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The chirped pulse Fourier transform microwave spectrum of the chiral molecule 2-bromo-1,1,1,2-
tetrafluoroethane has been observed in the 6—18 GHz region of the electromagnetic spectrum and is
reported. Six isotopologues, including 13C isotopic substitution at each carbon atom in both the 7°Br and
81Br parent species have been observed in natural abundance. All rotational constants, quartic centrifugal
distortion contants, and nuclear quadrupole coupling tensor components have been experimentally
determined and have been reported. In addition, spin-rotation components Mgq, My, and M are also
determined and reported. The theoretical structure of the species has been determined and reported. The
C—C—Br backbone structure has been determined experimentally implementing both Kraitchman single
and Rudolph double substitution analysis, the later being explained in the text. 3440 transitions total
have been observed with 45 transitions being electric dipole forbidden. These dipole forbidden transi-
tions have been identified as they are planned to be used in microwave three-wave mixing experiments
in order to better understand their role, if any, in determining chirality. The determined nuclear electric
quadrupole coupling tensor has been diagonalized and compared to similar small alkane species in order

to make inferences on the effects of fluorination on the C—Br bond.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In 2013, Patterson, Schnell, and Doyle introduced a new and
powerful technique to differentiate between enantiomeric species
using a series of imposed electric fields [1]. The experiment lever-
aged the idea that a chiral molecule, by symmetry, must have a
nonzero permanent electric dipole moment components along all
three axes of a molecule in the principal axis system (PAS).
Furthermore, this chirality condition also requires one of these
three components be opposite in sign amongst the enantiomeric
pair. The experiment was carried out, then, by imposing orthogo-
nally oriented electric fields on the molecules that aligned with the
two of the electric-dipole allowed transition types. The transition
system was picked so that there would be a required relaxation in
the third (also orthogonal) electric dipole moment component,
creating a 3-state loop. An example of this loop is in Fig. 1. Because
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the sign product of the three-state scheme is exactly opposite be-
tween the enantiomeric pair, chiral species could be qualitatively
and quantitatively determined as the free induction decays would
be exactly 7 (180°) out-of-phase with one another. This experiment
was later made so that it could be extended to more traditional
chirped pulse, Fourier transform microwave (CP-FTMW) spec-
trometers by Pate [2], Schnell [3], and Patterson [4]. This has
become known as the microwave three-wave mixing (M3WM)
experiment.

In 2009, Grubbs and Cooke began a series of studies investi-
gating electric dipole forbidden, quadrupole allowed transitions
[5—11]. These transitions occurred when atoms containing large
nuclear quadrupole moments (like Br or I) were combined with
comparatively small or approximately equal size rotational con-
stants. First theorized by Javan [12] and observed by Oka [13], these
forbidden transition pathways are made through an off-diagonal
nuclear electric quadrupole coupling tensor component. The elec-
tric dipole forbidden transition arises from a three-state system in
which the electric dipole forbidden transition type and the electric
dipole allowed transition type are linked by the % tensor off-
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Fig. 1. Example of the 3-state excitation/relaxation pattern of a microwave three-wave mixing M3WM experiment and an electric-dipole forbidden transition in 2-bromo-1,1,1,2-
tetrafluoroethane. The transition pathway for M3WM shown is a- and b-type excitation with a c-type relaxation, but any orthogonal combination can be, in theory, utilized. For the
dipole forbidden transition, the transition arises from the large x,, off-diagonal component. In this scenario, the states that mix are linked by a c-type transition. There is an
observed, allowed a-type transition in conjunction with the observed, forbidden b-type transition.

diagonal component in question (an a-type and b-type transition
are linked by y,)- The mixing of states is done via the third electric
dipole allowed transition type not contained in the off-diagonal
component. An example of this is if the forbidden and allowed
transition are b-type and a-type, respectively, then the mixing
states are connected by a c-type linkage and the off-diagonal nu-
clear electric quadrupole tensor component providing for the
mixing is x,, as shown for one of the title molecule transitions in
Fig. 1.In 2016, we extended these findings by studying the molecule
bromoperfluoroacetone which had multiple large off-diagonal
nuclear quadrupole coupling tensor components which provided
for the observation of rare x-type transitions [9]. x-type transitions
are defined as transitions that do not have a change in parity in
either the K, or K. quantum state values. These transitions, in turn,
are not explicitly linked to any electric dipole moment component.

