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Abstract
Chlorine nitrate is a molecule of both spectroscopic and atmospheric interest. It is a species whose spectrum in the infrared is marginally resolved in the Doppler limit, thereby limiting the spectroscopic study of its dense rovibrational structure. Analyses of its pure
rotational spectrum in the millimeter and submillimeter (mm/submm) spectral regions of the ground, m9, 2m9, m7, 3m9, and m7m9 vibrational
states have been previously reported. In this paper, we report the recording of a new ‘complete’ mm/submm spectrum from 78 to
378 GHz using phase-lock and FASSST (FAst Scan Submillimeter Spectroscopic Technique) systems. We also report the use of these
new data for redetermination of spectroscopic constants for the ground state and for an analysis of the m5/m6m9 interacting dyad, whose
corresponding infrared spectrum lies near 560 cm1. The simulation of the rotational structure of m5 from the mm/submm analysis is of
particular interest because it is one of the bands that is used for atmospheric remote sensing.
 2007 Published by Elsevier Inc.
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1. Introduction
Chlorine nitrate (ClONO2) is a planar, near prolate molecule (j  0.9) with a strong a-axis dipole moment,
la = 0.72(7)D, and a weaker b-axis component,
lb = 0.24(2) [1]. Its importance in atmospheric chemistry
has been widely noted [2–6]. In natural abundance the
two chlorine isotopologues, 35ClONO2 and 37ClONO2,
are of greatest importance, each with several low-lying
vibrational states. This creates a very complex and crowded
pure rotational spectrum in the millimeter and submillimeter (mm/submm) spectral region and a marginally resolved
infrared spectrum.
The character of the vibrational fundamentals has been
established by Miller et al. [7] and a harmonic force ﬁeld
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calculated from measured vibrational fundamentals [5].
High-resolution infrared work has been done on m4, m5,
and m2 [4,6,8,9]. Several microwave studies have been done
of the ground and m9 states [1,10,11]. More recently, microwave work has also been reported on the lowest energy
dyads of interacting vibrational states, including 2m9/m7
[12] and 3m9/m7m9 [12,13], and relations among the spectral
constants and Fermi resonances of the several vibrational
interactions were developed [14].
Because the rotational structure of chlorine nitrate’s
infrared bands has been diﬃcult to establish, remote sensing recoveries are currently based on band spectra
approaches rather than line-by-line calculations [15]. A
typical technique has been to approximate the observed
cross section by the use of a set of equally spaced spectral
lines of varying intensity whose lower energy levels are
selected to provide an appropriate temperature dependence
[6,16]. Reports of line-by-line analyses of infrared spectra
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are beginning to appear. The most successful of these have
been based on cooled molecular beams with reduced spectral density [4,9], but the low temperature of these beams
does not allow modeling of the spectrum at atmospheric
temperatures. Additionally, analyses of resolved lines and
band contours have been used to provide the bases for
simulations and atmospheric retrievals [17].
One of the motivations for the work reported here is to
use the higher resolution in the mm/submm region to
resolve this otherwise diﬃcult to observe rotational structure and to develop quantum mechanical spectroscopic
models. We have shown in the case of the spectrally complex m5/2m9 dyad of HNO3 [18] that the knowledge of the
rotational structure of the relevant excited states that can
be obtained from the mm/submm spectrum is suﬃcient
to calculate its rotational energy level structure to very high
accuracy. We have also used this approach to simulate the
rotational structure of the infrared bands of HNO3 in the
22 l region [19].
However, this mm/submm approach faces its own diﬃcult, if somewhat less fundamental, challenges. First, the
pure rotational spectra in excited vibrational states are
eﬀectively hot bands and their intensities are reduced by
their corresponding Boltzmann factor. However, the
sensitivity of modern mm/submm spectroscopy is such that
even high lying levels are of suﬃcient intensity to be
observed. For example, we have measured and analyzed
the m2 state of HNO3 near 1700 cm1 with integration times
of 103 s.
The greater challenge is spectral confusion because
the rotational spectra in all vibrational states for all
isotopic species occupy the same spectral space. For this
reason we started our analyses of ClONO2 with the
lowest lying vibrational states and extended the earlier
analyses to higher lying rotational states. This left the
lines for each successive analysis among the strongest
unassigned lines. While m6 and the 4m9/m72m9/2m7 triad
are lower in energy than the m5/m6m9 interacting pair
reported here, we have preliminary analyses of the lower
states that allowed this work to proceed without great
diﬃculty.
The present work focuses on the m5/m6m9 interacting pair
because m5 is particularly well suited for atmospheric observations and because m6m9 is the upper state of the ﬁrst hot
band of m6—another state of importance for atmospheric
remote sensing. Thus, the interacting pair discussed in this
paper is important for the development of line-by-line
models that are capable of simulating the infrared spectra
of both of these bands at arbitrary atmospheric
temperature.
2. Experiment
2.1. The FASSST spectrometer
The work which we have previously reported on
ClONO2 was based on single FASSST (FAst Scan Sub-

