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Room temperature Fourier transform infrared spectra of the four-membered heterocycle trimethylene
sulfide were collected with a resolution of 0.00096 cm™' using synchrotron radiation from the
Canadian Light Source from 500 to 560 cm™. The in-plane ring deformation mode (v;3) at ~529 cm™!
exhibits dense rotational structure due to the presence of ring inversion tunneling and leads to a doubling
of all transitions. Preliminary analysis of the experimental spectrum was pursued via traditional methods
involving assignment of quantum numbers to individual transitions in order to conduct least squares fit-
ting to determine the spectroscopic parameters. Following this approach, the assignment of 2358 transi-
tions led to the experimental determination of an effective Hamiltonian. This model describes transitions
in the P and R branches to J' = 60 and K, = 10 that connect the tunneling split ground and vibrationally
excited states of the v;3 band although a small number of low intensity features remained unassigned.
The use of evolutionary algorithms (EA) for automated assignment was explored in tandem and yielded
a set of spectroscopic constants that re-create this complex experimental spectrum to a similar degree.
The EA routine was also applied to the previously well-understood ring puckering vibration of another
four-membered ring, azetidine (Zaporozan et al., 2010). This test provided further evidence of the robust
nature of the EA method when applied to spectra for which the underlying physics is well understood.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, the use of synchrotron light as a radiation
source for high resolution gas phase infrared spectroscopy has
grown in popularity but the pool of expert users of such beamlines
remains small compared to those for other synchrotron-based
techniques. One challenge is the time-consuming nature of the
data analysis that is required to account for the thousands of rovi-
brational transitions that typically fall within each band. Methods
that automate the assignment of dense, rovibrational spectra hold
promise to reduce this analysis bottleneck and would allow spec-
troscopists to focus their attention instead on a broader range of
interesting, scientific questions. In this article, we test the applica-
tion of evolutionary algorithms (EA) for analyzing both simple and
complex far infrared spectra obtained at the Canadian Light Source
(CLS) synchrotron.

EAs are heuristics that mimic natural selection processes in
order to automatically find the global solution to an optimization
problem. In the context of spectroscopy, EAs are designed to
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generate a set of spectroscopic parameters that best simulate an
experimental spectrum without assigning quantum numbers to
individual transitions at the outset. To do this, the individual
molecular parameters or genes that comprise each chromosome
(or set of molecular parameters) are adjusted in each iteration of
the analysis using concepts derived from genetics such as inheri-
tance, mutation and crossover. The performance of the EA is
assessed by correlating frequency and intensity information
between the simulated and experimental spectrum through the
use of a fitness function [1]. A typical fitness function is the inner
product between the two vectors representing the experimental
and calculated spectrum. This inner product has it maximum if
the two spectra are identical. Various EA strategies have been
developed and tested for their robustness in dealing with high res-
olution spectra including Laser Induced Fluorescence [2,3], FTIR
spectroscopy [4], Room temperature UV absorption spectroscopy
[5] and NMR spectroscopy [6,7]. While the application of EAs to
analyze rotationally-resolved spectra has been successfully
demonstrated for a range of spectroscopic techniques, it has not
yet been tested for high resolution room temperature FTIR spectra.
The high resolution FTIR spectrometers that are currently available
at national synchrotron facilities provide spectra with resolution
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better than 0.001 cm™~! and thus allow a large number of individual
transitions to be discerned rather than profiles resulting from
groups of closely-space transitions. As a result, even very minor
perturbations of energy levels are easily detected. Synchrotron-
based measurements also allow routine access to wavelengths well
into the far infrared region where vibrational frequencies are less
accurately predicted and the observed spectra of even small mole-
cules are very congested by hotbands or other complications. To
test the robustness of the EA strategy for analyzing far infrared
spectra, we have applied this technique to (i) the ring puckering
band of azetidine near 207 cm~! which was previously analyzed
[8] and known to be well-behaved and (ii) the newly recorded
in-plane ring deformation band of trimethylene sulfide (TMS) near
529 cm~! which is investigated here for the first time.

