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ABSTRACT

We report here the results of high accurate, (1-2) x 10~ cm~!, ro-vibrational analysis of
the ethylene molecule in the region of 640-1535 cm~'. More than 1110, 5060, 4670,
and 2900 transitions belonging to the vg4, v7, vi0, and vy, bands were assigned in the
experimental spectrum with the maximum values of quantum numbers J™* /K%, equal
to 36/11, 50/21, 40/17 and 48/17, respectively. Rotational and centrifugal distortion
parameters of the ground vibrational state were improved on the basis of assigned
transitions and high accurate saturated absorption experimental data known from
the literature. The inverse spectroscopic problem was solved for the set of strongly
interacting (v4 = 1)/(v; =1)/(v10 = 1)/(v12 = 1) states. The set of 78 parameters obtained
from the fit reproduces values of 3644 initial “experimental” ro-vibrational energy levels
(more than 13,740 assigned transitions of the vg4, v;7, vi9, and vy, bands) with the
rms=0.00023 cm~ .. In this case, the 197 high accurate saturated absorption transitions
are reproduced with the rms=18.5 kHz.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Ethylene is a naturally occurring compound in ambient
air that affects atmospheric chemistry and the global
climate. Ethylene acts as a hormone in plants and its role
in plant biochemistry, physiology, mammals’ metabolism,
and ecology is the subject of extensive research. Due to its
high reactivity toward hydroxyl (OH) radicals, ethylene
plays a significant role in troposphere chemistry (see, e.g.,
[1]) and ozone generation. This contribution to atmo-
spheric chemistry makes ethylene a climate-relevant
trace gas and its air concentration, sources and sinks are
of interest to atmospheric science. Ethylene is one of the
most relevant objects of study in astrophysics (see, e.g.,
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[2,3]) and has been found in the atmospheres of giant
planets of the Solar system and their satellites, Refs. [4-9].
Ethylene is also important as a prototype example in the
development of our understanding of relating spectra,
dynamics, and potential hypersurfaces of many organic
molecules. The present analysis is part of the spectro-
scopic high-resolution study of the ethylene molecule
in the region of 600-6000 cm~!. During the analysis we
found under consideration our experimental data that we
are able to improve the results known in the literature, in
particular, with regard to the lowest vibrational states
(a=1),(v7=1), (V10=1), and (v12 = 1) which are located
around 1000 cm . The region around 1000 cm~! is the
most extensively studied spectroscopic region of C,Hy,
first of all, because of the presence of the strong bands
v; (located near 950 cm~') and v;; (band center near
1440 cm~!). Very weak vqo band (about 16,500 times
weaker than v;) with the center near 826 cm™! is also
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located in the discussed region. Additionally, transitions
belonging to the forbidden by symmetry v, band can be
seen in the experimental spectrum. The last is caused
by the borrowing of intensity from the strong v; band
because of resonance interaction between the (v4 = 1) and
(v7 =1) states.

The discussed region was a subject of study in numerous
publications (see, e.g., [10-21]). Detailed review of publica-
tions can be found in [17,21], on that reason we do not
reproduce it here. However, we would like to mark that high
accurate millimeterwave, submillimeterwave, or saturation
absorption spectra were recorded and analyzed in the most
of mentioned studies. As for the high resolution Fourier
Transform spectra, spectrum in the region of the bands
v4/v7/v10 Was recorded for the last time and presented in
Ref. [15] (in all later papers FT data from [15] were used in
the fit). As for the v, band, an experimental spectrum in
the region 1380-1510 cm~! was recorded and discussed for
the last time in Ref. [21]. In this case, in [15] spectra were
recorded with the sample pressure of 2 Torr and the absorp-
tion path length of 1.13 m. Some different sample pressures
(maximum value, 751 Pa) and absorption path lengths (max-
imum value, 360 cm) were used for recording spectra in
Ref. [21]. In our case (see, for more details, Section 2) the
P x L was about 5.5 times larger than in Ref. [15] and
about two times larger than the largest P x L value in Ref.
[21]. This circumstance (together with a large number of
scans in our experiment up to 1794) allowed us to expect
that we are able to record and assign considerably a more
number of weak lines in experimental spectra (in parti-
cular, with higher values of quantum numbers J and K,
than it was in [15,21]). Moreover, in this case, one can
expect that even information about the ground vibra-
tional state may be improved.

Section 2 of the present work describes the experi-
mental conditions of the recorded spectrum. Description
of the experimental spectrum and results of assignments
of transitions can be found in Section 3. In Section 4 we
briefly discuss the Hamiltonian model which was used for
fitting the experimental line positions. The problems of
re-analysis of the ground vibrational state and determina-
tion of spectroscopic parameters of the (v4=1), (v;=1),
(v10=1), and (v = 1) vibrational states are considered in
Sections 5 and 6, respectively. In the last case, the 197
high accurate saturated absorption lines of the v; and vqg
bands (absolute frequency accuracy is between 10 and
60 kHz) from Ref. [17] and 13 absent in [17] high accurate
transitions from Ref. [16] (absolute frequency accuracy is
~ 100 kHz) were used in the fit.

2. Experimental details

The analysis is based on measurements in the wave-
number regions 640-1150 and 1245-1535cm~'. The
measured ranges were optically limited with interfer-
ence filters. The experimental work was performed in
the Infrared Laboratory of Oulu with a Bruker IFS-120
HR Fourier Transform spectrometer. The C;H, sample
made for laboratory use by AGA (exact purity unknown)
was studied with an absorption spectroscopic method
at room temperature in a multipath White cell [22].