These two seemingly different areas of study, though, have so
many interesting areas of overlap in their application that the au-
thors were curious as to the application of M3WM to a chiral
molecule that exhibited nuclear quadrupole allowed, electric dipole
forbidden transitions. In order to study this, however, a test
molecule that possessed all of the required properties-chirality, a
large quadrupolar nucleus with large off-diagonal tensor compo-
nents, and rotational constants on the order of these tensor
components-needed to be studied and fully understood spectro-
scopically and structurally by traditional microwave rotational
spectroscopy techniques. Then, this molecule can be isolated for
forbidden transitions of importance and studied in a M3WM
experiment.

In this manuscript, therefore, we report the first part of these
experiments by presenting the CP-FTMW spectral and structural
analysis of the title molecule, 2-bromo-1,1,1,2-tetrafluoroethane.
Along with this being the first known report of 2-bromo-1,1,1,2-
tetrafluoroethane’s rotational spectrum and analysis, we also
identify potential forbidden transition targets of this molecule that
will be tested in the subsequent M3WM experiments.

2. Experiment

Rotational spectroscopic measurements were made with the
CP-FTMW spectrometer located at Missouri S&T. The spectrometer
has been detailed elsewhere in the literature.[9,14] These experi-
ments obtained spectra in the 6—18 GHz frequency range utilizing
two separate 6 GHz broadband regions (6—12 and 12—18 GHz).
Chirp excitation widths were set to 4 ps. These experiments utilized
the spectrometer’s traditional supersonic sampling method for
gases with a Parker-Hannifin Series 9 solenoid valve with 0.8 mm
orifice. 97% pure 2-bromo-1,1,1,2-tetrafluoroethane was purchased

from SynQuest Laboratories® and used without further purifica-
tion. From this sample, a 3% gas mixture in industrial grade Ar was
prepared. The gas mix was then introduced into the spectrometer
at a backing pressure of 0.67 atm (absolute pressure). The spec-
trometer operated at a 5 Hz valve rate with 5 free induction decays
(FIDs) being collected with each gas pulse. Each region was aver-
aged for 2.5 million FIDs and Fourier transformed using Kisiel’s FFTS
[15] software with a Bartlett window. 2.5 million averages repre-
sents approximately 2.5 days of averaging for the instrument.
Linewidths for these experiments were approximately 60—80 kHz.
The resultant spectrum from the 6—12 GHz region is presented in
Fig. 2.

3. Quantum chemical calculations

Quantum chemical calculations were performed in order to
arrive at accurate equilibrium geometric structures and 7?Br and
81Br nuclear quadrupole coupling constants in order to assist with
assignment of the transitions belonging to 2-bromo-1,1,1,2-
tetrafluoroethane in the resultant experimental microwave spec-
trum. All quantum chemical calculations were performed using the
Gaussian09® program suite [16].

Geometry optimization was used for the components of the
NQCC tensor x;; and are related to those of the electric field gradient
tensor g by

Xij(MHz) = (eQ / h) x gj(a.u.) (1)

where e is the fundamental electric charge, Q is the electric quad-
rupole moment of the nucleus in question, and h is Plancks con-
stant. The coefficient eQ/h is taken as a best-fit parameter
determined by linear regression analysis of calculated g; on the
experimental structures of a number of molecules versus experi-
mental v;;. The premise that underlies this procedure is that errors
inherent in the computational model as well as zero-point vibra-
tions and relativistic effects are systematic and can be corrected, as
least partially, by the best-fit coefficient eQ /h.

For bromine, the recommended model for calculation of theg;; is
B1LYP/TZV (3df3p) [17]. Here, B1LYP is Beckes one-parameter
method with Lee-Yang-Parr correlation as implemented by
Adamo and Barone [18,19]. TZV are Ahlrichs bases [20] augmented
here with 3 sets of d and one set of f polarization functions on heavy
atoms, and 3 sets of p functions on hydrogens. These polarization
functions are those recommended for use with Pople 6-311G bases,
and were obtained online from the EMSL basis set library [21,22].
Thus, for conversion of q;; to x;;, eQ/h("Br) = 77.628(43) MHz/a.u.
and eQ /h(®'Br) = 64.853(40) MHz/a.u.[ 17,23] Calculation was made
on a molecular structure given by MP2/aug-cc-pVTZ optimization.
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Fig. 2. CP-FTMW spectrum of 2-bromo-1,1,1,2-tetrafluoroethane in the 6—12 GHz frequency region. The top is adjusted so that the y-axis maxes out with the most intense
transition. The bottom is a zoom-in of the y-axis to the baseline to show the transition density of the collected spectrum.