Trimethylene sulfide (TMS) or thietane is a four-membered
heterocycle with a non-planar heavy atom skeleton as shown in
Fig. 1. TMS has been investigated in the microwave [9-11], mil-
limeterwave [12] and infrared regions [13-16] and these studies
have largely focused on the ground and ring puckering vibrational
states. Although this and related four-membered rings such as oxe-
tane have been under spectroscopic scrutiny for half a century,
modern high resolution FTIR instruments have enabled their study
in greater detail [ 17,18]. Synchrotron-based FTIR spectra have been
used, for example, to derive the ring puckering potential of 3-oxe-
tanone (c-C,H,4(CO)O) [19] using its hotbands at ~140cm™!, to
characterize the Coriolis interaction between overlapping bands
in 2-oxetanone [20] and to describe the coupling of NH inversion
tunneling with ring inversion in the low-lying vibrations of aze-
tidine (c-C3NgNH) [8].

In the case of TMS, the pure rotational spectrum itself was com-
plicated by the presence of ring inversion tunneling through a
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Fig. 1. Equilibrium geometry of TMS in its principal inertial axis system.

planar configuration corresponding to a barrier of ~274.2 cm™!

above the equilibrium, puckered geometry [10]. The a-type rota-
tional transitions were thus tunneling doubled and assigned to
the two ring inversion components of the ground vibrational state
(0" and 07). A few transitions connecting the ground state inver-
sion components were also observed and followed c-type selection
rules. Their observation allowed the determination of the energy
gap between inversion components 0 and 0~ which was deter-
mined to be 8232 MHz (~0.27 cm™!). The rotational spectrum
was perturbed by the mixing of pairs of energy levels in the two
inversion manifolds as their separation was within the range of
rotational energy spacing of TMS. In order to analyze the spectrum,
Coriolis-like interaction terms were incorporated into the
Hamiltonian to describe the mixing of the levels in the 0* and 0~
states [10,12]. No rotationally-resolved vibrational spectra of
TMS have been reported before now.

2. Evolutionary algorithms

In the past decades, computational tools have been developed
that are able to handle complex multi-parameter optimizations
intelligently and within an acceptable investment in computer
time. The use of evolutionary algorithms (EAs) for solving such
highly nonlinear and complex processes in science and engineer-
ing has become widespread. Although they are conceptually sim-
ple, their ability to avoid local optima and instead find the global
optimum is remarkable and makes them suitable to handle com-
plex optimization problems. EAs represent a set of general-
purpose probabilistic search methods based on natural evolution.
These algorithms mimic the concepts of natural reproduction and
selection processes. The basic idea in EAs is to create an artificial
environment that encodes the search problem into biology-like
terms. From a spectroscopic point of view, the EA approach repro-
duces this behavior to fit an experimental spectrum with a model
based upon transitions between energy levels calculated as eigen-
values of the Hamiltonian. Each of the molecular parameters can
be thought of as a gene, encoded in a binary or real type. The vec-
tor of all genes, which contains all molecular parameters, is called
a chromosome. The rovibrational spectra were fit to an asymmetric
rotor Hamiltonian by using the covariance matrix adaptation evo-
lutionary strategy (CMA-ES) [21,22] which was found to be an
invaluable tool for the analysis of many different types of spectra.
While classical genetic algorithms aim to find a solution in the
parameter space by randomly combining information from a set
of trial solutions, the CMA-ES algorithm can sense in which direc-
tion the quality of a fit increases. In the first step, the CMA-ES
algorithm generates trial solutions (offspring) by using a random
distribution around some starting point (parent) each consisting
of the complete parameter set which is necessary to simulate
the spectrum. Offspring with higher fitness than the parent are
kept and used to compute the next generation. The CMA-ES algo-
rithm makes use of the parameter correlation matrix for succes-
sive changes in the parents (mutations). This means that if for
some parameter a parent has evolved in the same direction for
several generations, resulting in a positive correlation, the most
likely solution is assumed to be further in that direction and the
next parameter mutation will be larger. Correspondingly, two
anti-correlated mutations will lead to a smaller mutation.
Compared to classical genetic algorithms, this procedure has been
shown to lead to faster convergence of the parameters [23]. The
CMA-ES method is essentially a brute-force method that relies
on recent developments in computer technology which have been
geared toward the analysis of complex spectra. The CMA-ES
method has been shown to be an extremely useful tool for spectral
analysis.
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2.1. Testing the evolutionary algorithm on azetidine

