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The temperature-dependences of line broadening and shift parameters for many 12CH3D
transitions have been determined using six high-resolution, high signal-to-noise ratio,
room-temperature CH3D (98% purity) and CH3D-N2 spectra recorded with 25 cm path
length ( at 0.01 cm�1 unapodized resolution) using the McMath�Pierce FTS located on
Kitt Peak, Arizona, and 17 additional high quality, pure CH3D (99% purity) and CH3D-N2

spectra recorded between 79 and 296 K with the 20.38 cm path coolable cell (at
0.0056 cm�1 unapodized resolution) with the Bruker 125HR FTS at the Jet Propulsion
Laboratory (JPL), Pasadena, California. The spectra have been fitted simultaneously
applying a multispectrum nonlinear least-squares technique. In the analysis, the Lor-
entzian N2-broadened half-width coefficients and the corresponding pressure-shift
coefficients as well as their temperature dependences are extracted for about 400
transitions (0r J″r19, K″r16) in the perpendicular (ΔK¼71) ν6 band. At 296 K, the
measured N2-broadened half-width coefficients range from 0.0209 to 0.0782 cm�1 atm�1

whereas the majority of the associated N2-induced shift coefficients are negative, and the
values are between -0.016 and 0.005 cm�1 atm�1. The temperature dependence expo-
nents for N2-broadened half-widths range between 0.264 and 0.924, whereas the
temperature dependence coefficients for N2-induced shifts are between 0 and
0.00011 cm�1 atm�1 K�1. The N2-broadened half-width coefficients have been also
calculated using a semi-classical approach based on a rigorous treatment of the active
molecule as a symmetric top, a model intermolecular potential comprising both short-
and long-range interactions, and exact classical trajectories. The role of the various high-
order multipoles in the line-broadening at low, middle and high values of the rotational
quantum number J″ has been investigated and the main features of the K-dependences
analyzed. The calculations performed for 296, 240 and 190 K have allowed to deduce the
half-width temperature-dependence exponents, completing the general comparison of
our new experimental results with those which are available in the literature.
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1. Introduction

Methane is a prominent atmospheric trace gas and the
third most abundant greenhouse gas in many regions of
the world [1,2]. The sources of methane are both natural,
such as wetlands and methane-outgassing from oceans
[3], and anthropogenic, such as animal husbandry and
fossil-fuel extraction [4]. The methane sinks include pro-
cesses in atmospheric chemistry such as reactions with
hydroxyl radicals [5] and natural processes in soil [6].

Besides the main isotopologue CH4, the monodeuter-
ated species CH3D is highly important for understanding
various atmospheric processes. In the Earth's atmosphere,
stratospheric profiles of CH3D mixing ratios have been
retrieved using high-resolution solar occultation infrared
spectra from the Atmospheric Trace MOlecule Spectro-
scopy (ATMOS) satellite instrument [7,8] and references
therein. CH3D is also an isotopic tracer present (or
expected to be present) in many planetary atmospheres
such as those of Jupiter, Saturn [9–11], Uranus [12–14],
Mars [15–18], Titan [19–23], and subject to transport and
chemical effects. It has also been identified in cometary
spectra [24,25]. The concentrations of CH3D and those of
the parent molecule CH4 are used to calculate the D/H
ratios in these celestial bodies [26].

The atmosphere of Titan contains about 5% of methane
and mostly nitrogen. The Composite InfraRed Spectro-
meter (CIRS) instrument on the Cassini spacecraft is
monitoring Titan's thermal emission spectrum through
three focal planes, one of them covering the spectral range
of the CH3D ν6 band [23]. Knowledge of the temperature-
dependence of N2-broadened line widths and shifts over
the Titan atmospheric temperature range (70�200 K) is
needed for correct interpretation of IR spectra of Titan's
atmosphere, such as those obtained by the CIRS instru-
ment (for example, [23]). Bands of the three most abun-
dant methane isotopologues (12CH4, 13CH4 and CH3D) in
the spectral region from 6 to 10 microns are used not only
for detection of atmospheric composition, but also for
retrievals of Titan atmospheric temperature profiles and
determination of 13C/12C and D/H ratios [23,26].

Most of the measured methane line widths happen to
increase as a power law when temperature is decreasing.
There have been several spectroscopic studies related to
the spectral line shapes (e.g., Lorentz widths, pressure-
shifts) of the ν6 band of CH3D [27–35]. N2-broadened
widths and N2-induced shifts of 12CH3D lines have been
measured at room temperature for transitions in the ν2
[36], ν3 [37–39], ν5 [40], ν6 [35], and 2ν4 [41] bands. For low
temperatures, measurements of only 10 N2-broadened
line-width coefficients of individual CH3D lines in the ν2
[42], ν3 and ν6 [43] bands are available in the literature,
and spectroscopic databases (e.g., HITRAN [44]) currently
list only a constant default value for the temperature
dependences of the CH3D line widths. Reports of selected
room-temperature line mixing via off-diagonal relaxation
matrix element coefficients for transitions of CH3D broa-
dened by N2 in the ν3 [39], ν5 [40], and ν6 [35] bands.

In 2002 [35] we reported Lorentz self- and nitrogen-
broadened line-width coefficients as well as correspond-
ing line-shift coefficients for more than 480 transitions in
six sub-branches (PP, PQ, PR, RP, RQ, RR) of the ν6 (E)
perpendicular band of 12CH3D. These results were
obtained from multispectrum fits of 14�17 spectra
recorded at room temperature in the 1035-1270 cm�1

spectral range using two different Fourier-transform spec-
trometers, namely the McMath�Pierce FTS formerly
located on Kitt Peak, Arizona, and the Bruker IFS 120 HR
FTS located at the Pacific Northwest National Laboratory,
Richland, Washington. The spectra were recorded using
absorption path lengths of 10, 19.95, 25, 150, and 2486 cm,
respectively. The gas total pressures ranged from 0.11 to
303 Torr for pure CH3D and from 103 to 403 Torr for lean
mixtures (�0.01 volume mixing ratios) of CH3D and
nitrogen.

To retrieve the temperature dependences of line-shape
parameters, 17 new spectra of both pure (99%) CH3D and
dilute mixtures (0.003�0.0164 volume mixing ratios) of
the same high-purity CH3D sample in research grade
nitrogen have been recorded from room to low tempera-
tures using the coolable absorption cell with a path length
of 20.38 cm (see [45] for its detailed description). The
simultaneous multispectrum analysis [46] of the 17 new
spectra and the six previous spectra [35] has allowed the
determination of N2-broadened line-width and N2-pres-
sure-induced line-shift coefficients and their temperature
dependences for a large number of transitions. In addition,
N2- line mixing coefficients for 17 pairs of transitions via
the off-diagonal relaxation matrix element formalism
[46,47] have been also obtained.

However, unlike the line-width and pressure-shift
coefficients, the temperature dependences of the relaxa-
tion matrix element coefficients could not be determined
reliably for all measured mixed pairs. In such instances, a
default value of 0.75 has been applied for other line-mixed
pairs in the least squares fittings.

2. Experimental details and data analysis

As mentioned above, six of the 23 infrared absorption
spectra analyzed in this study were from the set of room-
temperature spectra previously used to study N2- and self-
broadening in 12CH3D transitions in the Triad region
[35,36,40]. These spectra were recorded using the Kitt
Peak FTS with an unapodized resolution of 0.01 cm�1 and
signal-to-noise (S/N) ratios of about 700 and covered the
spectral region 690�2840 cm�1. Two of the six spectra
recorded at low-pressure (1�3 Torr) and high-purity (98%
enriched CH3D from ICON isotopes) were important in the
present study to determine the “zero-pressure” line cen-
ters of the 12CH3D transitions.

A set of 17 new high-resolution (0.0056 cm�1), high S/
N (41000) spectra were recorded in 2010 covering the
1070�1540 cm�1 spectral region, using the Bruker IFS
125HR Fourier transform spectrometer at the Jet Propul-
sion Laboratory. For recording these new spectra a spe-
cially designed and built 20.38 cm straight-path coolable
absorption cell [45] was used. Various CH3D and CH3DþN2

gas pressures, temperatures and volume mixing ratios of
CH3D were used to obtain these experimental spectra.
A few low-pressure pure CH3D spectra were acquired
with the Bruker FTS as well, in order to more accurately



Table 1
Details on the experimental setup and physical conditions of spectra.

Configuration and conditions JPL FTS Bruker 125 HR McMath-Pierce Kitt Peak FTS

Useable band pass (cm�1) 1000–1540 1050–2400
Light source Globar Globar
Beam splitter KBr KCl
Detector HgCdTe He cooled As:Si
Resolution (cm�1) (unapodized) 0.0056 0.01
Maximum optical path difference (cm) 90.00 49.99
Aperture diameter (mm) 1.5 8
Sample pressure (Torr) See Table 2 See Table 2
Temperaturec (K) 79�296 K 296.0�296.6 K
Cell path length (cm) 20.38 25 cm
Cell windows (wedged) KBr KCl
Scanning time (hours) �2 1.1 (10 coadds)
Signal-to-noise �1100–1800 �700
Calibration standards ν2 lines H2O [48] ν2 lines H2O [48]

Table 2
Summary of the experimental conditions of the CH3D spectra.

Temperature (K) Gas mixture CH3D VMR Path (cm) Pressure (Torr) Calibration correction a RMSb

296.60 CH3D 1.0 25.0 1.013 0.9999998059 0.115
295.45 CH3D 1.0 25.0 3.050 0.9999998708 0.113
296.20 CH3DþN2 0.0133 25.0 102.50 0.9999997940 0.105
296.40 CH3DþN2 0.0133 25.0 202.10 0.9999998054 0.099
296.40 CH3DþN2 0.0133 25.0 302.55 0.9999998144 0.104
296.40 CH3DþN2 0.0136 25.0 402.25 0.9999998200 0.112

296.00 CH3DþN2 0.00362 20.38 250.60 1.0000002644 0.088
296.00 CH3DþN2 0.00365 20.38 728.94 1.0000002853 0.093
239.65 CH3DþN2 0.00983 20.38 194.99 1.0000002702 0.091
240.15 CH3DþN2 0.01575 20.38 444.04 1.0000002712 0.110
239.65 CH3DþN2 0.00990 20.38 602.23 1.0000002710 0.098
189.65 CH3D 1.0 20.38 7.10 1.0000002625 0.100
188.65 CH3DþN2 0.01302 20.38 152.72 1.0000002738 0.088
188.65 CH3DþN2 0.0037 20.38 256.82 1.0000002616 0.079
189.15 CH3DþN2 0.0133 20.38 546.30 1.0000002669 0.096
135.15 CH3D 1.0 20.38 2.58 1.0000002747
133.35 CH3DþN2 0.00512 20.38 177.67 1.0000002771 0.085
133.35 CH3DþN2 0.01635 20.38 246.38 1.0000002758
133.35 CH3DþN2 0.00515 20.38 503.86 1.0000002739 0.085
78.75 CH3D 1.0 20.38 8.5 1.0000002744
77.65 CH3DþN2 0.0127 20.38 100.90 1.0000002796 0.094
75.15 CH3DþN2 0.00339 20.38 295.28 1.0000002774 0.092
76.95 CH3DþN2 0.0119 20.38 642.12 1.0000002788

Note: 760 Torr¼1 atm¼101.325 kPa.
a Wavenumber scales were calibrated relative to ν2 water vapor line positions by Toth [48].
b The RMS values correspond to the multispectrum fit residuals plotted in Fig. 3(b).
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determine the zero-pressure line positions (since these
spectra had higher resolution than the low-pressure Kitt
Peak spectra).

All 23 spectra were simultaneously fitted using a multi-
spectrum nonlinear least-squares technique [46]. Details
on the experimental setups for the two sets of measure-
ments are provided in Table 1. The experimental physical
conditions of the spectra analyzed are presented in
Table 2. Transitions belonging to all bands in the Triad
(ν3, ν6 and ν5) were observed in both sets of spectra.
Spectroscopic results pertaining to only the ν6 perpendi-
cular band of 12CH3D will be presented in this article.
Results for the parallel band ν3 and the perpendicular band
ν5 will be reported in a subsequent article.
3. Retrievals of line parameters

Prior to the multispectrum fittings the wavenumber
scales of both datasets were calibrated using reference
water vapor line positions [48]. In the case of Kitt Peak
data, these water vapor lines had two components, a
narrow line due to residual gas in the evacuated FTS
chamber as well as a broad feature from atmospheric-
pressure optical paths outside the FTS and sample cell
purged with dry nitrogen vapor to minimize H2O absorp-
tions interfering with the CH3D transitions. In the JPL
Bruker spectra, the water lines arose only from small
amounts of residual gas in the evacuated FTS chamber.
The wavenumber calibration factors determined for each
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of the fitted spectra are included in Table 2. In both sets of
experiments, the sample pressures and temperatures were
continually monitored during the measurements using
appropriate calibrated pressure gauges and temperature
sensors [35,45].

The spectral line parameters in the HITRAN2008 data-
base [49] were used as initial guesses for starting the
multispectrum fittings. Before starting the fits, it was also
necessary to establish the isotopologue abundances (e.g.,
12CH4, 13CH4, 12CH3D and 13CH3D) in the CH3D samples.
Initial estimates of the isotopologue abundances were
made based upon the % D-enrichments stated by the
manufacturer (ICON Isotopes). Small adjustments to these
isotopologue abundances were needed when the spectra
were fit simultaneously. These values were established by
fitting several selected regions of each spectrum prior to
analyzing all of the fitted regions. Once the isotopologue
abundances were determined, they remained the same for
the corresponding spectra in all fitted regions.

Low-pressure pure CH3D spectra at room temperature
were fitted first and N2-broadened spectra at room tem-
perature were then added, one spectrum at a time, until all
room-temperature spectra were fitted simultaneously.
This process allowed the initial determination of room
temperature N2-broadened width and shift coefficients for
the strong, unblended lines. Subsequently, low tempera-
ture pure CH3D and N2-broadened CH3D spectra were
added one spectrum at a time, as appropriate. The volume
mixing ratios of N2-broadened spectra were carefully
adjusted (when appropriate) while the temperature
dependences of Lorentz self- and N2-broadened width
and shift coefficients of various lines were adjusted until
all the spectra were fit satisfactorily such that the
weighted (observed minus calculated) fit residuals from
all fitted spectra were minimized and no noticeable
features were observed in the residuals.

N2- and self-broadened line-width, pressure-shift and
the relaxation matrix element coefficients (where appro-
priate) were retrieved using the multispectrum fitting
procedure that has been described in several of our prior
studies (for example: [34–36,39–40,46–47]). Spectral
intervals of 5�15 cm�1 wide from each of the 23 spectra
were fitted simultaneously. The total number of spectra
fitted in each interval varied between 19 and 23, depend-
ing upon whether 12CH3D features were apparent at the
volume mixing ratios and gas sample pressures of the
chosen spectra. For strong CH3D transitions the line posi-
tions, intensities, N2-broadening coefficients and their
temperature dependence exponents, N2-induced shift
coefficients and their temperature dependence coefficients
were adjusted until the sum of the squares of the weighted
fit residuals between the observed and calculated line
profiles were minimized.

Line mixing (off-diagonal relaxation matrix element, or
ORME) coefficients between selected pairs of transitions
were also determined, where possible. Even though the
temperatures of the gas samples ranged between 296 K
and 75 K, in several cases, it was not possible to measure
with confidence the temperature dependences of the
relaxation element coefficients. An improved theoretical
model for the temperature-dependence of CH3D line
mixing is needed to measure these parameters correctly
and reliably. Where their values were not determined, the
temperature dependence exponents were fixed to a
default value of 0.75, similar to the default value applied
for the temperature dependence exponents of the line-
width coefficients..

Although several (see Table 2) pure CH3D spectra
were included in the analysis, the pressures were not high
enough to retrieve reliable information on self-broadening
and self-shift coefficients for all observed transitions. The
pure CH3D gas pressures were in an intermediate range so
that we could not completely ignore their values. This
means that in some instances (e.g., low-temperature
spectra) it was necessary to adjust the self-broadening
and its temperature dependence exponent to obtain a best
fit. However, while many self-broadening coefficients and
their temperature dependences could be determined from
our spectra, it was not possible to measure any reliable
self- pressure-shift coefficients or their temperature
dependence coefficients.

