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Abstract  

Fourier transform spectra of the four-membered heterocycle silacyclobutane (c-C3H8Si) 

were recorded in the far infrared region from 100-500 cm-1 with a maximum resolution of 

0.000959 cm-1 using synchrotron radiation from the Canadian Light Source. The two 

fundamental bands observed in this region correspond to motions best described as the out-of-

plane modes related to ring puckering (ν30) at ~158 cm-1 and SiH2 rocking (ν29) at ~410 cm-1. 

Both bands exhibit complex, dense spectral patterns that arise from ring inversion tunneling of 

the puckered SCB ring through a planar (C2v) intermediate configuration. Analysis of these 

patterns revealed rotation-vibration transitions between states of the same inversion symmetry as 

well as rotation-vibration-inversion transitions that connect states of different inversion 

symmetry. Infrared ground state combination differences from 1871 pairs of P and R branch 

transitions were used to accurately determine the spectroscopic parameters for the tunneling-

doubled ground state based on a broad range of quantum levels. With the ground state energy 

levels well-determined, 8255 infrared transitions were assigned and analyzed to derive the band 

centers, rotational and centrifugal distortion constants for the inversion split ν29 and ν30 

vibrational states. Comparison with the band centers predicted via DFT (B3LYP) and MP2 

calculations [6-311++G(2d,2p)] suggests that anharmonic corrections found via perturbation 

theory typically agree within 2% when compared with the observed spectrum of SCB.  
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1. Introduction 

Over the past few years, mono- and di-silacyclobutanes along with their methyl-

substituted derivatives, have been the subject of renewed theoretical and experimental interest as 

potential precursors for the synthesis of organosilicon materials such as silicon carbide 

films.1,2,3,4 Compared with other compounds, a principal advantage of the silacyclobutanes for 

SiC film deposition is that the high ring strain facilitates their decomposition at lower 

temperatures.5 As the stability and reactivity of this family of compounds is inherently linked to 

their ring strain energy, a systematic investigation of molecular properties as a function of 

substituent is of great practical and theoretical interest. High resolution spectroscopy provides a 

detailed molecular fingerprint of individual compounds that is sensitive to the underlying 

potential energy surface and thus offers great promise is this regard.  

The relationship between the structure and the low frequency spectra of small 

heterocycles has been the subject of numerous reviews.6,7,8 The equilibrium geometry of 

silacyclobutane (SCB), for example, has a puckered ring backbone with a barrier to planarity of 

~440 cm-1 along the ring puckering coordinate as shown in Figure 1.9,10 This potential form gives 

rise to ring inversion tunneling splitting in the microwave spectrum  and irregularly spaced 

hotbands in the far infrared spectrum of the lowest frequency vibration. The analogous potential 

function in oxetane (c-C3H6O), by contrast, has a barrier of only ~35 cm-1 which lies below the 

ground vibrational state.11,12,13 This results in an equilibrium structure in which the heavy atoms 

of the ring are quasiplanar. No tunneling features were observed in the microwave or far infrared 

spectra and the hotbands of the ring puckering vibration are more regularly patterned.14,15  

Although such four-membered rings have been under spectroscopic scrutiny for half a 

century, the development of higher resolution techniques opens new possibilities to characterize 
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their unique spectroscopic signatures with an unprecedented level of detail. For example, we 

recently reported the Fourier transform microwave (FTMW) spectrum of SCB and resolved the 

ring inversion tunneling splitting in the a-type spectrum of the ground state for the first time.16 

This splitting was only ~10 kHz for the lowest transitions and thus inaccessible in earlier 

microwave studies.10 Through measurement of c-type transitions crossing between states of 

different inversion symmetry (0+ and 0-), the energy level difference caused by ring inversion in 

the ground vibrational state was determined to be 75.7260(19) MHz. The geometric parameters 

of the ring backbone were derived using isotopic substitution (13C, 29Si, 30Si) and the ring 

puckering angle (31.1(4)o) in the ground state compares favourably with that reported via ab 

initio methods (34.5o, MP2/cc-pVTZ)17 and gas phase electron diffraction (33.5o) experiments.18   

The use of synchrotron far infrared radiation as a light source for vibrational 

spectroscopy is another technological advance that holds great promise for probing small 

molecules with very high resolution (better than 0.001 cm-1).19 The high photon flux of 

synchrotron radiation allows the study of low intensity spectral features as well as the use of 

narrow apertures to achieve the high resolution needed to unravel tunneling splittings and to 

characterize minor perturbations. Although SCB has been the subject of a number of infrared and 