Table 1
Quantum Chemical Calculation Parameters for 2-bromo-1,1,1,2-tetrafluoroethane at
the MP2/aug-cc-pVTZ level. See text for details of calculation.

Parameter C,H”°BrF, CoH31BrF,
A/MHz 3057.824 3056.798
B/MHz 1173.871 1161.671
C/MHz 1007.598 998.487
Xaa IMHzZ 400.707 335.753
Xpp IMHzZ -153.276 ~129.0180
Xee IMHz —247.432 ~206.735
Xab IMHzZ —-308.447 —256.835
Xac [MHz 217.048 181.450
Xpe/MHz —85.289 ~70.909

2 0.048 0.046
itgl” /D 0.580 0.580
|| /D 0.020 0.019
|1c|” /D 1.298 1.298

Xxx — ny
Xzz
b Absolute values for the calculated dipole moments have been reported due to
chiral nature of the molecule.

2 Asymmetry of the diagonalized y tensor: n =

These results are shown in Tables 1 and 2 with the predicted
equilibrium structure of 2-bromo-1,1,1,2-tetrafluoroethane being
presented in Fig. 3.

4. Results and analysis

Quantum chemical calculations provided an excellent starting
point for transition assignment. The resultant spectral transition
density is high with an approximate value of one assigned transi-
tion per 5 MHz of recorded spectra. This density, however, was not
as problematic as the similar molecule trans-3-Bromo-1,1,1,2,2-
pentafluoropropane due to very few possible low energy confor-
mations [10]. The optimized structure presented in the previous
section is the lowest energy structure for 2-bromo-1,1,1,2-
tetrafluoroethane and the most intense spectra presented in
Fig. 2 correspond to the parent 7?Br and 3'Br isotopologues. The
parent spectra contained electric-dipole allowed, a-, b-, and c-type
spectra within the P-, Q-, and R-branches. The intensity of the
spectra, as shown in Fig. 2, provided for the observation of the 3C
isotopologue of each the 7?Br and 31Br species in natural abundance
with C; being denoted the position next to the Br and C; being the
remaining carbon.
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Table 2

Atomic Coordinates for 2-bromo-1,1,1,2-tetrafluoroethane from structural optimization at the MP2/aug-cc-pVTZ level or theory (all units are in A).
C2H7°Brk,
Atom a b c
Br 1.512488 —0.168903 0.003316
C —0.150583 0.616410 —0.505440
C —1.322034 —0.228673 —0.009840
H —0.181057 0.673229 —1.590280
F —0.269074 1.861683 0.024236
F —1.277692 —1.445319 —0.557779
F —1.329046 —0.350556 1.313482
F —2.467221 0.355186 —0.383886
CoH®'BrF,
Atom a b c
Br 1.496186 —0.164248 0.003234
Cy —0.168366 0.617959 —0.505462
Cz -1.338219 —0.229323 —0.009841
H —0.198977 0.674737 —1.590300
F —0.289172 1.863000 0.024237
F -1.291616 —1.445876 —0.557800
F —1.344964 —0.351239 1.313480
F —2.484508 0.352397 —0.383844

Fig. 3. Equilibrium structure of 2-bromo-1,1,1,2-tetrafluoroethane in the ab, ac, and bc
planes of the principal axis system.

Spectra were assigned using Pickett’s SPFIT/SPCAT program
suite [24] with Kisiel's AABS package [25], available from the
PROSPE website [26,27], used as a front-end in order to visually
observe predicted transition patterns and expedite transition
assignment. An uncertainty of 10 kHz was attributed to line centers.
Once the dipole allowed transitions were assigned, then the au-
thors went back and assigned dipole forbidden transitions. In total,
3440 transitions were assigned with obs-calc residuals less than or
equal to 30 of the line center uncertainty. Spectra were fit using a
Watson’s S-reduced Hamiltonian [28] in the I" representation. All
quartic centrifugal distortion constants were determined along
with the entire nuclear quadrupole coupling tensor arising from the
bromine nucleus. Spin-rotation components Mgq, My, and M
were also determined. A complete list of all assigned transitions
and fits can be found in the Supplemental Material while the
spectroscopic parameters are presented in Table 3.