As in previous studies using the multispectrum fitting
technique, the Lorentz N2-broadened line-width coeffi-
cients, N2-induced line-shift coefficients and their tem-
perature dependences were measured on a line-by-line
basis using the following equations:

bLðp; TÞ ¼ p b0L ðN2Þðp0; T0Þð1�χÞ T0

T

� �n1"

þb0L ðselfÞðp0; T0Þχ
T0

T

� �n2#
ð1Þ

ν¼ ν0þp δ0ðN2Þð1�χÞþδ0ðselfÞχ� � ð2Þ

δ0ðTÞ ¼ δ0ðT0Þþδ0ðT�T0Þ ð3Þ
where b0L and δ0 represent pressure broadening and
pressure-shift coefficients (in cm�1 atm�1 at T0¼296 K),
respectively. bL(p,T) is the Lorentz half-width (in cm�1) of
the spectral line at pressure p and temperature T, b0L (Gas)
(p0,T0) is the Lorentz half-width coefficient of the line at
the reference pressure p0 (1 atm) and temperature T0 of
the broadening gas (either N2 or CH3D). χ is the ratio of the
partial pressure of CH3D to the total gas pressure in the
cell. The temperature dependence coefficients of the
Lorentz half-width coefficient are n1 (for N2) and n2 (for
CH3D). The temperature dependence of the N2-pressure-
shift coefficients is δ'(N2). Temperature dependences of
N2- and self-broadened (in a few cases) half-width and
pressure-induced shift coefficients were measured sepa-
rately for each transition within the same fit. As shown in
Eq. (3) a linear law was used for to model the temperature
dependences of pressure-induced shift coefficients.

Self- and N2-broadened widths and the temperature
dependence exponents for the broadening coefficients for all
transitions were initially fixed to values in the HITRAN2008
database [49] and depend upon the rotational quantum
numbers of the transition. Indeed, in the HITRAN databases
([44,49]) only the self- and air-broadened line-width coeffi-
cients are listed and we have assumed that the N2-width
coefficients for the unmeasured transitions are the same as
the air-broadened width coefficients. For parameters not
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included in HITRAN [44,49], the initial values for all transitions
were set at reasonable default values estimated from our
previous studies of CH3D [35], 12CH4 and 13CH4 [50–53] in the
thermal infrared. The pressure-broadened self- and N2-width,
self- and N2-shift coefficients and their temperature depen-
dence values were 0.085 cm�1 atm�1, 0.065 cm�1 atm�1,
-0.003 cm�1 atm�1, �0.002 cm�1 atm�1, 0.75 and 0.75,
respectively. The temperature-dependence coefficients for
self- and N2-induced shift for all lines were initially set to
default values of 0.00002 cm�1 atm�1 K�1 instead of zero,
based upon our previous studies of self- and air-broadening in
12CH4 and 13CH4 [50–53] in the same spectral region. For
unmeasured lines the parameters remained fixed to these
default values. This assumption introduced no noticeable
residuals in the least squares fits (see Figs. 3 and 4).

For weaker transitions for which broadening and shift
coefficients could not be determined, only their line
positions and intensities were adjusted in the multispec-
trum fits. Several weak unidentified features (trace con-
taminants of unknown origin or 13CH3D transitions)
appeared in some of the fitted regions and were included
as unidentified transitions in the fit. The broadening and
shift parameters of these unidentified features remained
fixed to the default values described above.

During the analysis, it was noticed that, in order to
minimize the fit residuals, the gas sample temperatures,
especially for the lowest temperature (�79 K) dataset, appar-
ently needed adjustments in the range -0.5 to -4.2 K from the
ones given by the temperature sensors during the experi-
ments. These adjustments were required in order to fit all of
the spectra using the power-law expression (Eq. (1)) for
temperature dependence of the line-widths, and the adjusted
x 

z 

y 

D 

C 

HHx2

C.M. 

Fig. 1. Molecular frame and geometry parameters for the CH3D molecule:
|CH|¼ |CD|¼1.08601 Å [60], ∠DCH¼109.466671.

Table 3
Molecular parameters for CH3D and N2 used in the calculations: dipole moment
polarizability anisotropies γ and hyper-polarizabilities Ajj and A? (α, γ, Ajjand A

Molecule μ (D) Q (D Å) Ω (D Å2)

CH3D 0.057 [54] 0 3.10 [62]
N2 0 �1.3 [61] 0
temperatures may not necessarily represent the actual physi-
cal temperatures of the gas samples. Departures from the
power law have been evidenced by others and this confirms
that such a law is approximate and that efforts in the theory
are needed to derive more elaborate dependences.

At this time, we would like to attribute this need for
temperature adjustments to be related to the small departures
from the power-law temperature dependence of the Lorentz
line-width coefficients that were observed over the same
temperature range with the fit of the 13CH4 R(2) manifold (See
Ref. [45] and references cited therein). With this temperature
adjustment we were still able to use Eq. (1) to obtain best-fit
residuals in all our fitted intervals (e.g., Figs. 3 and 4). In the
present analysis we have not made further efforts to fully
characterize this temperature behavior of the Lorentz width
coefficients, and our measured line-width coefficients could
be characterized as the “effective line-width coefficients”with
their temperature dependence exponents still enforced by Eq.
(1). The actual temperature values used in the fits are listed in
Table 2 rather than the measured temperatures so that the
resulting effective line-width parameters can be compared
with future experimental studies.
4. Theoretical modeling of N2-broadening coefficients
and their temperature dependences for CH3D transitions

Theoretical estimations of pressure-broadened CH3D
line widths were performed solely for the case of pertur-
bation by nitrogen. Indeed, for this active molecule with a
very small electric dipole moment (0.057 D [54]) and a
vanishing quadrupole moment, the long-range interac-
tions with an identical partner are very weak whereas
the short-range interactions (typically modeled by pair-
wise atom-atom Lennard� Jones potentials) are deter-
mined by atom-atom parameters whose values are
available in the literature. We note that the parameter
values from different sources are sometimes inconsistent.
For collisions with nitrogen, the intermolecular potential is
expected to be modeled in a more reliable manner because
of stronger electrostatic interactions.
s μ, quadrupole moments Q, octopole moments Ω, mean polarizabilities α,
? for CH3D are those of CH4).

α (Å3) γ A||¼A? (Å4)

2.59 [63] 0 0.82 [37]
1.74 [63] 0.137 [64] 0

Table 4
Atomic distances to the molecular centers of mass (calculated with the
geometry of Fig. 1 for CH3D and taken from [61] (for N2) and atom-atom
Lennard� Jones parameters [65] (for CH3D-N2 interactions).

r1i, r2j (Å) dij (10�7 erg Å12) eij (10�10 erg Å6)

r1C¼0.0641 dCN¼0.3234 eCN¼0.2922
r1D¼1.0219 dHN¼0.0571 eHN¼0.0803
r1H¼1.1090 dDN¼0.0571 eDN¼0.0803
r2N¼0.550



Fig. 2. Two laboratory absorption spectra of 12CH3D in the Triad region
between 1070 and 1540 cm�1 recorded at 0.0056 cm�1 resolution with
the Bruker FTS at JPL. The spectrum shown in the top panel (a)
corresponds to 99% pure 12CH3D sample and the one shown in the
bottom panel (b) is a dilute mixture of the 99% high-purity 12CH3D
sample in nitrogen. Both spectra were taken near 189 K and using the
20.38 cm coolable cell (see text for details).

Fig. 3. A sample fitted interval in the 12CH3D Triad. Transitions belonging
to both the ν3 and ν6 bands appear in this region. The experimental
spectra are plotted in the upper panel (a) and the weighted observed
minus calculated differences are shown in the lower panel (b). 20 of the
possible 23 spectra are included in the fit. Small residuals (o1% deep)
still persist in one of the spectra that could not completely be fitted out.
Some of these could belong to 13CH3D transitions for which assignments
were not available when the present analysis was performed. Color
codes: room-temperature spectra with the 25 cm cell (black), room-
temperature spectra with the 20.38 cm cell (pink); spectra at 240 K (red);
spectra at 189 K (blue); spectra at �135 K (dark pink); spectra at �76 K
(dark green). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Calculations of N2-broadened line widths in the ν6 band
of CH3D were performed with the standard expression of
the semi-classical formalism of Robert and Bonamy [55]:

γif ¼
n2v
2πc

Z 1

0
2πbdb 1�e�Re S2

� �
J2

ð4Þ

where γif (in cm�1) is the half-width of the line corre-
sponding to the radiative transition i-f. n2 is the number
density of the perturbing molecules; v¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kT=πmn

p
is the

mean relative thermal velocity (k is the Boltzmann con-
stant, T is the temperature in Kelvin and mn is the reduced
mass of the molecular pair). The real part of the second-
order contribution to the scattering matrix S2 is averaged
over the J2 rotational states of the perturbing gas and
integrated over the impact parameter b. We notice that the
modified formula suggested by Ma et al. [56] and perform-
ing the average over J2 states as the cumulated average
(inside the exponential function) leads to overestimated
values, so that we preferred not to employ it for our
calculations.

The integration over trajectories required for computa-
tions of various S2 terms was made with the exact-
trajectory model [57–59] and the rotationally invariant
representation of the interaction potential between the
active (indexed by 1) and the perturbing (indexed by 2)
molecules:

Vð1;2; r!Þ¼
X

l1 l2lk1
Vk1
l1l2 l

ðrÞ
X

m1m2m
Clm
l1m1 l2m2

Dl1 n

m1 k1

�ðφ1; θ1; χ1ÞDl2 n

m2 0 ðφ2; θ2; χ2ÞC n

lm ðθ;φÞ ð5Þ
In this equation the products of rotational Wigner
matrices and the spherical harmonics Clm (normalized
to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π=ð2lþ1Þ

p
) Dl1 n

m1 k1
ðφ1; θ1; χ1ÞDl2 n

m2 0 ðφ2; θ2; χ2ÞC n

lm ðθ;φÞ
represent the rotationally invariant basis in the laboratory
fixed frame (asterisks mark the complex conjugation),
Clm
l1m1l2m2

are the Clebsch�Gordan coefficients. The radial
potential components Vk1

l1l2l
ðrÞ contain contributions from

various kinds of intermolecular interactions. We expressed
the potential as a sum of electrostatic (e), induction (i) and
dispersion (d) long-range terms completed by pairwise
atom�atom (a) terms accounting for the short-range
forces (the explicit forms of radial potential components
and second-order contributions to the scattering matrix
can be found in [59]).

Contrary to a previous simplified semi-classical calcu-
lation for the ν2 parallel band [36] in which the three
hydrogen atoms were projected on the principal molecular
symmetry axis to form a linear molecule with CH3D, we
kept the real geometry of the equilibrium configuration
(see Fig. 1), i.e. accurately treating the active molecule as a
symmetric top. Because of the important role of the atom-
atom terms in the quite weakly interacting CH3D-N2

system this more realistic configuration of hydrogen atoms
is expected to ensure a better description of intermolecu-
lar interactions and more reliable line width values. After



Table 5
Experimental and calculated N2-broadened line parameters and experimental self-broadened line parameters [see Eqs. (1–3) for the notations] in the ν6 band of CH3D. S are the symmetry labels and the 0 and 00

refer to the upper and lower states corresponding to each transition.

Position, cm�1 J0 K0 S0 J00 K00 S00 Assignment Int*1025a b0L ðN2Þ expt,b b0L ðN2Þ calc.b n1 expt n1 calc. δ0ðN2Þ exptb δ0ðN2Þ exptc b0L ðself Þ exptb n2 expt

