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Abstract 

 The potential energy surface (PES) of the general anesthetic fluoroxene (2,2,2-

trifluoroethyl vinyl ether) was probed in a supersonic jet expansion using broadband 

chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy and theoretical 

calculations. The PES is dominated by a single conformation, as other stable minima are 

shown to kinetically relax in the expansion to the global minimum. Consistently, the 

rotational spectrum reveals a single conformation. Fluoroxene adopts a CS heavy-atom 

planar skeleton structure in the gas phase, with a cis-trans conformation (cis for the 

CH2=CH-O-CH2- and trans for the =CH-O-CH2-CF3 part). The sensitivity of the 

recently-built CP-FTMW spectrometer at the UPV/EHU is demonstrated by the 

detection of five isotopologues of fluoroxene in natural abundance, corresponding to the 

13
C and 

18
O monosubstituted species. The rS and r0 structures were calculated and are in 

good agreement with theoretical predictions at MP2, B3LYP and M06-2X methods.  
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Introduction 

General anesthetics play a key role in modern medicine and are widely used inhalational 

and intravenously in nowadays surgical operations. Despite the common use of these 

drugs, the details of their mechanism of action are still subject to debate. This 

controversy is fueled by the large variety of substances that can work as anesthetics, 

having different shapes, sizes and a large diversity of functional groups in their 

structures (i.e. di- or triatomic gases, ethers, alcohols, haloalkanes, etc). Some of these 

general anesthetics (such as propofol) seem to work through an interaction with ligand-

gated ion channels which would inhibit neuronal synapses.
1,2

 However, this cannot be 

extended to all general anesthetics and further studies about their mechanism of action 

are needed. Understanding of the structure and conformation of anesthetics as well as 

their preferences for specific intermolecular interactions may provide insight into the 

modeling of binding sites and docking mechanisms at the protein active sites.  

In this sense, the gas phase provides a unique scenario to investigate the intrinsic 

molecular properties of anesthetics and their intermolecular binding forces. The lack of 

interferences from solvent interactions or crystal packing effects makes it possible to 

study the molecule under isolation conditions and gives access to its conformation and 

structure in the absence of “external” interactions. Moreover, the use of supersonic 

expansions allows one to isolate weakly-bound intermolecular complexes and, thus, the 

study of the intermolecular interactions that govern the binding preferences of the 

anesthetics. 

Several spectroscopic techniques have been applied in the gas phase to the structural 

study of general anesthetics. Mass-resolved laser electronic spectroscopy has been used 

for the study of species such as propofol
3
 and benzocaine,

4
 for which several 
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intermolecular complexes and clusters have been analyzed in supersonic expansions.
5,6

 

This kind of electronic spectroscopy techniques allows one to study moderate-large size 

molecular systems in the gas phase (peptides,
7,8,9,10

 carbohydrates,
11,12,13,14

 nucleobase 

pairs,
15,16,17

 etc) but they require in most of the cases a chromophore and the 

conformational assignment is not always unambiguous.  

On the other side, microwave spectroscopy provides the most accurate structural 

description of molecular systems of small-medium size in the gas phase. Their inherent 

resolution (sub-Doppler) allows one to unambiguously identify conformers,
18

 

tautomers,
19

 isotopologues
20

 and enantiomers
21

 as independent species. In addition, the 

validity of theoretical quantum chemistry methods can be evaluated. The 

conformational landscape of these molecules and their related intermolecular complexes 

can be extensively investigated, since the different conformations can be clearly 

distinguished in the rotational spectrum. In the last decades, most of the microwave 

spectrometers have been based on the original design by Balle and Flygare (Fourier 

transform microwave, FTMW).
22

 For example, the structural properties of the 

anesthetics sevoflurane
23

 and isoflurane
24

 were investigated in such spectrometers. The 

isoflurane-water complex
25

 was also studied using FTMW spectroscopy in order to 

assess the effect of microsolvation on the conformational landscape of the anesthetic. In 

2005, Pate introduced a new design for a microwave spectrometer based on chirped 

pulse (CP) microwave excitation (CP-FTMW).
26

 This design overcomes the problem of 

the narrow bandwidth of conventional FTMW spectrometers and reduces significantly 

the spectral acquisition time. Thanks to this new instrument, the anesthetic propofol,
27

 

the sevoflurane dimer
28

 and the sevoflurane-benzene complex
29

 could be studied in a 

supersonic expansion; the latter study provides some insights into the molecular 

recognition properties of this anesthetic. 
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Fluoroxene (2,2,2-trifluoroethyl vinyl ether, Scheme 1) exhibits general anesthetic 

properties and was used as an inhalational anesthetic. In the 1970s, it was removed from 

the market because of its flammability and toxicity. No further studies were performed 

to elucidate its mechanism of action, which remains unclear. In 1974, an infrared 

spectroscopic analysis in the vapor state
30

 indicated that the skeleton of the molecule 

adopts a planar conformation although it was not possible to determine the specific 

configuration of the vinyl (CH2=CH-O-CH2-) and the trifluoroethoxy (=CH-O-CH2-

CF3) groups (Figure 1). A low resolution microwave (LRMW) rotational study in 

1975
31

 suggested a vinyl cis – trifluoroethoxy trans (cis-trans) planar conformation for 

fluoroxene in the gas phase, discarding any vinyl trans structure. An analysis of the Q 

branch band head of several b transitions in the LRMW spectrum
32

 was later found 

consistent with vinyl cis conformations but was unable to conclude about the trans or 

gauche conformations for the trifluorethoxy group. None of these studies was 

conclusive so the conformation of fluoroxene has remained unclear so far. 

The aim of the present work is to carry out an exhaustive exploration of the potential 

energy surface (PES) of fluoroxene and to unambiguously determine its conformation 

and structure in the gas phase by means of high resolution rotational spectroscopy in a 

supersonic expansion. The combination of both techniques allows studying the isolated 

molecule and the assessment of its intrinsic conformational and structural preferences.  
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Experimental and computational methods 

The rotational spectrum of fluoroxene was measured in a recently built CP-FTMW 

spectrometer at the University of the Basque Country (UPV/EHU). This instrument is 

based on the original Pate’s design
26

 and allows acquiring the rotational spectra in the 

7.0-18 GHz frequency range in a single molecular pulse. Briefly, a 1 s chirped pulse 

was generated in an Arbitrary Waveform Generator, covering 11 GHz. This broadband 

pulse was frequency-upconverted with a broadband mixer and amplified in a travelling 

wave tube amplifier (250 W). It was later broadcast inside a high vacuum chamber 

(evacuable down to 10
-6

 mbar) by using a horn antenna. The excitation induces a 

polarization, resulting in a spontaneous molecular emission signal. This emission was 

collected with the aid of a second horn antenna and sent to a digital oscilloscope with 20 

GHz bandwidth. For each chirped pulse, a 20 s time domain signal was recorded in the 

scope. In the current set-up, 10 chirped pulses were used in each molecular pulse. 

A commercial sample of fluoroxene (97%) was used without any further purification. 

The anesthetic is a very volatile liquid (vapour pressure of 381 mbar at 20ºC) with a low 

boiling point (43 ºC). The sample was prepared as a gas mixture of about 0.5% of 

fluoroxene in Ne:He (80:20) and was expanded into the spectrometer vacuum chamber 

at a stagnation pressure of  2 bar.  

