviation in

units of the last two digit.

c Estimated values using vibrational numbering from Refs.[6, 8,

11].

d Estimated values using rotational constants from Refs.[8, 11].

e σ represents the standard deviation of the fitting.

isotope effects are helpful for searching isotopic bands
in the experiment and further assigning the observed
lines because 19 cm−1 is acceptable.

The vibrational isotopic shifts were calculated re-
garding Eq.(2). For the pair 35Cl+2 and 35Cl37Cl+, it
gives ∆ν(cal) = −43.9 cm−1 which is in good agree-
ment with ∆ν(obs) = −41.32 cm−1 for the (3, 7)
band. The difference between the calculated value and
the observed value is mainly caused by the fairly pre-
cise vibrational constant caused by the perturbations.
Meanwhile, ∆ν(cal) of the (2, 7) band is predicted to
be –48.8 cm−1 and the band origin of the (2, 7) band
of 35Cl37Cl+ is obtained, in accordance with the ten-
dency of Fig.2 in Ref.[6]. These values are listed in
Table 2.

The matrix elements reported by Amiot et al [18]

of the effective Hamiltonian of Brown et al [19] were
used to determine the molecular constants as Choi
and Hardwick did in Ref.[8]. The derived rotational
constants and those of (8, 1), (8, 2), (11, 1), (11, 2)
and (12, 1) bands in Ref.[8] were used to fit Be and αe

of the upper and lower states by using the expression

Bυ = Be−αe

(
υ+

1
2

)
. Here the centrifugal distortion

constants D
′
and D′′ were neglected since the value of

D′′ was fixed at 1.8×10−7 for the least-squares fit in
Ref.[8]. The derived constants are also listed in Table
1. They are more precise than the derived vibrational
constants. It agrees with the result of Ref.[6] that
the perturbations between the states, which are very
close in energy, were likely to be vibrational in nature
and it will cause vibrational shifting and remain the
rotational structure.

Therefore, using Eq.(3), we have calculated the
rotational constants of the upper and lower states of
the isotopic species 35Cl37Cl+. A comparison between
calculated and experimental values is also listed in
Table 2. The spectrum of 35Cl37Cl+ (3, 7) band is
calculated and compared with the experimental one.
There is a root-mean-square (rms) deviation of 2.8
cm−1. The relatively large deviation is mainly due to
the fairly precise vibrational constant caused by the
perturbations mentioned above. Therefore using the
experimental vibrational constant and calculated ro-
tational constants, we have calculated the spectrum
again with an rms deviation of 0.3 cm−1. It proves
the reliability of the theoretical calculation.
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Table 2. Molecular constants and isotopic shifts (in cm−1)

for the Ω = 1/2 component of A−X of 35Cl37Cl+.

υ′′ = 7 υ′ = 2 υ′ = 3 σc

B 0.252070(19)a 0.184335(20)a 0.0041a

B(cal) 0.25198 0.1864 0.1842

(2, 7) (3, 7)

ν0 16962.4 17323.2867(10)a

∆ν(obs) –41.32

∆ν(cal) –48.8 –43.9

a Values of Ref.[11].

b Numbers in parentheses denote one standard deviation in

units of the last two digit.

c σ represents the standard deviation of the fitting.

As to the isotopic species 37Cl+2 , molecular con-
stants and the isotope shifts ∆ν(cal) = ν0(35Cl+2 ) −
νi
0(

37Cl+2 ) were predicted and listed in Table 3. Fur-
thermore, the spectrum of 37Cl+2 (3, 7) band was pre-
dicted and listed in Table 4.

Table 3. Molecular constants and isotopic shifts (in cm−1)

for the Ω = 1/2 component of A−X of 37Cl+2 .

υ′′ = 7 υ′ = 2 υ′ = 3

B(37Cl+2 ) 0.24511 0.1813 0.1792

(2, 7) (3, 7)

ν0(37Cl+2 ) 17012.0 17370.4

∆ν(cal) –98.4 –88.5

Table 4. The predicted rotational lines for the Ω =

1/2 components of (3, 7) band of 37Cl+2 (in cm−1).

J P (J) R(J)

0.5 17370.8059

1.5 17369.5326 17370.9666

2.5 17368.8443 17370.9953

3.5 17368.0242 17370.8922

4.5 17367.0721 17370.6572

5.5 17365.9883 17370.2903

6.5 17364.7725 17369.7916

7.5 17363.4250 17369.1611

8.5 17361.9458 17368.3988

9.5 17360.3347 17367.5048

10.5 17358.5920 17366.4791

11.5 17356.7177 17365.3218

12.5 17354.7117 17364.0328

13.5 17352.5743 17362.6123

14.5 17350.3053 17361.0604

Table 4. (Continued).

J P (J) R(J)

15.5 17347.9049 17359.3770

16.5 17345.3731 17357.5622

17.5 17342.7101 17355.6162

18.5 17339.9159 17353.5390

19.5 17336.9905 17351.3306

20.5 17333.9341 17348.9912

21.5 17330.7467 17346.5209

22.5 17327.4285 17343.9197

23.5 17323.9795 17341.1877

24.5 17320.3999 17338.3250

25.5 17316.6897 17335.3318

26.5 17312.8490 17332.2082

27.5 17308.8781 17328.9542

28.5 17304.7769 17325.5700

29.5 17300.5456 17322.0558

30.5 17296.1844 17318.4115

31.5 17291.6933 17314.6375

32.5 17287.0725 17310.7337

33.5 17282.3222 17306.7004

34.5 17277.4425 17302.5377

35.5 17272.4335 17298.2457

36.5 17267.2954 17293.8246

37.5 17262.0284 17289.2746

38.5 17256.6326 17284.5958

39.5 17251.1082 17279.7884

40.5 17245.4553 17274.8525

5. Conclusion

In this paper the isotope effect in the A2Πu(Ω =
1/2) − X2Πg (Ω = 1/2) spectra of Cl+2 is reported.
Based on the experimental molecular constants of
35Cl+2 , the vibrational isotope shifts of the (2, 7) and
(3, 7) bands for the pairs 35Cl+2 and 35Cl37Cl+, and
35Cl+2 and 37Cl+2 are derived, and the rotational con-
stants of both A2Πu and X2Πg states are calculated
for the minor isotopic species 35Cl37Cl+ and 37Cl+2 .
Then the spectrum of 35Cl37Cl+ (3, 7) band is calcu-
lated and compared with the experimental one. The
agreement between the experimental and theoretical
values proves the reliability of the theoretical calcula-
tion. Therefore the rovibronic spectrum for 37Cl+2 is
predicted to help the seeking of experimental lines.
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