Raman studies,9,20,21 there are no rotationally-resolved studies to date. The most recent, 

comprehensive vibrational study of SCB was reported in 2008 and the observed spectra were 

compared with empirically-scaled DFT (B3LYP) level harmonic frequency calculations.17 Based 

on these calculations, nine of the previously studied21 fundamental bands were re-assigned. It 

was also determined that the out-of-plane CH2 twisting and CH2 wagging modes (not observed in 

ref 17) were predicted to lie at much lower frequencies (969 cm-1 and 1074 cm-1) than in the 

original assignment (1255 cm-1 and 1343 cm-1). Similar discrepancies are not uncommon in the 
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literature and while computational techniques are now playing a larger role in vibrational 

assignments, rotationally-resolved spectra provide irrefutable, experimental evidence for 

correcting such mis-assignments.22 

This article describes the first rotationally-resolved vibrational investigation of SCB and 

focuses on the region below 500 cm-1 using spectra recorded at the Canadian Light Source (CLS) 

synchrotron. The assignment of the dense spectral patterns of the ν29 SiH2 rocking and the ν30 

ring puckering motions at ~410 cm-1 and ~158 cm-1, respectively reveals the presence of ring 

inversion tunneling in both vibrational modes. The successful analysis of the complex rotation-

vibration and rotation-vibration-inversion spectra of these two lowest frequency bands with the 

aid of molecular symmetry group theory has provided a set of accurately determined 

spectroscopic constants for the ground, ν29 and ν30 excited vibrational states including a measure 

of the inversion tunneling splitting of the energies. The currently observed and previously 

reported infrared band centers are compared with predicted vibrational frequencies from new ab 

initio and DFT calculations that include anharmonic perturbation corrections.  

 

2. Experimental details 

As SCB is not commercially available, the sample was prepared by a one-step reduction20 

of 1,1-dichlorosilacyclobutane (GELEST, 97%). This precursor was mixed with LiAlH4 in a 2:1 

ratio in n-butyl ether for 24 h. The final product was distilled from the mixture at 110 °C using a 

dry ice/acetone-cooled receiving flask and verified by GC/MS.  

The rovibrational spectra of SCB were collected at the CLS using synchrotron light as the 

source for a high resolution Fourier transform infrared (FTIR) spectrometer (Bruker IFS125HR). 

The low pressure gas sample was prepared by introducing vapour from the liquid sample into a 
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multipass gas cell (80 m absorption path length) from the synthesized liquid sample. The spectra 

of the ν29 and ν30 bands were recorded in two separate spectral windows as the required optical 

components have different operating ranges. For the ν29 band near 410 cm-1, the spectrometer 

was outfitted with a 6 μm Mylar beamsplitter and a GeCu detector. A total of 528 interferograms 

were recorded at a resolution of 0.000959 cm-1 over 105 hours at a sample pressure of 448 

mTorr. The spectrum of the lower intensity ν30 band centered around 158 cm-1 was collected at a 

higher pressure (1060 mTorr) with a 75 μm Mylar beamsplitter and a helium-cooled Si 

bolometer detector. The instrumental resolution was set at 0.001918 cm-1 to reflect the expected 

pressure broadening of transitions under these conditions and this allowed faster data collection 

for the 844 interferograms (84 hours).   

The observed spectra were calibrated using transitions due to residual water vapour in the 

two spectral ranges which were compared to the reported frequencies of the ground state 

rotational transitions listed in the HITRAN database.23 All observed H2O transitions in the 158 

cm-1 region were subsequently verified using the line list from the JPL catalog24 which reported 

uncertainties in the ground state line positions of 0.0001 cm-1 or less. For the 410 cm-1 region, the 

transition frequencies could only be verified up to 330 cm-1 using the JPL catalog (also with 

uncertainties of better than 0.0001 cm-1) and it was assumed that the remaining HITRAN data for 

the ground state was similarly reliable throughout the region of this band. Following calibration, 

the recorded frequencies of SCB in both spectral regions were determined to be accurate to 

within 0.0003 cm-1. 
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3. Frequency calculations 

