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a b s t r a c t 

The ground state, pure rotational spectrum of 1,1-difluoro-1-silacyclopentane has been studied using 

chirped-pulse, Fourier transform microwave (CP-FTMW) spectroscopy and observed in the 6-20.3 GHz 

region of the electromagnetic spectrum. This spectrum was acquired leveraging the deep averaging ca- 

pability of the technique. The parent species, 13 C, 29 Si, and 30 Si singly substituted isotopologues were 

observed in natural abundance and are reported. Only one conformer, the C 2 conformer (half-chair), was 

observed. This is confirmed with a determined CCCC dihedral angle of -48.1(11) °. The spectrum is com- 

prised of entirely a -type transitions in accordance with quantum chemical calculations. Multiple split 

transitions are present in the spectrum which have been attributed to a ring-twisting of the carbon 

atoms attached to the silicon atom in the ring. This motion has the carbons crossing the a -axis in the 

bc -plane leading to an inversion potential. Potential energy surfaces for the ring-twisting motion were 

undertaken and the experimentally determined energy level difference observed in comparison to these 

surfaces is reasonable. A Kraitchman analysis of the experimentally determined, singly substituted iso- 

topologues is in agreement with the optimized, twisted (nonplanar) equilibrium structure. This structure 

has been compared to other similar silicon-containing ring molecules using second moment arguments 

and these comparisons are discussed. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Ever since the chirped-pulse, Fourier transform microwave (CP- 

TMW) spectrometer was introduced to the scientific community 

ver fifteen years ago [1] , it has repeatedly demonstrated its ad- 

antages as a microwave technique. At the time of its debut, the 

ain strength of the CP-FTMW was its ability to collect broadband 

pectra in a fraction of the time it took the traditional Balle-Flygare 

avity experiment [2] . However, the Balle-Flygare cavity was still 

onsidered superior in its sensitivity. As technology has improved, 

owever, the time advantage provided by the CP-FTMW can be 

everaged to bridge the gap in sensitivity by collecting and averag- 

ng very large (100k or more) amounts of time domain molecular 

ignals. This is known as deep averaging [ 1 , 3 ]. 

Highly accurate experimental molecular geometric structures 

rom pure rotational spectroscopy rely heavily on the ability to col- 

ect isotopic substitution data. Ideally, this data can be collected 
∗ Corresponding authors. 
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rom the molecule of study in natural abundance. For many or- 

anic molecules, the most abundant isotopologue species are 13 C- 

ubstituted, which are approximately 1% abundant (or some mul- 

iple of 1% depending on symmetry). Because the sensitivity in CP- 

TMW spectra is traditionally lower than the Balle-Flygare FTMW 

nstrument, collecting such data in natural abundance has been 

 challenge. If this barrier is overcome, though, the correct rela- 

ive intensity information is useful for quick isotopologue assign- 

ent [4] . The ability to quickly average many free induction decays 

FIDs) per gas pulse with very fast digitizers on broadband spectra 

as led to the use of deep averaging. Deep averaging makes up for 

he direct lack of sensitivity in the CP-FTMW technique compared 

o that of the cavity FTMW technique by leveraging the increased 

cquisition speed of the broadband spectrometer. This averaging 

apability – which decreases the noise floor and, thus, increases 

ignal-to-noise (S:N) – has been utilized on the CP-FTMW instru- 

ent at the Missouri University of Science and Technology (Mis- 

ouri S&T) before. The increased S:N makes it possible to garner 

uch more information from a single broadband spectrum, partic- 

larly in regards to weaker isotopologue data [5,6] . This is espe- 

https://doi.org/10.1016/j.molstruc.2021.131563
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131563&domain=pdf
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Fig. 1. Members of the silacyclopentane family previously observed. 
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ially useful for molecules like those of the silacyclopentane family 

hich (a) can only be synthesized in limited quantities, (b) likely 

ossess isotopologues that only have limited natural abundances, 

nd (c) may possess splitting observable on only a few weaker 

ransitions. Deep averaging, therefore, allows for a more complete 

nderstanding of a rotational spectrum of a molecular system with 

ess sample consumption and less time. 

The rotational spectrum of silacyclopentane ( c -C 4 H 8 SiH 2 ) was 

rst observed using microwave spectroscopy in 1976 [7] . At the 

ime, only the parent and one isotopologue — the 29 Si isotopo- 

ogue — were observed, resulting in an incomplete substitution 

tructure. In addition, while it is generally accepted that satu- 

ated five-membered carbon rings —like that of c -C 4 H 8 SiH 2 —

xist in a non-planar configuration due to torsional forces re- 

ated to the carbon-carbon bonds [8,9] , the splitting often ob- 

erved in microwave spectra due to this was not reported in the 

riginal work. However, in 2011, the rotational spectrum of c - 

 4 H 8 SiH 2 was collected again using a Balle-Flygare type, pulsed- 

et Fourier transform microwave (FTMW) spectrometer as well as 

 CP-FTMW [10] . This work observed and reported the parent 

nd all corresponding unique heavy atom, singly substituted iso- 

opologues, resulting in a heavy atom structure. Since then, nu- 

erous other members of this family of molecules have been 

ccurately studied using CP-FTMW along with IR and Raman 

pectroscopy including 1-fluoro-1-silacyclopentane [11] , 1-bromo- 

-silacyclopentane [12] , 1,1-difluoro-1-silacyclopent-2-ene [13,14] , 

-chloro-1-silacyclopentane [15] , 1,1-dimethyl-1-silacyclopentane 

16] , 1,1-dichloro-1-silacyclopentane [17] , 1,3-disilacyclopentane 

13] , 1,1,2,2-tetrachloro-1,3-disilacyclopentane [18] , and 1,1,3,3- 

etrafluoro-1,3-disilacyclopentane [19] . The structures of these 

olecules can be seen in Fig. 1 . 