Theoretical calculations supplemented the experimental work. First, a conformational 

search was accomplished using a fast molecular mechanics method (Merck Molecular 

Force Field: MMFFs
33

). Advanced Monte Carlo and large-scale low-mode 

conformational search algorithms were used to scan the conformational landscape of 

fluoroxene. Then, all structures within the 0-20 kJ mol
-1

 energy window were fully 

reoptimized using quantum chemical calculations. We compared the predictive 

Page 6 of 45Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



7 
 

capabilities of several molecular orbital methods, in particular ab initio (MP2) and 

density functional theory (B3LYP and M06-2X) models. In all cases a Pople’s triple-ζ 

6-311++G(d,p) basis set was used, as implemented in the Gaussian 09 software 

package.
34

 Relative energies, rotational and centrifugal distortion constants and dipole 

moments of the lowest lying conformers were predicted. In addition, the PES was 

evaluated with a grid of 169 calculations at MP2/6-311++G(d,p), varying the torsion 

angles C1-C2-O3-C4 and C2-O3-C4-C5 with a 15º step. Finally, we also estimated the 

isomerization barriers between different conformers at intervals of 10º at MP2/6-

311++G(d,p). 
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Results 

-Theoretical calculations 

MP2, M06-2X and B3LYP methods predict that the conformational landscape of 

fluoroxene in the 0-20 kJ mol
-1

 range exhibits the four minima of Figure 1. A 

bidimensional PES was created using the torsion angles C1-C2-O3-C4 and C2-O3-C4-C5, 

which were scanned every 15 degrees. All calculations agree that the CS-symmetry cis-

trans conformer is by far the most stable and is presumed to dominate the experimental 

rotational spectrum. The cis-gauche conformation suggested in previous works is 

predicted at an electronic energy of 7.3 kJ mol
-1

 (MP2). The trans-gauche and trans-

trans structures are predicted at electronic energies of 7.5-9.6 kJ.mol
-1

 (MP2). The 

dihedral angles of the three higher energy conformers show some distortion from the 

tetrahedral structure due to the fluorine atoms. The most relevant predicted 

spectroscopic parameters of the four conformers are shown in Table 1. 

-Rotational spectrum 

An overview of the experimental spectrum of fluoroxene in the 6.0-18 GHz region is 

presented in Figure 2 alongside the MP2 predicted spectra of the lowest-lying 

conformers. The experimental spectrum is the average of 1,675,600 accumulated 

spectra after an acquisition time of nearly 48 hours. The spectrum is very congested, 

consisting of nearly 2200 lines with a signal-to-noise ratio (SNR)  3/1. Visual 

inspection suggests that it is dominated by the most stable cis-trans species. A total of 

190 rotational transitions were fitted to a semirigid asymmetric rotor Hamiltonian in the 

Watson S-reduction.
35

 The most intense transition in the assignment (JK-1,K+1=41,3  

31,2) had a SNR  13000/1. A preliminary assignment with a set of 26 
a
R transitions 

yielded precise values of B and C rotational constants. A subsequent assignment of 43 

b transitions allowed the A rotational constant to be fitted. This permitted the 
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assignment of further transitions, including 
a
R, 

a
Q, 

b
R, 

b
Q and 

b
P branch lines. The 

determined rotational and centrifugal distortion constants are summarized in Table 2 

alongside the LRMW constants.
32

 Comparison between theory (Table 1) and 

experiment (Table 2) seems to indicate that the observed species is the cis-trans 

conformation of fluoroxene. Table 2 also displays the values of the rotational constants 

estimated in the LRMW study by Dennison et al.
32

 with discrepancies >10 MHz for the 

three rotational constants. The present study clearly improves the accuracy of the 

previous results. Relative errors are in the 0.5-0.9%, 0.4-1.6% and 0.2-1.5% ranges for 

A, B and C respectively depending on the theoretical method. The predicted rotational 

constants correspond to the equilibrium structure. The largest errors are due to the 

B3LYP calculations, while M06-2X provides the most accurate data. The full list of 

rotational transitions observed for the parent species is given as Supporting Information 

in Table S1. Comparison between the original spectrum and the result of removing the 

lines assigned to the parent species of fluoroxene is depicted in Figure 3, showing that 

the spectrum is clearly dominated by the cis-trans conformer. However, the zoom 

presented in Figure 3 shows that a large number of weaker lines (ca. 15 times weaker 

than the most intense transition of the cis-trans conformer) still remain unassigned. 

-Isotopic species and structure 

Once the transitions assigned to the parent species were discarded, a set of 

approximately 2000 weaker lines (with a SNR  3/1) remained in the spectrum. Among 

these, a total of 354 transitions were assigned to the 
13

C (natural abundance  1.1%) and 

18
O (0.2%) monosubstituted isotopologues of fluoroxene. Several a and b transitions 

of the four singly substituted 
13

C species and the 
18

O species could be fitted following 

the same procedure as in the parent species. Figure 4 displays the region of the spectrum 
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with the assignment of the 40,4  30,3 transition for the five monosubstituted species. 

All the transitions assigned to the isotopologues of fluoroxene are shown as Supporting 

Information in Tables S2-S6, and their rotational constants are summarized in Table 3. 

The isotopic data unambiguously confirm the CS conformation of the molecule, with all 

carbons and oxygen skeleton being contained in the CS plane as observed in the constant 

value of the planar moment Pc in Table 3, giving the mass extension out of the c axis. It 

may be noted that the A rotational constant of one of the isotopologues (
13

C5) is slightly 

larger than that of the parent species due to the proximity of this atom to the a principal 

axis and vibrational effects. A substitution structure (rs) (arising from Kraitchman’s 

equations)
36

 and ground-state effective (r0) coordinates were calculated from the 

rotational constants in Tables 2 and 3, assuming CS symmetry. Both structures are 

compared to the near-equilibrium (re) ab initio predictions of fluoroxene in Table 4 

(atomic coordinates in Table S7). A visual comparison between predicted (re, MP2) and 

with the different meaning of the rS (closer to the equilibrium values) and r0 (vibrational 

ground state) experimental structures is depicted in Figure 6. Figures S1 to S6 (which 

provide a 3D interactive view) display the correspondence between the rS and r0 

structures and the MP2, M06-2X and B3LYP predictions, although we are aware that 

these quantities must be compared with caution. 

After removal of the lines assigned to the isotopologues of fluoroxene, a total of 1650 

peaks with a SNR  3/1 remain unassigned in the spectrum. Attempts to assign these 

lines to the higher energy conformers of fluoroxene proved unsuccessful. Several 

molecular species may be the carriers of this spectrum, among them the fluoroxene 

dimer, fluoroxene-water complexes
37

, Van der Waals complexes with the carrier gas
38

 

or decomposition products. Another aspect that should not be overlooked is that the 

commercial sample contains 3% of impurities. As we were able to detect transitions due 
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to 
18

O species (~0.2%), many observed lines will presumably arise from sample 

impurities.  
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Discussion 

The combination of rotational data and theoretical calculations fully specified the 

molecular properties of the general anesthetic fluoroxene. A single dominant 

conformation was observed in the rotational spectrum, with no evidence of higher-

energy conformers. We observed that under isolation conditions fluoroxene adopts a 

cis-trans planar conformation of CS symmetry. This result is consistent with the 

conclusions of the infrared study of Charles et al.
30

 which predicted a planar 

conformation and the low resolution microwave study by True and Bohn,
31

 who 

proposed a cis-trans conformation. The present rotational study discards the observation 

of any cis-gauche conformation suggested previously.
32

  

The structural observations can be rationalized based on the PES of Figure 5. Molecular 

populations in a jet expansion are determined by the global topology of the PES, with 

the potential barriers between conformations determining whether collisional relaxation 

is effective in the expansion or individual minima are trapped within their potential 

wells. In the fluoroxene PES four minima are apparent. However, the most stable cis-

trans and cis-gauche conformations are connected by tiny potential barriers (3.9 kJ mol
-

1
, panel A in Figure 5), thus transferring the population to the global minimum. 