millimeter Spectrometer Technique) [20] scans (with analog integration times of 105 s), along with slow scans
(with an analog integration time of 1 s) taken with a
phase locked instrument between 78 and 118 GHz
[14,21,22]. The initial assignments and analyses reported
in this paper are also based on these data. However,
to broaden the experimental base for this work to more
of the rotational manifold (and to make possible
analyses of yet higher vibrational states), we recorded
new FASSST spectra between 118 and 378 GHz. These
new data are based on 400 co-added scans (an eﬀective
integration time of 103 s). This was combined with
an improved sample preparation, increasing the S/N of
the spectrum by 100. There is only a small, 8 GHz segment of the rotational spectrum at 185.58–193.48 GHz,
which for technical reasons is missing in the FASSST
spectrum.
2.2. Chemical synthesis
The chlorine nitrate was synthesized using the reaction
between chlorine monoﬂuoride and lead nitrate [23].
2ClF þ PbðNO3 Þ2 ! PbF2 þ 2ClONO2
The presence of water in the lead nitrate resulted in the
production of nitric acid. However, its higher vapor pressure allowed most of it to be distilled from the sample
and the remainder was used as a calibration gas for the
spectrometer.
3. The spectroscopy of the m5/m6m9 dyad
3.1. Infrared laboratory work
The m5 band in the infrared has been studied in the laboratory at near stratospheric conditions (233 K). These
results were then compared with actual stratospheric observations [6], which came from regions of the stratosphere
which ranged in temperature from 207 to 253 K at the time
of the observations.
3.2. Spectral simulation strategy
As noted above, the infrared spectrum of chlorine
nitrate is diﬃcult to characterize for atmospheric retrievals because it represents an awkward resolution case.
It is not well enough resolved for laboratory analysis to
provide a detailed spectral analysis, but nonetheless has
a complicated, partially resolved signature that is not well
characterized by a simple knowledge of the integrated
band strength. For the aforementioned comparison, the
cross section was approximated by creation of a set of
synthetic equi-spaced spectral lines, whose ground state
energies were adjusted to reproduce the observed temperature dependence of the integrated cross section. This
temperature dependence was obtained from Davidson
et al. [24].
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3.3. Simulation from pure rotational data
The work reported here provides an alternative
approach. In spite of the substantial mixing with m6m9 that
complicates the spectrum of m5 at high resolution, the mm/
submm pure rotational spectrum reported here makes possible a detailed analysis of both vibrational states of the
dyad. This analysis, combined with the reanalyzed ground
state, makes possible the simulation of the m5 band to very
high accuracy at arbitrary atmospheric temperature.
Because the spectroscopy of a particular set of mixed
states involves analyses that (because of hot band contributions) ultimately will be involved in the simulations of different infrared regions, the availability of data for these
simulations does not neatly track the completion of spectroscopic analyses. For example, the infrared region
around m5 also contains hot bands such as (m5 + m9  m9)
which we have yet to analyze, but the region around m6
(for which we have a reasonably good analysis based on
the original data set) contains the hot bands
(m6 + m9  m9). This hot band can be synthesized based on
the analysis of the m6m9 part of the dyad reported here.
While the hot band problem is in some sense inﬁnite, in
preliminary work we have found that reasonably good
results can be obtained if only the fundamental band is
analyzed in detail and low-resolution band contours are
generated for the hot bands based on the expected progressions of spectroscopic parameters as a function of the
vibrational state quantum numbers. If, as in the case of
the region around m6, the detailed spectroscopy of both
the fundamental and of the ﬁrst hot band is known, we
expect that the results will be very satisfactory.
4. Results and analysis
In this work, we report the analyses of the pure rotational spectra of the v5 = 1 and (v6 = 1, v9 = 1) states.
