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Abstract

Gas phase homodimers of 3,3,3-trifluoro-1,2-epoxypropane (TFO), a molecule which has shown 

promise as an effective chiral tag for determining the absolute stereochemistry and the 

enantiomeric composition of chiral analytes, are explored using a variety of quantum chemistry 

models and rotational spectroscopy.  The potential surface governing the interaction of the two 

molecules is rapidly explored using the artificial bee colony algorithm for homodimer candidates 

that are subsequently optimized by quantum chemistry methods.  Although all model chemistries 

employed agree that the lowest energy form of the heterochiral homodimer of TFO (RS or SR) is 

lower in energy than that of the homochiral dimer (RR or SS), the energy spacings among the 

lower energy isomers of each and indeed the absolute energy ordering of the isomers of each are 

very model dependent.  The experimental results suggest that the B3LYP-D3BJ/def2-TZVP 

model chemistry is the most reliable and provides excellent estimates of spectroscopic constants.  

In accord with theoretical predictions the non-polar lowest energy form of the heterochiral 

homodimer is not observed, while two isomers of the homochiral dimer are observed and 

spectroscopically characterized.  Observation and assignment of the spectra for all three unique 

singly-substituted 13C isotopologues, in addition to that of the most abundant isotopologue for 

the lowest energy isomer of the homochiral homodimer of TFO, provide structural information 

that compares very favorably with theoretical predictions, most notably that the presence of three 

fluorine atoms on the trifluoromethyl group removes their direct participation in the 

intermolecular interactions, which instead comprise two equivalent pairs of CH···O hydrogen 

bonds between the two epoxide rings augmented by favorable dispersion interactions between 

the rings themselves.
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I. Introduction

Recently, the phenomenon of chiral recognition, where the manner of interaction of one 

chiral species with another depends on the relative handedness of the two,1-2 is being developed 

into an analytical tool for the determination of not only enantiomeric excess, but also the 

absolute stereochemistry of a sample.3-8  This method, known as chiral tagging, relies on the 

conversion of enantiomers, which have identical microwave rotational spectra, into 

spectroscopically distinct and readily identifiable diastereomers upon complexation via non-

covalent interactions to form a heterodimer with a tag molecule of known chirality.  

The success of the chiral tagging method relies on the availability of suitable chiral tags.  

Three small molecules, 3,3,3-trifluoro-1,2-epoxypropane [CH2CH(CF3)O], 3,3-difluoro-1,2-

epoxypropane [CH2CH(CHF2)O], and 3-fluoro-1,2-epoxypropane [CH2CH(CH2F)O], also 

known as 2-(trifluoromethyl)-oxirane, 2-(difluoromethyl)-oxirane, and 2-(fluoromethyl)-oxirane 

and abbreviated as TFO, DFO, and FO, respectively, are among those that have been found to be 

potentially useful.  They have strong and simple microwave spectra (i.e., without hyperfine 

structure, internal rotation, or tunneling motion), their structures have been determined through a 

combination of experimental data and theoretical calculations, and their ability to participate in 

non-covalent interactions has been observed through the rotational spectra of their argon 

complexes.9-11  The availability of multiple functional groups – electronegative O and F atoms 

and electropositive H atoms – should facilitate intermolecular interactions between each of these 

molecules and chiral analytes.  Here, we use TFO as a chiral tag to explore its utility in providing 

the absolute configuration of a chiral molecule, and the species to be tagged is TFO itself.  In 

other words, this is a self-tagging experiment where we employ a racemic mixture of TFO and 

explore the rotational spectroscopy of homochiral and heterochiral dimers of TFO.
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The existence of multiple functional groups points to a rather complicated complex-

forming landscape; thus, we must turn to theoretical methods to guide our spectral assignments.  

We have employed several computational methods and will compare the results with our 

experimental findings in an effort to determine the ones that can well predict both the relative 

energies and the isomers of a complex formed by small organic molecules. 

II. Theoretical Calculations

As indicated previously, the presence of electronegative O and F atoms and 

electropositive H atoms in TFO may lead to the existence of many stable isomers for (TFO)2.  

Consequently, it is important that the configuration space available to the two subunits is 

carefully and efficiently explored to identify candidates for possible isomers.  We found the 

ABCluster program, developed by Zhang and Dolg, which uses the artificial bee colony 

algorithm,12-13 to be effective for this work.  A set of 30 structures for each type of dimer – 

homochiral and heterochiral (TFO)2 – was identified by the program, and each structure was then 

optimized to minimize the energy using density functional theory (DFT) as implemented in 

GAUSSIAN 16.14  All the GAUSSIAN calculations reported here are complete optimizations 

where all structural parameters are floated.  The subunits are not restricted to their average or 

equilibrium monomeric structure. 

The B3LYP functional with the def2-TZVP basis set15 was employed with the addition of  

D3 dispersion correction with Becke-Johnson (BJ) damping.16 Indeed, all DFT calculations 

presented here include this dispersion correction.  The initial set of 30 structures converged to 

roughly a dozen unique minimum energy structures after the DFT calculations.  The three lowest 

energy structures are labeled (i) – (iii) for homochiral (TFO)2 and (iv) – (vi) for heterochiral 

(TFO)2, and are shown in Fig. 1, with important intermolecular interactions and their lengths 
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labeled.  The atomic positions for each isomer in its principal axis system are available as 

Supporting Information.