Because the band vig is considerably (by a factor of
16,500 + 2550 in accordance with [15]) weaker in com-
parison with the v; band, two spectra (I and II) were
recorded with different absorption conditions in the
region 640-1150 cm~'. The sample pressure was 0.001
and 0.25 Torr for the spectra I and II, respectively. The
absorption path length was 48 m in both cases. Rather
long registration time was required in these measure-
ments, 1636 scans in 80.8 h and 1414 scans in 69.8 h
were registered in the I and II measurements, respec-
tively. Two different spectra (IIl and IV) were recorded
also in the region 1245-1535 cm~! where the v;, band
is located. In this case, the absorption path length also
was 48 m in both cases. Spectra Il and IV were recorded
with a sample pressure of 0.1 and 0.78 Torr, respec-
tively. The number of scans was 1794 for both spectra.

The instrument was equipped with a Globar source and a
KBr beamsplitter made by Bruker Inc. Infrared radiation was
detected with a liquid nitrogen cooled mercury-cadmium-
telluride detector. The resolution due to the maximum
optical path difference was 0.0014 cm~ . The spectrum was
calibrated with peaks of the CO, v, band (vg = 667.3799154
(13) cm~1) [23]. The peak positions were calculated with the
optimized center of gravity method discussed in Ref. [24].
The accuracy of a peak position in this method depends on
the line width, line shape and signal-to-noise ratio (S/N).
In the lower region S/N is worse and the accuracy of a
well separated single peak with the absorption of 50% is
better than 11 x 10"®cm™". In the upper region around
1000 cm™~! the accuracy is better than 2.5 x 10"®cm~. In
addition to these the absolute accuracy depends mainly on
the accuracy of the used reference source and the calibration
process. Near the calibration source the absolute accuracy is
better than 2x 10~>cm~! and around 1000 cm~! it is
better than 3 x 10~ °>cm™'. All these evaluated accuracy
values are valid only for well separated peaks. The accuracy
of blended peaks is worse.

The calibration was also afterwards checked with the
results from the laser study of C;H4 [17]. The present peak
positions seem to be well compatible with laser refer-
ence values in the region 950-1000cm™~'. The mean
difference between the reference and present values of
72 good lines is —4.4 x 10~>cm™~". In the region from
1027 to 1072 cm~! there seem to be more systematic
differences, because the mean value of the difference of
30 lines is +7.5x 1073 cm™".

3. Description of the spectrum and assignment of
transitions

The survey spectra in the regions of 640-1150 and
1245-1535 cm~ !, where the v4/v7/vio and vq» bands of
the C;H4 molecule are located, are shown in Figs. 1 and 2,
respectively. In this case, the central part of Fig. 1 (red
color) corresponds to the lower pressure spectrum I, and
the black color parts correspond to the higher pressure
spectrum II. In the central part, near 950 cm~ !, one
can see the strong Q-branch of the v; band. The P- and
R-branches are also clearly pronounced. The band vqq
with the center near 826 cm~! is considerably weaker
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(see Section 2) than the v; one. On that reason its
R-branch is fully overlapped by the v; band. At the same
time, the P-branch of the v;¢ band is seen very clear in the
left “black” part of Fig. 1, which corresponds to the
spectrum II recorded with a 250 times higher pressure
in comparison with spectrum I. Strong a-type Coriolis
interaction between the states (vio=1) and (v7=1)
which leads to borrowing of intensity from the v; band
to the vy one is an additional reason for the appearance
of lines of the weak viy band in the experimental
spectrum. The v, band is forbidden by symmetry. As the
consequence, its transitions appear in the experimental
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Fig. 1. Survey spectrum of C,H, in the region of 640-1150 cm~'. Two
spectra (red “weak”, I, and black “strong”, II) were recorded with the
same absorption path length, L=48 m, but different sample pressure
(0.001 Torr for the spectrum I, and 0.25 Torr for the spectrum II). In this
case, only wings of the “strong” spectrum II are presented in the figure.
(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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spectrum only because of the intensity transfer from the
(v7 =1) band to the (v4 =1) band caused by the strong c-
type Coriolis interactions between the state (v4 =1) and
(v7 =1). For that reason, transitions belonging to the v,
band are very weak, as a rule, in comparison with transi-
tions of the v; band, and the v4 band is not pronounced in
Fig. 1. A small part of the high resolution spectrum in the
region of R-branch of the v; band is presented in Fig. 3 as
an illustration (experimental conditions correspond to the
“weak” spectrum I). Transitions assigned to the v; band
and to the single line of the v{o band are marked by the
dark triangles and empty circle, respectively. Three clearly
pronounced sets of Q-type transitions of the “forbidden”
v4 band can be seen also. They are marked by dark circles.
Unassigned lines probably belong to v; of 2C'3CH, (about
2.2%), to hot bands of v; of C;Hy from (vig=1), (v7=1)
(both about 1.6%), or from (v4=1), (v12=1) (both less
than 0.5%).

Fig. 2 presents the survey spectrum of the (vi;=1)
band. In this case, the weaker spectrum III is shown in the
upper part of Fig. 2. The stronger spectrum IV, which
allowed us to assigned transitions with high values
of quantum number J, is presented on the lower part of
Fig. 2. Clearly pronounced P-, Q-, and R-branches can be
seen in both spectra.