In this work, therefore, the sensitivity advantage of CP-FTMW 

pectroscopy due to deep averaging is demonstrated on a mem- 
s

2 
er of the silacyclopentane family, 1,1-difluoro-1-silacyclopentane 

 c -C 4 H 8 SiF 2 ). The microwave spectrum of c -C 4 H 8 SiF 2 parent as well

s the 13 C, 29 Si, and 30 Si isotopologues in natural abundance have 

een observed and are reported, resulting in an experimentally de- 

ermined ring structure ( r s ). Splitting due to ring-twisting motions 

n the molecule have been observed, analysed, and reported. Quan- 

um chemical calculations were undertaken to fully interpret the 

bserved spectra and are reported. The calculations indicate that 

he barrier to the ring-twisting motion is high, resulting in twist- 

ng levels in the ground state which are degenerate (or near de- 

enerate). Observation of the ring-twisting motion splitting, there- 

ore, is owed to the high-resolution and deep averaging capabilities 

f the CP-FTMW technique. Additional quantum chemical calcula- 

ions were carried out on the parent c -C 4 H 8 SiH 2 molecule for the 

ake of comparison. 

. Experimental 

.1. Synthetic Work 

The synthetic work was carried out at the College of Charleston 

n two steps. First, 1,1-dichloro-1-silacyclopentane ( c -C 4 H 8 SiCl 2 ) 

as prepared by adding a double Grignard reagent of 1,4- 

ibromobutane in anhydrous ethyl ether to a solution of silicon 

etrachloride in additional ethyl ether under argon. The method for 

he synthesis of c -C 4 H 8 SiCl 2 is the same as that reported by Tacke

20] and Charette [21] . The NMR data for c -C 4 H 8 SiCl 2 
1 H NMR (400 

Hz, CDCl 3 ): δ (ppm) 1.47 (p, 4.32 Hz, 4H, CH 2 ) 0.43 (t, 1.21 Hz,

H, CH 2 ). 
13 C NMR (400 MHz, CDCl 3 ): δ (ppm) 28.88 (s), 14.70 (s). 

9 Si NMR (400 MHz, CDCl 3 ): δ (ppm) 16.52 (s). The sample of c - 

 4 H 8 SiF 2 was prepared by fluorination of c -C 4 H 8 SiCl 2 with freshly

ublimed antimony trifluoride without solvent ( Scheme 1 ). 
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Scheme 1. Reaction conditions for the synthesis of c -C 4 H 8 SiCl 2 and c -C 4 H 8 SiF 2 
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The synthesis of c -C 4 H 8 SiF 2 has been reported previously [22] , 

ut a new procedure was developed which uses more readily 

vailable commercial compounds and it is reported below. A liq- 

id sample of c -C 4 H 8 SiCl 2 (2.00 g, 16.4 mmol) was added to a 50

L Schlenk tube, 20 cm in length, and equipped with a stir bar. 

he tube was fitted with a vacuum adapter and the sample with 

rozen with liquid nitrogen. Antimony trifluoride (3.22 g, 18.0 

mol) was added while purging with argon. The tube contain- 

ng the reaction mixture was sealed, frozen with liquid nitrogen, 

nd evacuated to 0.20 Torr. The mixture warmed to room tem- 

erature, stirred for 30 minutes, and then was heated to 50 °C for 
wo hours while stirring. Volatile components were removed from 

he flask using vacuum transfer and the product was purified us- 

ng trap-to-trap distillation. The purity of the sample was checked 

sing nuclear magnetic resonance spectroscopy and infrared spec- 

roscopy. For the infrared spectrum, the SiF 2 symmetric and an- 

isymmetric stretching frequencies were observed at 871 and 877 

m 
−1 as previously reported [14] . A total of 1.76 g, 11.5 mmol of

solated product was collected. Yield: 69 %. 1 H NMR (400 MHz, 

DCl 3 ): δ (ppm) 1.70 (m, 1.6 Hz, 4H, CH 2 ) 0.72 (m, 2.9 Hz, 4H,

H 2 ). 
13 C NMR (400 MHz, CDCl 3 ): δ (ppm) 23.64 (t, 2.9 Hz), 7.48

t, 14.0 Hz). 19 F NMR (400 MHz, CDCl 3 ): δ (ppm) -138.59. 29 Si NMR 

400 MHz, CDCl 3 ): δ (ppm) 18.79. 

.2. Microwave Spectra 

The microwave experiments were carried out at Missouri S&T 

sing a CP-FTMW. The details of this spectrometer are reported 

lsewhere [ 5,6 , 23,24 ]. The sample of c -C 4 H 8 SiF 2 — a liquid under

tandard conditions — was made into a gas mix by utilizing the 

apor pressure of the molecule at room temperature. A gas tank 

as evacuated and attached to the sample, which then allowed the 

ample to vaporize. The vapor in the tank was then mixed with in- 

ustrial grade argon gas until the sample was 3% in concentration. 

he 3% gas tank was then attached to the CP-FTMW, and sample 

as introduced at a sub-atmospheric pressure of 0.66 atm relative 

o vacuum. 

Spectra of c -C 4 H 8 SiF 2 were then acquired in the 6-12 GHz and

2-18 GHz regions of the electromagnetic spectrum using 4 μs 

hirp widths. A Parker Hannifin® Series 9 supersonic nozzle pulsed 

ample into the chamber at a rate of 5 Hz with 5 FIDs per gas

ulse. In total, 168,0 0 0 FIDs, each FID being 20 μS in length, were

veraged together in each frequency range before the sample was 

ompletely depleted. Spectra for the 6-12 GHz and 12-18 GHz 

anges can be seen in Figs. 2 and 3 , respectively. Typical linewidths 

or the spectra were 70-80 kHz with an attributed 10 kHz uncer- 

ainty in the line centers. 