5. Discussion

2-bromo-1,1,1,2-tetrafluoroethane provides for interesting
electronic and geometric structural studies as it fits into a host of
previously studied similarly fluorinated and brominated alkanes
[9—11,11,29—31,31—40]. In order to better understand this struc-
ture, then, and compare it to the known experimental works and
the theoretical structure presented in this work, the geometric
structure is presented in the Structure of 2-bromo-1,1,12-
tetrafluoroethane subsection while electronic structural arguments
and comparisons are made in the following Nuclear Quadrupole
Coupling Tensor Comparisons subsection. The last subsection, Elec-
tric Dipole Forbidden, Quadrupole Allowed Transitions, discusses the
observed dipole forbidden, quadrupole allowed transitions as they
will be utilized in the next set of experiments toward testing new
ways to possibly probe and understand chiral molecules.

5.1. Structure of 2-bromo-1,1,1,2-tetrafluoroethane

Rotational analysis of the carbon and bromine isotopologues
provides an opportunity to compare some experimentally deter-
mined atomic positions to the theoretical equilibrium structure.
The atomic positions for the calculated 7®Br and 3'Br species are
presented in Table 2. To make this comparison, Kraitchman single
substitution structures were performed using the 7°Br and ¥'Br
each as the parent species in the KRA program found on Kisiel’s
PROSPE website [26]. The results of these calculations are pre-
sented in Table 4. As is presented in the table, using 7?Br as the
parent species produced an imaginary number for the a-coordinate
in the C; position. This changes the coordinate’s value by almost
0.1 A from the experimentally determined 31Br and theoretical a-
coordinate value. Comparisons of the Bromine, C3 and remaining
coordinates for all other atomic postitions were in good agreement
with thereotical and experimentally determined values.

To understand the effect this difference had, then, we performed
a geometry evaluation of these positions using the EVAL program
also available on Kisiel’s PROSPE website [26]. The results are pre-
sented in Table 5. Using only the Kraitchman substitution values for
79Br, « CCBr and the C—C bond length is relatively unaffected by the
difference in the a-coordinate, but the C—Br bond length is signif-
icantly different being well outside uncertainty predictions -
1.783(4)A for 7Br vs. 1.852(14)A for 8'Br.
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Table 3
Microwave spectroscopic parameters of 2-bromo-1,1,1,2-tetrafluoroethane.
Parameter CoH7°BrF, 13CH79BrFCF3 CH79BrF'3CF; CoH3BrF, 13CH8'BrFCF; CH3'BrF'3CF;
A/MHz 3063.0485(1)° 3051.3905(4) 3062.3324(4) 3062.0101(1) 3050.3339(5) 3061.0434(8)
B/MHz 1163.59326(6) 1162.9334(1) 1158.9444(1) 1151.48435(5) 1150.8618(2) 1146.7504(2)
C/MHz 1000.20122(5) 999.4611(1) 996.6689(1) 991.13102(5) 990.3293(1) 987.5148(2)
Dy [kHz 0.1114(2) 0.1111(6) 0.1103(5) 0.1088(1) 0.1069(6) 0.1082(7)
Dy [kHz 0.2372(8) 0.240(2) 0.236(2) 0.2341(8) 0.226(3) 0.235(3)
Dk [kHz 0.197(4) 0.203(8) 0.22(1) 0.180(3) 0.15(1) 0.16(2)
dy [Hz -18.61(5) —19.5(1) -18.3(1) —18.06(5) —18.0(1) -17.9(2)
dy [Hz 2.54(2) 3.03(5) 2.54(6) 2.40(2) 2.15(6) 2.30(6)
Xaa /MHz 399.223(3) 399.413(7) 398.500(7) 334.477(3) 334.487(7) 334.47(2)
Xbp /MHz —154.542(4) ~153.96(1) ~153.85(1) ~130.067(4) ~130.09(1) ~130.07(3)
Xec [MHz —244.682(2) —245.457(9) —244.652(9) —204.411(2) —204.39(1) —204.40(2)
Xap /MHz ~305.54(3) ~305.6(1) ~305.81(9) ~254.35(2) —254.4(1) —2542(1)
Xac [MHz —218.56(5) —218.1(1) —281.6(1) ~182.72(3) ~183.1(1) ~183.0(2)
Xbe [MHz 85.97(3) 85.3(1) 86.20(9) 71.43(3) 71.3(1) 71.3(3)
Mgq [kHz 2.5(3) [2.5]° [2.5] 3.5(2) [3.5] [3.5]
My, [kHz 1.9(1) [1.9] [1.9] 1.9(1) [1.9] [1.9]
Mcc/kHz 2.2(1) [2.2] [2.2] 2.2(1) [2.2] [2.2]
NP/MHz 1246 252 295 1292 203 152
MWas© [kHz 109 159 139 10.9 14.7 15.6
Orms® 1.09 1.59 1.39 1.09 147 1.56
2 Numbers in parentheses represent 16 uncertainty (68% confidence level) and are given in units of the least significant digit.
b Number of transitions assigned.
€ MW 075 is defined as 4/(32[(obs — calc)?]/N).
obs — calc)?)/N
4 s is defined as Mof Attributed Uncertainty.
Average
€ Numbers in brackets held to determined value of parent (79 or 81) isotopologue.
Table 4
Kraitchman Single Substitution Coordinates [42] for 2-bromo-1,1,1,2-tetrafluoroethane (all units are in A).
C,H7BrF, as Parent
Atom a b c
Br 1.52023(99)*" —0.1702(88) 0.00(11)¢
C —0.097[0.000](21)¢ 0.6153(24) ~0.5032(30)
Cz ~1.3232(11) ~0.2097(72) 0.000(21)
C,H®'BrF, as Parent
Atom a b c
Br 1.5038(10) ~0.1655(91) 0.00(12)
G —0.096(16) 0.6350(24) ~0.4796(31)
C2 ~1.3480(11) —0.2329(64) —0.000(37)
2 Numbers in parentheses are the Costain errors [48] and are given in units of the least significant digit.
b Kraitchman coordinates do not give sign but attributed signs are from the quantum chemical calculations for purposes of calculating molecular geometries.
c