The C;H4 molecule is an asymmetric top with the value of
the asymmetry parameter x ~ (2B—A—-C)/(A—C)=—-0.915
and with the symmetry isomorphic to the D, point sym-
metry group (see Fig. 4). For convenience of the reader, the
symmetry properties in C;H4 are shown in Table 1: the list of
irreducible representations and table of characters of the D,
symmetry group are presented in columns 1-9; symmetries
of rotational operators, J,, and of direction cosines, k,, are
shown in column 10; column 11 allows us to recognize
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Fig. 2. Survey spectrum of C,H, in the region of 1250-1600 cm ~!. Experimental conditions: absorption path length is 48 m for both spectra, III and 1V;
sample pressure is 0.1 Torr for the spectrum III, and 0.78 Torr for the spectrum IV.
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Fig. 3. A small part of the high resolution spectrum of the C;H4 molecule
in the region of R-branch of the v; band. Experimental conditions
correspond to the “weak” spectrum I: sample pressure, 0.001 Torr;
absorption path length, 48 m; room temperature; 1636 scans. Transi-
tions assigned to the v; band and to the single line of the v;o band are
marked by the dark triangles and empty circle, respectively. Three
clearly pronounced sets of Q-type transitions of the “forbidden” v4 band
can be seen also. They are marked by dark circles (see text, for more
details).
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Fig. 4. Axes definitions used in the present work for the ethylene, C;Hy,
molecule. The primed symbols refer to the axis definitions for the D,
symmetry group used in the classification of the vibrational modes. The
unprimed symbols refer to the Cartesian axis definitions of the I
representation of Watson’s A-reduced effective Hamiltonian.

Table 1
Symmetry types and characters of irreducible representations of the
D, group.

Repr. E oxy Oxz Oyy i C2(Z) Ca(y') Ca(x)) Rot. Vibr.
1 2 3 4 5 6 7 8 9 10 11

A, 1 1 1 1 1 1 1 1 41,9205
Ar 1 -1 -1 -1 -1 1 1 1 qa

By 1 1 -1 -1 1 1 =1 =1 J,ky gs.s
B, 1 -1 1 1 -1 1 -1 -1 a7
By 1 -1 1 -1 1 -1 1 =1 Joks Gs
By 1 1 -1 1 -1 -1 1 -1 49,010
By 1 -1 -1 1 1 -1 -1 1 Ik

By 1 1 1 -1 -1 -1 -1 1 G11.q12

a symmetry of any of 12 vibrational coordinates g, of the
C,H4 molecule. From the analysis of Table 1, it is possible
to see that transitions in absorption are allowed only
between vibrational states, (vI') and (v'I’), whose

symmetries I' and I have different indexes “u” and
“g”. Moreover, transitions are allowed from the ground
vibrational state to the upper vibrational states of the
B1u, By, or Bs, type. Transitions to the upper vibra-
tional state of the A,-type are forbidden by the sym-
metry and can appear in the spectrum only because of
Fermi or Coriolis type resonance interactions. As can
be also seen from column 10, transitions from the
ground vibrational state to the vibrational states of
the Ag, Big, Byg, Or B3 types are completely forbidden
both by the symmetry properties, and because of the
absence of interactions between states of the u and g
types. Analysis of Table 1 also shows that

(1) the By, <Ag bands are the c-type ones, and the
selection rules for them are AJ =0, + 1 and AK, = odd,
AK. =even;

(2) the By,«<A; bands are the b-type ones, and the
selection rules for them are Aj =0, + 1 and AK, = odd,
AK.: = odd;

(3) the Bs, <A, bands are the a-type ones, and the selec-
tion rules for them are AJ=0,+1 and AK, =even,
AK. =odd.

For this reason the v7, vig, v12, and v4 bands can be
identified as the c-type, b-type, a-type, and forbidden one,
respectively.

Assignment of transitions was made with the
Ground State Combination Differences (GSCD) method.
In this case, the rotational energies of the ground
vibrational state have been calculated with the para-
meters from Ref. [17] (for convenience of the reader,
ground state parameters from [17] are reproduced in
column 3 of Table 2). As the result of assignment, more
than 1110, 5060, 4670, and 2900 transitions (in gen-
eral, more than 13,740 transitions from which 3644
upper rotational energy levels for four upper vibra-
tional states were obtained) with the maximum values
of upper quantum numbers, J™* /K'®*, equal to 36/11,
50/21, 40/17 and 48/17 have been assigned to the vy,
V7, V10, and vy, bands, respectively (for more details, see
statistical information in Tables 2 and 3). For comparison,
columns 6 and 7 of Table 3 present corresponding analo-
gous information from the before made investigations of
discussed bands.