. Quantum Chemical Calculations 

.1. Structure Calculations 

The geometric structure of c-C 4 H 8 SiF 2 was optimized at the 

3LYP/cc-pVTZ level at Missouri S&T. The optimized structure pro- 

ided the rotational constants utilized in the initial experimen- 

al analyses. In order to carry out the calculations, Gaussian09 
3 
25] was used in conjunction with GaussView 5.0 [26] for visual- 

zing structures. The results from this optimized equilibrium struc- 

ure can be found in Table 1 . 

In addition, optimized geometries and conformational energies 

f c-C 4 H 8 SiF 2 were calculated at the MP2/cc-pVTZ and CCSD/cc- 

VTZ ab initio level of theory at Texas A&M University. For 

hese calculations, Gaussian16 [27] was used in conjunction with 

aussView 6.1.1 [26] in order to visualize the structures. 

The calculated geometrical structures of the molecule are 

hown in Fig. 4 . The twisted structures have C 2 symmetry. This was 

he only conformer observed in the spectra. 

Table 1 presents the calculated geometrical parameters of c- 

 4 H 8 SiF 2 and the microwave values to be discussed within the Dis- 

ussion section. Similarly, Table 2 presents the second moment val- 

es to be discussed within the Discussion section. 

.2. Kinetic Energy and Potential Energy Calculations 

The one-dimensional Schr ӧdinger equation in terms of the ring- 

wisting coordinate x 2 (as shown in Fig. 6 ) is 

 ( x 2 ) �( x 2 ) = E�( x 2 ) (1) 

here the Hamiltonian is given by 

 ( x 2 ) = 

(
h̄ 

2 

)
∂ 

∂ x 2 
g 55 ( x 2 ) 

∂ 

∂ x 2 
+ ( x 2 ) . (2) 

 ( x 2 ) is given in 

 ( x 2 ) = a x 2 
4 + b x 2 

2 (3) 

nd the reciprocal reduced mass expansion g 55 ( x 2 ) reflects the fact 

hat the reduced mass value changes with the ring-twisting coor- 

inate is given by 

 44 ( x 2 ) = 

6 ∑ 

i =0 

g ( 
i ) 
55 
x 2 

i . (4) 

These g 55 ( x 2 ) terms were calculated by methods previously de- 

cribed [29–31] . 

The Laane group TWISTANE program [32] , which is based on 

ector and numerical methods, was used to calculate the coor- 

inate dependent kinetic energy functions g 55 ( x 2 ) for the ring- 

wisting. The geometrical parameters for the computed planar 

tructures of these molecules provided the input for the programs. 

he vibration was assumed to be curvilinear and the magnitude of 

he reciprocal reduced mass g 55 was calculated for different values 

f the ring-twisting coordinate x 2 so that the full g 55 ( x 2 ) function 

ould be determined. (Subscripts 1 to 3 on g are reserved for the 

olecular rotations and 4 for the ring-puckering vibration). 

Using these potential energy parameters in Eq. (3) , the 

A1OPTN Meinander-Laane potential energy program [33] was 

sed to calculate the theoretical energy levels and energy level 

pacings, seen in Fig. 9 . 

The theoretical equations for the 1-D potential energy functions 

nd the calculated potential energy surface which as coordinates 

he ring-twisting angle, and the ring-twisting coordinate were ob- 

ained using the MAPLE 2015.1 computing environment [34] . 
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Fig. 2. The top image depicts the 6-12 GHz spectra for 1,1-difluoro-1-silacyclopentane ( c -C 4 H 8 SiF 2 ). The bottom image depicts the predicted spectra within the 6-12 GHz 

region. Intensities of the strongest transitions are cut off so that less intense transitions are visible. 

Table 1 

Geometric Parameters for c-C 4 H 8 SiF 2 . 

Experimental (r s ) Theoretical (r e ) 

microwave a B3YLP/cc-pVTZ MP2/cc-pVTZ CCSD/cc-pVTZ 

Bond Length, ̊A Bond Length, ̊A 

Si—C1 1.85(6) b 1.864 1.866 1.867 

C1—C2 1.56(5) 1.548 1.646 1.548 

Si—C4 1.85(6) 1.864 1.866 1.867 

C2—C3 1.54(1) 1.542 1.537 1.540 

C3—C4 1.56(5) 1.548 1.646 1.548 

Bond Angle, deg Bond Angle, deg 

C1—Si—C4 99.84(44) 98.5 98.1 98.2 

C2—C1—Si 101.7(26) 102.1 113.3 101.9 

C3—C2—C1 109.1(30) 108.9 99.0 108.5 

C4—C3—C2 109.1(30) 108.9 108.3 108.5 

C4—Si—C1 99.84(44) 98.5 98.1 98.2 

Dihedral Angles, deg Dihedral Angles, deg 

Si—C1—C2—C3 34.8(85) 35.6 37.8 37.0 

C1—C2—C3—C4 -48.1(11) -49.2 -52.3 -51.1 

C2—C3—C4—Si 34.8(85) 35.6 37.8 37.0 

C3—C4—Si—C1 -12.3(50) -12.7 -13.4 -13.2 

C4—Si—C1—C2 -12.3(50) -12.7 -13.4 -13.4 

a Parameters obtained through Kisiel’s EVAL program [28] . 
b Uncertainties obtained from Costain errors given in values of the least significant figure. 

Table 2 

c-C 4 H 8 SiF 2 Second Moments from Experiment. 