Isomers (i) – (iii) in Fig. 1 show homochiral (TFO)2 as formed by two (S)-TFO subunits; 

those formed by two (R)-TFO subunits are simply the mirror images of these structures and have 

the same intermolecular interactions.  In Isomer (i), each O atom in one subunit interacts with 

two H atoms in the other subunit, while in Isomers (ii) and (iii), each O atom interacts with only 

one H atom, and the third interaction is an F···H bond.  A noncovalent interaction (NCI) 

analysis17 performed using Multiwfn18 and visualized in Fig. 2 using Chimera19 confirms the 

conclusions reached on the basis of the interatomic distances shown in Fig. 1, and in addition 

reveals the existence of attractive dispersion interactions between the two epoxide rings for each 

isomer.  An intramolecular CF···H hydrogen bond is found in each monomer as well as what 

appears to be exchange repulsion between the same fluorine atom and the pseudo-π electron 

density of the ring C–C bond.

To gain a better understanding of the efficacy of different theoretical methods, these six 

structures were optimized using the same functional (B3LYP-D3), but with two different 

additional basis sets [6-311++G(p,d), and 6-311++G(2p,2d)] and also via the ab initio MP2 level 

of theory utilizing all three basis sets. This last method is chosen here because when used in 

conjunction with the 6-311++G(2p,2d) basis set it has proven to be an adequate method for the 

smaller complexes studied at Amherst.20  These calculations were also carried out using 

GAUSSIAN 16.14  The relative zero-point corrected energies, rotational constants, and 

magnitudes of the dipole moment components resulting from each method are listed in Tables 1 

and 2, respectively, for three isomers of homochiral and of heterochiral (TFO)2.  To further 

investigate the significance of basis set superposition error (BSSE) in the theoretical calculations, 
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we carried out additional calculations using the counterpoise correction21-22 (at each point of the 

optimization) and these relative zero-point corrected energies are also listed in Tables 1 and 2 for 

each method.  The rotational constants, and dipole moment components from the BSSE-

corrected calculations are included in the Supporting Information, together with those from the 

uncorrected calculations for comparison.  

All of the MP2 calculations as well as the B3LYP-D3/def2-TZVP calculation, with or 

without the inclusion of BSSE correction, agree on Isomer (i) being the global minimum 

structure for the homochiral case.  These same methods, again regardless of the BSSE correction, 

predict that the zero-point corrected energies of Isomers (ii) and (iii) are either higher (at least 32 

cm–1) than Isomer (i), or in the case of MP2/def2-TZVP (BSSE corrected or not) and BSSE 

corrected MP2/6-311++G(p,d) that Isomer (ii) is not a stable minimum on the surface, 

optimizing instead to Isomer (i).  Typically in an expansion using argon as a carrier gas, unless 

the barriers between isomers are fairly large, only the lowest energy isomer of a complex is 

observed, although there are exceptions.23-25 Thus, based on these model chemistries, in an argon 

expansion we should expect to observe Isomer (i) experimentally, and the other isomers are 

likely too high in energy to observe, although they might be seen using helium or neon as the 

carrier gas.

In contrast, it is difficult to see any consistency in the energy ordering among these three 

isomers when using the B3LYP-D3 functional with the 6-311++G(p,d) and 6-311++G(2p,2d) 

basis sets.  B3LYP-D3/6-311++G(p,d) predicts Isomer (iii) as the global minimum and Isomer 

(ii) as the highest energy of the three both with or without BSSE correction, but the energies of 

Isomers (i) and (ii) relative to Isomer (iii) are lowered (15 – 17 cm–1) by the inclusion of the 

correction, making Isomer (i) nearly isoenergetic with Isomer (iii).  B3LYP-D3/6-
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311++G(2p,2d) predicts Isomer (iii) as the global minimum without BSSE corrections with 

Isomer (i) 3.5 cm–1 higher in energy, but reverses the order and increases the separation to 22 

cm–1 with the correction and results in Isomers (ii) and (iii) having similar energies.  Thus, these 

calculations would suggest that there is a good chance, although not a certainty, of observing 

Isomer (iii) in addition to Isomer (i) experimentally.

The interactions in the three lowest energy isomers for heterochiral (TFO)2, (S)-TFO–(R)-

TFO, are similar to those for their homochiral counterpart as revealed by both interatomic 

distances (Fig. 1) and the NCI analysis (Fig. 2).  Specifically, in Isomer (iv), each O atom 

interacts with two H atoms in the other subunit, while Isomers (v) and (vi) show each O atom 

interacting with one H atom with the subunits oriented to allow for an F···H interaction.  All of 

the computational methods (uncorrected for BSSE) show that Isomer (vi) is much higher in 

energy compared to (iv) and (v).   Isomer (iv) has no dipole moment and is not observable while 

Isomer (v) is polar, but has a smaller dipole moment than any of the three homochiral (TFO)2 

dimers listed in Table 1.  Similar to the homochiral dimer, for two of the model chemistries 

[MP2/def2-TZVP and MP2/6-311++G(p,d)], Isomer (v) is not a stable minimum, converging to 

Isomer (iv) upon optimization.  Ultimately, no spectra for any isomers of the heterochiral dimer 

were observed, making it impossible to provide any experimental evidence for the energy 

ordering of the isomers. 

III. Experiment

The rotational spectrum of (TFO)2 was collected using four different spectrometers, 

located at Amherst College, University of Alberta, and Deutsches Elektronen-Synchrotron 

(DESY), covering the region from 2 GHz up to 18.1 GHz for Isomer (i) (and 2 – 8 GHz for its 

minor isotopologues) and up to 20.0 GHz for Isomer (iii).  At Amherst, the vapor pressure over a 
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room-temperature liquid sample of TFO (SynQuest Laboratories, Achala, FL) was used to form 

a 1% gas mixture, in argon and first run neon, respectively, for the detection of Isomers (i) and 

(iii).  With a backing pressure of 1 – 2 atm, the spectrum was collected from 6.0 GHz to 18.1 

GHz using a broadband, chirped pulse Fourier transform microwave spectrometer26-28 and 6.0 – 