4. Hamiltonian model used for the fit of
experimental data

In the present study we used the Hamiltonian in the
form (see also [25-28])

Hvib.—mt. — Z ‘ 1/> <1~} ‘HW, (1)
v,

which takes into account both Fermi-, and any of three
Coriolis-type resonance interactions in an asymmetric top
molecule. Here the summation extends over all interacting
vibrational states. The diagonal operators H,, describe
unperturbed rotational structures of the corresponding
vibrational states. The nondiagonal operators H,; (V#17)
describe different kinds of resonance interactions between
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Statistical information for the vy4, v7, v19, and vq, bands of C;H4 molecule (present study).

c c

Band Center/cm ! Jmax KX N2 rms; mp© mp* m3© NP rms; mp© Mg M3
1 2 3 4 5 6 7 8 9 10 11 12 13 14
\ 1025.58978

K, <14 36 11 302 29 67.3 17.7 15.0 1118 3.0 62.6 21.5 159
Total 36 11 302 29 67.3 17.7 15.0 1118 3.0 62.6 21.5 159
vy 948.77090

K. <14 50 13 1027 1.1 88.2 8.0 3.8 4519 1.2 86.8 8.9 43
Koe>14 42 21 280 2.4 77.5 139 8.6 543 2.5 75.9 134 10.7
Total 50 21 1307 14 86.7 8.9 44 5062 1.5 84.2 11.2 4.6
V1o 825.92676

K, <14 40 13 804 2.4 63.5 29.1 7.4 4362 2.5 59.9 31.9 8.2
Ke>14 35 17 112 5.7 40.4 31.9 27.7 314 5.9 37.6 31.1 313
Total 40 17 916 2.7 59.4 28.6 12.0 4676 2.8 56.1 31.7 12.2
V12 1442.44240

K, <14 48 13 964 3.0 51.2 29.2 19.6 2632 3.2 49.8 27.8 22.4
Ko >14 36 17 122 4.2 30.1 36.8 33.1 270 43 28.5 34.9 36.6
Total 48 17 1086 3.2 48.5 30.8 20.7 2902 33 45.8 293 249

2 N, is the number of upper levels.

> N, is the number of transitions.

¢ Here m; =n;/N x 100% (i=1, 2, 3); ny, np, and n3 are the numbers of levels (transitions) for which the differences & = ESXP-_ECle (§ = yexp. _ycalcy
satisfy the conditions 6 <20 x 107> cm~!, 20 x 10> cm~' <56 <40 x 10° cm~!, and 6 > 40 x 107> cm~!.

Table 3

Statistical information for the vg4, v7, v10, and vy, bands of C,H4 molecule (overview).

Ref. Band  Spectrum? Region® Exp. accuracy® Np’ /N(IZ) /N JrX KX o /rms /rms@f
1 2 3 4 5 6 7 8 9
[15] Vg FT+DL 798-1091 (FT+DL)  2-30 (FT) [15] -/-/105 36/11
vy FT+DL+SA 935-1049 (SA) 0.1 (SA) [11] -/44/403 49/17
Vio FT+DL 10-30 (DL) [15] —-|-268 39/16
Total -|-]776 49/17 61  0.844/-/-
[17] Va FT+DL 924-1080 (SA) 0.007-0.02 (SA) [17]  -/-|- 36/11
v FT+DL+SA 798-1091 (FT+DL)  2-30 (FT) [15] -/195/- 49/17
Vio FT+DL+SA 10-30 (DL) [15] -2/~ 39/17
Total ~5500/197/— 49/17 80  0.825/-/0.015
[20] Va FT+DL 8-824 GHz (MW) 1-100 kHz (MW) [20]  559/-/- 36/11
V7 FT+DL+SA+MW  924-1080 (SA) 0.007-0.02 (SA) [17] 3939/208/- 49/17
Vio FT+DL+SA 798-1091 (FT+DL)  2-30 (FT) [15] 980/2/- 39/16
Total 10-30 (DL) [15] ~5500/210/— 49/17 78 0.887/-/-
[18] V12 FT 1380-1500 (FT) 3 (FT) [18] 1387/-/- 38/15 12 -/3.3/-
[19] V12 Jet-cooled FT 700-2400 (FT) - 963/-/427 33/12 10 —/-/-
[21] Via FT 1380-1510 (FT) - 1240/-/- 40/- 14 -/16/-
This work  v4 FT 640-1535 (FT) 1-100 kHz (SA) [20] 1118/-/302 36/11 -2.9/-
vy FT+SA 924-1080 (SA) 0.007-0.02 (SA) [17] 5062/208/ 1307 50/21 -/1.4/0.0185
Vio FT+SA 2 (FT) (this study) 4676/2/916 40/17 -12.7]-
Via FT 2902/-/1086 4817 -3.2/-
Total 13,758/210/3644  50/21 78  -[2.3/0.0185

2 In this column we indicate type of spectra used in the fit: FT, Fourier transform; DL, diode laser; SA, saturation absorption; MW, microwave

transitions.

®Inem~.

1

¢ Experimental accuracy in 10~% cm~!. Reference from which the experimental data are taken is also shown.

4 The number of transitions and/or levels used in a fit: NV is the number of FT+DL transitions; N is the number of high accurate saturation
absorption and/or MW transitions; N}” is the number of levels.

€ n is the number of fitted parameters.

f ¢ is a unitless standard deviation, see Ref. [31]; the rms( is rms of FT+DL data (in 10~% cm~1); the rms@ is rms of high accurate SA+MW data
(in MHz).

the states |v) and |?). The diagonal block operators A-reduction and I" representation, Ref. [29]
have the same form for all interacting vibrational states,

2 2 2
and they have a form of Watson’s Hamiltonian in the Hyy =E"+[A"—3 (B" +C")J; +3 (B" +C")J" +3(B"—C")J},
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A2 AR 2P = AT SR UZ J21-20 T2,
+HYJS +Higl 2l + Hi20* + H T + Uy hidy
+hPTE + 0T+ LS + L) + L 20
S T i e A o 4 Y B 1 P A R
@)

where J, (¢=x,y,z) are the components of the angular
momentum operator defined in the molecule-fixed coor-
dinate system; J;, =J2—J5; [...,...] denotes anticommuta-
tor; AY, BY, and C' are the effective rotational constants
connected with the vibrational states (v), and the other
parameters are the different order centrifugal distortion
coefficients.