Parent 29 Si 30 Si 13 C1 / 13 C4 13 C2 / 13 C3 

P aa (amu- ̊A 2 ) 227.27110(12) 227.598(13) 227.913(11) 227.658(11) 231.1328(56) 

P bb (amu- ̊A 2 ) 83.037692(12) 83.00(13) 83.035(11) 84.651(11) 83.6112(56) 

P cc (amu- ̊A 2 ) 67.164670(12) 67.159(13) 67.161(11) 67.540(11) 67.1653(56) 

4 
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Fig. 3. The top image depicts the 12-18 GHz spectra for c -C 4 H 8 SiF 2 . The bottom image depicts the predicted spectra within the 12-18 GHz region. Intensities of the strongest 

transitions are cut off so that less intense transitions are visible. 
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.3. Potential Energy Surfaces 

The potential energy surface (PES) based on the calculated 

P2/cc-pVTZ energies of 34 different configurations calculated for 

 -C 4 H 8 SiF 2 is: 

V (cm 
−1 ) = 3 . 297 × 10 5 x 4 

1 
- 2 . 971 × 10 4 x 2 

1 
+ 4 . 080 × 10 4 x 4 

2 
−

2 . 007 × 10 4 x 2 
2 

+ 2 . 854 × 10 5 x 2 
1 
x 2 
2 

+ 4 . 337 × 10 3 x 4 
1 
x 4 
2 

+ 

2328 . 

For the sake of comparison, the potential energy surface (PES) 

ased on the calculated MP2/cc-pVTZ energies of 28 different con- 

gurations calculated for c -C 4 H 8 SiH 2 is: 

V (cm 
−1 ) = 3 . 928 × 10 5 x 4 

1 
- 4 . 039 × 10 4 x 2 

1 
+ 4 . 433 × 10 4 x 4 

2 
−

2 . 124 × 10 4 x 2 
2 

+ 2 . 929 × 10 5 x 2 
1 
x 2 
2 

+ 9 . 540 × 10 6 x 4 
1 
x 4 
2 

+ 2328 . 

The calculated PES for c -C 4 H 8 SiF 2 and c -C 4 H 8 SiH 2 and the plot

f their contour maps are shown in Figs. 7 and 8 . 
5 
Numerically and graphically it is seen on Table 3 and Figs. 7 and 

 that the calculated geometric parameters for the twisted con- 

ormers are quite similar for 1,1-difluorosilacyclopentane and sila- 

yclopentane. However, the energy for the pure bent conformation 

or 1,1-difluorosilacyclopentane is 669 cm 
−1 lower in energy than 

ts planar form and the pure bent conformation for silacyclopen- 

ane is 1036 cm 
−1 lower in energy that its planar form leading the 

isualization of this local minimum closer to the respective global 

aximum. 

.4. Potential Energy Functions for the Ring-Twisting 

The potential energy functions (PEFs) for c-C 4 H 8 SiF 2 and c- 

 4 H 8 SiH 2 were obtained according to both MP2/cc-pVTZ and 

CSD/cc-pVTZ computations. 

The calculated reduced mass for c-C 4 H 8 SiF 2 is 33.31 amu from 

he CCSD/cc-pVTZ computations and 33.41 amu from the MP2/cc- 
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Fig. 4. Calculated geometrical parameters from CCSD/cc-pVTZ computations of the twisted conformation of c -C 4 H 8 SiF 2 . 

Table 3 

Calculated energies and ring parameters of selected conformations of c-C 4 H 8 SiH 2 (top) and c-C 4 H 8 SiF 2 (bottom) at the CCSD and MP2 levels of 

theory. 

c -C 4 H 8 SiH 2 

Twisted, C 2 Bent, C s Planar (TS) 

CCSD/cc-pVTZ MP2/cc-pVTZ CCSD/cc-pVTZ MP2/cc-pVTZ CCSD/cc-pVTZ MP2/cc-pVTZ 

Energy, cm 
−1 0 0 1566 1659 2136 2328 

τ , radians + /-0.48 + /-0.48 0 0 0 0 

x , Å 0 0 + /-0.204 + /-0.211 0 0 

c -C 4 H 8 SiF 2 

Twisted Bent Planar (TS) 

CCSD/cc-pVTZ MP2/cc-pVTZ CCSD/cc-pVTZ MP2/cc-pVTZ CCSD/cc-pVTZ MP2/cc-pVTZ 

Energy, cm 
−1 0 0 1451 1508 2338 2544 

τ , radians + /- 0.48 + /-0.49 0 0 0 0 

x , Å 0 0 + /- 0.224 + /-0.232 0 0 

p

u
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4

[

VTZ computations. The g 55 (x) kinetic energy functions are done 

sing the geometrical parameters of the planar structures. The g 55 
x) kinetic energy function for c-C 4 H 8 SiF 2 from the CCSD/cc-pVTZ 

omputations is: 

 55 ( x ) = 3 . 002 × 10 −2 − 9 . 597 × 10 −2 x 2 2 + 3 . 002 × 10 −2 x 4 2 (5)

nd the theoretical 1-D PEF is: 

 

(
c m 

−1 
)

= 4 . 199 × 10 4 x 4 2 − 1 . 894 × 10 4 x 2 2 (6) 

The g 55 (x ) kinetic energy function for c -C 4 H 8 SiF 2 from the 

P2/cc-pVTZ computations is: 

 55 ( x ) = 2 . 993 × 10 −2 − 9 . 638 × 10 −2 x 2 2 + 1 . 401 × 10 −1 x 4 2 (7)

nd the theoretical 1-D PEF is: 

 ( cm − 1 ) = 4 . 324 × 10 4 x 4 2 − 2 . 007 × 10 4 x 2 2 . (8) 

Fig. 9 shows the calculated energy levels for c -C 4 H 8 SiF 2 using 

he g 55 (x ) functions and the calculated potential energy param- 

ters in the DA1OPTN Meinander-Laane potential energy program 

33] . 