20.0 GHz using a narrow band, Balle-Flygare spectrometer.27, 29  The broadband spectrometer 

utilizes two pulsed valves, each with a 0.8 mm diameter nozzle.  After expansion through the 

pulsed valve, the sample is polarized using a chirped microwave polarization pulse of 4 μs 

duration and 20 – 25 W of power.  Four separately acquired segments of 2.0 or 4.0 GHz 

bandwidth are obtained by mixing the output of an arbitrary waveform generator (AWG) with 

carrier frequencies of 10.6, 12.6, 14.6, or 18.6 GHz (generated using phase locked dielectric 

resonator oscillators) and isolating the lower sideband.  The resulting free induction decay (FID) 

is digitized at 50 Gs s–1 for 10 μs beginning 0.5 μs after the end of the excitation pulse.  Ten FIDs 

are collected during each 800 μs opening of the pulsed valves, which operate at 4 Hz.  618,000 to 

900,000 FIDs are averaged for each segment, and as described previously,27 the average is 

Fourier transformed to give a frequency domain spectrum with a resolution element of 23.84 

kHz and typical line widths (FWHM) of 200 kHz.  This allows us to assign line centers with an 

estimated measurement uncertainty of 10 to 20 kHz.  The narrow band instrument uses only one 

pulsed valve.  The background-corrected time domain signals spectra are digitized for 1024 data 

points and zero-filled to a 2048-point record length before Fourier transformation to give a 

frequency domain signal with a resolution element of 4.8 kHz and an estimated measurement 

uncertainty of 2 kHz.

A chirped-pulse microwave spectrum was obtained at the University of Alberta30-31 using 

mixtures of 0.1% TFO in helium and also in neon with backing pressures similar to those at 
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Amherst, but utilizing only one pulsed valve operating at 2.5 Hz.  These spectra are obtained 

from 2.0 – 6.0 GHz using direct generation of the 1.0 µs polarizing pulse via an AWG which is 

amplified to approximately 400 W with a traveling wave tube (TWT) amplifier.  The resulting 

FID is digitized at 25 Gs s–1 for 20 µs, with 6 FIDs obtained per gas pulse, and 650,000 to 

732,000 FIDs are averaged prior to Fourier transformation to give a frequency domain spectrum 

with a resolution element of 25 kHz, linewidths of approximately 120 kHz (FWHM), and an 

estimated measurement uncertainty of 12.5 kHz.  At DESY32 a 2.0 – 8.0 GHz chirped pulse 

spectrum was obtained by flowing neon with a backing pressure of 2.5 atm over a heated 

reservoir containing liquid TFO.  The 4.0 µs polarization pulse covering 2.0 – 8.0 GHz, 

generated via direct digital synthesis with an AWG, is obtained from the output of a 300 W TWT 

amplifier.  The FIDs are digitized at 25 Gs s–1 for 40 µs, and 7,200,000 averages are obtained 

before Fourier transformation.  These spectra have a resolution element of 12.5 kHz, a 60 kHz 

linewidth (FWHM), and a measurement uncertainty of approximately 6 kHz.

IV. Results

A. Spectral Analysis

We initially took the chirped pulse spectrum of (TFO)2 at Amherst using argon as a 

carrier gas and were unable to assign transitions to any species, but spectra from the Alberta 

instrument, in a helium expansion, allowed us to do so for Isomer (iii) of homochiral (TFO)2.  

The spectrum was then further refined at DESY through deep averaging.  Using the DESY 

spectrum and with the prediction using ABCluster of isomers that had been previously missed, in 

addition to Isomer (iii), we were able to assign transitions to Isomer (i) for the first time.  

Thereafter, we were able to identify lines due to this species in the Alberta and Amherst chirped 

pulse spectra.  Puzzled by the absence of Isomer (iii) in the Amherst spectrum, we turned to the 
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higher resolution and higher sensitivity Balle-Flygare instrument, and discovered that with 

extensive signal averaging at known frequencies,  transitions for Isomer (iii) could be observed 

with very low intensity, which became much stronger when argon is replaced by first run neon, 

suggesting that Isomer (iii) is higher in energy than Isomer (i) and explaining why we could not 

observe it in the Amherst chirped pulse spectrum.

 Because much more signal averaging was performed in obtaining the DESY spectrum 

than the Alberta spectrum, our final data analyses, using Kisiel’s AABS package,33-34 for both 

isomers [(i) and (iii)] utilize transitions measured from the former for the lower frequency range 

(2 – 8 GHz).  For higher frequencies (8 – 18 GHz), the Amherst data are used. 

For the spectrum of Isomer (i) of homochiral (TFO)2, only b type transitions were 

observed, a result of the existence of a C2 rotational axis in the species.  With a predicted dipole 

moment of about 3 D, these transitions are experimentally quite intense.  Fig. 3(a) shows a 40 

MHz portion of the spectrum containing the Ka = 5 - 4 Q branch with transitions arising from J = 

5 to 18.  The simulated spectrum appears in Fig. 3(b).  For the most abundant species, transitions 

from 2 to 8 GHz, measured using the DESY data, and those from 8 to 18 GHz, obtained at 

Amherst, were first separately analyzed using the Watson A-reduced Hamiltonian35 in the Ir 

representation with Pickett’s nonlinear least squares SPFIT program.36  After the weight of each 

set of lines was adjusted to be the same as the standard deviation of each separate fit, the lines 

were combined to give a global fit.  There are a total of 561 transitions, sampling a J range of 1 – 

29 and a Ka range of 0 – 9.   The spectroscopic constants (with uncertainties adjusted using 

Kisiel’s PIFORM program33) are reported in Table 3.

Because of the symmetry of Isomer (i), there are only three unique isotopologues singly 

substituted with 13C, and they are observed in the DESY spectrum.  We assigned 68 – 79 b type 
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transitions for each isotopologue, sampling J from 1 or 2 up to 15 or 16 and Ka from 0 to at least 

4.  These spectra were also analyzed with the Watson A-reduced Hamiltonian35 in the Ir 

representation and Pickett’s nonlinear SPFIT program,36 and the spectroscopic constants are 

listed in Table 3.