We may distinguish between four types of coupling
operators H'” (v#1) corresponding to the four different
types of resonance interactions which can occur in a set
of vibrational states, By, Bo,, B3y and A,, of the Dy,
asymmetric top molecules. If the product I'=T" ® I'’ of
the symmetries species of the states v and ¥ is equal to Ag
(ie, I'" = r’ ), then the states v and ¥ are connected by an
anharmonic resonance interaction, and the corresponding
interaction operator has the form

H N :vvF0+vvFldz VUFJJZ+m7FKKj?+m}FK]]§_]2+UﬁF]]J4+

+ g UE I+ Frg U2 U2 =T+ Y Fp 22 —J2)+ - -
3)

If I = Byg, then the following c-type Coriolis interaction is
allowed:

Hop = U, Hy) +HRi, + U Hy +H U]

+Iil, Uz ~JHy, +HR il O =1+ - “
When I = Bye, a b-type Coriolis interaction of the follow-
ing type is possible:
Hyy = il HG) +HO il + Uy H +H‘2>[Isz]

il R =DM +HR e U2 =JD1+ --- &)
Finally, if the product is I' = Bsg, then the states v and ¥

are connected by an a-type Coriolis resonance interaction
of the form:

=il ,H ) +UJ, HS +HRUL )
L2 —=JDIHS) + HONi 2=+ - -+ (6)

The operators H?, i=1,2,3,..., in Egs. (4)-(6) have the

v’
form:
i VUi bio12 v, Vi 4
HO =1 "C Y7 Cl 2 +1 "CJ? + " Clad 2 + VI Cl 2] +1 'Cl

+ Y ChS + " ClggJa]? + " Clg 2T +3 T+ -
(7)

To prevent confusion in the label notations used, we
should mention that we use two sets of axis notation
in the CoH4 molecule. Firstly, the x-, y- and z-axis are used
for labeling of rotational operators J, (¢=x,y or z).
However, for the point group symmetry assignment of
normal modes we use the standard convention in accor-
dance with Ref. [30].

As it can be seen from column 10 of Table 1, four types
of vibrational states (Ag/B14/B2g/Bsg only, or A,/B1y/B2u/Bsy
only) can be presented in the effective Hamiltonian (1)-(7).
It means that there are no interactions between the states
of the “g” and “u” types.

5. Re-analysis of the ground vibrational state

As the assignment of transitions in the experimental
spectra showed, the rotational structure of the ground
vibrational state may be improved. Really, even the best
known in the literature Ground State parameters (see,
[17,20]) have been obtained on the basis of experimental
data from [15]. In this case, FT and diode laser spectra of
Ref. [15] have been recorded with worse experimental
accuracy than in our case, and transitions with lower
values of quantum number K, have been assigned. As the
consequences

(1) ground state combination differences only with
K4 <15 were used for determination of ground vibra-
tional state parameters and

(2) the set of obtained parameters, which describe very
good the rotational energies with K, < 15, will be not so
good for description of rotational energies with K, > 15.

As the illustration of that statement, Fig. 5 presents plots
of dependency of differences Aﬁ,’“ <‘~”‘P)5’K :(gc ‘C“’C-)éj',ig:(,g,c

(here 5}’;,’ . = Ex,k.—Eyk,x,) between experimental and cal-
culated values of some sets of ground state combination
differences on the value of quantum number J. Curves of
different colors (curves I, II, IIl, and IV) correspond to the
values K, equal 16, 17, 18, and 19, respectively; indexes a and

b correspond to two different sets of theoretically calculated
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values of some sets of ground state combination differences on the
value of quantum number J. Curves of different colors (curves I, I1, III, and
IV) correspond to the values K, equal to 16, 17, 18, and 19, respectively.
Indexes a and b correspond to two different sets of theoretically

=Ek,k.—Eykx.) between experimental and calculated

calculated combination differences, ‘C“’”éﬁg,'jg,, obtained on the basis of
ke

the ground state parameters from Refs. [17,20], respectively. Curves c
correspond to the results obtained on the basis of our ground state
parameters from column 2 of Table 5. For more details, the same results
are reproduced on the bottom part of that figure.
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combination differences, (C"’C-)éﬁgﬁg,, obtained on the basis of
a*c

the ground state parameters from Refs. [17,20], respectively.

As one can see from Fig. 5, the values of differences, AjKKKK
may achieve the values of 40 x 10~ cm ™. At the same time,
the accuracy of our experiment is about 20 times better. It
means that the ground state parameters of both papers
[17,20] can be improved.

To make a revision of the ground vibrational state
parameters, we constructed 1147 ground state com-

bination differences of the (e"l’)&ﬁgﬁ(‘é—type (Jme* = 50,

KP®™ =19, AJ=0,+1,4+2, AK;=0, +2) on the basis of
transitions assigned to all studied bands in experimental
spectra I-IV.! Then the constructed ground state combi-
nation differences were used as input data in the inverse
spectroscopic problem. The saturated absorption transi-
tions from Ref. [17] also gave us possibility to construct
33 very high accurate “experimental” ground state com-
bination differences which are listed in columns 3 and 4
of Table 4. Columns 1 and 2 of that table show the initial
saturated absorption transitions which were used in
construction of the mentioned “experimental” combina-
tion differences. These 33 values also were used as initial
data in the inverse spectroscopic problem.