As a first test of the EA approach, we applied this method to the
previously reported spectrum of the ring puckering mode of aze-
tidine (c-C3HgNH) centered at 207 cm~! which was recorded at
the CLS [8]. During this vibration, the amine hydrogen moves from
axial to equatorial position as the ring backbone flexes which cor-
responds to a change in dipole moment along the a-axis as the pro-
jection of the NH bond varies in this coordinate. This leads to a-type
rovibrational selection rules and the observed spectrum was not
complicated by ring inversion tunneling as the barrier between
equivalent forms (requiring both ring inversion and NH inversion)
is quite high (~2200 cm™). The analysis of the 3278 assigned tran-
sitions has been described and the room temperature spectrum
actually contains transitions from a very large number of rotational
states up toJ values of 70. Almost all transitions are unblended and
therefore this spectrum is suited excellently for a test of the EA. As
mentioned, the frequencies and intensities of the experimental and
the calculated spectrum are matched in a global manner in the EA.
The calculated spectrum is obtained from a model Hamiltonian,
but in the fitting process no quantum numbers have to be assigned.
This automatic search together with the global search of the
parameter space, form the strength of the EA method. After
the EA fit has converged, the results include both the values of
the molecular parameters from the Hamiltonian as well as the full
assignment of all individual transitions. In order for the method to
reach convergence successfully within acceptable CPU-time, rea-
sonable ranges for the molecular parameters must be defined
beforehand.

For the azetidine molecule, we found that with the CMA-ES
strategy, we could extend the search ranges around the estimated
values for the rotational constants to +0.002 cm~!, for the band
center (Vo) to #0.02cm~! and for the distortion constants to
+0.6 x 10°%cm™". For the latter group of parameters this meant
that no estimates were needed for the distortion constants, since
the values fall well within the search regions. Despite the large
search ranges for the parameters, the fit converged rapidly. The
CMA-ES procedure included 250 individuals and the number of fit-
ted parameters was 17. The convergence set in after 50 generations
and was completed after 150 generations. The wall clock time
needed was five minutes with the program running on a cluster
of only 30 nodes.

Fig. 2 compares a portion of the R-branch of the experimental
spectrum with that generated from the EA-derived parameters
showing the excellent agreement. This kind of agreement was
found over the entire range of the spectrum. The spectroscopic
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Fig. 2. A closer look at a 0.25 cm ™! spectral region of the R branch of the v, band of
azetidine. The simulation (blue lower trace) shows the expected a-type rotation-
vibration transitions based on the EA analysis compared with the experimental
spectrum (red upper trace). All predicted transitions are found in the experimental
spectrum. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

constants obtained from the EA are compared with those deter-
mined from the original rovibrational analysis (Ref. [8]) in
Table 1. As the analysis of the v band was first reported as part
of a global fit of three rovibrational bands, it was first necessary
to extract the transitions due to this band alone to run an isolated
band fit for more direct comparison with the EA results obtained
here. The errors from the EA analysis as presented in Table 1 were
estimated from the covariance matrix with the assumption that
the line positions in the spectra are measurable to an accuracy of
about half the full line-width at half maximum. In such an assigned
fit, transitions are included that would be used in a typical manual
assignment of the spectra; that is transitions with an intensity lar-
ger than 5% of the maximum intensity. The selection of transitions
used for the assigned fit can of course be made automatically based
on this condition. The number of transitions for azetidine was 3290
with rotational quantum numbers up to J=50. For such an
assigned fit the statistical errors in the parameters are well defined
(see Appendix B of Ref. [2]). The agreement shown between the
results for the two methods in Table 1 is excellent and well within
the uncertainties for the determined parameters. Thus, the speed
and accuracy of the EA approach for a single band analysis of a high
resolution rovibrational spectrum have been successfully demon-
strated for the first time.

3. Experimental details

The FTIR spectrum of TMS below 1000 cm~! was collected on
the far infrared beamline of the CLS which is equipped with a
Bruker IFS125HR instrument. This spectrometer allows measure-
ment of spectra with a resolution of up to 0.00096 cm~! when a
small aperture is used (1.15 cm in this case). For the v;3 band at
~529 cm™!, the spectrometer was outfitted with a KBr beamsplit-
ter and the helium-cooled GeCu detector was employed. A sample
of TMS was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA) and used without further purification. The vapor pressure of
the liquid was sufficient to fill the 2 m multipass cell set to a total
absorption path length of 72 m. For the v;3 band, a total of 96 inter-
ferograms were recorded at room temperature and averaged over
10 h using a sample pressure of 185 m Torr.