The harmonic vibrational frequencies of SCB were calculated using Gaussian 03W25 at 

the DFT/B3LYP and MP2 levels of theory with a 6-311++G(2d,2p) basis set following geometry 

optimization. Two sets of calculations were done such that the optimized geometry was 

constrained to either the Cs or C2v (planar) point group as the latter symmetry helps identify the 

principal nature of the mode as in-plane or out-of-plane and provides convenient labels to group 

the transitions (A1, A2, B1, B2) for comparison with earlier studies.17 Anharmonic corrections 

were subsequently determined via second order perturbation analysis in G03W as our previous 

work on β-propiolactone26 showed that the anharmonic estimates were in better agreement with 

experimental results in this region. This result was achieved at a steep computational price, 

however, as the anharmonic calculations took nearly 100 times longer to complete at the DFT 

level and 75 times longer at the MP2 level. The calculated frequencies for SCB are listed in 

Table 1 along with descriptions of the corresponding motions. The band numbering follows that 

established by Al-Saadi and Laane17 but the B1 and B2 vibrational symmetry labels are reversed 

for the C2v case as we have chosen to define the plane of the SCB molecule as yz to allow direct 

correlation with the axis system under Cs symmetry. The latter has the y-axis passing through the 

Si atom and the symmetry plane bisecting the puckered ring is labelled xy.  

 

4. Symmetry considerations  

Although the ground state structure of SCB (shown in Figure 2) belongs to the Cs point 

group, the molecular symmetry group C2v is used to account for the ring inversion tunneling 

between the two equivalent minima of the symmetric double well potential. This potential 

function has a barrier to planarity of 440 cm-1 (ref. 9,10) and the ground vibrational state is split 
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into two components (labelled as 0+ and 0- in Figure 1) where the superscript describes the 

symmetry of the inversion part of the wavefunction (B1). The two far infrared bands observed in 

this study arise due to out-of-plane vibrations which are attributed to the ring puckering (ν30) and 

SiH2 rocking motions (ν29). Under C2v symmetry (with the ring in the yz plane), these correspond 

to the B1 irreducible representation. Figure 3 shows the symmetries of the rotation-vibration-

inversion energy levels involved for the two far infrared bands investigated in this work. These 

include the two ring inversion tunneling components of the ground vibrational state (0+ and 0-) 

and two analogous components of the ν29 or ν30 excited vibrational state (1+ and 1-) with their 

rotational sublevels labeled with KaKc quantum numbers as either even(e) or odd(o). By 

symmetry, allowed transitions are those such that the product of the symmetries of the 

wavefuction (Γrot×Γvib×Γinv) for each state must contain the totally symmetric (A1) representation 

when combined with the symmetry of the space-fixed molecular dipole moment (A2). This 

means that transitions occur between levels of A1 and A2 symmetry or B1 and B2 symmetry in 

Figure 3. Careful examination of the symmetry of the levels shows that there are four sets of 

allowed transitions for each band: two sets of  c-type transitions (0+ → 1+, 0- → 1-) (connecting 

states of the same inversion symmetry) and two sets of a-type transitions (0- → 1+, 0+ → 1-) 

(connecting states of opposite inversion symmetry).  

 

5. Spectral assignment and analysis  

Initially, the observed rovibrational transitions in the ν29 and ν30 bands of SCB were 

assigned and fit separately using Watson’s A-reduced Hamiltonian in Ir representation in 

Pickett’s SPFIT program.27 During this process, sets of ground state combination differences 

(GSCD) were collected so that the ground state parameters (0+ and 0-) could be determined in 
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isolation to remove any potential perturbation effects from excited states. Ultimately, the infrared 

transitions from both bands were merged in a global fit to obtain the final set of spectroscopic 

constants for the tunneling split ν29 and ν30 states. The various stages of the assignment and 

analysis are detailed below.   

 

a) SiH2 rocking (ν29) mode 

The ν29 band centered at ~410 cm-1 is attributed to SiH2 rocking mode in SCB and the 

overall band contour is shown in Figure 4. No obvious patterns were observed in the initial 

visual inspection of the rotational structure of this band. To identify regularly spaced 

progressions, the most intense transitions between 390 and 430 cm-1 were used to construct a 

Loomis-Wood plot using a software add-in for Igor Pro.28,29 As shown in Figure 5, P branch 

transitions of this band are grouped in such a way that those sharing common Kc quantum 

numbers but having different J values are arranged in a vertical series of Kc on the Loomis-Wood 

plot. These correspond to two sets of strong c-type progressions that connect vibrational levels of 

the same inversion symmetry (0+ → ν29
+ and 0- → ν29

-). The observed pattern was then compared 

with the simulated rotation-vibration spectrum (based on the estimated band origins17 and the 

ground state constants determined from the microwave study16), leading to the tentative 

assignment of a few of the strongest infrared transitions in this region. Ground state combination 

differences (GSCDs) derived from the microwave study confirmed the assignment of these c-

type transitions. The simulated spectrum was then refined and the assignment process continued 

in an iterative manner until the strongest progressions were included. 