As the result of the weighed fit, we obtained a set of
parameters of the ground vibrational state of the C;H4
molecule which are presented in column 2 of Table 5 (it
should be mentioned that the Lkgj, Ly, Ik, etc., centrifugal
distortion parameters which are absent in column 2, have
been omitted because in the fit procedure their 1o
standard errors were close to the values of obtained
parameters, or even more). For comparison, columns 3
and 4 of that table present values of corresponding
parameters from earlier studies, Refs. [17,20]. The derived
set of parameters reproduces the initial ground state
combination differences, obtained from infrared transi-
tions, with the rms-deviation of 1.01x10 %cm™!
which corresponds to the experimental accuracy of FT
data. Column 5 of Table 4 presents differences 4 (in
10~%cm™~!) between values of the above-mentioned 33
high accurate “experimental” ground state combination
differences and ones theoretically calculated with our
parameters from column 2 of Table 5. Analogous results
(but from theoretical calculations which were made with
the parameters from [17,20], respectively) are shown in
column 6. From comparison of data in columns 5 and 6,
one can see that our results are better, as a rule. We
should mark also that values of parameters obtained in
the present study correlate very good with corresponding
values known in the literature (see Table 5). At the same
time, they give better consent with experimental transi-
tions which correspond to higher (up to K,=19) values of
quantum number K.

T We did not use GS combination differences with AK, = + 4 which,
in principle, could be constructed from a limited number of pairs of
assigned transitions. However, at least one transition in any such kind
pair is very strong (saturated), or another one is very weak (close to
noise). On that reason, corresponding GS combination differences were
not used in our analysis.

It would be interesting to estimate a predictive possibility
of the obtained set of ground state parameters. To make this,
we fulfilled a set of calculations, and results are presented in
Fig. 6. At the first calculation we made a list-square fit of all
our ground state combination differences with the value
K, < 15. Then the rms deviations were determined separately
for the sets of states with K,=16, 17, 18, and 19. Results are
presented in Fig. 6 (curve I). The curves II, III, and IV illustrate
results of analogous calculations of rms deviations on the
basis of fits of all our combination differences with the value
Kqs<16, 17, and 18, respectively. For the last case, an
expected interpolation of the rms deviation on higher values
of quantum number Kj is also shown by dashed line.

6. Ro-vibrational analysis of interacting states (v4 =1),
(v7=1), (vip=1),and (vi2=1)

The new ground state parameters obtained in Section
5 were used then for calculation of ground state rotational
energies which, in turn, were used in the re-assignments
of transitions in the recorded FT spectra. The list of the
more than 13,740 finally assigned transitions is presented
in Supplementary Materials. From these transitions we
obtained 3644 upper ro-vibrational energies which were
used then as input data in a weighted least square fit
with the aim to determine rotational, centrifugal distor-
tion, and resonance interaction parameters of the states
(v4=1), (v7=1), (v10=1), and (v12 =1). Besides 3644
energies obtained from our FT transitions, the 197 high
accurate saturated absorption transitions from Ref. [17]
and 13 absent in [17] saturated absorption transitions
from Ref. [16] were used in the fit procedure as input
data. In this case, high accurate transitions from [17] and
[16] have been taken with the weights 100 and 5-10,
respectively. Upper energy values obtained on the basis of
our FTIR experimental data have been taken with the
weights 107> cm~'/4 (here 4 is a statistical confidence
interval for the upper energy value obtained from some
transitions). If the energy of upper state was obtained
from the only transitions, it was used with the weight 0.

Results of the fit are presented in columns 3, 5, 7, and 9
of Tables 6 and in 7 (values in parentheses are 1¢ statistical
confidence intervals). Parameters presented without con-
fidence intervals have been constrained to the values of
corresponding parameters of the ground vibrational state
(for the convenience of the reader, we re-present in
column 2 of Table 6 parameters of the ground vibrational
state from column 2 of Table 5). One can see that the
values of parameters in columns 3, 5, 7, and 9 correlate
very good with the values of corresponding parameters
from column 2. Also for comparison, parameters of the
states (v4=1), (v7=1), (v1p=1), and (1 =1) from Ref.
[20] are shown in columns 4, 6, 8, and 10 of Table 6. Again,
one can see satisfactory agreement between two sets of
parameters. Some small differences can be easily explained
by both the differences in parameters of the ground
vibrational state (see, columns 2 and 4 of Table 5), and
the fact that in our case the number of input data was
considerably larger (see, column 6 of Table 3).

The following remark should be made here. In accor-
dance with the general vibration-rotation theory (see, e.g.,
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Table 4
High accurate ground state combination differences (GSCD) of C,H,4 obtained from sub-Doppler experimental data, Ref. [17].