4. Spectral analysis and assignment for TMS

The equilibrium structure of TMS has Cs symmetry (Fig. 1) and
in order to account for ring inversion, the molecular symmetry
group C,, is used. The symmetry of the various energy levels (rota-
tion, vibration, inversion) follows that described recently for the
V10 band of silacyclobutane (SCB) [24]. As the v;5 ring deformation
of TMS has A vibrational symmetry, its infrared spectrum is com-
posed of two sets of a-type rovibrational transitions (0" — Vvis,
0~ — vi3) that connect states of the same inversion parity. As seen
for SCB, two sets of c-type rotation-vibration-inversion transitions
(0~ - 1%, 0" - 17) that connect states of opposite inversion parity
are also symmetry-allowed.

4.1. Least squares fitting

The overall band contour of the v;3 band of TMS is shown in
Fig. 3. To identify patterns in the rotational structure, the most
intense transitions between 500 and 560 cm~' were used to con-
struct a Loomis-Wood plot using the Neese software add-in for
Igor Pro [25,26]. A sample region is shown in Fig. 4 corresponding
to the R branch. The scale chosen highlights progressions sharing
common K, quantum numbers along various J values as a vertical
series. These correspond to strong a-type progressions that connect
vibrational levels of the same inversion symmetry (0* — vi; and
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Table 1
Comparison of the spectroscopic constants for the v;5 band of azetidine from EA analysis and experiment.
Ground state Vie
EA Ref. [8]° EA Ref. [8]"
E 207.7271513(130) 207.7271511(84)
A(cm™) 0.3820398(20) 0.3820399(11) 0.3812483(22) 0.3812484(11)
B 0.3782308(20) 0.3782308(11) 0.3776933(22) 0.3776933(12)
C 0.22055329(24) 0.22055329(16) 0.21967014(24) 0.21967014(16)
Aj(x105cm™) 0.16887(29) 0.16884(79) 0.14430(29) 0.14428(90)
Ak —0.13865(75) —0.1386(37) —0.05205(71) —-0.0521(38)
Ag 0.14894(60) 0.1490(49) 0.12799(55) 0.1282(41)
35 0.0511(15) 0.05109(39) 0.0395(17) 0.03947(45)
Sk 0.0631(11) 0.0631(14) 0.0672(11) 0.0671(12)

¢ Determined from single band analysis from 3278 rovibrational transitions described in Ref. [8] with rms error 0.000130 cm™".
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Fig. 3. Overview spectrum showing band contour of the v;3 ring deformation mode
of TMS at ~529 cm™.
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Fig. 4. A portion of the Loomis-Wood plot of the v;3 band of TMS showing a-type
progressions used to aid in its assignment. The colored series identify transitions
sharing common K, but having different J values with 0* — viz and 0~ — vi3,
respectively. The colored series correspond to K,=0 (navy), K,=1 (red), K,=2
(yellow) and K, = 3 (green) progressions in each inversion component. Remaining
series are not identified for simplicity. (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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0~ — vi3). The analogous series in the two tunneling states are
identified with the same color for ease of comparison. The
observed pattern was compared with a simulated spectrum based
on the previously published ground state parameters for TMS [12]
to approximate the energy levels. This led to the tentative assign-
ment of the first eight K, progressions for each tunneling compo-
nent. Ground state combination differences (GSCDs) were then
used to confirm the assignment. The simulated spectrum was then
refined and the assignment process continued in an iterative man-
ner until the strongest transitions were included.

A least squares fit of the 2358 infrared transitions was per-
formed using Pickett’s SPFIT program and Watson’s A-reduced
Hamiltonian in the I" representation and includes transitions with
J =8-60 and K, =0-10 [27,28]. The two sets of a-type transitions
were not sensitive to the energy gap between the inversion split
levels (0* and 07) nor the parameters describing their interaction
(Fao, F,.) which were reported in the earlier pure rotational studies
[12]. A similar quality fit was obtained if these parameters were
included and fixed to the previously reported values. During the
preliminary stages of the analysis, it was also seen that the distor-
tion constants across the four states (0, 07, vi3, vi3) were not in
close agreement in sign or magnitude and that the A rotational
constants were not as well-determined as the others. This sug-
gested that these terms were serving more as effective parameters
to reduce the error of the fit. We thus decided to fix A, 6; and dx for
the 0" and 0~ states to those values reported in Ref. [12]. This
resulted in a set of spectroscopic parameters that were more con-
sistent across all states. The fit was run both with and without
inclusion of the interaction parameters (F,., F,.) from Ref. [12]
and the results are summarized in Table 2.