After the assignment of the two sets of c-type transitions, obvious features remained 

unassigned in the Loomis-Wood plot shown in Figure 5. A second plot, given in Figure 6, shows 
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that these transitions arise from the tunneling-doubled a-type progressions that group transitions 

having common Ka but different J values. Note that the period (x-axis) depicted in this plot is 

about half that in Figure 5 to visualize the pattern of the two sets of a-type rotation-vibration-

inversion transitions that connect levels of opposite inversion symmetry (0+ → ν29
- and 0- → 

ν29
+). A 0.6 cm-1 segment of the P branch spectrum is provided in Figure 7 and demonstrates the 

density of transitions in this region. Note that the unlabelled transitions were previously assigned 

to c-type progressions as described above. The assignment of the tunneling doubled a-type 

progressions followed the same procedure as for the c-type spectrum and ground state 

combination differences were closely tracked to avoid mis-assignment.  

Overall, 6458 a-/c-type transitions from the ν29 band of SCB were assigned and fit: 3381 

c-type transitions and 3077 a-type transitions. The quantum number coverage of the assigned 

lines is listed in Table 2. Analysis of the Q branch was attempted but the spectrum in this region 

was too dense to provide a convincing assignment.  

 

b) Ring puckering (ν30) mode 

The ν30 band at ~158 cm-1 corresponds to the ring puckering motion of SCB. Initial 

inspection of the weak band contour shows a typical c-type envelope with a sharp Q branch 

feature as shown in Figure 8. A closer look revealed that transitions in the P and R branches had 

very low intensities resulting in S/N ratios of 5 at best even after 3.5 days of data collection. 

Furthermore, several regions of the P and R branches are obscured by hotband Q branches that 

were identified in the earlier low resolution study of SCB.9 This, combined with the expected 

spectral congestion due to ring inversion tunneling, made the preliminary assignment of the ν30 

band very challenging.   
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A Loomis-Wood plot was constructed to aid in the initial stages of the assignment as 

shown in Figure 9 for the R branch. Two sets of progressions were identified as the c-type 

transitions connection states of the same inversion symmetry (0+ → ν30
+ and 0- → ν30

-) of SCB. 

The assignment scheme described above for the ν29 band was implemented and overall, 1797 c-

type transitions were assigned between ~135 and ~181 cm-1.The coverage of rotational levels is 

shown in Table 2.  Although two sets of a-type rotation-vibration-inversion transitions are also 

allowed by symmetry, there were few unassigned transitions remaining after the c-type spectrum 

was fit as shown by the sparse Loomis-Wood plot in Figure 9. Thus, no a-type assignments were 

possible for this band as they were presumably buried in the noise of the spectrum. As the S/N 

scales with the square root of N (number of interferograms), it would have required 14 days of 

continuous measurement to double to S/N in this spectrum which was not feasible in the 

allocated beamtime and may not necessarily have provided further assignments. 

 

c) Global analysis  

The ground state spectroscopic constants were determined by fitting 1871 GSCDs 

collected during the assignment of the rovibrational transitions in the ν29 and ν30 bands. The 

resultant spectroscopic parameters of the two tunneling components of the ground state (0+ and 

0-) are the same to within their 1σ uncertainties from the fit and are reported in Table 3. At this 

stage, all 8255 assigned rovibrational transitions from both bands were incorporated into a global 

fit using Watson’s A-reduced Hamiltonian, Ir-representation in SPFIT27 with the ground state 

spectroscopic constants held fixed to the values determined separately as described above. The 

rms error of the simultaneous two band fit was 0.000158 cm-1 and the resulting spectroscopic 
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constants and the energies of the various states relative to the 0+ state are listed in Table 3. A 

complete list of all assigned rovibrational transitions is provided as Supplementary Material.30 