Previously two-dimensional fits for the calculation of the en- 

rgy levels taking in account the ring-puckering parameter, ring- 

uckering parameter, x 1 and the ring-twisting parameter, x 2 based 

n experimental data have been reported for the parent c - 

 4 H 8 SiH 2 molecule [35] . Utilizing the calculated reduced mass and 

he g55 ( x ) values from our present work, we have calculated a 

ne-dimensional experimentally fitted PEF that is shown in Fig. 10 . 

able 4 shows a comparison of the observed and calculated ring- 

wisting frequencies, and the agreement is very good. This PEF may 

e compared to the theoretically determined PEFs in Fig. 10 . These 

re presented to provide a perspective on the accuracy that can be 

xpected for the difluoride PEF presented in this work. 

The 1990 paper [35] reported a 1-D PEF fit barrier of 3250 

m 
−1 . Our experimental 1-D barrier is 2951 cm 

−1 . The paper 

lso shows an optimal two-dimensional fit with a barrier of 2110 
6 
m 
−1 , which is very similar to that obtained from our theoretical 

CSD/cc-pVTZ computations, which is 2338 cm 
−1 . 

The experimentally 1-D PEF for c -C 4 H 8 SiH 2 obtained in this 

ork is: 

 ( cm − 1 ) = 2 . 518 × 10 4 x 4 2 − 1 . 724 × 10 4 x 2 2 . (9) 

The calculated reduced mass for the parent c -C 4 H 8 SiH 2 

olecule is 30.17 amu according to our CCSD/cc-pVTZ compu- 

ations. This calculated reduced mass along with its complete 

 55 (x ) expression was used to perform the experimental fit. The 

alue of the reduced mass from our MP2/cc-pVTZ computations is 

0.19 amu. Previously the reduced mass was reported to be 31.38 

mu by Laane et al in 1990 [35] . The g 55 (x ) kinetic energy func-

ion for c -C 4 H 8 SiH 2 from the CCSD/cc-pVTZ computations is: 

 55 ( x ) 3 . 315 × 10 −2 − 7 . 484 × 10 −3 x 2 2 + 6 . 427 × 10 −3 x 4 2 . (10)

nd the related theoretical PEF is: 

 ( cm − 1 ) = 4 . 199 × 10 4 x 4 2 − 1 . 894 × 10 4 x 2 2 . (11) 

The g 55 (x ) kinetic energy function for c -C 4 H 8 SiH 2 from the 

P2/cc-pVTZ computations is: 

 55 ( x ) = 3 . 312 × 10 −2 − 7 . 460 × 10 −3 x 2 2 + 6 . 413 × 10 −3 x 4 2 . 

(12) 

nd the related theoretical PEF is: 

 ( cm − 1 ) = 4 . 433 × 10 4 x 4 2 − 2 . 124 × 10 4 x 2 2 . (13) 

Fig. 11 shows the theoretical PEFs along with their calculated 

nergy levels for the parent c -C 4 H 8 SiH 2 using the g 55 (x ) functions.

. Results and Analysis 

.1. Microwave Spectra and Analysis 

Analysis of the spectra was performed using SPFIT and SPCAT 

36] in combination with Kisiel’s AABS package [37] . An S-reduced 
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Table 4 

Observed and Calculated Ring-Twisting Transitions (cm 
−1 ) for c -C 4 H 8 SiH 2 from Experi- 

mental Fitted PEF. 

Observed a Experimental fit 

FIR This work Literature a 

Transition V(cm 
−1 ) V(cm 

−1 ) b � V(cm 
−1 ) c � V(cm 

−1 ) d �

FIR a 

0 – 2 265.2 265.3 -0.1 265.2 0.0 267.9 -2.7 

2 – 4 260.5 260.5 0.0 260.5 0.0 260.5 0.0 

4 – 6 255.8 255.5 0.3 255.7 0.1 252.3 3.5 

6 – 8 249.8 250.0 -0.2 250.6 0.8 243.4 6.4 

a From reference [35] . 
b V (cm 

−1 ) = 2 . 518 × 10 4 x 4 2 − 1 . 724 × 10 4 x 2 2 . 
c V (cm 

−1 ) = 2 . 46 × 10 4 x 4 1 − 1 . 26 × 10 4 x 2 1 + 2 . 28 × 10 4 x 4 2 − 1 . 70 × 10 4 x 2 2 + 9 . 47 ×
10 4 x 2 1 x 

2 
2 

d V (cm 
−1 ) = 1 . 10 × 10 4 x 4 1 − 5 . 14 × 10 3 x 2 1 + 3 . 68 × 10 4 x 4 2 − 1 . 76 × 10 4 x 2 2 + 1 . 17 ×

10 5 x 2 1 x 
2 
2 

Table 5 

c -C 4 H 8 SiF 2 Experimental Parameters Compared to Theory (DFT). 

c -C 4 H 8 
28 SiF 2 c -C 4 H 8 

28 SiF 2 
29 Si 30 Si 13 C1 / 13 C4 13 C2 / 13 C3 

Ground Vibrational States Splitting Fit Separately Splitting Fit Together 

A 0 (MHz) 3364.6527(41) a 3364.654176(50) 3364.86(57) 3364.80(47) 3320.69(50) 3351.84(25) 

B 0 (MHz) 1716.4316(12) 1716.4320798(82) 1714.5574(31) 1712.7135(30) 1712.0044(36) 1694.2075(18) 

C 0 (MHz) 1628.6318(12) 1628.6325533(77) 1626.9383(31) 1625.2808(30) 1618.2019(37) 1605.6823(18) 

A 1 (MHz) 3364.6453(57) — — — — —

B 1 (MHz) 1716.4204(53) — — — — —

C 1 (MHz) 1628.6278(45) — — — — —

D J (kHz) 0.145(23) 0.17637(31) [0.17637] c 0.122(50) 0.140(64) 0.090(31) 