Similarly, the two trans-gauche and trans-trans species again plausibly converge in a 

single conformation because of the low interconversion barrier (2.5 kJ mol
-1

, panel D in 

Figure 5). However, the conformational relaxation by a torsion of the vinyl group like 

trans-trans to cis-trans or trans-gauche to cis-gauche exhibits larger barriers (11.1-11.5 

in panels B and C of Figure 5). Previous information on collisional relaxation in jet 

expansions suggested that barriers between 5 to 12 kJ mol
-1

 may prevent conformational 

isomerization, depending on the complexity and degrees of freedom of the PES. In 

consequence, and from the potential energy barriers to conformational interconversion, 

Page 12 of 45Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



13 
 

we can state that cis-gauche relaxes to cis-trans and trans-trans to trans-gauche upon 

supersonic expansion. A second fluoroxene conformation could be expected, conformer 

trans-gauche, but very depopulated. However, its small abundance and its small µa 

value make its spectrum difficult to be detected.
39

  

The planarity of the cis-trans molecular skeleton can be explained in terms of a possible 

conjugation between the oxygen lone pairs and the vinyl group. This resonance effect is 

strongly favored in a planar conformation, like the one observed in our experiment. 

Such planarity was observed in other vinyl ethers such as methyl vinyl ether and was 

attributed to the same conjugation phenomenon.
40,41

 Although the cis conformation of 

the vinyl group in fluoroxene may show larger steric hindrance than the trans, it is also 

the preferred form in several vinyl ethers such as methyl vinyl ether
40,41,42

 or ethyl vinyl 

ether.
43,44

 This effect was attributed to the smaller electrostatic repulsion between the 

lone pair electrons of the oxygen and the  electrons of the double bond in the cis 

configuration.
45

 

Besides fluoroxene, other halogenated ethers that also display general anesthetics 

properties were investigated in the gas phase by rotational spectroscopy. Only one 

conformer was detected for sevoflurane,
23

 whereas two conformers were observed for 

isoflurane in the gas phase. 

The absence of internal rotation hyperfine effects in the spectrum of fluoroxene can be 

explained due to the large moment of inertia of the CF3 internal rotor, for which the 

predicted internal rotation barrier is 19 kJ/mol at MP2/6-311++g(d,p) level.  

Furthermore, accurate values of the rotational and centrifugal distortion constants, 

together with the molecular structure, were determined in the present study for the first 

time, by analyzing data of the parent species and five isotopologues in natural 
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abundance. Assignments and measurements of the rotational spectra of 5 isotopologues 

of fluoroxene arising from 
13

C and 
18

O substitution in natural abundance with good 

SNR proves the sensitivity of the CP-FTMW spectrometer. The determined substitution 

(rS) and effective (r0) structures of the molecular skeleton of fluoroxene, despite not 

directly comparable with the equilibrium theoretical predictions, are in excellent 

agreement with the MP2 calculation, the discrepancies ranging between 0.0 and 2.2%. 

There are only two parameters with relative errors greater than 2%: the C4-C5 distance 

(2.0%) and the O3-C4-C5 angle (2.2%) (MP2 predictions compared to rS). These two 

parameters involve atoms (in particular, C4 and C5) lying close to one of the principal 

axes, which explains the larger uncertainties for these values.  

Finally, the present structural study serves as a basis for future microsolvation and 

molecular recognition investigations about intermolecular complexes with the aim of 

shedding light on the structure-activity relationship of this kind of drugs. 
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Scheme 1. Structure and atom numbering for the fluoroxene molecule. 
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Figure 1. Lowest-lying conformers of fluoroxene within an energy window in the 0-20 

kJ mol
-1

 range (with relative energies (MP2/6-311++G(d,p)/ZPE corrected) in kJ mol
-1

 

shown in brackets), atom labelling and principal inertial axis system (front and side 

views are displayed). The conformers are named as follows: conformation 

vinyl-conformation trifluoroethoxy. 
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Figure 2. Experimental rotational spectrum of fluoroxene and predicted MP2 spectra for 

the four lowest-lying conformers. 
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Figure 3. Comparison between the original spectrum of fluoroxene and the result of 

removing the lines assigned to conformer cis-trans, showing that the most intense lines 

correspond to this conformer. In the normalized spectrum below it can be clearly seen 

that a large number of weak rotational transitions still remain. 
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Figure 4. Assignment of the 40,4  30,3 transition for the different isotopologues of 

fluoroxene. 
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Figure 5. The ab initio (MP2/6-311++G(d,p)) PES of fluoroxene shows two wells and 

four distinct local minima. The independent variables correspond to the torsion angles 

C1-C2-O3-C4 and C2-O3-C4-C5 defined in Scheme 1 (energies in kJmol
-1

, angles in 

degrees). 
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Figure 6. Experimental structures (rS and r0) of fluoroxene compared to the ab initio 

structure (MP2/6-311++G(d,p)  level). The larger spheres (transparent and/or solid) are 

the theoretical positions, while the smaller solid spheres represent the experimental 

structures.  
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Table 1. Predicted rotational constants, dipole moment components and relative 

energies of the four lowest lying conformers of fluoroxene at MP2, M06-2X and 

B3LYP respectively. In all cases the Standard Pople’s triple-ζ 6-311++G(d,p) basis set 

was used. 

 
Conformer  

cis-trans 

Conformer  

cis-gauche 

Conformer 

trans-gauche 

Conformer 

trans-trans 

A/MHza 4393.5/4455.3/4403.1 3756.0/3781.0/3762.1 4178.4/4275.1/4301.9 4919.7/4961.1/4891.8 

B/MHz 1121.3/1122.7/1098.9 1398.7/1414.6/1356.1 1226.0/1220.6/1159.0 1011.0/1016.4/1000.0 

C/MHz 1067.5/1070.7/1048.9 1278.6/1292.6/1246.8 1189.4/1186.3/1133.9 994.0/997.8/982.5 

DJ/kHz 0.067/0.069/0.068 0.27/0.23/0.35 0.55/0.55/0.45 0.052/0.066/0.060 

DJK/kHz 1.1/1.3/1.3 0.49/0.60/0.64 -1.4/-1.6/-1.1 2.0/2.0/2.6 

DK/kHz -0.25/-0.37/-0.33 0.44/0.27/0.56 6.5/7.3/6.6 -0.80/-0.96/-1.5 

d1/Hz -3.8/-3.4/-3.8 -37.1/-27.5/-55.1 -74.3/-66.2/-49.8 -0.50/0.65/0.54 

d2/Hz 3.7/4.9/3.6 3.9/3.2/5.7 -0.20/-0.66/0.27 0.96/5.7/1.5 

Pc/uÅ 46.2/45.8/46.4 50.3/50.0/50.8 54.1/53.1/53.9 47.1/46.3/47.2 

|a|/D
b 2.2/2.3/2.2 1.4/1.5/1.5 0.7/0.7/0.8 1.8/1.8/1.7 

|b|/D 1.4/1.4/1.4 0.0/0.1/0.1 1.0/1.0/0.9 2.1/2.3/2.2 

|c|/D 0.0/0.0/0.0 1.5/1.6/1.6 1.7/1.7/1.8 0.9/0,7/0.7 

|tot|/D 2.6/2.7/2.6 2.1/2.2/2.2 2.1/2.1/2.9 2.9/3.0/2.9 

E+ZPE/kJ mol-1c 0.0/0.0/0.0 7.3/6.9/7.0 7.5/8.1/4.6 9.6/11.3/6.4 

G/kJ mol-1d 0.0/0.0/0.0 8.0/9.0/7.0 5.9/7.6/2.9 7.2/7.6/3.4 
a
 Rotational constants (A, B, C). 

b
 Electric dipole moment components (||, =a, b, c) referred to the 

principal inertial axis and total electric dipole moment; 1D≈3.33610-30 C m. 
c
 Electronic energy with 

inclusion of zero-point correction. 
d
 Gibbs free-energy at 298 K. 
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Table 2. Experimental rotational parameters of the most abundant conformation of 

fluoroxene and comparison with previous studies. 