For each of the four isotopologues of Isomer (i), we determined three rotational constants 

and five quartic centrifugal distortion constants.  The rms deviation is between 3.8 and 7.2 kHz, 

commensurate with the resolution element of the spectrometers (at DESY and Amherst).  Tables 

of observed and calculated transition frequencies with assignments for all isotopologues studied 

are in the Supporting Information.  

According to theory (Table 1), Isomer (iii) has a smaller dipole moment than Isomer (i).  

Additionally, the a dipole moment component (~2 D) is greater than the c component (~0.6 – 0.8 

D) while the b component is very small (0.1 – 0.3 D).  It is therefore not surprising that the 

transitions observed for this species were in general weaker than those for Isomer (i).  In fact, 

despite careful searching for b-type transitions using the cavity spectrometer, we were able to 

observe only a and c type transitions of the most abundant isotopologue totaling 284 transitions.  

These transitions also sample large J and Ka ranges (J = 1 – 18 and Ka = 0 – 8).  The transitions 

from 2 – 6 GHz (DESY data) and from 6 – 20 GHz (Amherst narrowband data) were initially 

analyzed separately, as we did with the most abundant isotopologue of Isomer (i), using the 

Watson A-reduced Hamiltonian35 in the Ir representation and Pickett’s nonlinear SPFIT 

program.36  After adjusting the weights of the two sets of lines with their respective rms 

uncertainties from the two separate fits, a global fit was carried out, yielding three rotational 

constants, five quartic centrifugal distortion constant, and five sextic centrifugal distortion 

constants.  We attribute the need for higher order centrifugal distortion constants in fitting 
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transitions in this isomer as likely arising from it being of higher energy, and therefore less 

strongly bound than Isomer (i).  The rms deviation of the fit is 3.63 kHz.  The spectroscopic 

constants are listed in Table 4, and a table of observed and calculated transition frequencies with 

assignments is in the Supporting Information. 

Despite our efforts, we were not able to assign transitions to any isomers of heterochiral 

(TFO)2.  Given the vanishing dipole moment of the lowest energy isomer predicted by theory, 

this is not unexpected.

B. Structure Determination

Because we were able to detect only the most abundant isotopologue of Isomer (iii), a 

near prolate asymmetric top with an asymmetry parameter of −0.97, we are not able to extract 

structural information from its experimental spectroscopic constants.  The availability of 

spectroscopic constants of four isotopologues of Isomer (i), however, supply us with 

intermolecular structural information.  This is also a near prolate asymmetric top and has an 

asymmetry parameter of −0.96 for each of the isotopologues.  Treating the most abundant 

species as the parent, each of the three minor isotopologues contains a single 13C substitution in 

the C1, C2, and C3 positions respectively (these are equivalent to substitutions at C1, C2, and 

C3).  The labeling scheme for the C atoms can be found in Fig. 1.  The coordinates of the 

substituted atom in the principal axis system of the parent can then be determined with a 

Kraitchman analysis,37 and are listed in Table 5.  The relative signs are assigned based on 

reasonable chemical distances.  These values compare very well with the theoretically predicted 

coordinates given by B3LYP-D3/def2-TZVP calculation (listed also in Table 5), the respective 

values agreeing to within 0.05 Å.  The Kraitchman c coordinate of C3 is nonphysical, indicating 

that the atom is in (or nearly in) the a-b inertial plane and that the zero-point vibrational motions 
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are different between the most abundant species and its isotopologue when C3 is substituted with 

13C.  Indeed, this is confirmed by the theoretical coordinate of 0.0450 Å.

More structural detail for Isomer (i) can be determined by fixing each TFO subunit at its 

average structure9 and fitting intermolecular geometric parameters.  Because of the symmetry of 

the complex, only four parameters are necessary in determining its structure.  In the following, 

the unprimed atoms and center of mass belong to one subunit where the primed ones belong to 

the second subunit.  We chose to fit the distance between the centers of mass of the two subunits 

(COM–COM), two angles that specify the orientation of COM with respect to the first subunit, 

namely, COM–COM–O and COM–COM–O–C2, and a dihedral angle that specifies the 

orientation of the second subunit in the complex, O–COM–COM–O.  The symmetry of the 

complex requires that the orientation of COM with respect to the second unit is equivalent to that 

of COM with respect to the first.  This is accomplished by enforcing the equality of  COM–

COM–O with COM–COM–O and COM–COM–O–C2 with COM–COM–O–C2 in the fit. 

(These parameters are shown in Fig. S1 in the Supporting Information.) Because the last 

parameter, O–COM–COM–O, is correlated with the others, it is fixed to a value (74.9o) 

empirically adjusted to minimize the rms deviation of the fit.  (We were not able to find 

alternative sets of four parameters that removed the correlation.)  Using Kisiel’s STRFIT 

program,38 the three parameters are determined to be, respectively, 5.305942(88) Å, 44.027(53)o, 

and −42.78(16)o, and the rms deviation of the fit is 0.120 amu Å2.  The principal coordinates of C 

atoms are listed in Table 5 (and those for the rest of the atoms are available as Supporting 

Information), agreeing within 0.05 Å of theoretical values (B3LYP-D3/def2-TZVP) and to 0.06 

Å with the substitution coordinates.  Fig. S2 in the Supporting Information provides a visual 

comparison of the theoretically predicted and experimentally determined positions of the carbon 
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atoms.  We use Kisiel’s EVAL program to determine bond distances,33, 39 and find that the O 

atom of one subunit interacts somewhat unequally with two H atoms of the other subunit: for the 

H connected to C1 (or C1), O···H is 2.7330(30) Å, which is 0.126 Å (or 4.81%) longer than that 

of 2.6075(25) Å for the H connected to C2 (or C2).