v5 = 1 gives rise to infrared spectrum in the 540–580 cm1
region. While the room-temperature rotational spectra of
these states are weaker in the mm/submm region by about
a factor of 15 in comparison to those of the ground vibrational state, they are still strong and well resolved. The
principal challenge to their analysis is the strong perturbation between the two states, which was found to aﬀect rotational transitions with low values of the Ka quantum
number. The interactions between the states of the m5/m6m9
dyad are diﬀerent than those which we have reported previously for the m7/2m9 [12] and the m7m9/3m9 [13] dyads
because the current states are of diﬀerent symmetry and
in the m5/m6m9 dyad there is, therefore, no ﬁrst order Fermi
interaction to push the states apart. The v5 = 1 state
belongs to the A 0 and the (v6 = 1, v9 = 1) state to the A00
representation of the Cs symmetry group for the ClONO2
molecule, so that Coriolis coupling between the two states
is possible about both the a- and the b-inertial axes. The
interaction is expected to be prominent due to relatively
small vibrational energy diﬀerence between the states,
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which was estimated from the ﬁtted harmonic force ﬁeld
to be close to 8 cm1 for 35ClONO2 [11].
The Hamiltonian for the analysis was constructed in
standard block-wise manner, in which we have used Watson’s asymmetric rotor Hamiltonian [25] for the diagonal
terms for the two vibrational states, and an interstate oﬀdiagonal coupling term of the form
H cor ¼ ðGa þ GJa P 2 þ GKa P 2z þ ...ÞP z þ ðGb þ GJb P 2 þ ...ÞP x :
ð1Þ
The truncation of the centrifugal distortion expansions for
Ga and Gb in Eq. (1) is made at the number of terms that
proved to be suﬃcient for describing the observed perturbation to experimental accuracy. The next higher order
terms involving coeﬃcients Fbc of angular momentum
operators PbPc + Pc Pb did not prove necessary. In dealing
with Coriolis perturbations several diﬀerent choices of constants of ﬁt can lead to similar deviations of ﬁt, and the
choice used presently has been selected since it is based
on the constants associated with lowest order angular
momentum operators uses the smallest number of constant
of ﬁt, and is characterized by relatively small intercorrelations between the constants. The ﬁts and predictions were
performed with Pickett’s SPFIT/SPCAT package [26,27].
In addition to the presence of strong Coriolis interaction,
there are further complications in the analysis. In natural
abundance the spectra of both 35Cl and 37Cl isotopologues
are of importance. Furthermore, in the room-temperature
spectrum there are ten vibrational states for each isotopologue that are lower in energy than the states in the studied
dyad, so that rotational transitions in the lower states have
to be accounted for. For this reason the assignment and
construction of the datasets were carried out with the help
of the AABS package for Assignment and Analysis of
Broadband Spectra [28,29]. The package provides mechanisms for keeping track of previously assigned states, is
optimized for eﬃcient processing of very extended spectra,
and provides Loomis–Wood type tools for graphical
assignment.
4.1. The ground vibrational state
Since the vibrational states of interest are at 550 cm1,
it is natural that fewer transitions can be observed than in
the ground vibrational state. In consequence, some of the
higher order constants in the Hamiltonian are not determinable and have to be ﬁxed at values for the ground state,
so that reliable ground state constants are required for this
purpose. We have used our new spectra to improve our
previously published ground state analysis. The datasets
were considerably extended by combining transitions measured in the new spectra with those used in Ref. [11]. The
resulting spectroscopic constants are reported Table 1 for
the S-reduced form of Watson’s Hamiltonian, and in Table
2 for the A-reduced Hamiltonian, which has not previously
been used. The complete data ﬁles for 35ClONO2 are
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Table 1
Comparison of the S-reduced spectroscopic constants determined for the ground state and for the (v6 = 1, v9 = 1) and v5 = 1 states in
37
ClONO2