 

This work  Dennison et al.
32

 

A/MHz
a 

4431.82253(27)
d 

4421.2(4.3) 

B/MHz 1116.736849(75) 1128.3(19.6) 

C/MHz 1065.058889(76) 1053.7(19.6) 

DJ/kHz
b
 0.06793(21)  

DJK/kHz 1.0772(13)  

DK/kHz -0.1356(40)  

d1/Hz -3.612(46)  

d2/Hz 3.028(14)  

Pc/uÅ 46.037925(36)  

N
c
  190  

σ/kHz 5.8   
a
Rotational constants (A, B, C). 

b
Watson’s S-reduction 

quartic (DJ, DJK, DK, d1, d2) centrifugal distortion 

constants and planar moment (Pc). 
c
Number of 

transitions (N) and rms deviation of the fit (σ). dStandard 

errors in parentheses in units of the last digit. 
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Table 3. Experimental rotational parameters of five isotopologues of fluoroxene 

detected in natural abundance. 

 13
C1 

13
C2 

13
C4 

13
C5 

18
O3 

A/MHz
a
 4412.97690(32)

c
 4423.94792(28) 4421.63911(18) 4432.01619(30) 4399.56060(57) 

B/MHz 1092.87428(10) 1101.629349(73) 1116.491526(68) 1113.907802(83) 1110.37107(12) 

C/MHz 1042.28334(10) 1050.865804(59) 1064.253774(64) 1062.474364(90) 1057.42050(12) 

Pc/uÅ 46.037680(49) 46.038125(32) 46.039474(30) 46.032982(41) 46.039439(59) 

N 
b
 83 81 67 72 51 

σ/kHz 5.8 5.1 3.3 4.8 5.4 
a
 Rotational constants (A, B, C) and planar moment (Pc). Centrifugal distortion constants of the minor 

isotopologues are fixed to the values of the parent species. 
b
 Number of transitions (N) and rms deviation 

of the fit (σ). c Standard errors in parentheses in units of the last digit. 
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Table 4. Substitution (rs), effective (r0) and calculated (re) structures of fluoroxene in the 

gas phase. 

 rs r0 re (MP2) 

r (C1-C2) / Å 1.335(5)a 1.343(5) 1.343 

r (C2-O3) / Å 1.365(3) 1.364(4) 1.362 

r (O3-C4) / Å 1.432(8) 1.419(5) 1.407 

r (C4-C5) / Å  1.482(7) 1.508(7) 1.512 

r (C5-F6) / Å  1.343(12) 1.347 

r (C5-F7) = r (C5-F8) / Å  1.334(3) 1.339 

  (C1-C2-O3) / deg 127.6(4) 127.2(3) 127.5 

  (C2-O3-C4) / deg 117.1(5) 116.0(3) 115.0 

  (O3-C4-C5) / deg 105.1(4) 106.8(4) 107.4 

  (C4-C5-F6) = / deg  108.8(5) 109.0 

  (F6-C5-F7) =   (F6-C5-F8) / deg  107.4(4) 107.8 

τ1=τ (C1-C2-O3-C4) / deg [180.0]b [180.0] 180.0 

τ2=τ (C2-O3-C4-C5) / deg [0.0] [0.0] 0.0 

a Errors in parentheses in units of the last digit. 
b
 Values in brackets were fixed in the fitting. 
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Table S1. Full list of rotational transitions observed (in MHz) for the parent species of 

fluoroxene. 