 

6. Discussion 

The observed vibrational spectra of the ν29 and ν30 bands of SCB are incredibly rich in 

detail due to the presence of ring inversion tunneling. This leads to a doubling of the rotation-

vibration transitions (split on the order of 0.16 cm-1 in the ν29 band and 0.26 cm-1 in the ν30 band) 

and furthermore leads to the observation of two additional sets of transitions due to rotation-

vibration-inversion involving these states in the ν29 band. The previous spectroscopic work on 

SCB proved invaluable in the analysis of the complex, densely packed far infrared spectra of 

these two bands. The reported microwave parameters provided initial estimates of GSCDs for 

confirming the preliminary assignments as well as approximate values of the energy gap due to 

ring inversion in both the ground state and excited ring puckering states of SCB.10,16  Once the 

initial patterns in the far infrared spectrum were identified, a more extensive set of GSCDs were 

collected during the remaining assignment process. The final set of values included rotational 

energy levels up to J=52 and Ka=40 which ultimately provided a more accurate description of the 

0+ and 0- states. The ground state spectroscopic parameters determined in the present study are 

compared with those derived solely from the microwave spectrum in Table 4. While the 

rotational constants are in fair agreement, the centrifugal distortion constants are less consistent. 

This is due to the fact that the microwave data set includes only 26 transitions with maximum J 

and Ka of 3. The microwave data was subsequently re-analyzed using the δJ and δK values 

determined using the GSCDs from the far infrared spectra. As shown in the Table 4, this leads to 
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a more consistent set of centrifugal distortion constants and suggests that the parameters in the 

microwave study should be viewed as effective constants rather than physically meaningful.  

With the ground state parameters of SCB well-determined via analysis of GSCDs, it was 

possible to fit over eight thousand infrared transitions involving rotational levels with J values up 

to 52 with a remarkably low rms error (0.000 158 cm-1). The resulting parameters, shown in 

Table 3, are consistent in sign and magnitude across all states. Furthermore, this model 

Hamiltonian accounts for all observed P and R branch transitions of reasonable intensity in this 

spectral region. Although additional parameters related to interactions between the inversion 

doubled states were tested, the data was not sensitive to these extra terms.  

The band origins of the ν29 (0
+ → ν29

+ at 410.037649(15) cm-1 and 0- → ν29
- at 

410.208815(22) cm-1) and ν30 (ν30
+ = 158.121851(8) cm-1 and ν30

- = 158.384670(14) cm-1) c-type 

modes of SCB were accurately determined for the first time. Using the observed a-type 

transitions that connect states of different inversion symmetry (+ → −, − → +), the relative 

ordering of the inversion components in the ground and ν29 excited vibrational states was 

unambiguously determined. The splitting of the energy levels of the SiH2 rocking excited state 

was found to be 0.173831(30) cm-1 which is 70 times larger than the inversion splitting in the 

ground state of SCB (0.002665(6) cm-1). The greater energy gap accounts for the observed 

differences in the rotational constants of these states in Table 3. The ground state parameters, for 

example, agree to within the 1σ uncertainty of the constants from the fit of the 0+ and 0- states 

whereas the rotational constants for the ν29
+ and ν29

- states differ by up to 1000 times the 1σ the 

uncertainty of the parameters.  

As the ν30 band of SCB had only 5% the intensity of the neighboring ν29 band, the a-type 

transitions connecting states of different inversion symmetry were not observed and thus there 
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was no direct information about the ordering of the ν30
+ and ν30

- states. As the ground state 

constants are the same to within their 1σ uncertainties, the upper state label is somewhat unclear 

if the two sets of c-type transitions are treated in isolation. Fortunately, Pringle reported room 

temperature microwave data10 which included rotational transitions in the excited ring puckering 

states which could be used to confirm the ordering of the tunneling components as listed in Table 

3. The splitting of the energy levels in the ring puckering excited state was determined to be 

0.265484(16) cm-1 which is within 2% of Pringle’s value of 0.25994 (23) cm-1. This gap is more 

than two orders of magnitude larger than in the ground state and the subsequent large differences 

in the rotational constants were need to verify the ordering of the ν30
+ and ν30

- states in 

comparison with Pringle’s work. Of course, neither this study nor the prior microwave work 

successfully observed transitions that cross between the ν30
+ and ν30

- tunneling states which 

would provide a direct measurement of this gap. 