1080.746222(15) 10 3 E 11 4 E PP(11,4,E) 8.75(2) 0.0569(3) 0.0562 0.750(24) 0.630(1)
1080.941134(7) 8 1 A1 9 0 A2 RP(9,0,A2) 18.98(2) 0.0635(2) 0.0608 0.811(7) 0.678(4) �0.00251(16) 0.0836(9) 0.798(14)
1082.344848(29) 7 4 A2 8 3 A1 RP(8,3,A1) 5.34(1) 0.0620(2) 0.0597 0.802(5) 0.665(4) �0.00306(9) 0.0879(9)
1082.349885(23) 7 4 A1 8 3 A2 RP(8,3,A2) 5.22(1) 0.0620(2) 0.0597 0.802(5) 0.665(4) �0.00306(9) 0.0879(9)
1082.847607(20) 12 8 A1 13 9 A2 PP(13,9,A2) 10.18(2) 0.0487(3) 0.0558 0.762(30) 0.618(1) �0.00250(22)
1083.497562(20) 11 6 E 12 7 E PP(12,7,E) 7.87(2) 0.0523(3) 0.0547 0.626(32) 0.614(1) �0.00310(31)
1084.418423(13) 10 4 E 11 5 E PP(11,5,E) 10.21(2) 0.0537(3) 0.0552 0.807(21) 0.620(1) �0.00309(25)
1085.228424(9) 7 3 E 8 2 E RP(8,2,E) 9.04(1) 0.0591(3) 0.0602 0.882(11) 0.670(4) 0.0881(6)
1085.625324(8) 9 2 A2 10 3 A1 PP(10,3,A1) 10.91(1) 0.0633(2) 0.0581 0.832(15) 0.649(2) 0.000027(2) 0.0893(8)
1085.738824(8) 9 2 A1 10 3 A2 PP(10,3,A2) 10.91(1) 0.0633(2) 0.0581 0.832(15) 0.649(2) 0.000027(2) 0.0893(8)
1086.841190(42) 13 11 A2 14 12 A1 PP(14,12,A1) 5.71(2) 0.0459(4) 0.0571 0.619(1) 0.0652(58)
1087.149109(38) 12 9 E 13 10 E PP(13,10,E) 5.03(2) 0.0454(4) 0.0572 0.625(1) 0.0562(48)
1087.570898(36) 11 7 E 12 8 E PP(12,8,E) 8.29(5) 0.0585(4) 0.0562 0.816(39) 0.624(1) �0.00374(34) 0.000058(6)
1087.887154(20) 6 5 E 7 4 E RP(7,4,E) 2.26(1) 0.0685(8) 0.0636 0.718(7) 0.0938(15)
1088.082184(6) 7 2 E 8 1 E RP(8,1,E) 15.04(2) 0.0633(2) 0.0613 0.812(6) 0.682(5) �0.00216(19) 0.0861(4)
1088.252595(9) 10 5 A1 11 6 A2 PP(11,6,A2) 22.65(3) 0.0527(1) 0.0553 0.712(10) 0.620(1) �0.00307(11)
1089.248131(10) 9 3 E 10 4 E PP(10,4,E) 13.36(2) 0.0565(2) 0.0569 0.755(13) 0.636(1) �0.00351(19)
1089.902710(5) 7 1 A2 8 0 A1 RP(8,0,A1) 23.99(2) 0.0647(1) 0.0620 0.827(4) 0.690(5) �0.00261(12) 0.0871(3)
1090.645206(9) 8 1 E 9 2 E PP(9,2,E) 11.93(2) 0.0632(3) 0.0602 0.726(12) 0.671(3) �0.00279(24) 0.000038(4) 0.0867(7)
1090.725700(7) 6 4 A1 7 3 A2 RP(7,3,A2) 9.87(1) 0.0656(3) 0.0618 0.792(7) 0.689(6) 0.094(5)
1091.611499(38) 12 10 E 13 11 E PP(13,11,E) 5.21(2) 0.0462(4) 0.0580 0.630(1)
1091.797634(12) 11 8 A2 12 9 A1 PP(12,9,A1) 17.08(2) 0.0510(2) 0.0577 0.675(16) 0.635(1) �0.00280(14)
1092.239570(12) 10 6 E 11 7 E PP(11,7,E) 12.47(2) 0.0520(2) 0.0565 0.727(18) 0.631(1)
1092.986295(9) 9 4 E 10 5 E PP(10,5,E) 15.69(2) 0.0557(2) 0.0562 0.751(12) 0.628(1) �0.00245(16) 0.000036(3)
1093.662989(7) 6 3 E 7 2 E RP(7,2,E) 8.98(1) 0.0620(2) 0.0616 0.813(7) 0.682(5) 0.0878(5)
1094.044024(5) 8 2 A1 9 3 A2 PP(9,3,A2) 16.06(1) 0.0642(2) 0.0590 0.774(6) 0.658(3) �0.00214(11) 0.000023(1) 0.0893(4)
1094.117524(5) 8 2 A2 9 3 A1 PP(9,3,A1) 16.06(1) 0.0642(2) 0.0590 0.774(6) 0.658(3) �0.00214(11) 0.000023(1) 0.0893(4)
1095.705469(8) 7 0 E 8 1 E PP(8,1,E) 9.59(2) 0.0652(3) 0.0620 0.792(9) 0.689(5) �0.00381(25) 0.0858(14) 0.788(18)
1096.184869(20) 11 9 E 12 10 E PP(12,10,E) 8.71(2) 0.0507(2) 0.0588 0.643(1) �0.00110(0)
1096.378207(12) 10 7 E 11 8 E PP(11,8,E) 13.36(2) 0.0522(2) 0.0582 0.677(15) 0.645(1) �0.00340(15)
1096.631621(5) 6 2 E 7 1 E RP(7,1,E) 15.86(2) 0.0632(1) 0.0626 0.822(4) 0.693(6) �0.00160(14) 0.0846(6) 0.772(7)
1096.879089(6) 9 5 A1 10 6 A2 PP(10,6,A2) 35.63(3) 0.0545(1) 0.0569 0.762(5) 0.635(1) �0.00271(6) 0.000012(1) 0.0777(8) 0.696(23)
1097.713516(7) 8 3 E 9 4 E PP(9,4,E) 19.9(2) 0.0574(1) 0.0578 0.801(6) 0.643(2) �0.00264(11) 0.000013(1) 0.0788(9) 0.763(19)
1098.725853(5) 6 1 A1 7 0 A2 RP(7,0,A2) 28.66(2) 0.0650(1) 0.0633 0.829(2) 0.701(6) �0.00223(8) 0.000016(1) 0.0852(4) 0.788(4)
1098.933992(6) 7 1 E 8 2 E PP(8,2,E) 17.10(2) 0.0628(2) 0.0613 0.821(6) 0.681(4) �0.00207(14) 0.000024(2) 0.0820(7) 0.784(12)
1099.005454(7) 5 4 A2 6 3 A1 RP(6,3,A1) 7.32(1) 0.0693(3) 0.0643 0.804(6) 0.720(7) �0.00294(20) 0.000051(5) 0.0894(13) 0.761(12)
1100.672437(8) 10 8 A2 11 9 A1 PP(11,9,A1) 27.42(3) 0.0512(1) 0.0596 0.750(8) 0.656(1) �0.00255(8) 0.000024(2) 0.0767(6)
1100.743446(20) 11 10 E 12 11 E PP(12,11,E) 8.80(2) 0.0434(2) 0.0589 0.660(29) 0.645(1) �0.00262(18)
1100.921805(8) 9 6 E 10 7 E PP(10,7,E) 19.25(2) 0.0545(1) 0.0587 0.709(9) 0.653(2) �0.00226(10) 0.000032(2) 0.0815(7)
1101.505850(6) 8 4 E 9 5 E PP(9,5,E) 23.28(2) 0.0569(1) 0.0577 0.775(6) 0.641(2) �0.00247(9) 0.000021(2) 0.0787(8) 0.771(18)
1101.981493(6) 5 3 E 6 2 E RP(6,2,E) 7.95(1) 0.0642(2) 0.0633 0.834(5) 0.699(6) 0.0885(5)
1102.423989(4) 7 2 A2 8 3 A1 PP(8,3,A1) 22.84(1) 0.0655(2) 0.0600 0.779(8) 0.666(4) �0.00215(7) 0.000025(1) 0.0859(2) 0.796(26)
1102.468792(4) 7 2 A1 8 3 A2 PP(8,3,A2) 22.84(1) 0.0655(2) 0.0600 0.779(8) 0.666(4) �0.00215(7) 0.000025(1) 0.0859(2) 0.796(26)
1103.850673(6) 6 0 E 7 1 E PP(7,1,E) 13.84(2) 0.0655(2) 0.0633 0.816(5) 0.701(6) �0.00189(17) 0.000021(3) 0.0890(8) 0.750(8)
1105.032601(5) 5 2 E 6 1 E RP(6,1,E) 15.20(2) 0.0645(2) 0.0639 0.832(3) 0.703(6) �0.00276(16) 0.0861(6) 0.767(6)
1105.115847(14) 9 7 E 10 8 E PP(10,8,E) 20.64(4) 0.0537(3) 0.0604 0.733(19) 0.669(2) �0.00236(20) 0.912(25)
1105.130058(21) 10 9 E 11 10 E PP(11,10,E) 14.16(4) 0.0480(3) 0.0599 0.716(37) 0.660(1) 0.0773(25)
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1105.447409(6) 8 5 A1 9 6 A2 PP(9,6,A2) 52.73(4) 0.057(1) 0.0591 0.765(3) 0.659(3) �0.00284(6) 0.000014(1) 0.0778(5) 0.804(11)
1105.490676(14) 11 11 A1 12 12 A2 PP(12,12,A2) 17.12(3) 0.0269(1) 0.0558 0.375(19) 0.634(1) �0.00514(7) 0.000029(2)
1106.132104(6) 7 3 E 8 4 E PP(8,4,E) 28.56(2) 0.0593(1) 0.0591 0.812(4) 0.653(3) �0.0033(8) 0.000017(1) 0.0781(5) 0.809(9)
1107.190909(20) 4 4 A1 5 3 A2 RP(5,3,A2) 3.62(2) 0.0760(14) 0.0669 0.748(7) 0.000030(2)
1107.196929(12) 6 1 E 7 2 E PP(7,2,E) 22.91(4) 0.0627(2) 0.0624 0.801(5) 0.691(6) �0.00258(11) 0.000019(2) 0.0879(7) 0.738(7)
1107.406665(5) 5 1 A2 6 0 A1 RP(6,0,A1) 32.60(2) 0.0665(1) 0.0647 0.841(1) 0.711(6) �0.00288(7) 0.000019(1) 0.0861(3) 0.775(3)
1109.465904(7) 9 8 A1 10 9 A2 PP(10,9,A2) 43.05(4) 0.0500(1) 0.0609 0.726(5) 0.676(2) �0.00207(6) 0.000023(1) 0.0750(9) 0.753(26)
1109.536457(7) 8 6 E 9 7 E PP(9,7,E) 29.08(4) 0.0565(1) 0.0610 0.768(6) 0.680(3) �0.00218(9) 0.000019(2) 0.0788(8) 0.804(18)
1109.761551(14) 10 10 E 11 11 E PP(11,11,E) 14.36(2) 0.0301(1) 0.0568 0.510(14) 0.647(1) �0.00435(9) 0.000041(2)
1109.967774(6) 7 4 E 8 5 E PP(8,5,E) 33.02(3) 0.0588(1) 0.0598 0.790(3) 0.664(3) �0.00137(8) 0.000028(1) 0.0821(5) 0.761(8)
1110.192698(6) 4 3 E 5 2 E RP(5,2,E) 5.81(1) 0.0741(2) 0.0654 0.724(6) �0.00362(36) 0.0908(4)
1110.754522(7) 6 2 A1 7 3 A2 PP(7,3,A2) 30.93(1) 0.0645(1) 0.0612 0.805(1) 0.675(5) �0.00218(4) 0.000026(1) 0.0871(1) 0.787(1)
1110.779654(12) 6 2 A2 7 3 A1 PP(7,3,A1) 30.93(1) 0.0645(1) 0.0612 0.805(1) 0.675(5) �0.00218(4) 0.000026(1) 0.0871(1) 0.787(1)
1111.988897(5) 5 0 E 6 1 E PP(6,1,E) 18.51(2) 0.0656(1) 0.0647 0.849(2) 0.711(6) �0.00204(14) 0.000016(2) 0.0870(5) 0.772(5)
1113.297730(5) 4 2 E 5 1 E RP(5,1,E) 12.88(2) 0.0645(2) 0.0655 0.861(2) 0.717(6) �0.00314(17) 0.0896(6) 0.755(5)
1113.776358(7) 8 7 E 9 8 E PP(9,8,E) 31.26(3) 0.0540(1) 0.0618 0.730(5) 0.691(4) �0.00262(8)
1113.948879(5) 7 5 A2 8 6 A1 PP(8,6,A1) 75.51(5) 0.0594(1) 0.0616 0.781(2) 0.688(4) �0.00259(6) 0.000009(1) 0.0803(3) 0.795(5)
1113.979823(10) 9 9 E 10 10 E PP(10,10,E) 22.52(5) 0.0342(1) 0.0578 0.534(12) 0.660(1) �0.00467(9) 0.000031(2) 0.0539(19) 0.669(65)
1114.493311(5) 6 3 E 7 4 E PP(7,4,E) 38.27(2) 0.0609(1) 0.0609 0.816(2) 0.672(4) �0.00270(7) 0.000015(1) 0.0816(3) 0.779(4)
1115.420049(5) 5 1 E 6 2 E PP(6,2,E) 29.34(2) 0.0634(1) 0.0638 0.835(2) 0.701(6) �0.00214(8) 0.000021(1) 0.0848(4) 0.786(4)
1115.940928(5) 4 1 A1 5 0 A2 RP(5,0,A1) 33.58(2) 0.0669(1) 0.0663 0.856(1) 0.723(6) �0.00241(8) 0.000011(1) 0.0878(3) 0.774(3)
1118.076223(5) 7 6 E 8 7 E PP(8,7,E) 41.80(3) 0.0568(1) 0.0627 0.760(3) 0.703(5) �0.00215(6) 0.000014(1) 0.0793(4) 0.766(9)
1118.172377(5) 8 8 A1 9 9 A2 PP(9,9,A2) 65.54(3) 0.0385(0) 0.0588 0.547(3) 0.675(2) �0.00374(3) 0.000033(1) 0.0588(5) 0.697(16)
1118.304501(7) 3 3 E 4 2 E RP(4,2,E) 2.87(0) 0.0782(10) 0.0677 0.770(15) 0.749(7) �0.00730(61) 0.0873(26) 0.806(23)
1118.363421(4) 6 4 E 7 5 E PP(7,5,E) 45.26(3) 0.0610(1) 0.0623 0.822(3) 0.694(5) �0.00233(6) 0.000015(1) 0.0838(3) 0.773(4)
1119.025382(8) 5 2 A2 6 3 A1 PP(6,3,A1) 40.05(1) 0.0675(0) 0.0627 0.814(1) 0.688(5) �0.00210(3) 0.000023(2) 0.0925(1) 0.761(1)
1119.038034(12) 5 2 A1 6 3 A2 PP(6,3,A2) 40.05(1) 0.0675(0) 0.0627 0.814(1) 0.688(5) �0.00210(3) 0.000023(2) 0.0925(1) 0.761(1)
1120.103181(4) 4 0 E 5 1 E PP(5,1,E) 22.67(2) 0.0663(1) 0.0663 0.850(2) 0.722(6) �0.00250(11) 0.000013(1) 0.0887(4) 0.761(3)
1121.441410(5) 3 2 E 4 1 E RP(4,1,E) 9.24(1) 0.0662(2) 0.0671 0.853(4) 0.734(6) �0.00233(14) 0.0911(8) 0.739(6)
1122.353699(6) 7 7 E 8 8 E PP(8,8,E) 44.77(7) 0.0426(1) 0.0599 0.629(6) 0.690(3) �0.00319(8) 0.000026(1) 0.0638(5) 0.745(14)
1122.376165(4) 6 5 A2 7 6 A1 PP(7,6,A1) 105.06(7) 0.0604(1) 0.0636 0.789(2) 0.714(6) �0.00207(5) 0.000017(1) 0.0806(2) 0.784(3)
1122.788184(4) 5 3 E 6 4 E PP(6,4,E) 49.73(2) 0.0634(1) 0.0631 0.825(2) 0.699(5) �0.00273(5) 0.000010(1) 0.0835(3) 0.781(3)
1123.589807(4) 4 1 E 5 2 E PP(5,2,E) 35.43(2) 0.0640(1) 0.0652 0.842(2) 0.713(6) �0.00308(7) 0.000014(1) 0.0857(3) 0.772(3)
1124.325714(4) 3 1 A2 4 0 A1 RP(4,0,A1) 31.36(2) 0.0673(1) 0.0679 0.860(1) 0.735(6) �0.00284(8) 0.000010(1) 0.0896(3) 0.765(3)
1126.534176(6) 6 6 E 7 7 E PP(7,7,E) 58.571(4) 0.0488(1) 0.0611 0.680(2) 0.704(5) �0.00313(4) 0.000030(1) 0.0706(6) 0.668(18)
1126.684492(6) 5 4 E 6 5 E PP(6,5,E) 59.77(3) 0.0623(1) 0.0645 0.805(2) 0.721(6) �0.00243(5) 0.000009(1) 0.0807(6) 0.871(18)
1127.227037(20) 4 2 A1 5 3 A2 PP(5,3,A2) 48.64(1) 0.0643(0) 0.0645 0.822(1) 0.709(6) �0.00251(4) 0.000015(2) 0.0737(9)
1127.232695(14) 4 2 A2 5 3 A1 PP(5,3,A1) 48.64(1) 0.0643(0) 0.0645 0.822(1) 0.709(6) �0.00251(4) 0.000015(2) 0.0737(9)
1128.174506(6) 3 0 E 4 1 E PP(4,1,E) 25.18(2) 0.0674(1) 0.0679 0.836(2) 0.734(6) �0.00224(10) 0.000013(1) 0.0839(2)
1129.139102(28) 10 9 E 10 8 E RQ(10,8,E) 3.84(1) 0.0615(5) 0.0611 0.684(4) �0.00498(40)
1129.476960(11) 2 2 E 3 1 E RP(3,1,E) 4.62(1) 0.0762(3) 0.0689 0.753(7) �0.00189(17)
1130.486989(25) 11 8 E 11 7 E RQ(11,7,E) 4.89(2) 0.0558(5) 0.0576 0.522(43) 0.644(1)
1130.561033(30) 13 7 A2 13 6 A1 RQ(13,6,A1) 5.63(2) 0.0509(4) 0.0532 0.549(51) 0.605(1) 0.000065(6)
1130.721975(5) 5 5 A2 6 6 A1 PP(6,6,A1) 140.05(4) 0.0537(1) 0.0623 0.724(1) 0.716(5) �0.00289(3) 0.000024(2) 0.0707(3) 0.806(11)
1131.008024(20) 4 3 E 5 4 E PP(5,4,E) 62.37(2) 0.0647(1) 0.0653 0.822(1) 0.728(6) �0.00228(6) 0.000010(1) 0.0837(6) 0.828(17)
1131.434300(19) 10 8 E 10 7 E RQ(10,7,E) 6.00(2) 0.0597(4) 0.0598 0.558(29) 0.669(3) �0.00477(38)
1131.693962(6) 3 1 E 4 2 E PP(4,2,E) 40.36(2) 0.0644(1) 0.0668 0.846(1) 0.727(6) �0.00292(7) 0.000014(1) 0.0836(9) 0.818(24)
1131.766548(18) 12 7 A2 12 6 A1 RQ(12,6,A1) 8.54(2) 0.0521(3) 0.0543 0.748(31) 0.614(1) �0.00291(25)
1132.557787(6) 2 1 A1 3 0 A2 RP(3,0,A2) 24.95(2) 0.0667(1) 0.0695 0.869(2) 0.749(6) �0.00335(16) 0.000012(1) 0.0919(2)
1132.858722(13) 11 7 A2 11 6 A1 RQ(11,6,A1) 12.16(3) 0.0561(5) 0.0559 0.582(26) 0.629(1)
1133.033465(17) 8 8 E 8 7 E RQ(8,7,E) 4.79(1) 0.0695(5) 0.0628 0.719(6) �0.00978(64)
1133.841173(10) 10 7 A2 10 6 A1 RQ(10,6,A1) 15.93(3) 0.0571(3) 0.0580 0.714(16) 0.650(2)
1134.717981(8) 9 7 A1 9 6 A2 RQ(9,6,A2) 19.06(3) 0.0597(3) 0.0603 0.748(11) 0.677(3)
1134.923731(6) 4 4 E 5 5 E PP(5,5,E) 76.54(3) 0.0582(1) 0.0635 0.747(2) 0.727(6) �0.00182(7) 0.000027(1) 0.0354(7)
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Table 5 (continued )

Position, cm�1 J0 K0 S0 J00 K00 S00 Assignment Int*1025a b0L ðN2Þ expt,b b0L ðN2Þ calc.b n1 expt n1 calc. δ0ðN2Þ exptb δ0ðN2Þ exptc b0L ðself Þ exptb n2 expt