J’ K’-1 K’+1  J’’ K’’-1 K’’+1 obs.
a 

o.-c. 
b 

8 1 8  7 2 5 6407.5623 -0.0070 

3 1 3  2 1 2 6467.4818 -0.0025 

3 0 3  2 0 2 6542.9786 -0.0038 

3 2 2  2 2 1 6545.3498 -0.0039 

3 2 1  2 2 0 6547.7485 -0.0032 

3 1 2  2 1 1 6622.5104 -0.0026 

14 1 13  14 0 14 6783.5889 -0.0027 

11 2 10  10 3 7 7185.9314 -0.0143 

14 3 11  13 4 10 7271.0895 -0.0018 

15 1 14  15 0 15 7365.9054 -0.0104 

11 2 9  10 3 8 7610.3994 -0.0092 

2 1 2  1 0 1 7626.9890 -0.0017 

5 0 5  4 1 4 7807.0289 -0.0071 

3 3 1  4 2 2 7969.2800 -0.0071 

3 3 0  4 2 3 7978.2675 -0.0131 

16 1 15  16 0 16 8001.3530 -0.0061 

6 4 3  7 3 4 8105.2969 -0.0024 

6 4 2  7 3 5 8106.2079 -0.0055 

9 1 9  8 2 6 8298.1170 -0.0081 

8 1 7  7 2 6 8341.0917 -0.0081 

16 2 14  16 1 15 8382.1935 0.0077 

14 2 12  14 1 13 8455.1633 -0.0004 

19 2 17  19 1 18 8582.2291 0.0106 

4 1 4  3 1 3 8622.6110 -0.0049 

12 2 10  12 1 11 8650.1564 -0.0156 

17 1 16  17 0 17 8688.5664 -0.0028 

4 0 4  3 0 3 8721.1732 -0.0023 

4 2 3  3 2 2 8726.6590 -0.0050 

4 3 1  3 3 0 8728.2853 -0.0018 

4 3 2  3 3 1 8728.2853 -0.0018 

4 2 2  3 2 1 8732.6499 -0.0056 

11 2 9  11 1 10 8780.0529 0.0008 

4 1 3  3 1 2 8829.2950 -0.0048 

10 2 8  10 1 9 8923.9138 0.0083 

9 2 7  9 1 8 9075.9590 -0.0045 

8 2 6  8 1 7 9230.5879 -0.0040 

18 4 15  17 5 12 9300.8667 -0.0093 

7 2 5  7 1 6 9382.4335 -0.0049 

18 1 17  18 0 18 9425.1993 -0.0086 

15 3 12  14 4 11 9490.7339 -0.0158 

6 2 4  6 1 5 9526.5523 -0.0059 

5 2 3  5 1 4 9658.5119 0.0003 

Page 28 of 45Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



29 
 

3 1 3  2 0 2 9731.4828 -0.0025 

4 2 2  4 1 3 9774.4321 -0.0017 

3 2 1  3 1 2 9871.0754 -0.0026 

12 2 10  11 3 9 9911.0441 0.0038 

2 2 0  2 1 1 9945.8363 -0.0031 

6 0 6  5 1 5 10099.6868 -0.0083 

2 2 1  2 1 2 10100.2718 -0.0015 

3 2 2  3 1 3 10178.1388 -0.0039 

4 2 3  4 1 4 10282.1868 -0.0041 

5 4 2  6 3 3 10290.3383 -0.0152 

5 4 1  6 3 4 10290.7027 -0.0164 

5 2 4  5 1 5 10412.5935 -0.0019 

11 6 5  12 5 8 10553.3479 0.0022 

11 6 6  12 5 7 10553.3479 0.0050 

6 2 5  6 1 6 10569.5582 -0.0045 

14 7 7  15 6 10 10683.7291 -0.0070 

14 7 8  15 6 9 10683.7291 -0.0070 

9 1 8  8 2 7 10744.4276 0.0001 

9 1 8  8 2 7 10744.4276 0.0001 

7 2 6  7 1 7 10753.3299 0.0127 

5 1 5  4 1 4 10777.1580 -0.0054 

5 0 5  4 0 4 10896.9776 -0.0016 

5 2 4  4 2 3 10907.5616 -0.0063 

5 2 3  4 2 2 10919.5277 -0.0083 

8 2 7  8 1 8 10964.0827 -0.0073 

5 1 4  4 1 3 11035.4497 -0.0085 

9 2 8  9 1 9 11202.1070 0.0009 

13 2 12  12 3 9 11440.2867 -0.0016 

10 2 9  10 1 10 11467.5739 0.0047 

11 2 10  11 1 11 11760.6520 0.0042 

4 1 4  3 0 3 11811.1152 -0.0035 

11 1 11  10 2 8 11927.0634 0.0050 

12 2 11  12 1 12 12081.4649 0.0044 

13 2 11  12 3 10 12239.8142 0.0049 

13 2 12  13 1 13 12430.0655 0.0049 

7 5 2  8 4 5 12607.0387 0.0043 

7 5 3  8 4 4 12607.0387 0.0043 

10 6 4  11 5 7 12738.7377 0.0019 

14 2 13  14 1 14 12806.4230 0.0001 

6 1 6  5 1 5 12930.9926 -0.0042 

6 0 6  5 0 5 13069.8116 -0.0108 

6 5 1  5 5 0 13091.8962 0.0048 

6 5 2  5 5 1 13091.8962 0.0048 

6 4 2  5 4 1 13092.5520 0.0046 

6 4 3  5 4 2 13092.5520 0.0046 

6 3 4  5 3 3 13093.7807 0.0048 

Page 29 of 45 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



30 
 

6 3 3  5 3 2 13094.0229 0.0035 

6 2 4  5 2 3 13108.8583 -0.0031 

10 1 9  9 2 8 13169.6460 0.0029 

15 2 14  15 1 15 13210.4370 0.0056 

6 1 5  5 1 4 13240.8119 -0.0029 

3 2 2  3 0 3 13366.6374 -0.0083 

4 2 3  4 0 4 13372.1359 0.0016 

5 2 4  5 0 5 13382.7022 -0.0207 

6 2 5  6 0 6 13400.8556 -0.0088 

8 2 7  8 0 8 13471.7434 0.0030 

9 2 8  9 0 9 13531.3167 0.0094 

14 2 13  13 3 10 13543.2659 0.0003 

16 2 15  16 1 16 13641.8674 -0.0010 

12 1 12  11 2 9 13655.5661 0.0005 

17 3 15  16 4 12 13795.2119 0.0038 

5 1 5  4 0 4 13867.1136 0.0069 

17 3 14  16 4 13 13962.4294 0.0043 

17 2 16  17 1 17 14100.4103 0.0029 

2 2 1  1 1 0 14360.5015 -0.0011 

2 2 0  1 1 1 14412.7792 -0.0009 

18 2 17  18 1 18 14585.6108 0.0044 

14 2 12  13 3 11 14599.2154 -0.0006 

8 0 8  7 1 7 14728.4164 0.0114 

6 5 1  7 4 4 14790.9718 0.0033 

6 5 2  7 4 3 14790.9718 0.0033 

19 3 16  19 2 17 14909.8798 -0.0101 

9 6 3  10 5 6 14923.4116 -0.0001 

12 7 5  13 6 8 15054.9970 0.0014 

12 7 6  13 6 7 15054.9970 0.0014 

7 1 7  6 1 6 15083.9999 0.0032 

19 2 18  19 1 19 15096.9094 0.0032 

18 3 15  18 2 16 15170.2551 -0.0016 

7 0 7  6 0 6 15239.1699 0.0019 

7 2 6  6 2 5 15267.7549 0.0039 

7 6 1  6 6 0 15273.6125 -0.0001 

7 5 2  6 5 1 15274.2290 0.0015 

7 5 3  6 5 2 15274.2290 0.0015 

7 4 3  6 4 2 15275.2237 0.0036 

7 4 4  6 4 3 15275.2237 0.0036 

7 3 5  6 3 4 15277.0580 0.0045 

7 3 4  6 3 3 15277.6064 0.0053 

7 2 5  6 2 4 15301.0673 0.0022 

13 1 13  12 2 10 15320.2480 0.0029 

17 3 14  17 2 15 15415.3392 -0.0007 

7 1 6  6 1 5 15445.1918 0.0070 

11 1 10  10 2 9 15615.7749 0.0018 
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20 2 19  20 1 20 15633.6343 0.0034 

16 3 13  16 2 14 15641.2234 0.0018 

15 3 12  15 2 13 15844.9765 -0.0020 

6 1 6  5 0 5 15901.1280 0.0037 

14 3 11  14 2 12 16024.7405 -0.0004 

13 3 10  13 2 11 16179.6936 0.0002 

18 3 15  17 4 14 16218.8242 0.0115 

12 3 9  12 2 10 16310.0175 0.0001 

11 3 8  11 2 9 16416.7789 0.0014 

3 2 2  2 1 1 16490.5909 -0.0025 

10 3 7  10 2 8 16501.7619 0.0014 

9 3 6  9 2 7 16567.2875 0.0031 

8 3 5  8 2 6 16616.0035 0.0029 

3 2 1  2 1 2 16648.6296 0.0048 

7 3 4  7 2 5 16650.7115 0.0075 

6 3 3  6 2 4 16674.1728 0.0048 

5 3 2  5 2 3 16689.0182 0.0081 

4 3 1  4 2 2 16697.6027 0.0110 

3 3 0  3 2 1 16701.9529 0.0057 

4 3 2  4 2 3 16706.5450 -0.0053 

5 3 3  5 2 4 16709.8531 0.0075 

6 3 4  6 2 5 16715.6628 0.0055 

7 3 5  7 2 6 16724.9637 0.0040 

8 3 6  8 2 7 16738.8614 0.0043 

9 3 7  9 2 8 16758.5730 0.0036 

10 3 8  10 2 9 16785.4168 0.0004 

11 3 9  11 2 10 16820.8013 0.0009 

12 3 10  12 2 11 16866.1908 0.0035 

14 1 14  13 2 11 16916.5343 -0.0016 

13 3 11  13 2 12 16923.0896 0.0015 

5 5 0  6 4 3 16974.2961 -0.0011 

5 5 1  6 4 2 16974.2961 -0.0011 

15 2 13  14 3 12 16991.2010 -0.0009 

14 3 12  14 2 13 16993.0360 -0.0024 

9 0 9  8 1 8 17057.8817 0.0040 

15 3 13  15 2 14 17077.5760 -0.0035 

8 6 2  9 5 5 17107.4741 -0.0014 

8 6 3  9 5 4 17107.4741 -0.0014 

16 3 14  16 2 15 17178.2326 -0.0054 

8 1 8  7 1 7 17236.0595 0.0043 

17 3 15  17 2 16 17296.5017 -0.0052 

8 0 8  7 0 7 17404.5415 0.0062 

8 2 7  7 2 6 17446.8302 0.0021 

8 7 1  7 7 0 17455.2440 -0.0034 

8 7 2  7 7 1 17455.2440 -0.0034 

8 6 2  7 6 1 17455.8609 -0.0065 
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8 5 3  7 5 2 17456.7268 -0.0001 

8 4 4  7 4 3 17458.1619 -0.0039 

8 3 6  7 3 5 17460.7267 0.0012 

8 3 5  7 3 4 17461.8209 0.0011 

8 2 6  7 2 5 17496.5269 0.0037 

19 3 17  19 2 18 17591.5712 -0.0046 

8 1 7  7 1 6 17648.3724 0.0026 

16 2 15  15 3 12 17685.1910 -0.0023 

7 1 7  6 0 6 17915.3044 0.0060 

12 1 11  11 2 10 18081.6694 0.0008 

a
Observed frequency;  

b
Observed-Calculated  
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Table S2. Full list of rotational transitions observed (in MHz) for the 
13