After the assignment of the strongest a-type transitions, a small
number of low intensity transitions remained unassigned that
were not included in any obvious progressions in the Loomis—
Wood plot. These likely correspond to the higher K, transitions that
are not well-described by the current effective Hamiltonian. Based
on symmetry, these features could also be c-type rotation-vibra-
tion-inversion transitions but a convincing assignment could not
be found.

4.2. Evolutionary algorithm approach

The number of transitions that have to be calculated in the case
of TMS is four times as much as for azetidine due to the lower bar-
rier to ring inversion tunneling: (0" - vi3), (0~ = vi3), (0" = vi3)
and (0~ — vi3). As a result, it was found that the convergence
was slower than for azetidine; the onset of the convergence
occurred after 175 generations and it was completed after 350 gen-
erations. The needed wall clock time was 45 min using a cluster of
30 nodes.
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Table 2
Spectroscopic constants for the v;3 band of TMS from the various analyses described here.

EA SPFIT (Fit 1) SPFIT (Fit 2)

0* 0 0" (U 0" 0~
E 0 0.274589° 0 0.274589° 0 0.274589°
A(cm™) 0.3372453(12) 0.3372438(12) 0.33713984* 033715131 033713984 033715131
B 0.22260461(18) 0.22237573(18) 0.2226597(38) 0.2223835(23) 0.2224723(26) 0.2225010(20)
C 0.14813725(18) 0.14815782(18) 0.14813659(32) 0.14816053(24) 0.14822450(27) 0.14824487(23)
A;(x105cm™) 0.078703(39) b 0.078622(61) 0.078886(39) 0.079863(54) 0.078959(39)
Ak —0.07172(24) b —-0.07128" —0.06681° —-0.07128° —0.06681°
A 0.2993(20) b 0.324(24) 0.1717(94) 0.209(13) 0.2140(83)
5 0.0202407¢ b 0.0202407° 0.0204475° 0.0202407¢ 0.0204475°
Sk 0.064578 b 0.064578° 0.0628768° 0.064578 0.0628768°
Fac (cm™) 0.00404783°
Fy. (x10°cm™) —0.0198°

Viz Vi3 Vi3 Vi3 Vis Vi3
E 529.0213267(80) 529.2619786(80) 529.021271(17) 529.262029(12) 529.021172(17) 529.261815(14)
A(cm™) 0.3374060(12) 0.3374028(12) 0.3372995(37) 0.3373170(12) 0.3373957(42) 0.3373862(36)
B 0.22246576(18) 0.22226125(18) 0.2225219(40) 0.2222669 (23) 0.2224572(25) 0.2222637(20)
C 0.14764237(18) 0.14765781(18) 0.14764176(32) 0.14766037(25) 0.14764289(27) 0.14765829(23)
A;(x105ecm™) 0.078121(39) b 0.078003(61) 0.078457(40) 0.078311(54) 0.077707(39)
Ay —0.06598(40) b —-0.06251(39) —0.06938(16) —0.07981(43) —0.04217(21)
Ak 0.2956(20) b 0.311(24) 0.2070(95) 0.316(17) 0.1231(90)
1 0.0202407° 0.0202407° 0.0202407° 0.0204475° 0.0202407° 0.0204475°
Sk 0.064578 0.064578 0.064578° 0.0628768° 0.064578" 0.0628768"
rms (cm™1) 0.000153 0.000124
No. lines 2358 2358

2 Parameter fixed to result from analysis of rotational spectrum (Ref. [12]).
b Fixed to the corresponding values of the + state.