1135.352143(22) 3 2 A2 4 3 A1 PP(4,3,A1) 114.47(3) 0.0653(1) 0.0664 0.852(1) 0.733(6) �0.00225(13) 0.000012(1) 0.0857(1)
1135.493275(8) 8 7 A2 8 6 A1 RQ(8,6,A1) 19.18(5) 0.0628(3) 0.0626 0.821(10) 0.705(5) �0.0036(36) 0.0841(6)
1136.171086(19) 7 7 A1 7 6 A2 RQ(7,6,A2) 14.28(5) 0.0697(6) 0.0638 0.764(17) 0.728(7) 0.0868(16)
1136.185383(14) 2 0 E 3 1 E PP(3,1,E) 25.02(2) 0.0668(2) 0.0695 0.855(3) 0.748(6) 0.0910(5)
1136.350725(13) 10 6 E 10 5 E RQ(10,5,E) 9.78(2) 0.0572(5) 0.0563 0.642(25) 0.633(1)
1137.263915(10) 9 6 E 9 5 E RQ(9,5,E) 12.53(2) 0.0585(4) 0.0584 0.818(16) 0.655(2)
1137.869412(20) 11 5 E 11 4 E RQ(11,4,E) 7.64(2) 0.0546(3) 0.0550 0.739(23) 0.620(1) 0.0753(25)
1138.068790(9) 8 6 E 8 5 E RQ(8,5,E) 14.15(2) 0.0620(1) 0.0608 0.683(4) �0.00187(13) 0.0869(6)
1138.770173(8) 7 6 E 7 5 E RQ(7,5,E) 14.16(2) 0.0664(1) 0.0633 0.712(6) �0.00255(13) 0.000020(1) 0.0874(5)
1138.949449(13) 10 5 E 10 4 E RQ(10,4,E) 11.08(2) 0.0574(2) 0.0559 0.651(14) 0.628(1) 0.0795(14)
1139.112237(35) 3 3 E 4 4 E PP(4,4,E) 4.81(2) 0.0529(4) 0.0649 0.830(8) 0.737(6)
1139.372679(12) 6 6 E 6 5 E RQ(6,5,E) 9.95(2) 0.0679(3) 0.0647 0.844(7) 0.735(7) �0.00491(26) 0.000042(4) 0.096(13) 0.707(12)
1139.722075(6) 2 1 E 3 2 E PP(3,2,E) 43.46(2) 0.0649(1) 0.0682 0.854(1) 0.745(6) �0.00203(6) 0.000022(1) 0.0883(1)
1139.909156(11) 9 5 E 9 4 E RQ(9,4,E) 14.64(2) 0.0578(2) 0.0572 0.716(9) 0.639(1) 0.0866(8)
1140.391680(21) 11 4 A1 11 3 A2 RQ(11,3,A2) 7.11(2) 0.0602(4) 0.0559 0.760(35) 0.628(1) 0.00427(41) 0.0850(27)
1140.427310(20) 11 4 A2 11 3 A1 RQ(11,3,A1) 7.50(2) 0.0598(4) 0.0559 0.707(33) 0.628(1) �0.00522(38) 0.0848(26)
1140.634587(6) 1 1 A2 2 0 A1 RP(2,0,A1) 14.39(1) 0.0664(1) 0.0710 0.839(2) 0.764(6) �0.00318(15) 0.000024(1) 0.0919(1)
1140.752289(8) 8 5 E 8 4 E RQ(8,4,E) 18.20(2) 0.0603(1) 0.0590 0.659(3) �0.00082(8) 0.0819(4)
1141.483940(6) 7 5 E 7 4 E RQ(7,4,E) 20.29(3) 0.0638(1) 0.0615 0.786(4) 0.687(5) �0.00220(13) 0.000011(1) 0.0866(3)
1141.562032(14) 10 4 A2 10 3 A1 RQ(10,3,A1) 10.67(2) 0.0623(3) 0.0566 0.699(21) 0.635(1)
1141.597406(13) 10 4 A1 10 3 A2 RQ(10,3,A2) 11.42(2) 0.0598(3) 0.0566 0.780(19) 0.635(1) �0.00574(26)
1142.109752(6) 6 5 E 6 4 E RQ(6,4,E) 19.43(2) 0.0663(1) 0.0640 0.819(4) 0.718(6) �0.00323(12) 0.000016(2) 0.0909(3)
1142.582166(11) 9 4 A1 9 3 A2 RQ(9,3,A2) 14.07(3) 0.0634(2) 0.0575 0.801(9) 0.642(2) 0.00366(9) 0.0819(13) 0.850(19)
1142.628435(19) 9 4 A2 9 3 A1 RQ(9,3,A1) 15.86(6) 0.0634(2) 0.0575 0.801(9) 0.642(2) 0.00366(9) 0.0819(13) 0.850(19)
1142.635080(9) 5 5 E 5 4 E RQ(5,4,E) 13.68(4) 0.0680(3) 0.0657 0.87(8) 0.742(7) �0.01596(25) 0.0935(4)
1143.391181(6) 2 2 A1 3 3 A2 PP(3,3,A2) 131.69(3) 0.0656(0) 0.0665 0.832(1) 0.746(6) �0.00248(4) 0.000017(2) 0.0853(2) 0.787(2)
1143.527523(7) 8 4 A1 8 3 A2 RQ(8,3,A2) 20.88(2) 0.0653(1) 0.0586 0.785(3) 0.652(3) �0.00174(6) 0.0878(2)
1143.571633(8) 8 4 A2 8 3 A1 RQ(8,3,A1) 19.27(3) 0.0653(1) 0.0586 0.785(3) 0.652(3) �0.00174(6) 0.0878(2)
1144.121476(6) 1 0 E 2 1 E PP(2,1,E) 22.36(2) 0.0662(1) 0.0709 0.861(2) 0.763(6) �0.0029(10) 0.000020(1) 0.0924(4) 0.741(4)
1144.218243(14) 10 3 E 10 2 E RQ(10,2,E) 9.88(2) 0.0602(3) 0.0578 0.829(18) 0.646(1) �0.00249(24)
1144.302129(14) 7 4 A2 7 3 A1 RQ(7,3,A1) 25.11(2) 0.0619(1) 0.0602 0.811(1) 0.667(4) �0.00107(5) 0.000007(1) 0.0838(6) 0.762(5)
1144.307543(14) 7 4 A1 7 3 A2 RQ(7,3,A2) 25.11(2) 0.0619(1) 0.0602 0.811(1) 0.667(4) �0.00107(5) 0.000007(1) 0.0838(6) 0.762(5)
1144.960590(5) 6 4 A1 6 3 A2 RQ(6,3,A2) 54.31(3) 0.0641(1) 0.0624 0.825(2) 0.692(6) �0.00170(5) 0.0873(5) 0.816(12)
1145.360462(8) 9 3 E 9 2 E RQ(9,2,E) 14.55(3) 0.0607(2) 0.0586 0.756(9) 0.655(2) �0.00201(15) 0.0841(7)
1145.508861(5) 5 4 A2 5 3 A1 RQ(5,3,A1) 50.63(2) 0.0671(1) 0.0648 0.842(1) 0.722(6) �0.00221(6) 0.000015(1) 0.0908(2)
1145.955000(5) 4 4 A1 4 3 A2 RQ(4,3,A2) 34.56(2) 0.0705(1) 0.0668 0.864(1) 0.747(7) �0.00373(8) 0.000024(1) 0.0956(2)
1146.350463(6) 8 3 E 8 2 E RQ(8,2,E) 20.22(2) 0.0591(1) 0.0595 0.812(5) 0.663(3) �0.00155(10) 0.0862(4)
1146.564067(18) 10 2 E 10 1 E RQ(10,1,E) 5.12(1) 0.0618(4) 0.0587 0.813(28) 0.655(2)
1147.196047(6) 7 3 E 7 2 E RQ(7,2,E) 26.37(2) 0.0606(1) 0.0607 0.813(3) 0.672(4) �0.00073(6) 0.000011(1) 0.0850(3)
1147.665833(5) 1 1 E 2 2 E PP(2,2,E) 45.26(2) 0.0665(1) 0.0684 0.859(1) 0.757(6) �0.00221(6) 0.000017(1) 0.0933(5) 0.755(10)
1147.906526(8) 6 3 E 6 2 E RQ(6,2,E) 32.07(3) 0.0633(1) 0.0621 0.834(3) 0.684(5) 0.0893(10) 0.703(20)
1148.492390(5) 5 3 E 5 2 E RQ(5,2,E) 33.82(2) 0.0651(1) 0.0639 0.832(2) 0.703(6) �0.00182(7) 0.000009(1) 0.0868(2)
1148.963335(5) 4 3 E 4 2 E RQ(4,2,E) 30.82(2) 0.0666(1) 0.0660 0.849(2) 0.728(6) �0.00184(8) 0.000014(1) 0.0897(2)
1149.063784(7) 8 2 E 8 1 E RQ(8,1,E) 13.87(2) 0.0644(2) 0.0607 0.780(8) 0.677(4) 0.0879(6)
1149.328536(5) 3 3 E 3 2 E RQ(3,2,E) 20.75(2) 0.0697(1) 0.0678 0.873(2) 0.752(6) �0.00275(12) 0.000018(1) 0.0956(3)
1150.055828(6) 7 2 E 7 1 E RQ(7,1,E) 20.49(2) 0.0631(1) 0.0618 0.839(4) 0.686(5) 0.000011(2) 0.0866(3)
1150.880549(5) 6 2 E 6 1 E RQ(6,1,E) 27.63(2) 0.0633(1) 0.0631 0.835(2) 0.696(6) �0.00147(8) 0.0883(2)
1151.547989(5) 5 2 E 5 1 E RQ(5,1,E) 33.79(2) 0.0645(1) 0.0646 0.83(2) 0.707(6) �0.00158(7) 0.0881(2)
1151.972417(6) 0 0 E 1 1 E PP(1,1,E) 16.39(2) 0.0657(1) 0.0720 0.834(2) 0.773(6) �0.00267(13) 0.000021(1) 0.0957(3)
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1152.072139(5) 4 2 E 4 1 E RQ(4,1,E) 36.78(2) 0.0649(1) 0.0662 0.855(1) 0.721(6) �0.00191(7) 0.0883(2)
1152.468500(5) 3 2 E 3 1 E RQ(3,1,E) 33.77(2) 0.0653(1) 0.0678 0.850(1) 0.739(6) �0.00241(7) 0.000014(1) 0.0889(2)
1152.751674(5) 2 2 E 2 1 E RQ(2,1,E) 22.87(1) 0.0663(1) 0.0692 0.864(1) 0.757(6) �0.0023(10) 0.000019(1) 0.0930(2)
1154.43943(16) 13 1 A1 13 0 A2 RQ(13,0,A2) 15.64(3) 0.0590(2) 0.0564 0.84(19) 0.623(1) �0.00186(12) 0.000018(3) 0.0891(21)
1154.713917(12) 12 1 A2 12 0 A1 RQ(12,0,A1) 22.1(3) 0.0591(2) 0.0573 0.87(12) 0.634(1) �0.00135(11) 0.0661(9)
1154.966470(9) 11 1 A1 11 0 A2 RQ(11,0,A2) 32.63(5) 0.0603(1) 0.0582 0.769(7) 0.646(1) �0.00158(9) 0.000013(2) 0.0843(6)
1155.070691(21) 13 0 E 13 1 E PQ(13,1,E) 10.78(3) 0.0606(3) 0.0564 0.634(30) 0.623(1) 0.0774(28)
1155.199670(8) 10 1 A2 10 0 A1 RQ(10,0,A1) 44.83(4) 0.0618(1) 0.0592 0.776(4) 0.659(2) �0.00110(7) 0.000016(1) 0.0826(4)
1155.422423(7) 9 1 A1 9 0 A2 RQ(9,0,A2) 55.81(5) 0.0625(1) 0.0603 0.790(3) 0.672(3) �0.00116(7) 0.0833(3)
1155.521843(7) 8 1 A2 8 0 A1 RQ(8,0,A1) 64.88(5) 0.0650(1) 0.0614 0.822(3) 0.684(4) �0.00267(7) 0.000018(1) 0.0855(3)
1155.594148(12) 12 0 E 12 1 E PQ(12,1,E) 21.25(4) 0.0601(2) 0.0573 0.768(17) 0.634(1) �0.00133(10) 0.0806(12)
1155.728731(7) 7 1 A1 7 0 A2 RQ(7,0,A2) 89.9(5) 0.0649(1) 0.0626 0.824(2) 0.695(5) �0.00203(5) 0.000016(1) 0.0851(2)
1155.879355(7) 6 1 A2 6 0 A1 RQ(6,0,A1) 102.37(6) 0.0655(1) 0.0639 0.831(1) 0.705(6) �0.00146(6) 0.000013(1) 0.0860(2)
1156.004835(13) 5 1 A1 5 0 A2 RQ(5,0,A2) 107.72(10) 0.0659(1) 0.0654 0.828(1) 0.715(6) �0.00186(6) 0.000007(1) 0.0841(3)
1156.108549(7) 4 1 A2 4 0 A1 RQ(4,0,A1) 107.76(7) 0.0660(1) 0.0670 0.855(1) 0.727(6) �0.00206(6) 0.000005(1) 0.0872(2)
1156.191028(7) 3 1 A1 3 0 A2 RQ(3,0,A2) 97.04(8) 0.0660(1) 0.0687 0.840(2) 0.740(6) �0.00190(7) 0.0876(2)
1156.252680(8) 2 1 A2 2 0 A1 RQ(2,0,A1) 77.66(9) 0.0666(1) 0.0702 0.820(2) 0.755(6) �0.00248(9) 0.000009(1) 0.0869(8) 0.814(20)
1156.293622(11) 1 1 A1 1 0 A2 RQ(1,0,A2) 49.68(7) 0.0671(1) 0.0716 0.758(2) 0.770(6) �0.00354(9) 0.000014(1) 0.0892(3)
1156.424297(8) 10 0 E 10 1 E PQ(10,1,E) 39.85(4) 0.0614(1) 0.0592 0.802(6) 0.659(2) �0.00164(7) 0.0830(4)
1156.658762(37) 14 1 E 14 2 E PQ(14,2,E) 8.40(4) 0.0582(3) 0.0553 0.612(1) 0.0794(46)
1156.836955(8) 9 0 E 9 1 E PQ(9,1,E) 50.63(4) 0.0623(1) 0.0603 0.804(3) 0.672(3) �0.00168(6) 0.000007(1) 0.0836(3)
1157.255809(11) 8 0 E 8 1 E PQ(8,1,E) 60.80(7) 0.0632(1) 0.0614 0.807(3) 0.684(4) �0.0016(10) 0.0849(3)
1157.272717(28) 13 1 E 13 2 E PQ(13,2,E) 13.02(5) 0.0612(4) 0.0561 0.865(50) 0.622(1) 0.0783(36)
1157.679116(7) 7 0 E 7 1 E PQ(7,1,E) 68.21(4) 0.0646(1) 0.0626 0.815(2) 0.695(5) �0.00171(5) 0.000010(1) 0.0802(8) 0.883(24)
1157.885570(41) 12 1 E 12 2 E PQ(12,2,E) 18.58(3) 0.0596(2) 0.0569 0.720(14) 0.631(1) �0.00221(14)
1158.099455(8) 6 0 E 6 1 E PQ(6,1,E) 71.64(4) 0.0657(1) 0.0639 0.807(2) 0.705(6) �0.00196(5) 0.000008(1) 0.0810(9) 0.898(25)
1158.504362(9) 5 0 E 5 1 E PQ(5,1,E) 71.38(3) 0.0690(1) 0.0654 0.792(1) 0.715(6) �0.00186(5) 0.000007(1) 0.0821(12) 0.877(33)
1158.877568(7) 4 0 E 4 1 E PQ(4,1,E) 64.98(3) 0.0663(1) 0.0670 0.839(1) 0.727(6) �0.00183(5) 0.0826(9) 0.882(24)
1159.116825(9) 10 1 E 10 2 E PQ(10,2,E) 34.05(5) 0.0612(1) 0.0587 0.770(7) 0.655(2) �0.00248(9) 0.000022(2) 0.0792(4)
1159.201560(8) 3 0 E 3 1 E PQ(3,1,E) 54.72(3) 0.0662(1) 0.0687 0.840(1) 0.740(6) �0.00226(6) 0.000013(1) 0.0879(2)
1159.460170(8) 2 0 E 2 1 E PQ(2,1,E) 41.65(2) 0.0664(1) 0.0702 0.840(1) 0.755(6) �0.00236(7) 0.0883(2)
1159.513193(34) 14 2 A2 14 3 A1 PQ(14,3,A1) 7.37(3) 0.0572(4) 0.0549 0.697(56) 0.610(1) 0.0672(45)
1159.640105(8) 1 0 E 1 1 E PQ(1,1,E) 25.71(2) 0.0668(1) 0.0716 0.832(1) 0.770(6) �0.00377(13) 0.000026(1) 0.0937(22) 0.656(53)
1159.728243(8) 9 1 E 9 2 E PQ(9,2,E) 41.49(4) 0.0604(1) 0.0597 0.827(4) 0.666(3) �0.00260(7) 0.000021(1) 0.0876(13) 0.670(34)
1159.810303(21) 13 2 A2 13 3 A1 PQ(13,3,A1) 11.23(3) 0.0604(3) 0.0555 0.924(31) 0.619(1)
1160.326721(7) 8 1 E 8 2 E PQ(8,2,E) 49.84(4) 0.0618(1) 0.0607 0.805(2) 0.677(4) �0.00244(6) 0.000014(1) 0.0840(2)
1160.638984(13) 12 2 A1 12 3 A2 PQ(12,3,A2) 16.19(2) 0.0611(1) 0.0562 0.627(1) 0.0852(12)
1160.901607(7) 7 1 E 7 2 E PQ(7,2,E) 56.15(3) 0.0627(1) 0.0618 0.813(2) 0.686(5) �0.00259(6) 0.000015(1) 0.0839(2)
1160.958662(14) 12 2 A2 12 3 A1 PQ(12,3,A1) 16.19(2) 0.0611(1) 0.0562 0.627(1) 0.0852(12)
1161.440596(8) 6 1 E 6 2 E PQ(6,2,E) 59.47(3) 0.0640(1) 0.0631 0.818(2) 0.696(6) �0.00153(6) 0.000018(1) 0.0858(2)
1161.685867(9) 10 4 E 10 5 E PQ(10,5,E) 22.04(3) 0.0617(2) 0.0559 0.766(9) 0.628(1) �0.00299(13) 0.000041(3) 0.0871(8)
1161.930961(6) 5 1 E 5 2 E PQ(5,2,E) 58.61(2) 0.0645(1) 0.0646 0.833(1) 0.707(6) �0.00229(6) 0.000014(1) 0.0811(8) 0.907(23)
1162.239713(9) 10 2 A1 10 3 A2 PQ(10,3,A2) 29.52(3) 0.0628(1) 0.0578 0.787(4) 0.646(1) �0.00217(7) 0.0828(4)
1162.360469(7) 4 1 E 4 2 E PQ(4,2,E) 53.94(3) 0.0649(1) 0.0662 0.860(1) 0.721(6) �0.00289(6) 0.000010(1) 0.0869(2)
1162.406376(8) 10 2 A2 10 3 A1 PQ(10,3,A1) 29.52(3) 0.0628(1) 0.0578 0.787(4) 0.646(1) �0.00217(7) 0.0839(2)
1162.718028(7) 3 1 E 3 2 E PQ(3,2,E) 43.17(2) 0.0660(1) 0.0678 0.857(1) 0.739(6) �0.00155(7) 0.000013(1) 0.0878(2)
1162.994624(9) 2 1 E 2 2 E PQ(2,2,E) 26.68(2) 0.0672(1) 0.0692 0.871(2) 0.757(7) 0.000020(1) 0.0909(4)
1162.997143(10) 9 2 A2 9 3 A1 PQ(9,3,A1) 36.84(5) 0.0639(1) 0.0586 0.778(2) 0.655(2) �0.00124(4) 0.000014(1) 0.0878(2)
1163.110746(7) 9 2 A1 9 3 A2 PQ(9,3,A2) 35.93(5) 0.0639(1) 0.0586 0.778(2) 0.655(2) �0.00124(4) 0.000014(1) 0.0878(2)
1163.474647(54) 2 1 A1 1 0 A2 RR(1,0,A2) 0.56(0) 0.0768(15)
1163.714357(8) 8 2 A1 8 3 A2 PQ(8,3,A2) 43.63(3) 0.0645(1) 0.0595 0.826(2) 0.663(3) �0.00212(4) 0.000026(1) 0.0869(1)
1163.787924(8) 8 2 A2 8 3 A1 PQ(8,3,A1) 42.83(4) 0.0645(1) 0.0595 0.826(2) 0.663(3) �0.00212(4) 0.000026(1) 0.0869(1)
1163.913919(7) 1 1 A2 0 0 A1 RR(0,0,A1) 35.40(2) 0.0646(1) 0.786(2) �0.00096(8) 0.000007(1) 0.0913(14) 0.749(33)
1164.049765(15) 12 3 E 12 4 E PQ(12,4,E) 14.48(4) 0.0559(2) 0.0553 0.621(1) �0.00255(16) 0.0768(16)
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Table 5 (continued )