V. Discussion

We are well served by the bee colony algorithm in identifying possible candidates for the 

isomers of (TFO)2, and are also well guided by subsequent DFT and MP2 calculations in this 

work.  Experimentally in the Amherst narrowband spectrometer, we found that Isomer (iii) of 

homochiral (TFO)2 shows weaker transitions in an argon expansion than in a first run neon 

expansion.  It is, therefore, of higher energy than Isomer (i).  Of course, the larger dipole moment 

of Isomer (i) also contributes to stronger transitions as observed in the Amherst narrowband 

spectrometer using an argon expansion, but we believe the intensity also derives from the fact 

that this is the global minimum energy structure, and as a result, is the dominant form of 

homochiral (TFO)2.  It follows then that all of the MP2 calculations as well as B3LYP-D3/def2-

TZVP, regardless of the application of BSSE correction or not, are able to locate the global 

minimum on the interaction potential surface of two homochiral TFO molecules.  These 

methods, however, also indicate that Isomer (iii) is 32 – 124 cm−1 higher in energy than Isomer 

(i), an amount that in our experience, would likely render it unobservable using an argon 

expansion,23-25 contrary to what we found unless the barrier between the two isomers, about 

which we have no information, is sufficiently high.  The two methods, B3LYP-D3/6-

311++G(p,d) and B3LYP-D3/6-311++G(2p,2d) do suggest that Isomers (i) and (iii) are similar 

in energy, while Isomer (ii) is sufficiently higher to be unobservable, in line with our 

experimental results.  However, the magnitude of the difference in their energies changes 
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depending on whether the BSSE correction is made or not, and for the calculation using the 6-

311++G(2p,2d) basis set, the energy ordering changes as well.  For the BSSE corrected B3LYP-

D3/6-311++G(p,d) calculation and the BSSE uncorrected B3LYP-D3/6-311++G(2p,2d) 

calculations the energy difference between the two isomers (0.66 or 3.51 cm−1, respectively) is 

so small that we consider it to be within the uncertainty of the methods.

As we are not able to observe spectra for any heterochiral (TFO)2 isomers, it is difficult 

to judge the soundness of the theoretical methods for these species, except to say that negative 

evidence may once again show that B3LYP-D3/def2-TZVP and MP2 with any of the basis sets 

utilized here, do well in predicting the global minimum regardless of the inclusion of BSSE 

correction.  For all three basis sets, B3LYP-D3 gives very similar energies for Isomers (iv) and 

(v), both significantly lower than that of Isomer (vi), but not a consistent ordering. All the MP2 

calculations unambiguously give Isomer (iv) as the global minimum.  Isomer (iv) is nonpolar, 

and an absence of a rotational spectrum, in accord to our experimental observation, is expected.  

Overall, it is difficult to judge the soundness of the energy ordering and the relative energies of 

different isomers for both homochiral and heterochiral (TFO)2 using these model chemistries.  

This is certainly not surprising, as intermolecular interactions are results of delicate balances of 

rather complicated attractive and repulsive forces.

The experimentally determined rotational constants, which are averaged over the zero-

point motion of the dimer, for both structures of homochiral (TFO)2 are better reproduced by the 

equilibrium rotational constants from the three DFT calculations than by the MP2 method.  The 

DFT calculated rotational constants differ from the experimental ones by no more than 3% when 

BSSE correction is not considered, and by 5% or less with BSSE correction.  The differences are 

greater for the MP2 method: by up to 8% without and 20% with BSSE correction.  
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Consequently, although MP2/6-311++G(2p,2d) identifies correctly the global minimum 

structure, it is computationally much more expensive and does not reproduce the experimental 

rotational constants of Isomers (i) and (iii) as well as the other methods.  This is not too 

surprising as MP2 is known to overestimate intermolecular binding energy.  All three basis sets 

provide similar structural predictions, and consequently, predictions for rotational constants of 

comparable utility for assigning and interpreting microwave spectra of the observed TFO dimer 

conformers.  The improvement afforded to these predictions by the inclusion of the BSSE 

corrections does not justify the additional time it required for this purpose.  However, aside from 

the 6-311++G(2p,2d) basis set result for the homochiral dimer where the energy difference (3.5 

cm–1) is so small to render the significance questionable, reliable energy ordering in the absence 

of BSSE correction was only achieved with the def2-TZVP basis, leaving the B3LYP-D3/def2-

TZVP model chemistry as the best choice for obtaining routine guidance in assigning microwave 

spectra of these complexes.

The effect of the various contributions to the intermolecular interactions on the relative 

stabilities of the various isomers of (TFO)2 can be examined using symmetry adapted 

perturbation theory (SAPT)40 as implemented in the PSI4 program package.41  We choose the 

def2-TZVP basis for this analysis. The results are summarized in Table 6.  The greatest 

contribution to stability for each species comes from electrostatics (> 50%), followed by 

dispersion (34 – 40%), and then induction (9 – 10%).  The exchange energy represents a 

repulsive contribution with magnitudes 43 – 47% of the sum of the three attractive contributions.  

Although electrostatic interactions are the strongest contributors to the stability of the isomers of 

TFO dimer considered here, the relative energies of the species are a result of a balance among 

the four interactions resulting from the SAPT analysis.  Neither the lowest energy forms of the 
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homochiral nor the heterochiral TFO dimer are the ones most stabilized by electrostatic 

interactions.  It is a combination of favorable dispersion interactions and an exchange repulsion 

that is a smaller fraction of the total stabilization energy (and for the homochiral dimer the 

smallest absolute value of destabilization) that combine to compensate for the smaller amount of 

stabilization due to electrostatics and induction to make Isomers (i) and (iv) lowest in energy.