D JK (kHz) 0.911(56) 1.00210(59) [1.0021] 1.11(16) 1.07(20) 1.54(10) 

D K (kHz) 1.07(45) 0.6148(68) [0.6148] [0.6148] [0.6148] [0.61478] 

F bc (MHz) 0.930(52) 0.83595(75) [0.83595] [0.83595] [0.83595] [0.83595] 

�E 0,1 (MHz) 39755.59(64) 39756.547(79) [39756.547] [39756.547] [39756.547] [39756.547] 

νRMS (kHz) b 16.6 25.3 29.7 21.4 27.7 12.9 

Number of Transitions 47 47 24 24 26 22 

Theoretical Equilibrium Parameters 

B3LYP/cc-pVTZ 

A e (MHz) 3340 3340 3340 3340 3300 3330 

B e (MHz) 1700 1700 1640 1700 1700 1680 

C e (MHz) 1620 1620 1610 1610 1610 1590 

a Numbers in parentheses give standard errors at 1 σ (67% confidence) level to the least significant figure. 
b MW RMS is defined as 

√ 

( 
∑ 

[ ( obs − calc ) 
2 
] / N) . 

c Values in brackets there were held to the parent value. 

Fig. 5. Principal axes a, b , and c of the c -C 4 H 8 SiF 2 twisted structure. 
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amiltonian in the I r representation was employed while fitting 

he spectra. Using the calculated rotational constants, which can be 

een in Table 5 , a total of 50 lines for the parent species were ob-

erved. Although the experiment was only powered for 6-18 GHz, 

ransitions up to 20.3 GHz for the parent isotopologue were ob- 

erved and assigned. Fig. 5 shows the location of the a, b, and c
7 
xes for c-C 4 H 8 SiF 2 . In addition, the isotopologues corresponding 

o each 13 C, 29 Si, and 30 Si were observed and their correspond- 

ng rotational constants can be found in Table 5 . For the isotopo- 

ogues 26, 22, 24, and 24 transitions were observed for 13 C1/ 13 C4, 
3 C2/ 13 C3, 29 Si, and 30 Si, respectively. It should be noted that some 

f the Microwave RMS values for these isotopes are larger than tra- 

itional values due to the parameters added for the splitting but 

re of usual magnitude for similar large amplitude motion spectro- 

copic fits. Table 5 also shows the calculated rotational constants 

rom the theoretical calculations. Overall, the theoretical calcula- 

ions appear to be in good agreement with the experimental data 

ince the values differ by roughly 1%. The quantum number assign- 

ents and fits can be found in the Supporting Information. 

All observed lines are a-type transitions. No b-type or c-type 

ransitions were observed. These observations are in accordance 

ith the predicted dipole values of 2.47, 0.00, and 0.00 D for μa , 

b , and μc , respectively, at the B3LYP/def2TZVP with gd3bj level of 

heory. In addition, the majority of transitions were R-branch tran- 

itions with the second most abundant transitions being Q-branch. 

o P-branch transitions were observed. 

As mentioned previously, splitting in the spectra due to the ring 

uckering motion was observed. An example of one such transi- 

ion exhibiting this splitting is the 6 06 ← 5 05 transition shown 

n Fig. 12 . Fifteen such transitions exhibited this type of splitting. 

hus, to fit those transitions, a rotation-vibration term, F a P A р Z , was 
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Fig. 6. Definition of the ring-twisting angle τ = x 2 and the ring-puckering coordinate, x = x 1 . 

Fig. 7. a) PES and b) contour map for c -C 4 H 8 SiF 2 from MP2/cc-pVTZ computations. The maximum calculated energy corresponds to the planar structure at 2338 cm 
−1 . 

Fig. 8. a) PES and b) contour map for c -C 4 H 8 SiH 2 from MP2/cc-pVTZ computations. The maximum calculated energy corresponds to the planar structure at 2544 cm 
−1 . 
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a

equired, where F a is the Coriolis parameter, P A is the angular mo- 

entum about the a-axis, and р Z is the linear momentum result- 

ng from the inversion moment. This Coriolis parameter has been 

hosen because the two equivalent structures of c-C 4 H 8 SiF 2 going 

hrough the planar maximum energy of the motion arise from the 

wisting motion about the a-axis. As described by Pickett [38] , a 

etter fit of the vibration-rotation interaction results from using 

he equivalent operator, F bc , (P B P C + P C P B ) р Z . �E 0,1 is also neces-

ary to account for the inversion frequency of the ring-twisting 

otion. Although fitting this type of spectra is described as a tun- 

elling motion in Pickett, it is fit using vibrational states as labels. 

herefore, v = 0 and v = 1 correspond to an A and E of a methyl
8 
otor or + and – of a ring-twisting motion. As a check for self- 

onsistency, two fits were undertaken as noted in Table 5 . One is 

abelled “Fit Separately”, and the other is labelled “Fit Together”. In 

he “Fit Separately” approach, three rotational constants and three 

uartic centrifugal distortion constants — D J , D JK , and D K — were 

t to each individual ring twisting state, labelled v = 0 and v = 1.

n the “Fit Together” approach, only three rotational constants are 

sed with all other constants remaining the same. Both approaches 

ielded very similar spectroscopic outcomes as shown in Table 5 , 

roviding some assurance this was accurately describing the ob- 

erved splitting. The “Fit Together” approach was used for analysis 

s that fitting method utilized fewer Hamiltonian parameters with 
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Fig. 9. a) Calculated one-dimensional ring-twisting PEF and energy levels for c -C 4 H 8 SiF 2 from CCSD/cc-pVTZ computations (Reduced mass: 33.31 amu). b) Calculated PEF 

and energy levels for c -C 4 H 8 SiF 2 from MP2/cc-pVTZ computations for c -C 4 H 8 SiF 2 (Reduced mass: 33.41 amu). All the lowest energy levels in a) and b) appear as degenerate. 