Position, cm�1 J0 K0 S0 J00 K00 S00 Assignment Int*1025a b0L ðN2Þ expt,b b0L ðN2Þ calc.b n1 expt n1 calc. δ0ðN2Þ exptb δ0ðN2Þ exptc b0L ðself Þ exptb n2 expt

1164.381569(5) 7 2 A2 7 3 A1 PQ(7,3,A1) 48.71(4) 0.0672(1) 0.0607 0.828(2) 0.672(4) �0.00239(3) 0.000024(2) 0.0876(4) 0.750(13)
1164.426483(5) 7 2 A1 7 3 A2 PQ(7,3,A2) 47.97(5) 0.0672(1) 0.0607 0.828(2) 0.672(4) �0.00239(3) 0.000024(2) 0.0876(4)
1164.934109(10) 11 3 E 11 4 E PQ(11,4,E) 19.32(4) 0.0553(2) 0.0559 0.902(15) 0.628(1) 0.0955(33) 0.41(37)
1164.989362(4) 6 2 A1 6 3 A2 PQ(6,3,A2) 50.48(1) 0.0696(1) 0.0621 0.843(2) 0.685(5) �0.00232(3) 0.000025(2) 0.0906(1) 0.715(1)
1165.014728(4) 6 2 A2 6 3 A1 PQ(6,3,A1) 50.48(1) 0.0696(1) 0.0621 0.843(2) 0.685(5) �0.00232(3) 0.000025(2) 0.0906(1) 0.715(1)
1165.528810(6) 5 2 A2 5 3 A1 PQ(5,3,A1) 48.03(1) 0.0641(0) 0.0639 0.845(1) 0.703(6) �0.00205(4) 0.000015(2) 0.0896(2)
1165.541406(6) 5 2 A1 5 3 A2 PQ(5,3,A2) 48.03(1) 0.0641(0) 0.0639 0.845(1) 0.703(6) �0.00205(4) 0.000015(2) 0.0896(2)
1165.788102(8) 10 3 E 10 4 E PQ(10,4,E) 25.47(4) 0.0570(1) 0.0566 0.737(7) 0.635(1) �0.00289(11) 0.000026(2) 0.0788(5)
1165.991512(12) 4 2 A1 4 3 A2 PQ(4,3,A2) 40.25(1) 0.0667(0) 0.0660 0.853(0) 0.728(6) �0.00141(4) 0.000010(2) 0.0891(2)
1165.996906(12) 4 2 A2 4 3 A1 PQ(4,3,A1) 40.25(1) 0.0667(0) 0.0660 0.853(0) 0.728(6) �0.00141(4) 0.000010(2) 0.0891(2)
1166.370334(12) 3 2 A2 3 3 A1 PQ(3,3,A1) 25.32(1) 0.0703(1) 0.0678 0.864(1) 0.751(7) 0.000005(2) 0.0927(2)
1166.508093(33) 13 4 E 13 5 E PQ(13,5,E) 8.56(6) 0.0536(3) 0.0539 0.609(1) 0.0711(36)
1166.602608(7) 9 3 E 9 4 E PQ(9,4,E) 30.78(4) 0.0566(1) 0.0575 0.796(5) 0.642(2) �0.00242(9) 0.000026(2) 0.0824(4)
1167.368139(6) 8 3 E 8 4 E PQ(8,4,E) 36.36(3) 0.0586(1) 0.0586 0.799(3) 0.652(3) �0.00315(7) 0.000012(1) 0.0820(2)
1167.522215(12) 12 4 E 12 5 E PQ(12,5,E) 12.37(2) 0.0535(2) 0.0544 0.695(17) 0.614(1) �0.00321(16)
1168.075586(6) 7 3 E 7 4 E PQ(7,4,E) 39.93(3) 0.0613(1) 0.0602 0.796(3) 0.667(4) �0.00246(7) 0.000018(1)
1168.270282(5) 2 2 E 1 1 E RR(1,1,E) 51.87(2) 0.0654(1) 0.0684 0.844(1) 0.757(6) �0.00139(5) 0.0881(0)
1168.500905(9) 11 4 E 11 5 E PQ(11,5,E) 16.89(2) 0.0549(1) 0.0550 0.709(11) 0.620(1) �0.00322(13) 0.000021(3)
1168.715933(5) 6 3 E 6 4 E PQ(6,4,E) 39.82(2) 0.0639(1) 0.0624 0.828(2) 0.692(6) �0.00242(7)
1168.909810(22) 14 5 A1 14 6 A2 PQ(14,6,A2) 9.98(2) 0.0517(2) 0.0528 0.512(28) 0.601(2) �0.00303(19) 0.0688(30)
1169.280994(5) 5 3 E 5 4 E PQ(5,4,E) 34.79(2) 0.0671(1) 0.0648 0.849(2) 0.722(6) �0.00152(8) 0.0880(2)
1169.435777(7) 10 4 E 10 5 E PQ(10,5,E) 21.72(3) 0.0556(1) 0.0559 0.733(8) 0.628(1) �0.00389(11)
1169.763499(6) 4 3 E 4 4 E PQ(4,4,E) 22.23(2) 0.0700(1) 0.0668 0.861(2) 0.747(7) �0.00187(11) 0.0931(2)
1170.060167(13) 13 5 A2 13 6 A1 PQ(13,6,A1) 14.88(2) 0.0514(2) 0.0532 0.686(16) 0.605(1) �0.00345(13)
1170.318393(6) 9 4 E 9 5 E PQ(9,5,E) 26.23(2) 0.0566(1) 0.0572 0.772(5) 0.639(1) �0.00334(8) 0.000014(2)
1171.140276(6) 8 4 E 8 5 E PQ(8,5,E) 29.90(4) 0.0593(1) 0.0590 0.774(5) 0.659(3) �0.00279(12) 0.000020(2) 0.0820(3)
1171.170415(11) 12 5 A1 12 6 A2 PQ(12,6,A2) 21.32(5) 0.0512(2) 0.0539 0.754(16) 0.611(1) �0.00337(14) 0.0721(10)
1171.352383(5) 2 1 A1 1 0 A2 RR(1,0,A2) 52.75(2) 0.0659(0) 0.0709 0.843(1) 0.763(6) �0.00072(5) 0.000004(1) 0.0903(1)
1171.893414(6) 7 4 E 7 5 E PQ(7,5,E) 30.81(2) 0.0614(1) 0.0614 0.822(3) 0.687(5) �0.00197(8) 0.000012(1) 0.0847(2)
1172.232987(7) 11 5 A1 11 6 A2 PQ(11,6,A2) 28.2(3) 0.0524(1) 0.0549 0.720(7) 0.619(1) �0.00364(7) 0.000020(2)
1172.570194(6) 6 4 E 6 5 E PQ(6,5,E) 27.99(5) 0.0655(2) 0.0640 0.858(7) 0.718(6) �0.00196(15) 0.000020(2) 0.0870(3)
1172.601008(5) 3 3 E 2 2 E RR(2,2,E) 77.51(4) 0.0653(1) 0.0663 0.851(1) 0.744(6) �0.00111(6) 0.000004(2) 0.0874(1)
1173.163727(6) 5 4 E 5 5 E PQ(5,5,E) 18.56(3) 0.0695(2) 0.0657 0.854(3) 0.742(7) 0.0907(3)
1173.240002(6) 10 5 A1 10 6 A2 PQ(10,6,A2) 35.79(4) 0.0544(1) 0.0563 0.750(5) 0.633(1) �0.00318(7) 0.000016(1) 0.0768(3)
1173.771460(25) 13 6 E 13 7 E PQ(13,7,E) 6.35(2) 0.0500(3) 0.0532 0.647(37) 0.605(1) �0.00477(31) 0.0601(32)
1174.183837(6) 9 5 A1 9 6 A2 PQ(9,6,A2) 42.51(3) 0.0570(1) 0.0584 0.754(4) 0.655(2) �0.00303(6) 0.000014(1)
1174.973264(42) 12 6 E 12 7 E PQ(12,7,E) 8.89(3) 0.0505(4) 0.0543 0.587(35) 0.614(1) �0.00560(45) 0.000068(8) 0.0594(32)
1174.978732(18) 2 0 E 1 1 E PR(1,1,E) 7.98(2) 0.0671(5) 0.0710 0.843(7) 0.764(6) 0.0952(9)
1175.743244(6) 3 2 E 2 1 E RR(2,1,E) 57.05(2) 0.0634(1) 0.0679 0.836(1) 0.743(6) �0.00086(5) 0.000009(2) 0.0835(8) 0.784(23)
1175.852436(6) 7 5 A1 7 6 A2 PQ(7,6,A2) 42.70(3) 0.0638(1) 0.0633 0.817(3) 0.712(6) �0.00102(6) 0.0852(2)
1176.115511(13) 11 6 E 11 7 E PQ(11,7,E) 11.51(2) 0.0514(2) 0.0559 0.744(17) 0.629(1) �0.00429(16) 0.0748(16)
1176.563597(6) 6 5 A1 6 6 A2 PQ(6,6,A2) 28.76(2) 0.0666(1) 0.0647 0.858(3) 0.735(7) 0.0893(3)
1176.974032(5) 4 4 A1 3 3 A2 RR(3,3,A2) 186.38(3) 0.0630(0) 0.0647 0.822(1) 0.734(6) �0.00108(3) 0.000004(2) 0.0814(4) 0.801(11)
1177.191505(10) 10 6 E 10 7 E PQ(10,7,E) 14.55(2) 0.0556(2) 0.0580 0.692(12) 0.650(2) �0.00307(14) 0.0768(10)
1178.194155(9) 9 6 E 9 7 E PQ(9,7,E) 16.24(2) 0.0598(2) 0.0603 0.742(9) 0.677(3) �0.00225(13) 0.0798(7)
1178.629294(6) 3 1 A2 2 0 A1 RR(2,0,A1) 67.23(2) 0.0667(0) 0.0695 0.845(1) 0.748(6) �0.00159(4) 0.000010(2) 0.0889(2)
1178.921575(23) 12 7 E 12 8 E PQ(12,8,E) 7.19(2) 0.0498(3) 0.0556 0.624(1) �0.00413(22) 0.0683(28)
1179.116925(8) 8 6 E 8 7 E PQ(8,7,E) 15.21(2) 0.0608(2) 0.0626 0.801(8) 0.705(5) 0.0878(7)
1179.953709(9) 7 6 E 7 7 E PQ(7,7,E) 11.28(3) 0.0648(3) 0.0638 0.858(9) 0.728(6) 0.000047(7) 0.0759(9)
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1179.987401(6) 4 3 E 3 2 E RR(3,2,E) 76.03(3) 0.0651(1) 0.0663 0.846(1) 0.733(6) �0.00093(5) 0.000013(1) 0.0860(2) 0.750(0)
1180.144243(23) 11 7 E 11 8 E PQ(11,8,E) 9.31(4) 0.0497(2) 0.0576 0.757(23) 0.644(1) �0.00239(20)
1181.390665(5) 5 5 E 4 4 E RR(4,4,E) 97.66(2) 0.0587(0) 0.0632 0.801(1) 0.723(6) �0.00126(3) 0.000007(2) 0.0763(5) 0.843(16)
1182.350649(11) 9 7 E 9 8 E PQ(9,8,E) 10.25(3) 0.0590(2) 0.0619 0.695(4) 0.0631(13)
1182.476326(7) 3 0 E 2 1 E PR(2,1,E) 14.04(2) 0.0677(2) 0.0695 0.854(3) 0.749(6) 0.000012(2) 0.0906(3)
1183.014330(15) 12 8 A1 12 9 A2 PQ(12,9,A2) 11.22(2) 0.0511(2) 0.0572 0.637(1) �0.00246(15) 0.0670(19)
1183.099278(6) 4 2 E 3 1 E RR(3,1,E) 61.95(2) 0.0635(0) 0.0666 0.835(1) 0.725(6) �0.00065(5) 0.000008(1) 0.0820(2) 0.840(16)
1183.323054(12) 8 7 E 8 8 E PQ(8,8,E) 7.71(1) 0.0645(3) 0.0628 0.879(16) 0.718(6) 0.00416(23) 0.0833(14)
1184.273226(5) 5 4 A1 4 3 A2 RR(4,3,A2) 170.58(3) 0.0648(0) 0.0653 0.836(1) 0.727(6) �0.00102(3) 0.000008(2) 0.0826(3) 0.846(9)
1184.320459(12) 11 8 A1 11 9 A2 PQ(11,9,A2) 13.97(3) 0.0544(2) 0.0592 0.659(2) 0.0681(15)
1185.536801(10) 10 8 A1 10 9 A2 PQ(10,9,A2) 13.87(2) 0.0583(2) 0.0611 0.684(4) 0.0787(12)
1185.744718(6) 4 1 A1 3 0 A2 RR(3,0,A2) 76.92(3) 0.0668(0) 0.0679 0.847(1) 0.734(6) �0.00111(4) 0.000006(1) 0.0883(2)
1185.851958(5) 6 6 E 5 5 E RR(5,5,E) 92.39(3) 0.0542(0) 0.0620 0.751(1) 0.712(5) �0.00157(3) 0.000006(2) 0.0745(1)
1185.990482(10) 3 1 E 2 2 E PR(2,2,E) 5.17(1) 0.0704(4) 0.0691 0.871(10) 0.753(7) �0.00427(40) 0.0906(9)
1186.658408(11) 9 8 A1 9 9 A2 PQ(9,9,A2) 10.61(2) 0.0632(2) 0.0618 0.707(5) 0.00507(17) 0.0786(12)
1187.263042(11) 5 3 E 4 2 E RR(4,2,E) 73.60(2) 0.0634(1) 0.0644 0.843(1) 0.706(6) �0.00091(6) 0.000009(1) 0.0806(2)
1188.602551(5) 6 5 E 5 4 E RR(5,4,E) 85.56(2) 0.0635(0) 0.0645 0.816(1) 0.721(6) �0.00158(4) 0.000006(2) 0.0827(2)
1189.904653(6) 4 0 E 3 1 E PR(3,1,E) 16.88(1) 0.0670(1) 0.0679 0.843(2) 0.736(6) �0.00180(14) 0.0898(3)
1190.322385(7) 5 2 E 4 1 E RR(4,1,E) 65.66(5) 0.0631(1) 0.0651 0.832(1) 0.711(6) �0.00080(7) 0.000009(1) 0.0848(16) 0.718(42)
1190.358540(6) 7 7 A1 6 6 A2 RR(6,6,A2) 162.96(8) 0.0507(1) 0.0607 0.706(1) 0.699(4) �0.00141(3) 0.000008(2) 0.0689(4) 0.693(13)
1191.463969(5) 6 4 A1 5 3 A2 RR(5,3,A2) 154.91(3) 0.0635(0) 0.0630 0.826(1) 0.697(5) �0.00108(3) 0.000009(2) 0.0901(4) 0.581(11)
1192.699138(6) 5 1 A2 4 0 A1 RR(4,0,A1) 81.58(2) 0.0660(0) 0.0663 0.847(1) 0.722(6) �0.00113(4) 0.000009(2) 0.0881(1)
1192.976955(6) 7 6 E 6 5 E RR(6,5,E) 77.01(3) 0.0606(0) 0.0636 0.793(1) 0.713(6) �0.00160(4) 0.000012(2) 0.0815(2)
1193.384516(7) 4 1 E 3 2 E PR(3,2,E) 9.66(1) 0.0664(2) 0.0670 0.854(3) 0.733(6) 0.0896(5)
1194.417528(6) 6 3 E 5 2 E RR(5,2,E) 69.73(2) 0.0622(0) 0.0626 0.818(1) 0.685(5) �0.00076(4) 0.000007(2) 0.0821(1)
1194.910923(5) 8 8 E 7 7 E RR(7,7,E) 65.71(2) 0.0444(0) 0.0596 0.646(2) 0.685(3) �0.00146(3) 0.000008(2) 0.0630(1)
1195.706526(6) 7 5 E 6 4 E RR(6,4,E) 72.99(3) 0.0624(0) 0.0622 0.810(1) 0.692(5) �0.00154(4) 0.000010(2) 0.0818(2)
1197.278810(7) 5 0 E 4 1 E PR(4,1,E) 17.21(2) 0.0667(1) 0.0663 0.828(2) 0.722(6) 0.0896(3)
1197.396019(22) 6 2 E 5 1 E RR(5,1,E) 66.96(8) 0.0699(3) 0.0637 0.761(4) 0.700(6) 0.000013(2) 0.0799(23)
1197.396721(18) 8 7 A1 7 6 A2 RR(7,6,A2) 129.39(10) 0.0556(1) 0.0627 0.751(3) 0.703(5) �0.00224(14) 0.000007(1) 0.0800(18)
1198.536940(9) 7 4 A2 6 3 A1 RR(6,3,A1) 67.72(1) 0.0618(0) 0.0607 0.797(1) 0.668(4) �0.00121(2) 0.0746(1) 0.948(2)
1198.542387(15) 7 4 A1 6 3 A2 RR(6,3,A2) 67.72(1) 0.0618(0) 0.0607 0.797(1) 0.668(4) �0.00121(2) 0.0746(1) 0.948(2)
1199.493392(8) 6 1 A1 5 0 A2 RR(5,0,A2) 80.71(4) 0.0665(1) 0.0647 0.818(2) 0.711(6) �0.00120(7) 0.0841(2)
1199.509368(8) 9 9 E 8 8 E RR(8,8,E) 49.69(7) 0.0394(1) 0.0585 0.585(5) 0.669(2) �0.00206(7) 0.000011(1)
1199.994381(6) 8 6 E 7 5 E RR(7,5,E) 62.68(3) 0.0599(1) 0.0616 0.797(2) 0.688(5) �0.00175(5) 0.000011(1) 0.0822(2)
1200.701589(7) 5 1 E 4 2 E PR(4,2,E) 12.71(1) 0.0656(2) 0.0654 0.839(4) 0.716(6) 0.000016(2)
1201.439678(6) 7 3 E 6 2 E RR(6,2,E) 63.68(2) 0.0609(1) 0.0611 0.803(1) 0.672(4) �0.00090(4) 0.000004(1) 0.0814(2)
1201.862535(6) 9 8 E 8 7 E RR(8,7,E) 50.14(3) 0.0544(1) 0.0618 0.749(3) 0.691(4) �0.00180(5) 0.000018(1)
1202.695902(6) 8 5 E 7 4 E RR(7,4,E) 60.73(3) 0.0602(1) 0.0597 0.799(2) 0.661(3) �0.00111(5) 0.000010(1) 0.0799(2)
1204.304894(16) 7 2 E 6 1 E RR(6,1,E) 63.93(11) 0.0640(1) 0.0624 0.871(3) 0.690(5) �0.00143(11) 0.000015(1) 0.0837(4)
1204.327733(7) 9 7 A1 8 6 A2 RR(8,6,A2) 100.34(10) 0.0579(1) 0.0610 0.777(3) 0.680(3) �0.00212(6) 0.000026(1) 0.0791(2)
1204.614848(7) 6 0 E 5 1 E PR(5,1,E) 15.14(2) 0.0662(2) 0.0647 0.822(4) 0.711(6) �0.00149(11) 0.0877(4)
1205.485111(8) 8 4 A1 7 3 A2 RR(7,3,A2) 57.72(3) 0.0655(1) 0.0590 0.794(2) 0.649(3) �0.00140(3) 0.0854(1)
1205.529251(8) 8 4 A2 7 3 A1 RR(7,3,A1) 48.93(4) 0.0655(1) 0.0590 0.794(2) 0.649(3) �0.00140(3) 0.0854(1)
1206.128962(6) 7 1 A2 6 0 A1 RR(6,0,A1) 75.67(2) 0.0653(0) 0.0633 0.829(1) 0.700(6) �0.00191(4) 0.000009(1) 0.0845(2)
1206.374111(7) 10 9 E 9 8 E RR(9,8,E) 36.01(4) 0.0508(1) 0.0609 0.706(5) 0.675(3) �0.00266(8) 0.000010(1) 0.0746(3)
1206.898332(6) 9 6 E 8 5 E RR(8,5,E) 49.45(3) 0.0578(1) 0.0591 0.778(2) 0.658(2) �0.00190(5) 0.000009(1)
1207.951494(7) 6 1 E 5 2 E PR(5,2,E) 13.50(2) 0.0636(2) 0.0639 0.830(4) 0.703(6) �0.00221(16) 0.000021(2)
1208.318059(6) 8 3 E 7 2 E RR(7,2,E) 56.01(2) 0.0599(1) 0.0599 0.796(2) 0.664(4) �0.00111(5)
1208.706761(6) 10 8 E 9 7 E RR(9,7,E) 37.57(3) 0.0557(1) 0.0604 0.744(4) 0.669(2) �0.00141(6) 0.000015(1) 0.0766(3)
1208.844713(8) 11 11 E 10 10 E RR(10,10,E) 23.03(2) 0.0306(1) 0.0564 0.445(7) 0.639(1) �0.00237(5) 0.000012(1)
1209.563871(6) 9 5 E 8 4 E RR(8,4,E) 48.62(3) 0.0580(1) 0.0576 0.773(2) 0.638(1) �0.00125(5)
1210.931527(6) 11 10 A1 10 9 A2 RR(10,9,A2) 49.31(4) 0.0479(1) 0.0599 0.677(5) 0.659(1) �0.00241(5) 0.000019(1) 0.0704(3)
1211.037407(6) 8 2 E 7 1 E RR(7,1,E) 58.58(4) 0.0631(1) 0.0612 0.817(2) 0.681(5) �0.00140(6) 0.000008(1) 0.0828(2)
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Table 5 (continued )