After a number of preliminary EA fits to determine the limits of
the search ranges, the EA fitting procedure was carried out in two
steps. In the first step we fixed the distortion constants for the 0,
1" and 1~ states to those of the 0" state as reported in Ref. [12]. We
fixed the A constants for the 0" and 0~ states to those in Ref. [12]
and restricted the excited vibrational state parameters to be equal
A(vis) =A(vy3). In the second step, we released all constraints
between the A-rotational constants and the distortion constants
of the + states. Since the distortion constants are just perturbations
on the rotational constants and the structure of the molecule in all
four states is very similar as follows from the rotational constants,
we assumed all corresponding distortion constants to be the same
for the + and — states. A total of 20 parameters were thus fit and
are summarized in Table 2 along with the results from the SPFIT
analyses. The errors from the EA analysis as presented in Table 2
were estimated as described above for azetidine with the assump-
tion that the line positions in the spectra are measurable to an
accuracy of 0.25 x 10~ cm™! (half of FWHM). The number of used
transitions used for TMS was 6300 with rotational quantum num-
bers up to J = 50.

It was very promising to see that even with the above mentioned
approximations for various parameters, the values for the corre-
sponding distortion constants are of the same order of magnitude,
as one might expect. For the EA to be successful within an accept-
able time span, reasonable estimates for the leading parameters
such as rotational constants and rotation-free vibrational frequen-
cies are needed. This is a consequence of the high density of lines
in the TMS spectrum which was not an issue with azetidine.
Suitable estimates of leading parameters should be obtained from
all known experimental information or from ab initio calculations.
This highlights the difference between applying the EA method to
the two quite different molecular species presented here as little
information was needed at the outset of the azetidine analysis.

5. Discussion and outlook

The application of EAs to analyze the v, ring puckering spec-
trum of azetidine clearly demonstrated the suitability of this

approach for FTIR spectra of high resolution (0.00096 cm™') as
demonstrated in Table 1 and Fig. 2. This is the most thorough test
of this EA method to rovibrational spectra to date as the previous
application to FTIR spectra involved transitions that were only par-
tially resolved (line widths ~0.14cm™!) [4]. The current work
highlights the potential of EAs for automated spectral assignment
of large numbers of individual rovibrational transitions within a
matter of minutes and starting from a set of only loosely-
determined rotational constants. This study shows that a thorough
classical assignment as given here is not needed for the EA method
to be successful; an assignment of the low J and K-states would
have been enough. For a more complicated molecule like TMS, a
more complete classical assignment proved important to compare
the various methods.

Based on our experience with TMS, we must warn potential
users at the outset that they cannot simply use the EA fit as a
“black box” solution. In the analysis of such complicated spectra
with a large number of transitions, with intensities that are only
slowly varying as a function of the frequency, one has to be extra
careful in applying the EA method. Thorough comparison of the
shapes of experimental and calculated spectra should be made.
The best practice is to perform an EA fit along with a classical anal-
ysis in which the latter can be extended step by step using the
results of the global EA fit. At the same time, (automatic) assign-
ments found from the EA fit should be compared with those of
the classical fit. In this way, it will also be possible to find local per-
turbations in the spectrum from, for example, Coriolis couplings,
an often occurring phenomenon in IR spectra.

Table 2 presents a comparison of the spectroscopic parameters
determined via EA analysis of TMS with those obtained from a
standard quantum number assignment and least squares analysis.
Fits 1 and 2 represent typical rovibrational analyses which either
neglect (Fit 1) or include (Fit 2) the interaction parameters for
the ground state inversion doublet. Both fits of experimental data
successfully account for the observed infrared spectrum up to
J =60 and K, = 10 but the assignment could not be extended much
further based on these or the EA model. The experimental results
are compared with those from the rotational spectrum of Lopez
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et al. [12] in Table 3 for the ground state inversion doublet. While
the parameters derived from the three models are comparable in
sign and magnitude across all states, there are notable discrepan-
cies. For example, the C rotational constant in the 0" and 0~ states
vary across all three methods but follow the same general trend
that C(0")<C(0™). When the various analyses were attempted
without fixing ground state distortion parameters to the values
of Lopez et al. [12], the discrepancies were greater with distortion
constants varying in sign and magnitude across the three methods.
This indicates that all models employed in the analysis have pro-
vided effective solutions that do not uniquely describe the molec-
ular physics of this band of TMS. Another interesting observation is
that the neglect of the interaction parameters, F,c and F,., in Fit 1 is
compensated by the splitting of the Ay distortion constant (the
others are fixed) from the values in Ref. [12]. A similar observation
is made for the 4jx and Ak parameters for the v,3 band in Table 2
and is indicative of an untreated interaction.