Fig. 10. 1-D PEF from experimental fit for the ring-twisting vibration of c -C 4 H 8 SiH 2 . The observed values [35] are indicated in bold. 

a

l

c

s

i

s

c

s

a

a

o

u

b

 similar magnitude uncertainty in the fit (within a factor of 2). A 

ist of the split transitions is located in the Supporting Information. 

The identification of 13 C, 29 Si, and 30 Si isotopologues was ac- 

omplished by obtaining the ratio of the calculated rotational con- 

tants of the parent to the experimentally determined ones and us- 

ng this ratio to adjust the “calculated” isotopologue rotational con- 

tants acquired by simply changing the atomic masses of the spe- 
9 
ific nuclei in question. This yielded isotopologue rotational con- 

tant predictions with great accuracy and ease, making traditional 

ssignments for these species much simpler. Then, the correct rel- 

tive intensity aspect of the CP-FTMW technique was utilized in 

rder to accurately identify each singly substituted species in nat- 

ral abundance. An example of this relative intensity profile can 

e found in Fig. 13 for the 5 15 ← 4 14 transition. After successfully 
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Fig. 11. a) Calculated one-dimensional ring-twisting PEF and energy levels for c -C 4 H 8 SiH 2 from CCSD/cc-pVTZ computations (Reduced mass: 33.3 amu). b) Calculated PEF 

and energy levels for c -C 4 H 8 SiH 2 from MP2/cc-pVTZ computations. (Reduced mass: 33.4 amu). All the lowest energy levels in a) and b) appear as degenerated. The observed 

values [33] are indicated in bold. 

Fig. 12. Example of doubling seen in spectrum due to ring-twisting for the 6 06 ← 5 05 transition. 

Table 6 

Kraitchman Atomic Coordinates a with Costain Errors [39] . 

29 Si ( ̊A) 30 Si ( ̊A) 13 C1 / 13 C4 ( ̊A) 13 C2 / 13 C3 ( ̊A) a 

a 0.57 ± 0.11 0.57 ± 0.01 0.62 ± 0.01 2.0 ± 0.01 

b 0.00 b ± 0.10 0.00 ± 0.08 (-/ + ) c 1.3 ± 0.01 (-/ + ) d 0.77 ± 0.01 

c 0.00 ± 0.09 0.00 ± 0.07 ( + /-) c 0.65 ± 0.01 ( + /-) d 0.03 ± 0.13 

a Kraitchman Analysis only reports magnitude, but signs of coordinates were as- 

signed by authors to correspond to their computed position values. 
b Values reported as 0.00 are imaginary values. 
c The first sign in parentheses represents C1 while the second represents C4. 
d The first sign in parentheses represents C2 while the second represents C3. 
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ssigning the spectra associated with each isotopologue, a Kraitch- 

an [39] substitution structure for the ring was determined. This 

rocess was carried out using Kisiel’s KRA program [40] . The re- 

ults from the Kraitchman analysis can be seen in Table 6 . Then, 

isiel’s EVAL program [28] was utilized to determine the corre- 

ponding bond angles, bond lengths, and dihedral angles for the el- 

ments contained within the ring. Both the KRA and EVAL program 

ere obtained from the PROSPE website [40] . Because magnitudes 
10 
nd not absolute atom positions are given in the Kraitchman anal- 

sis, experimental structure determinations were aided by substi- 

ution of the computational sign values for the experimentally de- 

ermined positions. From this analysis, the experimental substitu- 

ion structure for the ring was determined to be nonplanar with a 

onzero dihedral angle for every combination in the ring. 

. Discussion 

From the results of the high-level ab initio calculations and mi- 

rowave spectroscopy experiments, c -C 4 H 8 SiF 2 ’s minimum energy 

tructure has C 2 symmetry as shown in Fig. 4 . 

Fig. 14 shows the molecule in the ab -, ac -, and bc -molecular 

lanes. As is shown in this view, the minimum energy C 2 struc- 

ure distributes the twisted carbons out of the ab- molecular plane 

ith their mass now distributed in the ac -molecular plane. This 

s consistent with other works performed previously on members 

f the silacyclopentane family [ 7 , 10 ]. Inversion splitting due to the 

ing motion in the molecule was observed and analysed via poten- 

ial energy calculations described previously. Based on these calcu- 
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Fig. 13. Example of the relative intensity profile for the isotopic species observed for the 5 15 ← 4 14 transition. All species are labeled within the figure. 

Fig. 14. Calculated geometrical structure of c -C 4 H 4 SiF 2 within the ab -, ac - and bc -planes. 

Table 7 

Second Moment Comparison Between c -C 4 H 4 SiF 2 and Related Molecular Species. 

P aa (amu- ̊A 2 ) P bb (amu- ̊A 2 ) P cc (amu- ̊A 2 ) 

c -C 4 H 8 SiF 2 227.27110(12) 83.037692(12) 67.164670(12) 

c -(CH) 2 CH 2 CH 2 SiF 2 [13] 224.058503(94) 77.698347(94) 62.708151(94) 

c -CH 2 (CH) 2 CH 2 SiF 2 [43] 

c -C 4 H 8 SiHF [ 11 ] 

217.351320(13) 

185.68(01) 

78.740452(13) 

79.82(01) 

63.705230(13) 

27.70(01) 

c -CH 2 (CH) 2 CH 2 SiH 2 [ 43 ] 

c -C 4 H 8 SiH 2 [ 10 ] 

105.135570(77) 

109.85388(1) 

78.740452(77) 

80.028848(1) 

6.224120(77) 

12.35876(1) 
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ations, it was determined that there are two equal conformations 

or the minimum energy structure that were separated by an en- 

rgy barrier corresponding to the planar conformation. The poten- 

ial energy barrier between these two minimum energy structures, 

ccessible by a ring-twisting motion, is calculated to be 2338 cm 
−1 . 

rom this potential energy surface, the lowest energy levels appear 

egenerate. There is still enough nondegeneracy, however, at the 

ottom of the well which has been observed at the resolution of 

he CP-FTMW experiment. The experimentally determined splitting 

f these states is approximately 1.33 cm 
−1 , well within the uncer- 

ainty of the calculations presented. 