Position, cm�1 J0 K0 S0 J00 K00 S00 Assignment Int*1025a b0L ðN2Þ expt,b b0L ðN2Þ calc.b n1 expt n1 calc. δ0ðN2Þ exptb δ0ðN2Þ exptc b0L ðself Þ exptb n2 expt

1211.145943(6) 10 7 A1 9 6 A2 RR(9,6,A2) 75.55(4) 0.0559(1) 0.0586 0.747(2) 0.653(2) �0.00200(4) 0.000012(1) 0.0781(2)
1211.492823(9) 6 2 A1 5 3 A2 PR(5,3,A2) 8.88(1) 0.0635(1) 0.0632 0.843(1) 0.697(6) �0.00185(9) 0.000018(1) 0.0953(4)
1211.517931(9) 6 2 A2 5 3 A1 PR(5,3,A1) 8.96(1) 0.0635(1) 0.0632 0.843(1) 0.697(6) �0.00185(9) 0.000018(1) 0.0953(4)
1211.927987(8) 7 0 E 6 1 E PR(6,1,E) 11.90(2) 0.0652(3) 0.0633 0.822(5) 0.700(6) 0.0892(6)
1212.252462(6) 9 4 A1 8 3 A2 RR(8,3,A2) 46.20(3) 0.0642(1) 0.0577 0.809(2) 0.639(2) �0.00123(3) 0.000003(2) 0.0853(1)
1212.298834(8) 9 4 A2 8 3 A1 RR(8,3,A1) 47.57(4) 0.0642(1) 0.0577 0.809(2) 0.639(2) �0.00123(3) 0.000003(2) 0.0853(1)
1212.607277(6) 8 1 A1 7 0 A2 RR(7,0,A2) 66.81(3) 0.0644(1) 0.0620 0.824(1) 0.690(5) �0.00221(5) 0.000018(1) 0.0852(2)
1213.131507(8) 11 9 E 10 8 E RR(10,8,E) 25.65(3) 0.0519(1) 0.0596 0.708(7) 0.656(1) �0.00251(9) 0.0814(6)
1213.581159(12) 12 12 E 11 11 E RR(11,11,E) 14.96(2) 0.0277(1) 0.0554 0.36(14) 0.627(1) �0.00187(8) 0.000021(2) 0.0434(12)
1213.682846(7) 10 6 E 9 5 E RR(9,5,E) 37.66(5) 0.0562(1) 0.0568 0.721(6) 0.633(1) �0.00148(14) 0.0778(3)
1215.042024(6) 9 3 E 8 2 E RR(8,2,E) 47.34(3) 0.0597(1) 0.0589 0.783(2) 0.656(3) �0.00134(6) 0.000006(1) 0.0806(2)
1215.145227(8) 7 1 E 6 2 E PR(6,2,E) 12.92(2) 0.0637(2) 0.0625 0.811(5) 0.692(5) �0.0033(21) 0.0863(5)
1215.208733(12) 6 3 E 5 4 E PR(5,4,E) 4.75(1) 0.0679(5) 0.0643 0.893(11) 0.719(7) 0.0916(14)
1215.438903(7) 11 8 E 10 7 E RR(10,7,E) 26.76(3) 0.0529(1) 0.0582 0.728(7) 0.645(1) �0.00195(9) 0.0777(5)
1215.534491(11) 12 11 E 11 10 E RR(11,10,E) 16.08(3) 0.0451(2) 0.0588 0.627(14) 0.644(1) �0.00389(12) 0.000027(3) 0.0722(13)
1216.303890(6) 10 5 E 9 4 E RR(9,4,E) 37.61(3) 0.0561(1) 0.0561 0.765(4) 0.624(1) �0.00146(7) 0.0771(3)
1217.588040(11) 9 2 E 8 1 E RR(8,1,E) 50.40(5) 0.0626(1) 0.0602 0.803(4) 0.671(3) 0.000015(2) 0.0831(4)
1217.601718(14) 12 10 A1 11 9 A2 RR(11,9,A2) 33.76(7) 0.0499(2) 0.0588 0.669(13) 0.643(1) �0.00339(17) 0.000021(3) 0.077(12)
1217.846109(6) 11 7 A1 10 6 A2 RR(10,6,A2) 55.02(3) 0.0532(1) 0.0564 0.728(3) 0.629(1) �0.00208(5) 0.000011(1) 0.0765(2)
1218.362994(12) 13 13 A1 12 12 A2 RR(12,12,A2) 17.17(2) 0.0239(1) 0.0545 0.264(14) 0.616(1) �0.00236(6) 0.000016(1) 0.0481(15)
1218.616479(8) 7 2 A2 6 3 A1 PR(6,3,A1) 9.94(1) 0.0674(2) 0.0615 0.872(5) 0.679(5) �0.00206(7) 0.000012(1) 0.0889(3)
1218.661262(9) 7 2 A1 6 3 A2 PR(6,3,A2) 9.91(2) 0.0674(2) 0.0615 0.872(5) 0.679(5) �0.00206(7) 0.000012(1) 0.0889(3)
1218.930369(9) 9 1 A2 8 0 A1 RR(8,0,A1) 55.98(11) 0.0620(1) 0.0608 0.797(3) 0.678(4) 0.0843(5)
1218.933810(9) 10 4 A2 9 3 A1 RR(9,3,A1) 37.28(4) 0.0641(0) 0.0568 0.809(0) 0.633(1) �0.00201(4) 0.0865(3)
1218.969303(6) 10 4 A1 9 3 A2 RR(9,3,A2) 37.28(4) 0.0641(0) 0.0568 0.809(0) 0.633(1) �0.00201(4) 0.0865(3)
1219.229417(9) 8 0 E 7 1 E PR(7,1,E) 8.64(2) 0.0640(3) 0.0620 0.850(8) 0.690(5) 0.000034(4) 0.0857(9)
1219.777253(10) 12 9 E 11 8 E RR(11,8,E) 17.98(3) 0.0507(2) 0.0577 0.677(11) 0.635(1) �0.00148(12) 0.000018(2) 0.0806(11)
1220.342003(7) 11 6 E 10 5 E RR(10,5,E) 27.91(3) 0.0541(1) 0.0551 0.735(6) 0.616(1) �0.00117(8) 0.000011(2) 0.0768(4)
1221.602529(6) 10 3 E 9 2 E RR(9,2,E) 38.94(3) 0.0601(1) 0.0581 0.769(3) 0.648(2) �0.00172(6) 0.000007(1) 0.0757(3)
1222.054179(9) 12 8 E 11 7 E RR(11,7,E) 18.98(3) 0.0509(1) 0.0561 0.694(10) 0.623(1) �0.00125(10) 0.000018(2) 0.0708(9)
1222.911308(7) 11 5 E 10 4 E RR(10,4,E) 27.98(3) 0.0546(1) 0.0551 0.777(5) 0.616(1) �0.00124(7) 0.0752(4)
1223.189452(68) 14 14 E 13 13 E RR(13,13,E) 4.61(5) 0.0209(3) 0.0537 0.580(53) 0.608(1) �0.00397(19) 0.0537(10)
1223.955802(6) 10 2 E 9 1 E RR(9,1,E) 41.50(3) 0.0621(1) 0.0592 0.811(3) 0.660(2) �0.00188(6) 0.000010(1) 0.0795(3)
1224.160571(10) 13 10 A1 12 9 A2 RR(12,9,A2) 22.36(3) 0.0479(1) 0.0571 0.653(11) 0.625(1) �0.00276(8) 0.0723(22) 0.834(72)
1224.423081(7) 12 7 A1 11 6 A2 RR(11,6,A2) 38.64(3) 0.0512(1) 0.0546 0.728(5) 0.612(1) �0.00221(5) 0.000009(1) 0.0713(4)
1225.100230(6) 10 1 A1 9 0 A2 RR(9,0,A2) 45.07(3) 0.0633(1) 0.0598 0.803(3) 0.665(3) �0.00134(6) 0.000008(1) 0.0785(9) 0.819(27)
1225.452547(7) 11 4 A1 10 3 A2 RR(10,3,A2) 28.71(3) 0.0620(1) 0.0561 0.752(6) 0.627(1) �0.00227(4) 0.000016(1) 0.0825(2)
1225.488360(7) 11 4 A2 10 3 A1 RR(10,3,A1) 28.59(3) 0.0620(1) 0.0561 0.752(6) 0.627(1) �0.00227(4) 0.000016(1) 0.0825(2)
1225.671923(9) 8 2 A1 7 3 A2 PR(7,3,A2) 9.24(1) 0.0656(1) 0.0601 0.829(5) 0.668(4) �0.00318(7) 0.000018(1) 0.0891(4)
1225.745502(9) 8 2 A2 7 3 A1 PR(7,3,A1) 9.14(2) 0.0656(1) 0.0601 0.829(5) 0.668(4) �0.00318(7) 0.000018(1) 0.0891(4)
1226.100182(17) 7 4 E 6 5 E PR(6,5,E) 3.15(1) 0.0666(6) 0.0636 0.868(19) 0.718(7) 0.0868(20)
1226.307017(14) 13 9 E 12 8 E RR(12,8,E) 11.90(2) 0.0484(2) 0.0558 0.674(18) 0.617(1) �0.00196(13) 0.0673(19)
1226.525196(13) 9 0 E 8 1 E PR(8,1,E) 5.71(1) 0.0628(4) 0.0609 0.831(14) 0.679(4) 0.0815(15)
1226.870391(9) 12 6 E 11 5 E RR(11,5,E) 20.02(3) 0.0530(1) 0.0540 0.761(9) 0.607(1) �0.00181(9) 0.0740(8)
1227.993000(7) 11 3 E 10 2 E RR(10,2,E) 29.66(3) 0.0584(1) 0.0573 0.796(5) 0.639(1) �0.00161(9) 0.0805(4)
1228.547887(14) 13 8 E 12 7 E RR(12,7,E) 12.65(2) 0.0478(2) 0.0543 0.727(20) 0.607(1) �0.00209(17) 0.0748(18)
1229.311759(11) 8 3 E 7 4 E PR(7,4,E) 6.71(1) 0.0605(3) 0.0596 0.845(12) 0.662(4) �0.00391(36) 0.0859(12)
1229.389521(10) 12 5 E 11 4 E RR(11,4,E) 19.74(3) 0.0544(2) 0.0544 0.736(17) 0.611(1) 0.0788(11)
1229.409797(11) 9 1 E 8 2 E PR(8,2,E) 8.56(2) 0.0624(5) 0.0602 0.837(16) 0.672(4) 0.0827(14)
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1230.143728(7) 11 2 E 10 1 E RR(10,1,E) 31.50(3) 0.0603(1) 0.0582 0.786(5) 0.648(1) �0.00224(9) 0.000021(2) 0.0836(4)
1230.604297(15) 14 10 A1 13 9 A2 RR(13,9,A2) 14.64(3) 0.0464(2) 0.0554 0.609(1)
1230.871883(9) 13 7 A1 12 6 A2 RR(12,6,A2) 26.33(3) 0.0502(1) 0.0534 0.634(10) 0.601(2) �0.00228(9) 0.000025(2)
1231.119627(7) 11 1 A2 10 0 A1 RR(10,0,A1) 34.11(3) 0.0621(1) 0.0587 0.789(5) 0.652(1) �0.00162(8) 0.000021(2) 0.0841(4)
1231.811182(9) 12 4 A2 11 3 A1 RR(11,3,A1) 20.94(3) 0.0606(1) 0.0555 0.813(9) 0.621(1) �0.00142(5) 0.000021(1) 0.0850(3)
1231.848733(9) 12 4 A1 11 3 A2 RR(11,3,A2) 20.92(3) 0.0606(1) 0.0555 0.813(9) 0.621(1) �0.00142(5) 0.000021(1) 0.0850(3)
1232.667550(11) 9 2 A2 8 3 A1 PR(8,3,A1) 7.95(1) 0.0626(2) 0.0591 0.841(5) 0.659(3) �0.00227(12) 0.000023(3) 0.0882(9)
1232.781012(11) 9 2 A1 8 3 A2 PR(8,3,A2) 7.98(1) 0.0626(2) 0.0591 0.841(5) 0.659(3) �0.00227(12) 0.000023(3) 0.0882(9)
1233.060408(72) 15 12 E 14 11 E RR(14,11,E) 3.80(3) 0.0431(5) 0.0559 0.606(1) �0.00415(36)
1233.263806(13) 13 6 E 12 5 E RR(12,5,E) 13.92(2) 0.0528(2) 0.0533 0.652(18) 0.601(2) �0.00184(16)
1234.209695(8) 12 3 E 11 2 E RR(11,2,E) 21.97(3) 0.0580(1) 0.0565 0.747(8) 0.630(1) �0.00224(11) 0.0810(7)
1234.915629(22) 14 8 E 13 7 E RR(13,7,E) 8.20(2) 0.0466(3) 0.0530 0.579(31) 0.597(2) 0.0637(30)
1235.820952(15) 13 5 E 12 4 E RR(12,4,E) 10.34(2) 0.0568(3) 0.0539 0.717(21) 0.607(1) �0.00145(11) 0.0776(19)
1236.157291(8) 12 2 E 11 1 E RR(11,1,E) 23.41(4) 0.0598(2) 0.0574 0.753(10) 0.636(1) �0.00228(12) 0.000024(3) 0.0849(7)
1236.257241(13) 9 3 E 8 4 E PR(8,4,E) 6.25(1) 0.0598(4) 0.0581 0.795(16) 0.647(2) �0.00328(20) 0.000054(6) 0.0815(15)
1236.501073(15) 10 1 E 9 2 E PR(9,2,E) 6.03(1) 0.0621(4) 0.0592 0.798(19) 0.661(2) 0.0839(17)
1236.960540(17) 8 5 A1 7 6 A2 PR(7,6,A2) 4.13(1) 0.0672(7) 0.0631 0.716(6) 0.0858(20)
1236.991242(8) 12 1 A1 11 0 A2 RR(11,0,A2) 24.53(4) 0.0608(2) 0.0578 0.801(11) 0.640(1) �0.00197(14) 0.0879(7)
1237.188272(13) 14 7 A1 13 6 A2 RR(13,6,A2) 17.18(3) 0.0494(2) 0.0525 0.710(16) 0.595(2) �0.00223(12) 0.0724(16)
1238.006728(12) 13 4 A1 12 3 A2 RR(12,3,A2) 14.92(2) 0.0599(2) 0.0549 0.803(16) 0.614(1) �0.00191(6) 0.000015(1) 0.0869(6)