Transition Wavenumber, in cm~! GSCD Value (exp.), in cm ™! 4 (calc),in 10~ ¢ cm ™! A (calc), in 1076 cm~!
1 2 3 4 5 6
404414 945.5817576 414-514 11.2795809 0.5 1.2/11
404514 934.3021767

413<505 944.7035103 505-523 16.1734814 -03 -0.7/-0.8
413<523 928.5300289

514422 947.2863790 422-524 9.0470813 -0.2 -0.3/-0.3
514524 938.2392977

734726 970.0229651 726-642 34.6963879 0.1 0.0/-1.0
734642 935.3265772

735625 982.7606771 625-643 47.4535412 0.4 0.5/1.6
735643 935.3071359

835725 983.9970490 725-827 13.8727445 0.6 0.0/0.2
835827 970.1243045

716606 968.1127721 606-624 16.5317751 -0.5 -0.8/-0.9
716624 951.5809970 606-726 28.9005644 -0.6 -1.2/-13
716726 939.2122077 624-726 12.3687893 —0.1 —0.4/-04
725615 972.7448059 615-717 8.5076032 0.1 —0.8/-0.6
725717 964.2372027

927919 966.6256774 919-1019 26.5495318 0.1 0.9/0.7
927<1019 940.0761456 1019-937 9.5366846 -0.1 1.3/1.1
927«937 930.5394610 919-937 36.0862164 0.1 -0.3/-04
1019909 976.5128869 909-1029 35.3897245 0.6 -0.1/-0.3
10191029 941.1231624

1028918 977.7494449 918-10110 9.5632322 -0.1 -1.1/-0.7
102810110 968.1862127 918-11110 39.5602424 0.1 0.6/0.4
102811110 938.1892025 101 10-11110 29.9970101 0.0 0.7/0.3
1129«11111 970.0061534 11111-1139 38.5042336 -03 -13/-1.6
11291139 931.5019198

11391129 967.2053919 1129-122 11 18.2919457 0.0 -1.3/-1.1
113912211 948.9134462

1221112111 955.0852605 12111-1239 27.5654328 0.2 -0.7/-0.6
122111239 927.5198277

1411 3<-13 103 1073.8095319 13103-14104 25.6015243 0.0 0.4/0.5
1411414104 1048.2080076

1421213112 986.1141739 13112-15114 53.5795312 -04 0.4/0.1
1421215114 932.5346427

15312152 14 973.8055286 152 14-16 2 14 39.3733434 -0.1 0.2/0.5
15312162 14 934.4321852

1551015412 987.1903046 15412-1468 50.8763485 1.2 6.0/10.8
1551014638 936.3139561

1541215312 976.4068438 153 12-163 14 27.5072746 —-0.0 -0.5/-0.2
15412163 14 948.8995692

1511 4°-14 104 1075.5812441 1410 4-15106 27.4319606 0.0 0.6/0.6
15115-15104 1048.1492835

1611515213 965.2399820 152 13-16 2 15 19.7335200 -0.1 -0.1/ 0.0
16115162 15 945.5064620

187 12+176 12 1038.9575382 176 12-196 14 67.9564936 0.3 -0.8/-0.9
187 12+<196 14 971.0010446

1941519317 979.2456597 193 17-18 513 28.4322967 -0.1 —-0.3/-1.6
1941518513 950.8133630

2452023420 1029.8682749 23 420-24420 48.5305049 -01 -0.8/-0.8
2452024420 981.3377700 24 420-23618 28.9055666 -0.1 -2.0/-3.9
2452023618 952.4322034 23420-23618 77.4360715 -0.2 1.2/3.1
2632325421 976.7055364 25421-26423 42.3014327 -03 0.7/4.0
2632326423 934.4041037

2 Calculated with our parameters from Table 5.

b Calculated with parameters from Table 2 of Refs. [17]/[20].

¢Two couples of high accurate experimental transitions from Ref. [17], [14 11 3]«[13 10 3]/[14 11 4]«[14 10 4] and [15 11 4]«[14 10 4]/
[15 11 5]«[15 10 4], were used in our study because the values of the ground vibrational state rotational energies E14 11 3;/Ej14 11 4 and Epis 11 4/Eps 11 5)
are the same with accuracy better than 10~ cm ™.
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Table 5

Spectroscopic parameters of the ground vibrational state of the C,H,; molecule (in cm~1).?

Parameter This work From [17]° From [20]¢

1 2 3 4

A 4.86461997815(72) 4.86462016(4) 4.8646201954(464)
B 1.00105650691(22) 1.00105650(1) 1.0010565039(119)
C 0.82804595595(21) 0.82804599(1) 0.8280459778(117)
Ag x 10* 0.86470155(39) 0.864798(16) 0.86486844(1953)
A x 10% 0.102336194(71) 0.1023214(36) 0.102319954(3678)
A x 10* 0.014701077(13) 0.01470224(41) 0.014702286(406)
Sk x 10* 0.10153495(38) 0.101590(14) 0.10161652(1391)
9 x 10 0.0028179017(46) 0.00281684(15) 0.002816829(149)
Hg x 108 0.621279(74) 0.6196(13) 0.624752(1300)
Hyg x 10° —0.041497(46) —0.0424(14) —0.045941(1185)
Hj x 10° 0.018693(13) 0.01845(39) 0.0194771(3364)
H; x 10° 0.00023588(27) 0.0002501(54) 0.00024347(503)
hx x 108 0.34059(42) 0.346(12) 0.37555(1030)

hye x 108 0.0103566(87) 0.01138(23) 0.0110854(2077)

hy x 108 0.000125178(84) 0.0001098(17) 0.000112776(1669)
Ly x 102 —0.4467(19)

Lk x 1012 —0.004492(23)

L x 1012 —0.0000172(28)

@ Values in parentheses are 1 standard errors.
b Reproduced from Table 2 of Ref. [17].
¢ Reproduced from Table 2 of Ref. [20].
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Fig. 6. Illustration of the predictive power of different sets of ground state
parameters on the value of quantum number K, (see text for details).