35

ClONO2 and

37

35

ClONO2

ClONO2

g.s.
a

v5 = 1

g.s.

(v6 = 1, v9 = 1)

v5 = 1

12016.5184(87)
2767.09804(17)
2254.14031(17)

12052.1542(78)
2769.26604(18)
2248.40813(19)

12105.32502(32)
2700.973934(37)
2207.604555(35)

12016.921(12)
2691.66427(26)
2203.89052(21)

12050.764(13)
2693.35023(26)
2197.98329(25)

A
B
C

/MHz
/MHz
/MHz

DJ
DJK
DK
d1
d2

/kHz
/kHz
/kHz
/kHz
/kHz

0.500743(10)
3.854253(83)
9.4738(16)
0.0957017(60)
0.0177421(29)

0.516907(34)
3.89647(82)
8.305(49)
0.096530(10)
0.0170412(61)

0.506687(35)
3.81895(81)
9.452(47)
0.098634(10)
0.0180775(67)

0.4810004(97)
3.71562(11)
9.6419(34)
0.0896618(57)
0.0161924(30)

0.495978(43)
3.7438(31)
8.79(11)
0.090298(18)
0.015497(12)

0.486942(47)
3.6919(31)
9.30(13)
0.092432(24)
0.016560(14)

HJ
HJK
HKJ
HK
h1
h2
h3

/Hz
/Hz
/Hz
/Hz
/Hz
/Hz
/Hz

0.0001361(10)
0.005812(11)
0.015042(56)
0.0391(25)
0.00002388(73)
0.00000446(43)
0.00000472(25)

0.0001570(33)
0.005248(80)
[0.01504]
[0.03915]
[0.00002388]
[0.000004463]
[0.000004716]

0.0001432(33
0.005268(79)
[0.01504]
[0.03914]
[0.00002388]
[0.000004463]
[0.000004716]

0.00012483(92)
0.005504(12)
0.01488(10)
0.0367(58)
0.00002142(63)
0.00000297(43)
0.00000457(23)

0.0001346(40)
[0.005504]
[0.01488]
[0.0367]
[0.00002142]
[0.00000297]
[0.00000457]

0.0001252(42)
[0.005504]
[0.01488]
[0.0367]
[0.00002142]
[0.00000297]
[0.00000457]

3vaa/2
(vbb-vcc)/4
vab

/MHz
/MHz
/MHz

DE

/MHz
/cm1

123653.97(18)
4.124652(6)

Ga
GJa
GKa
Gb
GJb

/MHz
/kHz
/kHz
/MHz
/kHz

1644.529(43)
2.323(27)
21.3(10)
401.5822(54)
0.0445(15)

Nlines
rwb
rﬁt

/kHz

12105.78277(23)
2777.000768(39)
2258.151163(37)

(v6 = 1, v9 = 1)

125.907(60)
11.130(13)
74.216(47)

2810
0.5677
44.9

99.121(93)
8.699(14)
58.539(80)

2274
0.6877
68.8

160209.85(29)
5.344025(10)
1680.256(75)
2.232(29)
12.7(14)
396.646(10)
0.0815(30)
2119
0.5243
40.7

979
0.6676
66.8

a

The quantities in round parentheses are standard errors in units of the least signiﬁcant digit of the value of the constant. Square parentheses denote
assumed values, taken from the ground state for the same isotopologue.
b
Weighted deviation of the ﬁt, in which synthesizer lines were assigned measurement error of 50 kHz, and FASSST lines an error of 100 kHz and a
cutoﬀ criterion of four times experimental error was applied for inclusion of lines in the ﬁt.

included in Table S1 of the supplementary electronic information, and for 37ClONO2 in Table S2. Although the
reanalysis was targeted at deriving a full set of reliable sextic order spectroscopic constants, the ﬁts included both
hyperﬁne resolved and hyperﬁne unresolved transitions,
and lead to improvement also of the nuclear quadrupole
coupling constants for the chlorine nucleus in both
isotopologues.
4.2. The m5/m6m9 dyad
After initial assignments, Loomis–Wood type graphical
displays were used to identify the low Ka line sequences in
the FASSST spectrum. These results were augmented by
initially using the ground state centrifugal distortion
parameters and simulations as aids for the identiﬁcation
of additional lines. The interstate coupling required only
the several leading terms in the centrifugal series based
on Ga and Gb, as listed in Eq. (1). A total of 2274 lines in
the 35Cl isotopologue and 979 lines in the 37Cl isotopologue
were assigned and analyzed. The resulting spectroscopic