C1 

monosubstituted species of fluoroxene 

J’ K’-1 K’+1  J’’ K’’-1 K’’+1 obs.
a 

o.-c. 
b 

3 0 3  2 0 2 6403.1692 -0.0017 

3 2 2  2 2 1 6405.4365 -0.0029 

3 1 2  2 1 1 6480.9811 -0.0033 

2 1 2  1 0 1 7539.8187 0.0001 

5 0 5  4 1 4 7564.7591 -0.0090 

4 1 4  3 1 3 8438.2871 -0.0010 

4 0 4  3 0 3 8534.8757 -0.0041 

4 2 3  3 2 2 8540.1310 -0.0006 

4 3 1  3 3 0 8541.6851 0.0019 

4 3 2  3 3 1 8541.6851 0.0019 

4 2 2  3 2 1 8545.8605 -0.0058 

4 1 3  3 1 2 8640.6223 -0.0032 

8 2 6  8 1 7 9257.6625 -0.0076 

6 2 4  6 1 5 9549.4089 0.0118 

3 1 3  2 0 2 9599.2919 -0.0038 

5 2 3  5 1 4 9679.0858 0.0057 

4 2 2  4 1 3 9792.8533 -0.0020 

6 0 6  5 1 5 9808.8561 0.0014 

3 2 1  3 1 2 9887.6136 -0.0010 

2 2 0  2 1 1 9960.8570 -0.0074 

2 2 1  2 1 2 10112.0598 -0.0033 

3 2 2  3 1 3 10188.2861 0.0000 

4 2 3  4 1 4 10290.1271 -0.0024 

5 2 4  5 1 5 10417.7661 0.0020 

5 1 5  4 1 4 10546.7999 -0.0001 

6 2 5  6 1 6 10571.3963 0.0083 

5 0 5  4 0 4 10664.2937 -0.0074 

5 2 4  4 2 3 10674.4315 -0.0030 

5 4 2  4 4 1 10676.8468 -0.0101 

5 4 1  4 4 0 10676.8468 -0.0101 

5 3 2  4 3 1 10677.6672 -0.0053 

5 2 3  4 2 2 10685.8835 -0.0068 

5 1 4  4 1 3 10799.6696 0.0039 

4 1 4  3 0 3 11634.4106 -0.0023 

6 1 6  5 1 5 12654.6302 0.0028 

6 0 6  5 0 5 12790.8716 -0.0149 

6 2 5  5 2 4 12808.2485 -0.0026 

6 4 2  5 4 1 12812.6388 0.0075 

6 4 3  5 4 2 12812.6388 0.0075 

6 3 4  5 3 3 12813.8139 0.0005 

6 3 3  5 3 2 12814.0423 0.0010 

6 2 4  5 2 3 12828.2693 0.0134 
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6 1 5  5 1 4 12957.9404 0.0016 

5 1 5  4 0 4 13646.3425 0.0093 

2 2 1  1 1 0 14281.1862 -0.0039 

2 2 0  1 1 1 14332.3524 -0.0025 

7 1 7  6 1 6 14761.6538 -0.0008 

7 0 7  6 0 6 14914.1138 -0.0056 

7 2 6  6 2 5 14941.4838 -0.0003 

7 5 3  6 5 2 14947.6835 0.0141 

7 5 2  6 5 1 14947.6835 0.0141 

7 4 3  6 4 2 14948.6332 0.0079 

7 4 4  6 4 3 14948.6332 0.0079 

7 3 5  6 3 4 14950.3921 0.0019 

7 3 4  6 3 3 14950.9040 0.0013 

7 2 5  6 2 4 14973.3794 -0.0008 

7 1 6  6 1 5 15115.2680 -0.0008 

6 1 6  5 0 5 15636.6565 -0.0027 

2 3 9  12 2 10 16348.1634 -0.0006 

3 2 2  2 1 1 16365.7371 0.0071 

3 2 1  2 1 2 16520.3769 0.0052 

9 3 6  9 2 7 16595.3813 0.0080 

9 0 9  8 1 8 16621.1875 -0.0069 

8 3 5  8 2 6 16642.0887 0.0010 

4 3 1  4 2 2 16720.2539 -0.0017 

4 3 2  4 2 3 16728.8143 -0.0165 

5 3 3  5 2 4 16731.9779 -0.0054 

6 3 4  6 2 5 16737.5425 -0.0031 

7 3 5  7 2 6 16746.4581 0.0063 

9 3 7  9 2 8 16778.6511 0.0066 

8 1 8  7 1 7 16867.7779 -0.0004 

8 0 8  7 0 7 17033.5313 -0.0036 

8 2 7  7 2 6 17074.0384 0.0011 

8 5 3  7 5 2 17083.5090 0.0127 

8 5 4  7 5 3 17083.5090 0.0127 

8 4 4  7 4 3 17084.8797 0.0037 

8 4 5  7 4 4 17084.8797 0.0037 

8 3 6  7 3 5 17087.3506 0.0042 

8 3 5  7 3 4 17088.3735 0.0030 

8 2 6  7 2 5 17121.6287 0.0001 

8 1 7  7 1 6 17271.4650 -0.0019 

7 1 7  6 0 6 17607.4246 -0.0027 

4 2 3  3 1 2 18424.8725 -0.0046 

a
Observed frequency;  

b
Observed-Calculated  
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Table S3. Full list of rotational transitions observed (in MHz) for the 
13

C2 

monosubstituted species of fluoroxene 

J’ K’-1 K’+1  J’’ K’’-1 K’’+1 obs.
a 

o.-c. 
b 

3 1 3  2 1 2 6380.9687 0.0007 

3 0 3  2 0 2 6455.1686 -0.0008 

3 2 2  2 2 1 6457.4486 -0.0034 

3 2 1  2 2 0 6459.7430 -0.0182 

3 1 2  2 1 1 6533.2500 -0.0036 

2 1 2  1 0 1 7576.5366 -0.0003 

5 0 5  4 1 4 7649.8983 -0.0042 

4 1 4  3 1 3 8507.2871 0.0010 

4 0 4  3 0 3 8604.1924 -0.0023 

4 2 3  3 2 2 8609.4768 -0.0021 

4 3 1  3 3 0 8611.0438 0.0035 

4 3 2  3 3 1 8611.0438 0.0035 

4 2 2  3 2 1 8615.2399 -0.0090 

4 1 3  3 1 2 8710.3111 -0.0026 

9 2 7  9 1 8 9108.9080 -0.0073 

8 2 6  8 1 7 9262.2718 -0.0082 

7 2 5  7 1 6 9412.4863 -0.0016 

3 1 3  2 0 2 9653.0917 -0.0023 

5 2 3  5 1 4 9684.8310 0.0011 

4 2 2  4 1 3 9798.9603 0.0017 

3 2 1  3 1 2 9894.0303 0.0068 

6 0 6  5 1 5 9911.6466 -0.0042 

2 2 0  2 1 1 9967.5172 0.0013 

2 2 1  2 1 2 10119.2309 0.0021 

3 2 2  3 1 3 10195.7120 -0.0008 

4 2 3  4 1 4 10297.9019 -0.0038 

5 2 4  5 1 5 10425.9822 0.0031 

6 2 5  6 1 6 10580.1357 0.0037 

5 1 5  4 1 4 10633.0432 0.0020 

5 0 5  4 0 4 10750.9142 -0.0043 

7 2 6  7 1 7 10760.5719 -0.0104 

5 2 4  4 2 3 10761.1185 0.0041 

5 4 2  4 4 1 10763.5378 -0.0146 

5 4 1  4 4 0 10763.5378 -0.0146 

5 2 3  4 2 2 10772.6341 -0.0063 

5 1 4  4 1 3 10886.7721 0.0030 

4 1 4  3 0 3 11705.2100 -0.0007 

6 1 6  5 1 5 12758.1133 0.0058 

6 0 6  5 0 5 12894.7812 -0.0080 

6 2 5  5 2 4 12912.2561 -0.0042 

6 5 1  5 5 0 12916.0387 0.0062 

6 4 2  5 4 1 12916.6775 0.0092 
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6 4 3  5 4 2 12916.6775 0.0092 