The band origins determined in this work (~410.0 cm-1 and ~158.1 cm-1 for the + states) 

are in close agreement with previous low resolution studies (~409 cm-1 and 157.8 cm-1)9,17 of the 

SiH2 and ring puckering frequencies, respectively. The experimental values for all fundamental 

vibrations of SCB reported by Al-Saadi and Laane17 are given in Table 1 along with the results 

from the DFT(B3LYP) and MP2 level calculations (6-311++G(2d2p)) that include anharmonic 

corrections that were determined in the present work. The empirically-scaled frequencies 

reported in an earlier DFT(B3LYP/cc-pVTZ) study have also been included for comparison.17 In 

general, the closest agreement comes from the DFT calculations based on Cs symmetry that 

include either anharmonic or scaling corrections as most match the corresponding experimental 

frequency within 2%. The anharmonic corrections perform marginally better in that they more 

closely predict ten of the fundamental band origins (as opposed to six for the scaled harmonic 
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calculations). There were several cases in which they provided similar levels of agreement but 

this may be coincidental and came at a steep computational cost as the anharmonic calculations 

took 100 times longer to run. On the other hand, the values of the scaling factors used in Ref. 17 

are not reported in that study so it is not possible to gauge their applicability to other molecules.  

Interestingly, the calculations in which C2v symmetry was forced provide reasonable 

results for most bands above 900 cm-1 and the higher symmetry group was useful for 

categorizing the modes using C2v labels (as needed to account for the ring inversion). Of course, 

the planar C2v structure does not correspond to a minimum on the potential energy surface so 

these results should be treated with caution as is evidenced by the appearance of an imaginary 

number in Table 1 for the ring puckering frequency.   

Finally, the mode with the poorest agreement with theory in Table 1 is the low energy 

ring puckering vibration of SCB which is underestimated by 8-20% using the various 

computational methods. This is perhaps not surprising as the ring puckering potential is known 

to be quite anharmonic as shown in Figure 1. In fact, efforts to model the barrier to planarity 

produced values ranging from 49-559 cm-1 when different basis sets and levels of theory were 

employed.17 This suggests that empirical scaling factors and generic corrections to harmonic 

frequencies are insufficient for modeling such vibrations and that more extensive theoretical 

treatment is needed.  This modeling should extend beyond predictions of band centers to include 

the effects of tunneling and other types of interactions that can now be elucidated using modern 

spectroscopic techniques as demonstrated here for the SCB molecule.   
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7. Summary 

This article reports the first high resolution infrared spectroscopic investigation of the two 

lowest frequency modes of SCB using data recorded between 100 and 500 cm-1 at the Canadian 

Light Source synchrotron. The spectra are complicated by the presence of ring inversion which 

leads to tunneling-doubled rotation-vibration transitions as well as tunneling-doubled rotation-

vibration-inversion transitions. The spectroscopic constants describing the ground state and the 

excited vibrational states corresponding to SiH2 rocking (ν29) and ring puckering (ν30) motion of 

this highly fluxional molecule have been accurately determined for the first time. Through 

measurement of transitions that cross between states of opposite inversion symmetry and by 

comparison with previous microwave data, the energy difference and ordering of the tunneling 

states was also derived. This study provides the foundation for further investigation of SCB 

above 500 cm-1 which is now ongoing in our laboratory and provides information that can be 

used by researchers working to characterize the electronic structure of the silacylobutanes to 

better described the chemistry of organosilicon-based materials.3 
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Table 1: Comparison of experimental band centers (Ref.17) of SCB and those calculated using DFT/B3LYP and MP2 theory (6-311++G(2d2p)  

in this work (with and without anharmonic corrections) and the empirically scaled DFT/B3LYP(cc-pVTZ) values from Ref. 17.  

  expt DFT 

Cs(anharm) 

DFT 

Cs(harm) 

MP2 

Cs(anharm) 

MP2 

Cs(harm) 

DFT 

C2v(anharm) 

DFT 

C2v(harm) 

Ref. 17 

scaleda 

description 

A1 1 2935 2968 3039 2950 3084 2946 3050 2914 β-CH2 sym str. 

 2 2873 2924 3059 2973 3102 2943 3074 2933 α-CH2 sym str. (ip) 

 3 2145 2131 2194 2177 2259 2138 2191 2130 SiH2 sym. str. 