constants are reported in Tables 1 and 2, and the associated
data ﬁles are in Tables S3–S6 of the supplementary electronic information. In the end, the ﬁnal solution turned
out to be deceptively simple: the quartic constants for the
two excited states are very close to those of the ground
state, and only ﬁve interaction constants plus the vibrational energy diﬀerence DE allow a ﬁt of everything we
can unambiguously identify in the spectrum.
For the ground state, the S-reduced ﬁt is somewhat better than the A-reduced ﬁt, while for the excited states, it is
the ﬁt with the A-reduced Hamiltonian that is marginally
better for the 35Cl isotopologue. There is no distinction
for the 37Cl isotopologue. The A-reduced form of the ﬁt
was the method of choice while searching the highly nonlinear solution space for the global minimum since it was
found to be more stable numerically and was faster in execution time. All rotational transitions assigned in each of
the two excited vibrational states are of the aR-type, and
for the 35Cl isotopologue the assigned lines go up to
Ka = 22, while for 37Cl it was decided not to proceed
beyond Ka = 10. This results from a conservative approach
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Table 2
Comparison of the A-reduced spectroscopic constants determined for the ground state and for the (v6 = 1, v9 = 1) and v5 = 1 states in
37
ClONO2
35

ClONO2

g.s.

(v6 = 1, v9 = 1)

v5 = 1

g.s.

(v6 = 1, v9 = 1)

v5 = 1

12105.78248(24)
2777.006065(39)
2258.145973(38)

12016.5333(86)
2767.10311(17)
2254.13538(17)

12052.1520(77)
2769.27165(18)
2248.40269(18)

12105.32469(32)
2700.979047(37)
2207.599536(35)

12016.935(12)
2691.66921(26)
2203.88562(21)

12050.760(13)
2693.35571(26)
2197.97810(25)

/MHz
/MHz
/MHz

DJ
DJK
DK
dJ
dK

/kHz
/kHz
/kHz
/kHz
/kHz

0.536220(11)
3.641190(97)
9.6515(16)
0.0957016(61)
2.62288(45)

/J
/JK
/KJ
/K
/J
/JK
/K

/Hz
/Hz
/Hz
/Hz
/Hz
/Hz
/Hz

0.0001451(12)
0.00323(14)
0.02372(49)
0.0455(26)
0.00001911(72)
0.001640(64)
0.0421(36)

3vaa/2
(vbb-vcc)/4
vab

/MHz
/MHz
/MHz

DE

/MHz
/cm1

123654.28(18)
4.124663(6)

Ga
GJa
GKa
Gb
GJb

/MHz
/kHz
/kHz
/MHz
/kHz

1644.697(43)
2.355(27)
24.3(10)
401.5692(53)
0.0250(15)

/kHz

ClONO2 and

37

ClONO2

A
B
C

Nlines
rw
rﬁt

35

0.551036(34)
3.69165(79)
8.553(49)
0.0965415(99)
2.52778(90)

0.542802(36)
3.60223(78)
9.697(47)
0.0986273(98)
2.65076(97)

0.0001639(33)
0.002720(79)
[0.02372]
[0.0455]
[0.00001911]
[0.00164]
[0.0421]

0.0001534(33)
0.002582(78)
[0.02372]
[0.0455]
[0.00001911]
[0.00164]
[0.0421]

125.907(61)
11.131(13)
74.216(48)

2810
0.5710
45.2

0.513380(10)
3.52110(12)
9.8040(35)
0.0896601(57)
2.53422(49)

0.527021(44)
3.5599(29)
8.93(11)
0.090329(17)
2.4351(20)

0.520027(54)
3.4923(30)
9.56(13)
0.092416(24)
2.5692(22)

0.0001309(10)
0.00271(14)
0.02438(49)
0.0436(58)
0.00001688(63)
0.001419(68)
0.0521(38)

0.0001422(40)
[0.00271]
[0.02438]
[0.0436]
[0.00001688]
[0.001419]
[0.0521]

0.0001310(42)
[0.00271]
[0.02438]
[0.0436]
[0.00001688]
[0.001419]
[0.0521]

99.119(93)
8.700(14)
58.544(80)