6 3 4  5 3 3 12917.8597 0.0027 

6 3 3  5 3 2 12918.0886 0.0017 

6 1 5  5 1 4 13062.4598 0.0072 

5 1 5  4 0 4 13734.0565 -0.0005 

2 2 1  1 1 0 14322.6859 0.0002 

2 2 0  1 1 1 14374.0262 -0.0004 

8 0 8  7 1 7 14478.4136 0.0058 

7 1 7  6 1 6 14882.3704 0.0012 

7 0 7  6 0 6 15035.2868 -0.0007 

7 2 6  6 2 5 15062.8220 0.0025 

7 4 4  6 4 3 15070.0130 0.0074 

7 4 3  6 4 2 15070.0130 0.0074 

7 3 5  6 3 4 15071.7833 0.0033 

7 3 4  6 3 3 15072.3000 0.0031 

7 2 5  6 2 4 15094.9102 0.0001 

7 1 6  6 1 5 15237.1772 -0.0099 

6 1 6  5 0 5 15741.2475 0.0015 

3 2 2  2 1 1 16424.3917 0.0012 

14 1 14  13 2 11 16565.2264 0.0004 

3 2 1  2 1 2 16579.5690 0.0015 

7 3 4  7 2 5 16686.5397 -0.0049 

5 3 2  5 2 3 16723.4583 -0.0002 

4 3 1  4 2 2 16731.7291 0.0028 

4 3 2  4 2 3 16740.3442 -0.0098 

6 3 4  6 2 5 16749.1247 0.0020 

8 3 6  8 2 7 16771.4810 0.0078 

9 0 9  8 1 8 16777.0605 -0.0015 

9 3 7  9 2 8 16790.4783 0.0075 

8 1 8  7 1 7 17005.7212 -0.0008 

8 0 8  7 0 7 17171.9448 -0.0012 

8 2 7  7 2 6 17212.6994 0.0050 

8 4 4  7 4 3 17223.6048 0.0038 

8 4 5  7 4 4 17223.6048 0.0038 

8 3 6  7 3 5 17226.0824 -0.0020 

8 3 5  7 3 4 17227.1207 0.0031 

8 2 6  7 2 5 17260.5719 -0.0026 

8 1 7  7 1 6 17410.7793 -0.0031 

7 1 7  6 0 6 17728.8279 0.0021 

a
Observed frequency;  

b
Observed-Calculated  
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Table S4. Full list of rotational transitions observed (in MHz) for the 
18

O3 

monosubstituted species of fluoroxene 

J’ K’-1 K’+1  J’’ K’’-1 K’’+1 obs.
a 

o.-c. 
b 

3 1 3  2 1 2 6423.5394 -0.0020 

3 0 3  2 0 2 6500.8317 0.0004 

3 2 2  2 2 1 6503.3425 0.0012 

3 2 1  2 2 0 6505.8948 0.0168 

3 1 2  2 1 1 6582.3800 -0.0075 

2 1 2  1 0 1 7571.8102 -0.0035 

5 0 5  4 1 4 7767.5153 -0.0023 

4 1 4  3 1 3 8563.9844 -0.0014 

4 0 4  3 0 3 8664.8108 -0.0018 

4 2 3  3 2 2 8670.6201 -0.0003 

4 2 2  3 2 1 8676.9576 -0.0005 

5 2 3  5 1 4 9574.5493 0.0073 

3 1 3  2 0 2 9660.4038 -0.0045 

4 2 2  4 1 3 9692.8760 -0.0002 

3 2 1  3 1 2 9791.6662 -0.0096 

2 2 0  2 1 1 9868.1784 -0.0072 

2 2 1  2 1 2 10026.4035 0.0007 

6 0 6  5 1 5 10048.3016 0.0025 

4 2 3  4 1 4 10212.8355 -0.0015 

5 2 4  5 1 5 10346.4927 -0.0010 

5 1 5  4 1 4 10703.8095 -0.0040 

5 0 5  4 0 4 10826.2647 -0.0032 

5 2 4  4 2 3 10837.4663 -0.0038 

5 2 3  4 2 2 10850.1235 -0.0052 

5 1 4  4 1 3 10968.4698 0.0067 

4 1 4  3 0 3 11723.5594 -0.0035 

7 0 7  6 1 6 12344.6289 -0.0123 

6 0 6  5 0 5 12984.6032 0.0083 

6 2 5  5 2 4 13003.7846 0.0016 

6 4 2  5 4 1 13008.6485 0.0076 

6 3 3  5 3 2 13010.1999 0.0034 

6 2 4  5 2 3 13025.8805 -0.0024 

5 1 5  4 0 4 13762.5728 0.0089 

2 2 0  1 1 1 14309.6639 0.0006 

8 0 8  7 1 7 14653.2266 -0.0040 

7 1 7  6 1 6 14981.0825 -0.0004 

7 0 7  6 0 6 15139.2296 -0.0001 

7 2 6  6 2 5 15169.4533 0.0011 

7 3 5  6 3 4 15179.2942 0.0064 

7 3 4  6 3 3 15179.8924 0.0066 

7 2 5  6 2 4 15204.6765 0.0015 

7 1 6  6 1 5 15351.1283 -0.0006 
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6 1 6  5 0 5 15779.1752 -0.0082 

3 2 2  2 1 1 16370.9049 0.0124 

3 2 1  2 1 2 16532.9146 -0.0004 

8 1 8  7 1 7 17118.2870 -0.0001 

8 0 8  7 0 7 17289.6709 -0.0014 

8 2 7  7 2 6 17334.3699 -0.0013 

8 3 6  7 3 5 17349.0617 0.0028 

8 1 7  7 1 6 17540.6813 -0.0005 

7 1 7  6 0 6 17775.6639 -0.0075 

a
Observed frequency;  

b
Observed-Calculated  
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Table S5. Full list of rotational transitions observed (in MHz) for the 
13

C4 

monosubstituted species of fluoroxene 

J’ K’-1 K’+1  J’’ K’’-1 K’’+1 obs.
a 

o.-c. 
b 

3 1 3  2 1 2 6463.4831 -0.0010 

3 0 3  2 0 2 6539.7710 -0.0008 

3 2 1  2 2 0 6544.6585 -0.0012 

3 1 2  2 1 1 6620.1878 -0.0043 

2 1 2  1 0 1 7614.3904 -0.0016 

5 0 5  4 1 4 7813.7530 -0.0087 

4 1 4  3 1 3 8617.2646 -0.0007 

4 0 4  3 0 3 8716.8262 0.0005 

4 2 3  3 2 2 8722.4557 0.0049 

4 3 1  3 3 0 8724.1119 -0.0031 

4 3 2  3 3 1 8724.1119 -0.0031 

4 1 3  3 1 2 8826.1888 0.0013 

7 2 5  7 1 6 9347.6773 -0.0067 

6 2 4  6 1 5 9492.8584 0.0021 

5 2 3  5 1 4 9625.9168 -0.0010 

3 1 3  2 0 2 9717.0002 -0.0019 

4 2 2  4 1 3 9742.9121 0.0016 

3 2 1  3 1 2 9840.5087 0.0011 

2 2 0  2 1 1 9916.0386 -0.0012 

2 2 1  2 1 2 10072.1412 0.0027 

6 0 6  5 1 5 10106.3129 -0.0056 

3 2 2  3 1 3 10150.8565 -0.0002 

4 2 3  4 1 4 10256.0450 0.0029 

5 2 4  5 1 5 10387.8762 -0.0001 

6 2 5  6 1 6 10546.5699 -0.0002 

5 1 5  4 1 4 10770.4503 0.0017 

5 0 5  4 0 4 10891.4316 -0.0001 

5 2 4  4 2 3 10902.2895 0.0066 

5 2 3  4 2 2 10914.5417 -0.0046 

5 1 4  4 1 3 11031.5366 -0.0022 

4 1 4  3 0 3 11794.4966 0.0008 

6 1 6  5 1 5 12922.9020 0.0011 

6 0 6  5 0 5 13063.0132 0.0078 

6 2 5  5 2 4 13081.6029 0.0082 

6 2 4  5 2 3 13103.0074 0.0009 

6 1 5  5 1 4 13236.0674 -0.0007 

5 1 5  4 0 4 13848.1271 0.0084 

2 2 1  1 1 0 14329.1499 0.0026 

2 2 0  1 1 1 14381.9981 -0.0013 

7 1 7  6 1 6 15074.4994 -0.0005 

7 0 7  6 0 6 15230.9994 0.0012 

7 2 6  6 2 5 15260.2844 0.0018 
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7 3 4  6 3 3 15270.3817 -0.0003 