Fig. 5 shows a comparison of a region of the experimental spec-
trum of the R-branch of TMS compared with that simulated using
the constants for Fit 1 and the EA analyses presented in Table 1. For
the two tunneling components (blue: 0" — vis, red: 07 — vi3),
both model Hamiltonians clearly account for the strongest transi-
tions which correspond to K, values up to 10. The lower intensity
transitions are not perfectly described by any of the methods pre-
sented and this may be a consequence of a small untreated pertur-
bation as evidenced by the splitting of the Ajx and Agx parameters
for the vy3 band in Table 2. Although interaction parameters for the
0" and 0~ states were determined in the earlier rotational spectro-
scopic studies [10,12], the observed rovibrational spectra were not
sensitive to the inclusion of these and their use led to only slight
changes in the other spectroscopic parameters as compensation.
This lends further support to our assertion that the parameters in
Table 2 are simply ‘effective’ parameters and that the underlying
physics of this vibrational band remains, as of yet, not fully under-
stood. Many of the remaining, unassigned transitions in Fig. 5 (and
beyond) presumably correspond to those involving higher (per-
turbed) K, levels, however, there may be some contribution due
to hotbands or weak c-type rotation-vibration-inversion transi-
tions which are symmetry allowed. Although a few weak Q
branches are observed (527.63, 528.16, 530.7 532.15 cm™'), they
do not appear strong enough to lead to a substantial number of P
and R branch transitions with sufficient intensity.

We have also recorded the far infrared spectrum of the ring
puckering mode of TMS at 139 cm ' along with its hotbands using

Table 3
Comparison of spectroscopic parameters for the 0" and 0~ states of TMS.
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Fig. 5. A closer look at a 0.4 cm™! spectral region of the R branch of the v;5 band of
TMS. The experimental spectrum (green top trace) is compared with simulated
spectra using parameters derived in Fit 1 and using the EA approach. The strongest
(low K,) transitions are well-predicted by all three approaches. The blue trace
corresponds to a-type transitions in the + inversion tunneling states and the red
trace to those in the - states. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

the CLS and expect that its analysis may lend further insight into
the nature of the perturbation in the v;3 band. This is a very com-
plex spectrum but as several excited vibrational states of the ring
puckering mode have been characterized by rotational spec-
troscopy [10-12], it should be possible to better estimate the role
of interaction terms for the ring inversion tunneling states
involved. Further understanding of these problems will allow us
to incorporate new terms into the EA code to allow automation
of even more complex spectra in the future.

Ref. [12] EA SPFIT (Fit 1)

0" 0" 0" 0" 0" 0-
E 0 0.274589(1) 0 0.274589° 0 0.274589°
A(cm™) 0.33713984(3) 0.33715131(3) 0.3372453(12) 0.3372438(12) 0.33713984° 0.33715131°
B 0.2224919(2) 0.2224898(2) 0.222604612(18) 0.22237573(18) 0.2226597(38) 0.2223835(23)
c 0.14822312(2) 0.14824556(2) 0.14813725(18) 0.14815782(18) 0.14813659(32) 0.14816053(24)
A (x10% cm™ ™) 0.079605(17) 0.079155(33) 0.078703(39) c 0.078622(61) 0.078886(39)
A ~0.07128(33) ~0.06681(37) ~0.07172(24) c ~0.07128° ~0.06681°
Ax 0.224(1) 0.218(7) 0.2993(20) c 0.324(24) 0.1717(94)
5 0.02024(1) 0.02044(2) 0.0202407* c 0.0202407° 0.0204475°
ok 0.06458(3) 0.06288(4) 0.064578° c 0.064578° 0.0628768"
P (x102em") ~0.57(13) —0.2(1)
o 0.67(20) 0.47(23)
Fac (cm™) 0.00404783(17)
F, (x108cm™") ~0.0198(3)

¢ Parameter fixed to result from analysis of rotational spectrum (Ref. [12]).
b Centrifugal distortion parameters were calculated using B3LYP/6-311++g(2d,2p) for the ground state. For comparison, the values obtained (x10%cm™') were:
A;=0.078384, Ak = —0.0560397, A =0.19757, 6; = 0.0201699, 5, = 0.0732844.

¢ Fixed to the corresponding values of the + state.
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