2274
0.6809
68.1

to assignment in which only clearly visible sequences of
adjacent lines with the correct intensity/lineshape are
regarded as trustworthy. The intensity of the two excited
states for the 37Cl species corresponds to vibrational energy
of about 800 cm1 for the parent. We expect, therefore,
that as we complete our analyses of the new data sets for
higher lying triads such as 4m9/m72m9/2m7 near 500 cm1
and 5m9/m73m9/2m7m9 near 620 cm1 (for which we have preliminary analyses based on the original single scan data
set), that we will be able to reliably assign signiﬁcantly
weaker lines because there will be fewer unassigned lines
left in the assignment pool.
The scope of the data set acquired for the 35ClONO2 isotopologue and the accuracy to which the measured frequencies are reproduced by the ﬁtted constants are
illustrated in the bottom two distribution plots in Fig. 1.
With a few exceptions, the deviations from the ﬁts are random, as one might expect for a ﬁt with an overall weighted
deviation of below unity. There is only one sequence of
lines, K 00a ¼ 18 for m6m9 (the lower of the two interacting
vibrational states), that diverges systematically at the highest J. All other instances of large obs.calc. diﬀerences are
scattered. It is most likely that the deviations apparent for
m6m9 are due to anharmonic resonances with other states,

160209.98(29)
5.344030(10)
1680.515(75)
2.360(29)
19.9(14)
396.637(10)
0.0538(29)
2119
0.5287
40.8

979
0.6681
66.8

and one possible candidate is 2m7. This is the topmost state
in the 4m9/m72m9/2m7 triad and is closest in energy to the
studied dyad, lying ca 30 cm1 below m6m9. The lack of a
similar perturbation at high Ka in the 37Cl isotopologue
may possibly be the reason for some diﬀerences between ﬁtted values for the perturbation constants in the two isotopologues as in the parent the ﬁt may possibly be trying to
encompass in an eﬀective way behavior that is outside the
assumed model.
4.3. Overview of the perturbation
It has already been mentioned that the perturbation
aﬀects rotational transitions with relatively low values of
Ka. A very useful overview of the nature of the perturbations in the investigated dyad is provided by plots based
on values of mixing coeﬃcients, as in the upper two panes
in Fig. 1. The value of the mixing coeﬃcient, Pmix, for a
given energy level will range from unity in the absence of
perturbation to 0.5 for the case of complete two state mixing. The quantity 1Pmix plotted in Fig. 1 is therefore a
useful measure of the magnitude of the perturbation aﬀecting a given level. The plots are made from the output of the
SPCAT program, generated on the basis of the ﬁnal ﬁt. It is
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(

6

= 1,

9

= 1)

5

=1

1-Pmix

obs-calc

obs-calc

Ka

Ka

1-Pmix

J

J

Fig. 1. Dataset distribution plots as a function of quantum numbers J00 and K 00a for rotational transitions in the (v6 = 1, v9 = 1) and v5 = 1 interacting
vibrational states in 35ClONO2. The two lower panes depict values of obs.calc. diﬀerences and the two upper panes depict the degree of mixing between a
given rotational level in one vibrational state with a rotational level in the second state, as deﬁned by the quantity 1Pmix (see text). Circle diameters in the
lower plot are proportional to the magnitudes of the values of obs.calc. and are chosen such that the black circles are all for obs.calc. <0.3 MHz. In the
upper panes circle diameters range from the smallest for 1Pmix < 0.005 to the largest for 1Pmix > 0.1.

5

= 1, Ka = 2

0

J

-50

-

apparent that lines with lowest values of J and Ka will be
relatively unaﬀected by the perturbation, and this was in
fact the reason why initial assignment of these states was
relatively straightforward. Nevertheless, very extended
islands of perturbation are encountered at relatively small
values of the pertinent quantum numbers, with one fork
extending down to Ka = 0 at J00 = 29. Comparison of the
upper and lower plots in Fig. 1 shows that the perturbation
regions are well represented by lines in the dataset and that
the perturbation eﬀects are ﬁtted satisfactorily, since there
is no discernible correlation between the trends in the
obs.calc. values and orientation of the two main islands
of perturbation.
Further insight into the nature of the perturbation is
given by the two diﬀerence frequency plots shown in
Fig. 2, which correspond to horizontal sections through
the plots in Fig. 1. The mirror nature of the two curves
in Fig. 2, both as a function of amplitude and of the position of their main features as a function of J, is evidence
that they are for coupled sequences of lines in the two
states, which diﬀer by 1 in Ka. The central peaks correspond to perturbations of more than 9 GHz and thus there
is very little chance of identifying the corresponding line,
whereas lines on the sidelobes to both sides of the central
peak can be assigned, even though these also result from
appreciable perturbations reaching 1 GHz in magnitude.
Conﬁdent assignment is, however, possible on the basis
of the perturbation induced quadrupole structure, as previously seen for the 2m9/m7 dyad [12]. The near-complete nature of the FASSST spectrum allows the dependence of
perturbation induced quadrupole structure to be followed