1238.044758(12) 13 4 A2 12 3 A1 RR(12,3,A1) 14.76(2) 0.0599(2) 0.0549 0.803(16) 0.614(1) �0.00191(6) 0.000015(1) 0.0869(6)
1239.611629(14) 10 2 A1 9 3 A2 PR(9,3,A2) 6.24(1) 0.0641(5) 0.0582 0.660(24) 0.650(2) 0.0858(18)
1239.778257(20) 10 2 A2 9 3 A1 PR(9,3,A1) 6.37(2) 0.0636(8) 0.0582 0.883(35) 0.650(2) 0.000111(13) 0.0873(27)
1239.952806(17) 9 4 E 8 5 E PR(8,5,E) 4.29(1) 0.0595(5) 0.0584 0.769(23) 0.655(3) 0.000074(8) 0.0755(20)
1240.251762(11) 13 3 E 12 2 E RR(12,2,E) 15.56(2) 0.0576(2) 0.0558 0.682(14) 0.621(1) �0.00192(13) 0.0804(13)
1241.698227(19) 14 5 E 13 4 E RR(13,4,E) 8.62(2) 0.0541(2) 0.0535 0.602(2) �0.00111(9) 0.000020(2)
1242.002920(10) 13 2 E 12 1 E RR(12,1,E) 16.84(2) 0.0604(1) 0.0565 0.626(1) �0.00231(12)
1242.717923(10) 13 1 A2 12 0 A1 RR(12,0,A1) 17.32(3) 0.0608(2) 0.0569 0.628(1) �0.00238(12) 0.0810(11)
1243.142558(16) 10 3 E 9 4 E PR(9,4,E) 5.28(1) 0.0609(3) 0.0570 0.638(1) �0.00328(31)
1243.369265(19) 15 7 A2 14 6 A1 RR(14,6,A1) 10.97(2) 0.0493(2) 0.0520 0.591(4) �0.00199(15)
1244.037172(17) 14 4 A2 13 3 A1 RR(13,3,A1) 9.97(2) 0.0614(2) 0.0544 0.690(10) 0.608(1) �0.00219(8) 0.000017(2) 0.0733(10)
1244.072667(17) 14 4 A1 13 3 A2 RR(13,3,A2) 9.82(2) 0.0614(2) 0.0544 0.690(10) 0.608(1) �0.00219(8) 0.000017(2) 0.0733(10)
1246.120908(16) 14 3 E 13 2 E RR(13,2,E) 10.71(2) 0.0578(2) 0.0552 0.612(1) �0.00228(17) 0.000020(2) 0.0744(21)
1246.511979(20) 11 2 A2 10 3 A1 PR(10,3,A1) 4.50(1) 0.0667(4) 0.0574 0.641(1) �0.00363(14) 0.000020(2)
1246.746775(21) 11 2 A1 10 3 A2 PR(10,3,A2) 4.43(1) 0.0667(4) 0.0574 0.641(1) �0.00363(14) 0.000020(2)
1246.767860(20) 10 4 E 9 5 E PR(9,5,E) 3.99(1) 0.0570(4) 0.0567 0.635(1) �0.00723(45)
1248.302906(14) 14 1 A1 13 0 A2 RR(13,0,A2) 11.48(2) 0.0600(2) 0.0560 0.673(20) 0.618(1) �0.00183(15)
1249.414534(28) 16 7 A1 15 6 A2 RR(15,6,A2) 3.47(1) 0.0517(3) 0.0516 0.587(5)
1249.414534(28) 16 7 A2 15 6 A1 RR(15,6,A1) 3.47(1) 0.0517(3) 0.0516 0.587(5)
1250.54476(15) 10 5 A1 9 6 A2 PR(9,6,A2) 5.53(1) 0.0581(3) 0.0578 0.652(2) 0.000020(2)
1251.820632(38) 15 3 E 14 2 E RR(14,2,E) 7.02(3) 0.0562(3) 0.0545 0.604(2) �0.00321(26) 0.000020(2)
1253.518248(26) 11 4 E 10 5 E PR(10,5,E) 3.30(1) 0.0550(5) 0.0555 0.623(1)
1253.694913(31) 12 2 A2 11 3 A1 PR(11,3,A1) 3.06(1) 0.0619(6) 0.0566 0.633(3) 0.000020(2)
1253.749377(23) 15 1 A2 14 0 A1 RR(14,0,A1) 7.43(2) 0.0597(3) 0.0552 0.609(1)

a cm/molecule.
b cm�1 atm�1.
c cm�1 atm�1 K�1.
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Fig. 4. An example of a multispectrum fit of 12CH3D Triad near
1156 cm�1. 20 spectra are included in this fit. This spectral region shows
transitions from the RQ(J″, K″¼0) series (band head near 1156.3 cm�1)
and transitions from the PQ(J″, K″¼1) series (high-wavenumber side),
both from the ν6 band. The observed spectra are plotted in the upper
panel (a) and the weighted observed minus calculated differences are
shown in the lower panel (b). The horizontal dash line at the bottom of
panel (a) represents the 100% absorption level. The short vertical lines
seen at the top of the absorption features in (a) correspond to positions of
transitions included in the fit. Color codes: room-temperature spectra
with the 25 cm cell (black), room-temperature spectra with the 20.38 cm
cell (pink); spectra at 240 K (red); spectra at 189 K (blue); spectra at
�135 K (dark pink); spectra at �76 K (dark green). (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 5. Lorentz self-broadened line-width coefficients in units of
cm�1atm�1 in (a) and their temperature dependences (b) plotted against
the quantum number index m for transitions in the ν6 band of CH3D. The
dashed line in panel (b) represents the temperature dependence expo-
nent value 0.75, often used as the default value for transitions where the
exponent could not be experimentally determined.

A. Predoi-Cross et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 163 (2015) 120–141134
preliminary tests, we retained the dominant contributions
with l1r3 and l2r2: V00 eda

123 , V00 da
101 , V00 da

121 , V00 ia
224 , V00 ia

202 ,
V00 ea
303 , V00 ea

323 , and V00 ea
325 .The molecular parameters for the

accounted long-range and atom�atom interactions are
gathered in Tables 3 and 4, respectively.

To get the isotropic potential governing the relative-
motion trajectories we fitted the V0

000ðrÞ curve by a standard
12:6 Lennard� Jones function and slightly optimized the σ-
parameter (defined below) value to improve the agreement
with measurements for high J values (a procedure of “trials”
similar to that previously employed for the CH3Cl-H2

system [66]). The Lennard� Jones parameters obtained
are ε¼83.50 K and σ¼3.838 Å. The molecular rotational
constants used in the calculations are A0¼5.2502 cm�1,
B0¼3.8800 cm�1 [67] for the ground state of the
active molecule and A¼5.28744 cm�1, B¼3.87553 cm�1

[28] for the vibrationally excited ν6 state whereas
B0¼1.989622 cm�1 [68] for the linear perturbing molecule.
At the temperatures of interest only the vibrational ground
state has significant rotational populations.

5. Spectroscopic results and comparisons with
theoretical results

In Fig. 2 we have plotted examples of pure-gas (panel
(a)) and lean CH3D-N2-mixture (panel (b)) spectra
recorded at 189 K and covering the Triad region between
1070 and 1540 cm�1. Examples of multispectrum-fitted
intervals are presented in Figs. 3 and 4. The top panel of
Fig. 3 shows P-branch transitions with J″¼16 and K¼0–12
relevant to the ν6 band. The top panel of Fig. 4 presents
transitions from the RQ(J″, K″¼0) series (band head near
1156.3 cm�1) as well as transitions from the PQ(J″, K″¼1)
series (high-wavenumber side). In the bottom panels of
both Figs. 3 and 4 we have plotted the weighted fit
residuals (observed minus calculated) for all spectra
included in the multispectrum fits.

The measured zero-pressure line position (ν) in cm�1,
N2-broadened line-width coefficient, b0L (N2) in
cm�1 atm�1 at 296 K, N2-pressure-shift coefficient δ1
(N2) in cm�1 atm�1 at 296 K, and their temperature
dependences n1 (unitless) and δ0 (cm�1 atm�1 K�1) are
listed in Table 5. Despite the relatively low pressures of
CH3D in our gas samples, in many cases it was necessary to
adjust the self-broadened line-width coefficients and their
temperature dependence exponents to fit all spectra
satisfactorily, and the resulting values determined from
the fits are listed in Table 5 and plotted in Fig. 5.

As stated earlier, it was not possible to unambiguously
determine from our spectra the CH3D self-shift coefficients
or temperature dependences, and they are not reported here.

In Fig. 5a we have plotted the room-temperature self-
broadening coefficients in units of cm�1 atm�1 against the
quantum indexm for transitions in the ν6 band of CH3D. Here,
m¼ J0 0 þ1 for the R-branch, m¼ J″ for the Q-branch, and
m¼� J″ for the P-branch transitions, where J is the rotational
quantum number of the lower state. The points on Fig. 5 and



Fig. 6. Lorentz N2-broadened line-width coefficients (a) and their tem-
perature dependences (b) plotted against the rotational quantum indexm
for transitions in the ν6 band of CH3D. The dashed line represents the
mean N2-broadened line-width coefficient for transitions of this band.
N2-shift coefficients (a) and their temperature dependences (b) plotted
against the rotational quantum index m for transitions in the ν6 band of
CH3D. The dashed line in panel (a) represents the zero-shift value. The
error bars represent one standard deviation. In this analysis the tem-
perature dependence for N2-pressure-shift coefficients were measured
where appropriate. For unmeasured transitions their values were fixed to
a default value of þ0.00002 cm�1 atm�1 K�1. This assumption intro-
duced no noticeable residuals in the least squares fits.