The observation of two isomers of homochiral (TFO)2 shows that the presence of 

multiple functional groups in TFO, a potentially useful chiral tag, does facilitate intermolecular 

interactions.  Additionally, we can readily identify the configuration of its binding partner, this 

time, another TFO.  The experimental structure for Isomer (i) shows that the two O···H bonds 

formed by the same O atom are of different lengths, with the one involving H connected to C2 

(or C2) to be slightly shorter, and hence stronger than that connected to C1 (or C1).  This is 

likely due to the location of the three F atoms, which are closer to (three bonds away from) the 

former H atom and can remove electron density from it more easily than that for the latter H 

atom (four bonds away).  The presence of four interactions probably makes this complex lower 

in energy than does the three in Isomer (iii), but not significantly so because the two subunits in 

Isomer (iii) can approach each other closer in forging those interactions, as indicated by 

calculations (Fig. 1).

It is interesting to compare the observed isomers of TFO dimer with the six isomers 

observed for the dimers of propylene oxide (PO),42 which has a methyl (–CH3) group in place of 

a fluoromethyl group (–CF3).  All of the observed PO dimers, three heterochiral (RS2, RS4, RS5) 

and three homochiral (RR2, RR4, RR5) contain at least one hydrogen bond between a ring 

oxygen and a methyl hydrogen, which cannot occur in (TFO)2.  However, the lowest energy 

isomers of heterochiral and homochiral (TFO)2 have structures very similar to the unobserved 
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RS6 and RR6 isomers of (PO)2.  These TFO dimers are additionally stabilized by hydrogen bonds 

formed between a ring hydrogen donor and a –CF3 fluorine acceptor that are impossible in (PO)2.  

Indeed, we find that the replacement of the PO methyl group by the TFO fluoromethyl group 

changes the interaction potential landscape of these two molecules.  This was additionally seen 

in the differences in the lowest energy, observed isomers of the argon complexes of the two.  

With TFO, argon locates above the epoxide ring with the –CF3 group below the ring,9 while in 

Ar-PO, the argon locates to the side of the ring, forming a close contact with the methyl group 

carbon atom as well as a carbon atom and the oxygen atom in the ring.9, 43-44

Although we cannot observe a heterochiral (TFO)2, it is clear that in this self-tagging 

experiment, we are able to form one or more dimers between a tag and an analyte, and that 

straightforward applications of theoretical methods and rotational spectroscopy can readily 

identify them.

VI. Conclusion

Multiple potential, low energy isomers for homodimers of 3,3,3-trifluoro-1,2-

epoxypropane (TFO), both heterochiral and homochiral, are located using the ABCluster 

program12-13 and further characterized using various quantum chemistry model calculations.  

Both steps are necessary as the lowest energy homochiral dimer was not found when exploring 

the configuration space available to the interacting species in a simplistic and time-consuming 

scan of the two subunits about each other, while not all configurations located by the artificial 

bee colony algorithm optimized to unique minima on the potential surface.  However, the 

combination of the ABC algorithm with a low-cost density functional calculation, B3LYP-

D3/def2-TZVP, provides a rapid and reliable method of identifying low energy configurations 
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and provides predictions of spectroscopic constants of sufficient accuracy for straightforward 

assignment of rotational spectra.

The lowest energy heterochiral homodimer predicted by such calculations of TFO 

contains a center of inversion, and lacking a permanent dipole moment, cannot be observed using 

microwave spectroscopy.  Attempts to assign spectra of higher energy isomers, using a variety of 

carrier gases, were unsuccessful.  Spectra for two low-energy isomers of the homochiral dimer 

were assigned, including all three unique 13C isotopologues for the lowest energy isomer, based 

on the carrier gas dependence of transition intensities.  Comparison of the experimental structural 

parameters provided by analysis of the rotational constants for all four isotopologues of this 

isomer with quantum chemical predictions confirms that B3LYP-D3/def2-TZVP provides a good 

estimate of the dimer’s structure.  This suggests that this model chemistry will find useful 

application in predicting the spectra of the diastereometric chiral tag-analyte pairs required for 

chiral analysis.
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Table 1.  Rotational constants, dipole moment components, and relative energies (zero-point corrected) for three conformers of 

homochiral (TFO)2 obtained from several levels of theory and basis sets.a

B3LYP/6-311++G(p,d) B3LYP/6-311++G(2p,2d) B3LYP/def2-TZVP
Isomer (i) (ii) (iii) (i) (ii) (iii) (i) (ii) (iii)
A/MHz 1280 1190 1369 1285 1168 1334 1290 1171 1375
B/MHz 270 305 285 269 316 294 266 311 282
C/MHz 249 273 272 248 282 280 245 278 269
|µa| / D 0.00 2.17 2.06 0.00 1.89 1.92 0.00 1.74 1.87
|µb| / D 3.35 3.27 0.11 3.21 3.51 0.10 2.99 3.36 0.12
|µc| / D 0.00 0.06 0.74 0.00 0.01 0.80 0.00 0.01 0.63
Energyb/ cm−1 17.78 41.26 0.00 3.51 21.51 0.00 0.00 38.63 42.36
BSSE corrected 
Energyc/ cm−1 0.66 26.56 0.00 0.00 27.00 22.39 0.00 38.41 36.43