0

(

-50
20

30

40

6

= 1,

9

50

= 1), Ka = 3
60

J
Fig. 2. Illustration of the mirror-image dependence of the Coriolis
interaction between Ka = 3 aR-type transitions in (v6 = 1, v9 = 1) and
Ka = 2 transitions in v5 = 1 in 35ClONO2. The plots are of a frequency
diﬀerence between an excited state transition and a corresponding
transition in the ground state. The continuous line is based on calculated
frequencies, and the circles denote measured lines. For each pair of
coupled rotational transitions both upper and lower levels interact and the
maximum of the perturbation occurs for the 323,30 ‹ 313,29 transition in
(v6 = 1, v9 = 1) and the 322,31 ‹ 312,30 transition in v5 = 1, for which all
four levels are calculated to have mixing coeﬃcients close to 0.6.

in some detail, as illustrated in Fig. 3. The splitting of 1–
2 MHz appearing in the vicinity of the perturbation maximum is comparable in magnitude to that for the lowest
dyad [12]. It is more pronounced than a similar eﬀect
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state transitions assigned for 35ClONO2 is given in Table 3
and is comprised of transitions both from and to each of
the states in the dyad.
4.4. Conﬁrmation of vibrational assignment

Fig. 3. Evolution of the observed nuclear quadrupole splitting in Ka = 3
a
R-type transitions in the (v6 = 1, v9 = 1) excited vibrational state of
35
ClONO2 induced by perturbation of this state with the v5 = 1 state. The
perturbation maximum is for the 323,30 ‹ 313,29 transition, but the
magnitude of the perturbation is in this case so large (over 9 GHz) that
conﬁdent assignment is not possible. The next higher transition, for
J00 = 32, is obscured by a much stronger line.

observed for CHClF2 [30], although much more spectacular manifestations of this type have also been observed,
for example for NOBr [31].
In the ﬁnal stage of the analysis, it became possible to
also assign interstate transitions connecting rotational levels in the two vibrational states in the dyad. Such transitions become allowed by the perturbation and their
intensity is greatest when the participating energy levels
are close to the perturbation maxima. Furthermore, the
strongest interstate transitions show much increased
nuclear quadrupole structure, in similarity to the most perturbed transitions in Fig. 3. The characteristic splitting patterns provide conﬁrmation of the assignment, and two such
transitions for 35ClONO2 are visible in the small segment of
the FASSST spectrum displayed in Fig. 4. A list of inter-

In the cases for which there is no rotational analysis of
the structure of the infrared bands, the identiﬁcation of an
assigned pure rotational state with a particular infrared
band must rely on other methods. Intensities of newly
assigned rotational transitions relative to those for similar
transitions in the several already identiﬁed vibrational states
are a useful ﬁrst indicator. Additionally, as one starts with
the several polyad combinations involving the two lowest
frequency modes, m9 and m7, the rotational progressions
(expressed either in terms of spectral constants or locations
in frequency of similar lines) are relatively well deﬁned [12].
Moreover, the states of each polyad are linked together via
the perturbation analyses, thereby reducing the number of
variables [14]. Finally, for a planar molecule, the inertial
defect is readily calculable from the harmonic force ﬁeld,
and is an extremely useful quantity in assignment.
Table 4 summarizes the principal evidence that we now
have for assigning the states studied in this work. The inertial defects for the two states derived from the rotational
constants in Tables 1,2 are in excellent agreement with calculation. The magnitude and the sign of the small isotopic
change in the inertial defect are also in good agreement
between experiment and calculation, as evident from the
two rightmost columns in Table 4. The relative ordering
in energy of the two states turns out to be as predicted,
and although the experiment and calculation diﬀer by a factor of two in the value for the energy diﬀerence DE, the magnitude of this diﬀerence is only several cm1, so that the
agreement is very good. The values in Table 4 demonstrate
that the isotopic change in DE is also well understood.
5. Summary
This paper reports the analysis to microwave accuracy
of about 3000 transitions of the mm/submm pure rota-