7 2 5  6 2 4 15294.4149 0.0016 

7 1 6  6 1 5 15439.5881 0.0026 

6 1 6  5 0 5 15879.5878 0.0000 

3 2 2  2 1 1 16457.6286 0.0007 

8 3 5  8 2 6 16565.5689 -0.0013 

7 3 4  7 2 5 16601.1083 0.0047 

3 2 1  2 1 2 16617.4137 0.0010 

6 3 3  6 2 4 16625.1342 -0.0006 

5 3 2  5 2 3 16640.3380 -0.0002 

3 3 0  3 2 1 16653.5852 -0.0061 

4 3 2  4 2 3 16658.3087 -0.0005 

5 3 3  5 2 4 16661.6831 -0.0035 

6 3 4  6 2 5 16667.6446 0.0025 

9 0 9  8 1 8 17064.0736 0.0014 

8 1 8  7 1 7 17225.1350 -0.0015 

8 0 8  7 0 7 17394.9151 -0.0054 

8 2 7  7 2 6 17438.2442 0.0007 

8 4 4  7 4 3 17449.8616 -0.0006 

8 4 5  7 4 4 17449.8616 -0.0006 

8 3 6  7 3 5 17452.4759 -0.0031 

8 3 5  7 3 4 17453.6159 0.0001 

8 2 6  7 2 5 17489.1502 0.0010 

8 1 7  7 1 6 17641.8841 -0.0029 

7 1 7  6 0 6 17891.0777 -0.0045 

a
Observed frequency;  

b
Observed-Calculated  
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Table S6. Full list of rotational transitions observed (in MHz) for the 
13

C5 

monosubstituted species of fluoroxene 

J’ K’-1 K’+1  J’’ K’’-1 K’’+1 obs.
a 

o.-c. 
b 

3 1 3  2 1 2 6451.6177 0.0034 

3 0 3  2 0 2 6526.7651 -0.0013 

3 2 2  2 2 1 6529.1088 -0.0042 

3 2 1  2 2 0 6531.4843 -0.0020 

3 1 2  2 1 1 6605.9071 -0.0023 

2 1 2  1 0 1 7619.4274 -0.0035 

5 0 5  4 1 4 7776.0458 0.0012 

4 1 4  3 1 3 8601.4617 -0.0010 

4 0 4  3 0 3 8699.5823 -0.0006 

4 2 3  3 2 2 8705.0191 0.0045 

4 3 1  3 3 0 8706.6260 0.0056 

4 3 2  3 3 1 8706.6260 0.0056 

4 2 2  3 2 1 8710.9427 -0.0016 

4 1 3  3 1 2 8807.1683 -0.0007 

10 2 8  10 1 9 8936.0578 0.0095 

7 2 5  7 1 6 9393.7015 -0.0051 

3 1 3  2 0 2 9718.8750 -0.0013 

4 2 2  4 1 3 9784.2530 -0.0006 

3 2 1  3 1 2 9880.4592 -0.0190 

2 2 0  2 1 1 9954.9043 0.0029 

6 0 6  5 1 5 10062.8572 -0.0095 

2 2 1  2 1 2 10108.6079 0.0000 

3 2 2  3 1 3 10186.1084 0.0016 

4 2 3  4 1 4 10289.6638 0.0052 

5 2 4  5 1 5 10419.4420 0.0027 

6 2 5  6 1 6 10575.6617 0.0086 

5 1 5  4 1 4 10750.7361 0.0029 

7 2 6  7 1 7 10758.5144 -0.0085 

5 0 5  4 0 4 10870.0370 0.0025 

5 2 4  4 2 3 10880.5088 -0.0050 

5 4 2  4 4 1 10883.0137 -0.0094 

5 4 1  4 4 0 10883.0137 -0.0094 

5 2 3  4 2 2 10892.3605 0.0015 

5 1 4  4 1 3 11007.8098 0.0030 

4 1 4  3 0 3 11793.5721 -0.0006 

7 0 7  6 1 6 12365.1883 0.0049 

6 1 6  5 1 5 12899.2887 -0.0077 

6 0 6  5 0 5 13037.5616 0.0063 

6 2 5  5 2 4 13055.5062 -0.0042 

6 4 2  5 4 1 13060.0504 0.0055 

6 4 3  5 4 2 13060.0504 0.0055 

6 3 4  5 3 3 13061.2648 0.0024 
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6 3 3  5 3 2 13061.5117 0.0096 

6 2 4  5 2 3 13076.2001 0.0065 

6 1 5  5 1 4 13207.6431 -0.0081 

5 1 5  4 0 4 13844.7231 0.0001 

2 2 1  1 1 0 14358.4978 -0.0012 

2 2 0  1 1 1 14410.5269 0.0010 

8 0 8  7 1 7 14679.8818 0.0012 

7 1 7  6 1 6 15047.0335 -0.0006 

7 0 7  6 0 6 15201.6126 -0.0005 

7 2 6  6 2 5 15229.9034 -0.0005 

7 2 5  6 2 4 15262.8737 -0.0041 

7 1 6  6 1 5 15406.5199 0.0005 

3 2 2  2 1 1 16483.4233 0.0023 

3 2 1  2 1 2 16640.6954 0.0076 

5 3 2  5 2 3 16703.6716 0.0007 

4 3 1  4 2 2 16712.1629 -0.0022 

4 3 2  4 2 3 16721.0296 -0.0022 

6 3 4  6 2 5 16730.0458 0.0012 

8 3 6  8 2 7 16753.0071 -0.0012 

9 0 9  8 1 8 17003.5568 0.0006 

8 1 8  7 1 7 17193.8388 -0.0009 

8 0 8  7 0 7 17361.7321 0.0008 

8 2 7  7 2 6 17403.5876 -0.0072 

8 4 4  7 4 3 17414.8094 -0.0002 

8 4 5  7 4 4 17414.8094 -0.0002 

8 3 6  7 3 5 17417.3553 0.0040 

8 3 5  7 3 4 17418.4289 0.0006 

8 2 6  7 2 5 17452.7842 -0.0013 

8 1 7  7 1 6 17604.2157 0.0003 

7 1 7  6 0 6 17883.4649 0.0009 

a
Observed frequency;  

b
Observed-Calculated  
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Table S7. Cartesian coordinates (Å) of fluoroxene atoms for the different structural 

determinations 

 rS
a
 r0 re 

 a/ b/ c a/ b/ c a/ b/ c 

C1 3.1484(5)
b
/0.710(2)/[0.000]

c 
3.152(2)/0.713(3)/[0.000] 3.026/0.659/0.000 

C2 2.4962(6)/-0.456(3)/[0.000] 2.501(2)/-0.461(4)/[0.000] 2.368/-0.512/0.000 

O3 1.1454(13)/-0.654(2)/[0.000] 1.151(3)/-0.655(3)/[0.000] 1.020/-0.705/0.000 

C4 0.316(5)/0.514(3)/[0.000] 0.354(6)/0.519(3)/[0.000] 0.249/0.472/0.000 

C5 -1.0746(14)/0.000(1)/[0.000] -1.085(5)/0.068(8)/[0.000] -1.205/0.060/0.000 

F6  -1.878(6)/1.152(3)/ [0.000] -1.974/1.167/0.000 

F7  -1.390(6)/-0.650(3)/1.081(3) -1.523/-0.660/1.083 

F8  -1.390(6)/-0.650(3)/-1.081(3) -1.523/-0.660/-1.083 

a
Substitution (rS), effective (r0) and ab initio (MP2/6-311++G(d,p)) equilibrium (re) structures 

b Standard 

errors in parentheses in units of the last digit. 
c
 Values in brackets were fixed in the fitting. 
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