MP2/6-311++G(p,d) MP2/6-311++G(2p,2d) MP2/def2-TZVP
Isomer  (i) (ii) (iii)  (i) (ii) (iii)  (i) (ii) (iii)
A/MHz 1279 1152 1321 1289 1162 1315 1299 - 1337
B/MHz 277 338 304 278 353 312 273 - 299
C/MHz 254 298 288 256 313 295 252 - 284
|µa| / D 0.00 1.93 1.93 0.00 2.19 1.82 0.00 - 1.73
|µb| / D 3.22 3.83 0.18 3.09 3.86 0.25 2.98 - 0.16
|µc| / D 0.00 0.09 0.79 0.00 0.11 0.75 0.00 - 0.09
Energyb/ cm−1 0.00 56.62 32.04 0.00 55.75 52.02 0.00 (i)d 124.00
BSSE corrected 
Energyc/ cm−1 0.00 (i)d 49.82 0.00 72.65 73.30 0.00 - 75.72
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aGD3BJ dispersion is included in calculations that use the B3LYP model.

bThe energies for each calculation method are given relative to the values obtained using the same calculation method for the most 

stable isomer.  These are –981.877788 Hartree, –981.904115 Hartree, –982.001825 Hartree, –979.610230 Hartree, –979.837120 

Hartree, and –980.180542 Hartree for B3LYP/6-311++G(p,d), B3LYP/6-311++G(2p,2d), B3LYP/def2-TZVP, MP2/6-311++G(p,d), 

MP2/6-311++G(2p,2d), and MP2/def2-TZVP, respectively.

cThe energies for each calculation method are given relative to the values obtained using the same calculation method for the most 

stable isomer.  These are –981.876564 Hartree, –981.903134 Hartree, – 982.000957 Hartree, –979.606523 Hartree, –979.833876 

Hartree, and –980.178500 Hartree for B3LYP/6-311++G(p,d), B3LYP/6-311++G(2p,2d), B3LYP/def2-TZVP, MP2/6-311++G(p,d), 

MP2/6-311++G(2p,2d), and MP2/def2-TZVP, respectively.

dIsomer (ii) converges to Isomer (i) upon attempted optimization with this model chemistry.
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Table 2.  Rotational constants, dipole moment components, and relative energies (zero-point corrected) for three conformers of 

heterochiral (TFO)2 obtained from several levels of theory and basis sets.a

B3LYP/6-311++G(p,d) B3LYP/6-311++G(2p,2d) B3LYP/def2-TZVP
Isomer (iv) (v) (vi) (iv) (v) (vi) (iv) (v) (vi)
A/MHz 1713 1422 1164 1721 1462 1157 1719 1475 1163
B/MHz 228 266 314 228 259 319 227 256 313
C/MHz 222 250 281 222 245 284 221 242 280
|µa| / D 0.00 1.45 2.46 0.00 1.33 2.32 0.00 1.26 2.27
|µb| / D 0.00 0.99 3.24 0.00 1.13 3.25 0.00 1.07 3.07
|µc| / D 0.00 0.16 0.55 0.00 0.09 0.60 0.00 0.10 0.56
Energyb/ cm−1 17.78 0.00 142.00 16.46 0.00 114.57 0.00 3.73 134.98
BSSE corrected 
Energyc/ cm−1 19.09 0.00 156.49 15.58 0.00 142.44 2.19 0.00 133.88

MP2/6-311++G(p,d) MP2/6-311++G(2p,2d) MP2/def2-TZVP
(iv) (v) (vi) (iv) (v) (vi) (iv) (v) (vi)

A/MHz 1741 - 1164 1755 1536 1161 1759 - 1175
B/MHz 230 - 324 231 255 339 229 - 320
C/MHz 224 - 289 226 243 300 223 - 285
|µa| / D 0.00 - 2.38 0.00 1.38 2.38 0.00 - 2.24
|µb| / D 0.00 - 3.37 0.00 1.52 3.37 0.00 - 3.14
|µc| / D 0.00 - 0.67 0.00 0.01 0.73 0.00 - 0.66
Energyb/ cm−1 0.00 (iv)c 126.42 0.00 75.94 127.95 0.00 (iv)d 170.09
BSSE corrected 
Energyc/ cm−1 0.00 - 137.17 0.00 42.14 146.39 0.00 131.25

aGD3BJ dispersion is included in calculations that use the B3LYP model.

Page 23 of 38 Physical Chemistry Chemical Physics



24

bThe energies for each calculation method are given relative to the values obtained using the same calculation method for the most 

stable isomer.  These are –981.878078 Hartree, –981.904413 Hartree, –982.002076 Hartree, –979.610427 Hartree, –979.837274 

Hartree, and –980.180716 Hartree for B3LYP/6-311++G(p,d), B3LYP/6-311++G(2p,2d), B3LYP/def2-TZVP, MP2/6-311++G(p,d), 

MP2/6-311++G(2p,2d), and MP2/def2-TZVP respectively.

cThe energies for each calculation method are given relative to the values obtained using the same calculation method for the most 

stable isomer.  These are –981.876949 Hartree, –981.903466 Hartree, – 982.001208 Hartree, –979.606756 Hartree, –979.834074 

Hartree, and –980.178687 Hartree for B3LYP/6-311++G(p,d), B3LYP/6-311++G(2p,2d), B3LYP/def2-TZVP, MP2/6-311++G(p,d), 

MP2/6-311++G(2p,2d), and MP2/def2-TZVP, respectively.

dIsomer (v) converges to Isomer (iv) upon attempted optimization with this model chemistry.
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Table 3. Experimental spectroscopic constants (in MHz, unless as otherwise noted) for four isotopologues of the lowest energy isomer 

[Isomer (i)] of TFO dimer.a  

CH2CH(CF3)O−
CH2CH(CF3)O

13CH2CH(CF3)O−
CH2CH(CF3)O

CH2
13CH(CF3)O−

CH2CH(CF3)O
CH2CH(13CF3)O−

CH2CH(CF3)O
A 1305.785412(94) 1294.60882(31) 1305.04415(31) 1305.08646(39)
B 267.046922(28) 266.54268(15) 266.61656(13) 265.80017(14)
C 246.774746(28) 245.95982(15) 246.40261(13) 245.68431(15)
J / 10-3 0.075235(35) 0.07465(42) 0.07471(37) 0.07498(36)
JK / 10-3 −0.54008(23) −0.5377(26) −0.5385(26) −0.5366(27)
K / 10-3 1.8501(10) 1.816(11) 1.892(17) 1.844(21)
J / 10-3 0.0112057(55) 0.01132(18) 0.01089(16) 0.01109(16)
K / 10-3 0.16148(64) 0.151(35) 0.170(31) 0.177( 35)
No. of rotational 
transitionsb 561 77 68 79