Fig. 7. N2-shift coefficients (a) and their temperature dependences (b)
plotted against the quantum index m for transitions in the ν6 band of
CH3D. The dashed line in panel (a) represents the zero-pressure value.
The error bars represent one standard deviation. In this analysis the
temperature dependence for N2-pressure-shift coefficients were mea-
sured where appropriate. For unmeasured transitions their values were
fixed to a default value of þ0.00002 cm�1 atm�1 K�1. This assumption
introduced no noticeable residuals in the least squares fits.
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6 with smaller broadening coefficients correspond to
PP(J″,K″) and RR(J″,K″) transitions for which J″¼K″. To aid in
theoretical calculations we are providing the expression for
these smaller broadening coefficients as a function:

b0L ðselfÞ ¼ 7� 10�6m3�0:0004m2�0:0005mþ0:0899: ð6Þ

The measured self- temperature dependence exponents are
plotted in panel (b) of the same figure.

Similarly, in Fig. 6 we present our experimental results
for N2-broadening coefficients in panel (a) and their
temperature-dependence exponents panel (b), both
plotted against values of m. As we did for Fig. 5, the
expression for the smaller J″¼K″ broadening coefficients
is:

b0L ðN2Þ ¼ �1� 10�8m5 þ 1� 10�6m4 þ 1� 10�6m3

�0:0004m2 þ 4� 10�5mþ 0:0678: ð7Þ

Both the N2- and self-broadening coefficients from the
present study are in very good agreement with the room-
temperature values determined in Ref. [35]. The N2- and
self- broadening temperature dependence exponents
determined here for the 12CH3D ν6 band were found to
be of similar magnitude as the temperature dependences
experimentally determined for air- and self-broadened
12CH4 and 13CH4 transitions in the same spectral region
over a smaller temperature range [50–53]. We also note
that for the four ν6 transitions also measured by Varanasi
and Chudamani [43] over the range from 123 K to 295 K,
our N2- and self-widths and temperature dependence
exponents (measured over a larger temperature range)
are in reasonable agreement within the absolute uncer-
tainties of the two studies.

Our measured N2-shift coefficients that are included in
Table 5 and plotted in Fig. 7 lie between -0.007 and
0.002 cm�1 atm�1 at 296 K. The retrieved temperature-
dependences for N2- pressure-shift coefficients have also
been plotted as a function of m in Fig. 7(b)). It is difficult to
recognize a trend in the values for the retrieved N2-shift
coefficients due to the relatively small number of data
points. However, we do note that the N2-shift coefficients
from the present study are very close to the room-
temperature values determined in Ref. [35], and the
N2-shift temperature dependence coefficients determined
here for the 12CH3D ν6 band are quite similar in magnitude
to temperature dependences experimentally determined
for air-broadened 12CH4 shifts in the ν4 band [50].

Fig. 8 presents overlaid experimental and calculated
J-dependences of room-temperature CH3D-N2 broadening
coefficients at various K values for two sub-branches RR
and PR in the ν6 band. The agreement between theoretical
and retrieved N2-broadening coefficients is best for K
values below 7. Unfortunately the J-range of our retrieved
line parameters is much smaller than that of theoretical
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Fig. 8. Comparison of experimental and calculated J-dependences of room-temperature CH3D-N2 broadened line-width coefficients at various K values for
the two sub-branches RR and PR in the ν6 band.
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Fig. 9. Comparison of experimental and calculated J-dependences of room-temperature CH3D-N2 broadened line-width coefficients at various K values for
the two sub-branches RQ and PQ in the ν6 band.
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calculations and we are unable to check the agreement
between the two sets of values at high J values.

In Fig. 9 we compare retrieved and calculated J-depen-
dences of room-temperature CH3D-N2 broadening coeffi-
cients at various K values for the two sub-branches RQ and
PQ in the ν6 band. As in the case of the R-branch transi-
tions, the calculations agree better with the experimental
values for K below 7. Overall, the calculated N2-broadening
coefficients show reasonable agreement with the retrieved
N2-broadening coefficients but for K values above 6, they
do not reproduce closely the trends in the retrieved line
parameters. The general trend in the N2-broadening coef-
ficients is to remain nearly constant for K values below 4,
then to drop off rapidly to lower values for larger K values.
The observed trends in the calculated and observed N2-
broadening coefficients may arise from approximations
made in the descriptions of wavefunctions of CH3D. The
calculations performed here are not at the level of accu-
racy of the tensorial formalism used in the global analysis
of positions and intensities of CH3D.

In order to deduce the temperature dependence expo-
nents for CH3D-N2 lines we further calculated the broad-
ening coefficients for two other experimentally probed
temperatures: 240 K and 190 K. Lower temperatures were
not considered since the thermal motion energy at those
temperatures becomes close to the isotropic potential
depth (ε¼83.50 K) and the semi-classical approaches lose
their validity. The temperature exponents N were
extracted by the usual least-squares method from the
relation:

γif Tð Þ ¼ γif Toð Þ � T
To

	 
�N

ð8Þ

where N is the n1 of Eq. (1) and To is 296 K, the reference
temperature. (In Eq. (8) above, γ¼ line-broadening coeffi-
cient for CH3D-N2 and N¼n1 of Eq. (1).)

An example of their comparison with the experimental
values is given in Fig. 10 for RR-branch lines. This figure
shows that the theoretical values are generally lower than
the corresponding measurements and that for the highest
considered J, the differences between the calculated curves
for various K disappear. The discrepancies, as previously,
can be attributed to the drawbacks of the semi-classical
treatment and the interaction potential model. Theoretical
values for line-broadening coefficients at 296 K and the
associated temperature exponents are included in Table 5.

A Voigt line shape including line mixing via full
relaxation matrix formulation was used to fit the data
and improve the residuals. The pressure and path-length
products for our spectra listed in Table 1 were not large
enough in order to distinguish easily speed-dependence
and line-mixing effects. Hence, the speed-dependence
parameters could not be retrieved in our analysis, and it
was possible to measure the off-diagonal relaxation matrix
elements (ORME) for N2-broadening only for the sets of
transitions included in Table 6. We have been able to
retrieve the temperature dependences for the relaxation
matrix elements for only a few CH3DþN2 cases, using an
exponential temperature dependence law similar to that
used for broadening coefficients. The results for these
parameters are also included in Table 6.

6. Conclusions

This study reports experimental measurements of N2-
broadening and pressure-shift coefficients as a function of
temperature in the ν6 band of CH3D. For the line-
broadening case, semi-classical calculations are provided
as well. A set of 23 spectra have been analysed to provide
accurate values for zero-pressure line-center positions,
self- and N2-broadening coefficients and self- and N2-
pressure-shift coefficients for 400 transitions and their
temperature dependences. We have identified several
interesting patterns in the measured N2-broadening coef-
ficients. In addition we have retrieved line mixing (off-
diagonal relaxation matrix elements) and where possible,
their temperature dependence exponents.

The agreement between the retrieved N2-broadening
coefficients and the semi-classical theoretical results is
good, except for higher K values where the theoretical
results seem to be overestimated. Unfortunately, the
experimental N2-pressure shift coefficients are generally



Table 6
Zero�pressure line positions, width and shift parameters and the off-diagonal relaxation matrix-element coefficients, Wij, determined for pairs of sub-
band transitions in the ν6 band of 12CH3D. The fixed parameters are reported with a “(F)” label attached to them.

Positiona bL
0
(N2)b n bL

0
(N2) δ0(N2)b δ

0
(N2)d Assignment Wij (N2)b T-dep. Wij (N2)b Wij (N2),e

1085.625324 (8) 0.0633 (2) 0.832 (15) �0.00110 (15) þ0.000027(2) PP(10,3,A1) 0.0040 (2) 1.24 (19) 0.0031 (4)
1085.738824 (8) 0.0633 (2)c 0.832 (15)c �0.00110 (15)c þ0.000027(2)c PP(10,3,A2)
1094.044024 (5) 0.0642 (2) 0.774 (6) �0.00214 (11) þ0.000023 (1) PP(9,3,A2) 0.0048(1) 0.75 (F) 0.0049 (2)
1094.117524 (5) 0.0642 (2)c 0.774 (6)c �0.00214 (11)c þ0.000023 (1)c PP(9,3,A1)
1102.423989 (4) 0.0655 (2) 0.779 (8) �0.00215 97) þ0.000025 (1) PP(8,3,A1) 0.0045 (2) 0.82(9) 0.0045 (2)
1102.468792 (4) 0.0655 (2)c 0.779 (8)c �0.00215 97)c þ0.000025 (1)c PP(8,3,A2)
1110.754522 (7) 0.0645 (1) 0.805 (1) �0.00218 (4) þ0.000026 (1) PP(7,3,A2) 0.0034 (1) 0.75 (F) 0.0060 (3)
1110.779654 (12) 0.0655 (2)c 0.779 (8)c �0.00215 97)c þ0.000025 (1)c PP(7,3,A1)
1119.025382 (8) 0.0675 (0) 0.814 91) �0.00210 (3) þ0.000023 (0) PP(6,3,A2) 0.0048 (1) 0.75 (2) 0.0032 (2)
1119.038034 (12) 0.0675 (0)c 0.814 91)c �0.00210 (3)c þ0.000023 (0)c

1143.527534 (7) 0.0653 (1) 0.783 (3) �0.00177 (5) �0.000004 (0) RQ(8,3,A2) 0.0031 (1) 0.80 (F) 0.0032 (2)
1143.571634 (8) 0.0653 (1)c 0.783 (3)c �0.00177 (5)c �0.000004 (0)c RQ(8,3,A1)
1154.439430 (16) 0.0590 (2) 0.840 (19) �0.00186 (12) �0.000018 (3) RQ(13,0,A2)
1154.713917 (12) 0.0591 (1) 0.870 (12) �0.00135 (11) þ0.000008 (2) RQ(12,0,A1) 0.00182 (29) 0.75 (F)
1154.966470 ( 9) 0.0603 (1) 0.769 ( 7) �0.00158 ( 9) þ0.000013 (2) RQ(11,0,A2) 0.00385 (27) 0.75 (F)
1155.199670 ( 8) 0.0618 (1) 0.776 ( 4) �0.00110 ( 7) þ0.000016 (1) RQ(10,0,A1) 0.00492 (22) 0.75 (F)
1155.422423 (7) 0.0625 (1) 0.790 ( 3) �0.00116 (7) þ0.000004 (1) RQ(9,0,A2) 0.00465 (11) 0.75 (F)
1155.521843 (7) 0.0650 (1) 0.822 ( 3) �0.00267 ( 7) þ0.000018 (1) RQ(8,0,A1) 0.00561 (15) 0.75 (F)
1155.728731 (7) 0.0649 (1) 0.824 (2) �0.00203 (5) þ0.000016 (1) RQ(7,0,A2) 0.00734 (10) 0.75 (F)
1155.879355 (7) 0.0655 (1) 0.831 91) �0.00146 (6) þ0.000013 (1) RQ(6,0,A1) 0.00628 (8) 0.75 (F)
1156.004835 (13) 0.0659 91) 0.828 91) �0.00186 (6) þ0.000007 (1) RQ(5,0,A2) 0.00625 (6) 0.75 (F)
1156.108549 (7) 0.0660 (1) 0.855 (1) �0.00206 (6) þ0.000005 (1) RQ(4,0,A1) 0.00674 (6) 0.75 (F)
1156.191028 (7) 0.0660 (1) 0.840 (2) �0.00190 ( 7) �0.000000 (1) RQ(3,0,A2) 0.00435 (5) 0.75 (F)
1156.252680 (8) 0.0666 (1) 0.820 (2) �0.00248 (9) �0.000009 (1) RQ(2,0,A1) 0.00279 (5) 0.75 (F)
1156.293622 (11) 0.0671 (1) 0.758 (2) �0.00354 (9) þ0.000014 (1) RQ(1,0,A2) 0.75 (F)
1162.997143 (10) 0.0639 (1) 0.778 (2) �0.00124 (4) þ0.000014 (1) PQ(9,3,A1) 0.0050 (1) 0.80 (F)
1163.110746 (7) 0.0639 (1)c 0.778 (2)c �0.00124 (4)c þ0.000014 (1)c PQ(9,3,A2)
1163.714357 (8) 0.0645 (1) 0.826 (2) �0.00212 (4) þ0.000026 (1) PQ(8,3,A2) 0.0048 (1) 1.17 (3)
1163.787924 (8) 0.0645 (1)c 0.826 (2)c �0.00212 (4)c þ0.000026 (1)c PQ(8,3,A1)
1164.381569 (5) 0.0672 (1) 0.828 (2) �0.00239 (3) þ0.000024 (0) PQ(7,3,A1) 0.0035 (1) 0.78 (5)
1164.426483 (5) 0.0672 (1)c 0.828 (2)c �0.00239 (3)c þ0.000024 (0)c PQ(7,3,A2)
1164.989362 (4) 0.0696 91) 0.843 (2) �0.00232 (3) þ0.000025 (0) PQ(6,3,A2) 0.0063 (1) 1.04 (3)
1165.014728 (4) 0.0696 91)c 0.843 (2)c �0.00232 (3)c þ0.000025 (0)c PQ(6,3,A1)
1203.493135 (28) 0.0571 (2) 0.765 (5) �0.00263 (5) þ0.000020 (1) QP(12,3,A1) 0.0031 (3) 0.75 (F)
1203.505090 (26) 0.0571 (2)c 0.765 (5)c �0.00263 (5)c þ0.000020 (1)c QP(12,3,A2)
1205.485111 (8) 0.0655 (1) 0.794 (2) �0.00140 (3) þ0.000002 (0) RR(7,3,A2) 0.0035 (1) 0.78 (5) 0.0001 (3)
1205.529251 (8) 0.0655 (1)c 0.794 (2)c �0.00140 (3)c þ0.000002 (0)c RR(7,3,A1)c

1212.252462 (6) 0.0642 (1) 0.809 (2) �0.00123 (3) þ0.000003 (0) RR(8,3,A2) 0.0064 91) 1.14 (2) 0.0038 (4)
1212.298834 (8) 0.0642 (1)c 0.809 (2)c �0.00123 (3)c þ0.000003 (0)c RR(8,3,A1)
1218.616479 (8) 0.0674 (2) 0.872 (5) �0.00206 (7) þ0.000012 (1) PR(6,3,A1) 0.0043 (2) 1.23 (8)
1218.661262 (9) 0.0674 (2)c 0.872 (5)c �0.00206 (7)c þ0.000012 (1)c PR(6,3,A2)
1218.933810 (9) 0.0641 (0)c 0.809 (0)c �0.00201 (4)c þ0.000002 (0)c RR(9,3,A1) 0.0111(1) 1.09 (0)
1218.969303 (6) 0.0641 (0) 0.809 (0) �0.00201 (4) þ0.000002 (0) RR(9,3,A2)
1225.452547 (7) 0.0620 (1) 0.752 (6) �0.00227 (4) þ0.000016 (1) RR(10,3,A2) 0.0064 (1) 0.94 (7) 0.0018 (5)
1225.488360 (7) 0.0674 (2)c 0.872 (5)c �0.00206 (7)c þ0.000012 (1)c RR(10,3,A1)
1225.671923 (9) 0.0656 (1) 0.829 95) �0.00318 (7) þ0.000018 (1) PR(7,3,A2) 0.0044 (2) 1.05 (8)
1225.745502 (9) 0.0656 (1)c 0.829 95)c �0.00318 (7)c þ0.000018 (1)c PR(7,3,A1)
1231.811182 (9) 0.0606 (1) 0.813 (9) �0.00142 (5) þ0.000021 (1) RR(11,3,A1) 0.0061 (1) 1.12(11) 0.0038 (1)
1231.848733 (9) 0.0606 (1)c 0.813 (9)c �0.00142 (5)c þ0.000021 (1)c RR(11,3,A2)
1238.006728 912) 0.0599 (2) 0.803 (16) �0.00191 (6) þ0.000015 (1) RR(12,3,A2) 0.0063 (2) 0.90 (19)
1238.044758 (12) 0.0599 (2)c 0.803 (16)c �0.00191 (6)c þ0.000015 (1)c RR(12,3,A1)
1244.037172 (17) 0.0614 (2) 0.690(10) �0.00220 (8) �0.000017 (2) RR(13,3,A1) 0.0060 (3) 0.75 (F)
1244.072667 (17) 0.0614 (2)c 0.690(10)c �0.00220 (8)c �0.000017 (2)c RR(13,3,A2)

a cm�1.
b cm�1 atm�1 at 296 K.
c These values are constrained to be the same for the two split pairs of transitions.
d cm�1 atm�1 K�1.
e Reference [35]: only room temperature off-diagonal relaxation matrix element coefficients were determined.
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scattered and we were unable to model them with our
theoretical model.
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