Fig. 4. Two examples of observed interstate transitions between the (v6 = 1, v9 = 1) and v5 = 1 interacting vibrational states in 35ClONO2. Unambiguous
assignment is possible on the basis of perturbation induced nuclear quadrupole hyperﬁne splitting, which approaches in magnitude the splitting for the
nearby Q-type transition for the 35ClONO2 ground state.
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Table 3
The assignments, frequencies and residuals (MHz) of selected transitions between vibrational states in the m5/m6m9 dyad in
v5 = 1 ‹ (v6 = 1, v9 = 1)

35

ClONO2

(v6 = 1, v9 = 1) ‹ v5 = 1

J0

K 0a

K 0c

J00

K 00a

K 00c

obs.

obs.calc.

J0

K 0a

K 0c

J00

K 00a

K 00c

obs.

obs.calc.

29
29
32
35
34
41
42
49
54
59
60
66
67

1
0
2
2
4
4
6
5
6
9
7
8
10

29
29
31
33
30
37
37
44
48
50
53
58
57

28
28
31
34
33
40
41
48
53
58
59
65
66

2
1
3
4
6
6
7
6
7
10
8
9
11

27
27
29
31
28
35
35
42
46
48
51
56
55

135219.494
135259.720
152979.442
170998.943
175261.192
206554.183
214649.331
250176.851
278473.541
309120.646
310109.541
341974.986
351480.298

0.070
0.064
0.011
0.005
0.000
0.019
0.070
0.023
0.030
0.094
0.040
0.178
0.025

29
29
32
35
34
36
40
39
42
44
54
66

2
1
2
4
6
3
4
8
7
5
7
9

28
28
30
32
29
33
36
31
36
39
47
57

28
28
31
34
33
35
39
38
41
43
53
65

1
0
1
3
4
3
4
7
6
5
7
9

28
28
30
32
29
33
36
31
36
39
47
57

134853.018
134844.241
153125.197
171180.805
174381.607
176442.270
199496.591
200531.414
214287.328
222239.061
277147.593
341950.570

0.026
0.121
0.031
0.063
0.002
0.144
0.029
0.059
0.006
0.029
0.011
0.003

Table 4
Comparison of values for the inertial defect and energy separation for the two states in the m5/m6m9 dyad
35

37

ClONO2

b

Di (v6 = 1, v9 = 1)
Di (v5 = 1)
DEc
a
b
c

2

/uÅ
/uÅ2
/cm1

a

Cl–37Cl

35

ClONO2

obs.

calc.

obs.

calc.

obs.

calc.

0.49444(4)
0.34452(4)
4.124663(6)

0.4963
0.3302
8.4

0.49959(5)
0.35237(6)
5.344030(10)

0.5006
0.3385
9.8

0.00515(6)
0.00785(7)
1.219366(12)

0.0043
0.0083
1.41

Calculated in Ref. [11] from the ﬁtted harmonic force ﬁeld.
Inertial defect, Di = Ic–Ia–Ib.
Vibrational energy diﬀerence between the two states, DE = E(v5 = 1) – E(v6 = 1, v9 = 1).

tional spectrum of the m5/m6m9 interacting dyad in ClONO2.
The analysis is based on a new near ‘complete’ spectrum in
the 78–378 GHz region. It is our goal to be able to synthesize on a line-by-line basis (including hot bands and isotopologues) the rotational structure of as many infrared
bands as possible. Even with the small eﬀective integration
times (103 s) used to date for most of this work, the sensitivity of the system is such that we expect to reach a clutter limit. Accordingly, we have assigned the lowest energy
vibrational states ﬁrst so that lines associated with them
can be removed from the assignment pool as we extend
our work to higher states. Based on the states for which
we have at least preliminary analyses [32], we expect that
these simulations will be possible through at least v4 = 1
at 780 cm1 without the use of deconvolution techniques.
Preliminary work on intensity calibrations that would signiﬁcantly aid such deconvolution is encouraging. However,
the growing density of states that takes place with increasing vibrational energy is expected to increase the impact of
perturbations and to make assignment and analysis more
challenging at the level of the measurement accuracy of
the microwave techniques.
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Appendix A. Supplementary data
Supplementary data associated with this article are
available on ScienceDirect (www.sciencedirect.com) and
as part of the Ohio State University Molecular
Spectroscopy Archives (http://msa.lib.ohio-state.edu/
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