J range 1 – 29 2 – 15 1 – 15 1 – 16
Ka range 0 – 9 0 – 6 0 – 4 0 – 4
rms/kHz 7.19 5.01 3.81 5.22

a1 standard deviations in the parameters are given in parentheses.

bAll transitions are b-type.
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Table 4. Experimental spectroscopic constants (in MHz, unless as otherwise noted) for the most 

abundant isotopologue of a higher energy [Isomer (iii)] TFO dimer.a  

CH2CH(CF3)O−
CH2CH(CF3)O

A 1352.20264(18)
B 290.382088(63)
C 276.378481(63)
J / 10-3 0.23282(29)
JK / 10-3 −1.9286(22)
K / 10-3 6.9717(65)
J / 10-3 0.01526(15)
K / 10-3 0.373(10)  
J / 10-6 −0.04196(48)
JK / 10-6 0.4155(62)
KJ / 10-6 −2.473(38)
K / 10-6 7.908(86)
J / 10-6 −0.00439(32)
No. of rotational 
transitionsb 284

J range 1 – 18
Ka range 0 – 8
rms/kHz 3.63

a1 standard deviations in the parameters are given in parentheses.

b146 transitions are a type and 138 transitions are c type.
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Table 5.  The coordinates of the carbon atoms in homochiral (TFO)2 [Isomer (i)] determined by 

theory and experimental data.a

a / Å b / Å c / Å
B3LYP/def2tzvp with GD3BJ dispersion

C1 1.8384 −1.8288 0.2893
C2 1.7714 −0.3716 0.2935
C3 2.9967 0.4704 0.0450

Substitution coordinatesb,c

C1 1.87303(80) −1.81194(83) 0.2640(57)
C2 1.72246(87) −0.3597(42) 0.3019(50)
C3 2.98131(50) 0.4599(33) nonphysical

Structure fitd

C1 1.8348(14) −1.82815(92) 0.2346(20)
C2 1.78394(92) −0.3758(11) 0.3154(10)
C3 2.97921(9) 0.45478(9) 0.04998(13)

aThe a and c coordinates of the carbon atoms C1, C2, and C3 are the negatives of their 

counterparts listed in the table while the b coordinates are the same as those listed.

bObtained from solving the Kraitchman equations.37  Costain errors45 in the parameters are given 

in parentheses.

cAlthough only the absolute values of the substitution coordinates can be determined from the 

Kraitchman analysis, the relative signs are assigned using physically reasonable atomic 

distances.

dObtained from a fit to experimentally determined moments of inertia.  See text for details.
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Table 6. Contributions to SAPT binding energy (in kJ mol1 and % of total stabilization energya) for three lowest energy homochiral 

and heterochiral isomers for (TFO)2.

Electrostatics Induction Dispersion Exchange
SAPT 

Binding 
Energy

kJ mol1 % kJ mol1 % kJ mol1 % kJ mol1 % kJ mol1

Homochiral 
(i) 21.55 51.37 3.78 9.00 16.62 39.63 17.92 42.72 24.03
(ii) 21.92 53.01 4.11 9.94 15.32 37.05 18.91 45.72 22.45
(iii) 23.33 54.33 4.47 10.42 15.14 35.25 20.30 47.26 22.65

Heterochiral
(iv) 22.74 52.69 3.96 9.17 16.46 38.14 18.53 42.93 24.62
(v) 24.39 55.49 4.51 10.26 15.06 34.25 20.32 46.23 23.64
(vi) 20.57 52.36 3.60 9.17 15.11 38.46 17.40 44.28 21.89

aThe stabilization energy is the sum of electrostatics, induction, and dispersion energies.  Percentages are relative to this total 

stabilization energy.  In the case of exchange energy, the negative percentage indicates that it is destabilizing. 
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Figure 1: The optimized structures (B3LYP/def2-TZVP, with GD3BJ dispersion) for the three 
lowest energy isomers of homochiral (TFO)2 (i – iii) and the three lowest energy isomers of 
heterochiral (TFO)2 (iv – vi).  Important interaction distances (in Å and from theory) are labeled 
in black while experimental distances (also in Å) from the fit to experimentally determined 
moments of inertia are in blue.  Atom colors: C, dark gray; H, light gray; F, blue, O, red.
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Figure 2: Results of a noncovalent interaction (NCI) analysis performed for the three lowest 
energy isomers of homochiral (TFO)2 (i – iii) and the three lowest energy isomers of heterochiral 
(TFO)2 (iv – vi).  The legend displays the color scale (in a.u.) used for the value of sign(λ2)ρ.  
Surfaces rendered in blue and green represent regions of attractive hydrogen-bonding and 
dispersion interactions, respectively, while those in red show areas of steric repulsion.  The same 
atom color scheme is used as in Fig. 1.
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Figure 3: (a) A 40 MHz segment of the chirped pulse spectrum taken with the Amherst 
spectrometer showing Q branch, Ka = 5 – 4 transitions for Isomer (i) of homochiral (TFO)2.  The 

strong transition at 9409.07 MHz is due to Ar-TFO (110 11 – 101 9); (b) Simulated stick spectrum 
calculated using experimental spectroscopic constants.  The intensities of both  the experimental 
and calculated spectra are given in arbitrary units.
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