Ref. [32]), diagonal block’s parameters can differ from
corresponding parameters of the ground vibrational state
no more than for some percent. Following to that statement,
we varied only band centers, rotational and the mostly
important (4 and 4;) centrifugal distortion parameters at
the first step of analysis. To achieve a satisfactory corre-
spondence between theoretical and experimental results,
the number of varied resonance interaction parameters was
larger than usually used in analogous fits. At the second
step, we added higher order centrifugal distortion para-
meters to the fit procedure and reduced the number of
resonance interaction parameters. In this case, if a value of
varied centrifugal distortion parameter was less or even was
comparable with its 1o statistical confidence interval, such
parameter was constrained to the value of corresponding
parameter of the ground vibrational state.

The set of parameters obtained from the fit and presented
in Tables 6 and 7 reproduces the initial 3644 FT energies with
the “rms”-deviation equal to 0.00023 cm~! (for more details,
see statistical information in Tables 2 and 3). In this case, the
197 initial high accurate saturated absorption transitions
from Ref. [17] are reproduced with the rms=18.5 kHz.
Also, the 13 microwave transitions (experimental accuracy
(3-7)x 10~ cm ™) from Ref. [16], which are absent in [17],
are reproduced with the rms=5.3 x 10~%cm~".

As was mentioned in Section 2, near the calibration
source the experimental accuracy of lines may be esti-
mated as 2-3 x 107> cm ™. As the analysis on the basis of
the GSCD method shown, it is valid, first of all, for lines of
the bands v; and v, with not very high values of quantum
numbers J and K, in spectra I and III. For weaker lines (lines
of the v; and vy, bands with J+K, > 25—26; for lines of
two other bands; for spectra Il and IV), the experimental
accuracy is about 2-2.5 x 10~% cm ™. The “rms”-deviation
of FT data in our fit equal to 0.00023 cm™!, that is close to
the mentioned experimental accuracy.

It can be also interesting to compare the results
obtained in the present study with the results of analo-
gous studies known in the literature. One can find such
detailed comparison in Table 3. In particular, one can see
that more than 2.5 times larger number of experimental
transitions/energy levels is described by the number of
varied parameters which is comparable with the before
studies. In this case, it is necessary to take into account
that in our fit experimental data for all bands were used.

7. Conclusion

We re-analyzed the high resolution ro-vibrational
structures of the v4, v7, v10, and vy bands and assigned
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Table 7

Coriolis interaction parameters for the (v4 = 1,Ay), (V7 = 1,B1y), (V10 = 1,B2y), and (v1; = 1,B3,) vibrational states of the C;H4 molecule (in cm ™).

Parameter Value Parameter Value Parameter Value

47¢Che x 107 —2.7919(317) 4'7C,11 % 10° 0.70268972(989) “C:]qq = 1010 0.43483(645)
47¢2 , 102 0.6689444(391) 4‘7CJZ x 10° —0.017023(856) 4.7CJZK x 10° —0.51473(718)
4.7C]2! % 10° —0.036952(842)

(2BXy*10 —1.76868459(642) 410Ck x 10* 2.83802(302) ‘l.locj1 x 104 0.0918092(253)
41002 o 102 —0.65906(443) 410¢2 » 10° 0.439897(417) 4.10CJZK %« 10° —0.32514(181)
4-1°C]2] x 10° —0.07653(748)

(QALF*12 —5.5133766(930) 412¢k x 10% 1.87088(769) 4,12(‘]2 x 10° —0.011565(917)
QAL —4.382951799(864) 710¢) % 104 1.010374(597) 710¢k, % 107 —0.114617(905)
71002 o 103 —0.43481(784) 7102 » 10° 0.96616(253) 7'1092 % 108 0.060365(752)
710c2,  10° —1.2415(673) 7'10C12g x 10° —0.192310(742) 7~1°Cf, % 10° —0.0109103(846)
(2B)712 —1.34220967(823) 712¢c)k x 10% 0.11820(223) 7~12C,1<,g x 10° —0.16043(375)
71202 10 —0.1469902(531) 712¢2  10° 0.43464(607) 3'4C/2 x 10° 0.055692(387)
7,1292] % 10° —8.2025(443) 7'12C:2<:q x 10! 0.6337(286) 7,12(%] x 1011 —0.053923(768)
cgHrer2 0.143289(401) 10.12C]1 x 104 —0.12482(731) 10'12C11<KJ % 1010 —3.4082(265)
10.12C,1q] = 1010 0.32349(572) 10122 , 102 —1.0577(224) 122 5 10° 0.68698(446)
10.1zcj2 %< 10° 0.015836(391) 10.12CJZJ x 10° 2.1972(856)

considerably more transitions than was made before. The
ground vibrational state was re-analyzed on the basis of
our new experimental data. The improved set of ground
state parameters was obtained, and used for determination
of upper ro-vibrational energy values. The latter were
fitted in the Hamiltonian model which takes into account
resonance interactions between all four studied vibrational
states (v4 = 1), (v7 =1), (V19 = 1), and (v1; = 1). The obtained
parameter from the fit set of 78 parameters reproduces both
the initial infrared data, and the high accurate saturated
absorption transitions from Refs. [17] and [16] within
accuracies close to experimental uncertainties.
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