 4 1422 1427 1468 1431 1473 1427 1460 1443 α-CH2 deform. (ip) 

 5 1458 1459 1502 1512 1514 1460 1497 1476 β-CH2 deform. 

 6 1127 1130 1158 1133 1166 1130 1154 1141 α-CH2 wag (ip) 

 7 962 960 969 976 994 941 971 952 SiH2 deform. 

 8 877 867 885 881 901 865 885 873 C-C sym. str. 

 9 817 809 830 833 851 763 773 819 Si-C sym. str. 

 10 532 531 540 550 560 499 508 531 ring deform. 

           

A2 11 2992 2975 3120 3039 3182 2961 3115 2992 α-CH2 antisym str. (op) 

 12  970 985 973 989 973 992 969 α-CH2 twist (op) 

 13 1211 1220 1251 1224 1259 1220 1257 1232 β-CH2 twist 

 14 736 735 750 738 747 749 763 737 α-CH2 rock (ip) 

 15 514 508 516 518 523 492 493 508 SiH2 twist 

           

B2 16 2888 2930 3060 2975 3102 2940 3071 2935 α-CH2 sym str. (op) 

 17 1401 1430 1451 1413 1451 1420 1451 1426 α-CH2 deform. (op) 

 18  1070 1091 1058 1086 1096 1118 1074 α-CH2 wag (op) 

 19 1255 1258 1297 1269 1306 1257 1290 1277 β-CH2 wag 

 20 927 914 940 931 956 921 947 928 C-C antisym. str. 
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 21 653 633 641 642 651 639 648 633 Si-C antisym. str. 

 22 814 801 818 822 835 793 815 803 SiH2 wag 

           

B1 23 2953 2933 3080 2997 3140 2942 3084 2954 β-CH2 antisym str. 

 24 2992 2983 3121 3039 3183 2970 3122 2994 α-CH2 antisym str. (ip) 

 25 2145 2140 2202 2183 2266 2143 2197 2138 SiH2 antisym. Str. 

 26 1191 1193 1220 1201 1232 1184 1210 1202 α-CH2 twist (ip) 

 27 906 904 921 918 937 876 893 908 α-CH2 rock (ip) 

 28 673 673 675 670 676 713 712 665 β-CH2 rock 

 29 409 430 416 413 410 440 436 409 SiH2 rock 

 30 158 142 146 184 195 -107 -109 147 ring puckering 
a Harmonic frequency calculations at Cs symmetry followed by application of empirical scaling factor not given in Ref 17. 
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Table 2: Quantum numbers of energy levels included in the spectral analysis of the ground state, ν29 and ν30 bands of SCB. 

 

 0+ a 0- a 0+ → ν30
+ 0- → ν30

- 0+ → ν29 
+ 0- → ν29

- 0+ → ν29
- 0- → ν29

+ 

type   c c c c a a 

J(min) 9 5 8 5 4 4 5 4 

J(max) 40 52 35 40 45 40 50 52 

Ka(min) 0 0 6 0 0 0 0 0 

Ka(max) 40 40 35 40 45 40 25 19 

Kc(min) 0 0 0 0 0 0 0 0 

Kc(max) 33 52 13 30 30 37 50 52 

# transitions 763 1108 584 1213 1674 1707 1505 1572 

a From ground state combination differences. 
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Table 3: Spectroscopic constants for the ground state, ν29 and ν30
 bands of SCB determined in the present study. 

 

 0+ a 0- a ν30
+ ν30

- ν29
+ ν29

- 

E / cm-1 0 0.002665(6)b 158.121851(8) 158.387335(8) 410.037649(15) 410.211480(16) 

Rotational constants / cm-1 

A 0.2940600(3) 0.2940595(3) 0.29364182(12) 0.29364649(6) 0.29394943(3) 0.29393379(4) 

B 0.2097761(16) 0.2097752(6) 0.2094887(21) 0.20946030(14) 0.20990084(6) 0.20990206(6) 

C 0.1416064(7) 0.1416076(3) 0.140842(5) 0.1409270(3) 0.14136853(3) 0.14136597(3) 

Centrifugal distortion constants / 10-9 cm-1 

ΔJ 79.1(9) 79.8(4) 84.6(4) 81.64(16) 78.645(26) 78.65(3) 

ΔK 207(3) 208.2(13) 222.0(10) 216.6(7) 205.30(8) 206.61(9) 