In order to understand more regarding the determined struc- 

ure of c -C 4 H 8 SiF 2 , it is ideal to compare it to other molecules

ithin the silacyclopentane family. Because second moments mea- 

ure the extension of a molecule’s mass along a given axis 

or outside a plane), it provides an efficient way to inter- 

ret a molecule’s structure, especially when only parent iso- 

opologue data are available [ 41 , 42 ]. Within Table 7 , the sec-
11 
nd moments for six molecules can be seen. In addition to 

 -C 4 H 8 SiF 2 , this table includes 1,1-difluoro-1-silacyclopent-2-ene 

 c -(CH) 2 CH 2 CH 2 SiF 2 ) [13] , 1,1-difluoro-1-silacyclopent-3-ene ( c - 

H 2 (CH) 2 CH 2 SiF 2 ) [43] , 1-fluoro-1-silacyclopentane ( c -C 4 H 8 SiHF) 

11] , silacyclopent-3-ene ( c -CH 2 (CH) 2 CH 2 SiH 2 ) [43] , and finally c -

 4 H 8 SiH 2 [10] . The second moments reported in Table 7 were ob-

ained using the PLANM program obtained from PROSPE [40] in 

onjunction with the rotational constants reported in the respec- 

ive works. The structures of these molecules can be seen in 

ig. 15 . 

The second moment values presented in Table 7 may provide 

tructural insight [ 41 , 42 ], but care must be taken in order to make

omparisons within a family. First of all, halogen substitution will 

ause a shift in the a-, b- , and c- axis system, so it is easiest to

ake comparisons among species with equal substitution above 

nd below the ring (difluoro molecules, for example). Because ring- 

lanarity in these molecules moves mass out of the ab -plane and 

nto the ac -plane, we can monitor planarity by comparison of the 
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Fig. 15. Molecular structures of molecules under comparison. 
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 bb (out-of- ac -plane mass) and P cc (out-of- ab -plane mass) values. 

e will focus on P bb here because the change in P cc values due to

alogenation make them also hard to follow. c -(CH) 2 CH 2 CH 2 SiF 2 , 

 -CH 2 (CH) 2 CH 2 SiF 2 , and c -CH 2 (CH) 2 CH 2 SiH 2 are known to be pla-

ar [ 13 , 43 ]. Their P bb values all lie within 1.1 amu- ̊A 
2 of one an-

ther. The nonplanar molecules, c -C 4 H 8 SiF 2 and c -C 4 H 8 SiH 2 , have

n increase in P bb greater than 1.1 amu- ̊A 
2 from any of the com-

arator planar molecules with an increase of > 4 amu- ̊A 
2 for c -

 4 H 8 SiF 2 . This can only be due to the carbons twisting out of the

b -plane and into the ac -plane as is shown in Fig. 14 . 

Another comparison that can be drawn between the six 

olecules listed in Table 7 is the presence of splitting within 

he spectra from non-degenerate energy levels present due to 

ing-twisting. For the work performed on c -C 4 H 8 SiH 2 [10] , c -

CH) 2 CH 2 CH 2 SiF 2 [13] and c -C 4 H 8 SiHF [11] , no split transitions

ere reported. However, for c -C 4 H 8 SiF 2 , c -CH 2 (CH) 2 CH 2 SiF 2 , and c -

H 2 (CH) 2 CH 2 SiH 2 splitting was observed [43] . Though, it should be 

oted that the source of the splitting for c -CH 2 (CH) 2 CH 2 SiF 2 was

ndetermined. Within the present work, fifteen split transitions 

ere observed and assigned. What is interesting about the specific 

ransitions that exhibited splitting was that they were not from 

he strongest transitions but from weaker transitions with higher 

 values. These transitions tended to be weaker in intensity in our 

pectrum, so their observation is due to the deep averaging and 

esolution capabilities of the CP-FTMW, the molecule’s large dipole 

oment, and smaller rotational constants due to the mass of the 

olecule. As a result, we hypothesize that the similar molecule c - 

 4 H 8 SiH 2 should possess split transitions but were not observed 

ecause the higher J values were not accessible in the experiment. 

The evolution of experiments performed on the members of 

he silacyclopentane family, therefore, is representative of the sen- 

itivity improvements that have been made with the CP-FTMW. 

he observation of split transitions where there are none predicted 

ithin computational uncertainty provides a basis to improve cur- 

ent theoretical approaches so that models may be refined. Yet, 

he heavy-atom experimental ( r s ) structure agrees well with the 

quilibrium geometry predicted by the theoretical approaches em- 

loyed indicating that the optimized structures are correct. 

. Summary 

Within this work, the pure rotational spectrum of c -C 4 H 8 SiF 2 
as studied using CP-FTMW. In addition to the parent species, the 

sotopologues of 13 C, 29 Si, and 30 Si were also measured and fit, re- 

ulting in the generation of a heavy atom structure. This structure 

xhibited ring-twisting that caused certain transitions to appear 

plit. Potential energy surfaces for the ring twisting motion were 

ndertaken and the experimentally determined energy level differ- 
12 
nce observed in comparison to these surfaces is reasonable. The 

ing structure of c -C 4 H 8 SiF 2 has been determined to be nonpla- 

ar through Kraitchman analysis and comparison of the P bb second 

oment amongst a family of similar molecules. 
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