ΔJK -115(4) -117.0(17) -137.1(14) -129.1(8) -112.96(10) -115.00(10) 

δJ 20.4(5) 20.55(19) 20.03c 20.03(13) 20.510(14) 21.093(16) 

δK 51(3) 50.4(8) 67.9c 67.9(10) 48.96(6) 52.30(7) 

rms error / cm-1 0.000166 0.000198 0.000158 
a From ground state combination differences. 
b From IR global fit. 
c Fixed to value from ν30

- state.  
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Table 4: Comparison of ground state spectroscopic constants of SCB determined by both pure rotational and rovibrational studies.  

 microwave (Ref. 16) microwaveb (re-fit in this work) far infrared (this work) 

 0+ 0- 0+ 0- 0+ 0- 

A / cm-1 0.29405982 (6) 0.29405992 (6) 0.29405997(20) 0.29405966(20) 0.2940600 (3) 0.2940595 (3) 

B 0.20977825 (7) 0.20977812 (5) 0.20977896(18) 0.20977806(18) 0.2097760 (16) 0.2097752 (6) 

C 0.14160694 (8) 0.14160734 (5) 0.14160610(18) 0.14160732(18) 0.1416060 (7) 0.1416076 (3) 

∆J / 10-9 cm-1 70(6) 70a 70(23) 70a 79.0(9) 79.8(4) 

∆K 138(7) 138 215(18) 215 207(3) 208.2(14) 

∆JK -64(7) -64 -122(20) -122 -115(4) -117.0(17) 

δJ 10.5(9) 10.5 20.55 b 20.55b 20.4(5) 20.55(19) 

δK -46(10) -46 50.4 50.4 51(3) 50.4(8) 

       

∆E /cm-1 0.00252595(9) 0.0025265(3) 0.002665(6) 

# transitions 26 26 763 1108 

a The centrifugal distortion constants of state 0- were fixed to those of state 0+ during the fit in Ref. 16. 

 
b The δJ and δK constants were fixed at the values determined from the far infrared analysis. 
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Figure 1: Potential energy function along the ring puckering coordinate of SCB. The energy 

levels are not to scale. The barrier to planarity is from ref. 9; the inversion splitting values from 

ref. 10. The SCB ring is shown in the ac-plane to emphasize the changing angle along the ring 

puckering coordinate. From this view, the rear CH2 group is obscured. 
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Figure 2: Ground state geometry of SCB in its principal inertial axis system. 
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Figure 3: A schematic showing the allowed transitions for the ν29 and ν30 bands of SCB using the C2v molecular symmetry group. The 

labels 0/1 denote the ground state and excited vibrational states. The labels +/- denote the ring inversion symmetry of the states. The 

rotational sub-levels (KaKc)(even/odd) are labelled with their rotation-vibration-inversion symmetry.  
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Figure 4: Overview spectrum showing band structure of the ν29 SiH2 rocking band of SCB at ~410 cm-1. 
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Figure 5: A portion of the Loomis-Wood plot of the ν29 band of SCB between ~388 and ~402 cm-1 showing c-type progressions used 

to aid in its assignment. The black and green colouring identifies transitions sharing common Kc but having different J values with 0+ 

→ ν29
+ and 0- → ν29

-, respectively.  
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Figure 6: A portion of the Loomis-Wood plot of the ν29 band of SCB between ~395 and ~402 cm-1 showing a-type progressions used 

to aid in its assignment. The red and blue labels indicate transitions sharing common Ka but having different J values with 0+ → ν29
- 

and 0- → ν29
+, respectively. The rectangle designates the portion of the spectrum shown in Figure 7. 
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Figure 7: A closer look at a 0.6 cm-1 spectral region of the P branch of the ν29 band of SCB showing the a-type rotation-vibration-

inversion transitions that correspond to the box in the Loomis-Wood plot in Figure 6.  The c-type rotation-vibration transitions are left 

unlabelled here to avoid congestion. 
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Figure 8: Overview spectrum showing band structure of the ν30 ring puckering vibration of SCB at ~158 cm-1. 
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Figure 9: A portion of the Loomis-Wood plot of the ν30 band of SCB between ~165 and ~176 cm-1 showing c-type progressions used to 

aid in its assignment. . The black and green colouring identifies transitions sharing common Kc but having different J values 0+ → ν30
+ 

and 0- → ν30
-, respectively.  
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