Where a value of 0 is given, the Kraitchman calculated coordinate value was imaginary.

[41] reported.

Table 5
Experimentally determined structural parameters for 2-bromo-1,1,1,2-tetrafluoroethane.

Kraitchman single substitution value (in brackets) gives inconsistent structure with isotopologues and calculated structure so double substitution using Rudolph method

C2H7®BrF, as Parent

Kraitchman Substitution Only

Parameter Value

/£ CCBr/* 112.3(3)*
C-C/A 1.638(4)
C—Br/A 1.783(4)
Kraitchman and Rudolph Coordinates Combined

Parameter Value

£ CCBr/® 111.8(3)
C-C/A 1.561(17)
C—Br/A 1.867(19)
C,HB'BrF, as Parent

Parameter Value

£ CCBr/® 111.4(3)
C—C/A 1.597(13)
C—Br/A 1.852(14)

2 Numbers in parentheses represent 16 uncertainty (68% confidence level) and are given in units of the least significant digit.



6 J.E. Isert et al. / Journal of Molecular Structure 1216 (2020) 128277

Table 6
Comparison of calculated, Rudolph, ry, rﬁ,P, and r},f) backbone structural parameters
in 2-bromo-1,1,1,2-tetrafluoroethane.

Table 7
Second moment analysis for 2-bromo-1,1,1,2-tetrafluoroethane with comparisons to
similar molecules.

Parameter ~ jRud o i r reale

c—C/A
C—Br/A
£ CCBr/®

1.561(17)
1.867(19)
111.8(3)

1.5056(20)
1.9479(29)
110.544(72)

1.532(11)
1.9164(62)
111.4(4)

1.546(10)  1.527
1.9110(55)  1.908
110.8(4) 110.7

2 Numbers in parentheses represent 1¢ uncertainty (68% confidence level) and
are given in units of the least significant digit.

To give a more accurate picture of the 7°Br structure, the authors
utilized the double substitution method of Rudolph [41]. As this
method is not necessarily standard in today’s structure determi-
nation methods in microwave rotational spectroscopy, the authors
have provided their calculations for this method in the Supple-
mentary Material. A brief explanation of the calculation will be
provided here. Although it may be obvious, it is worth noting that,
in order to perform the double substitution method, the user needs
isotopic substitution data for each substituted position as well as
the double substituted isotopologue. For our example, we are trying
to find the a-coordinate of the C; atom of the 79gr species. There-
fore, we must have data for the 7?Br and 31Br parent species as well
as the 13C isotopic data at the C; position for each of the parent
bromine species giving four total isotopologues sets of data. After
all required data is collected, the second moments of all determined
isotopologues must be obtained from the determined rotational
constants. This was done for all species by using the PLANM pro-
gram from Kisiel's PROSPE website [26] and is reported in Table 7.
From there, the Kraitchman substiution [42] method is the starting
point of the procedure utilizing second moments for this deter-
mination. For our a-coordinate value, we implemented the
following equations for Cp [41]:

APZC?/Q :APASC 7APZ(?Parent

79Parent 79Parent 79Parent 79Parent
M79Am (Pbb —Paq > <Pcc —Paa )

— . >
" Myg+Am (ngc 7P33Parent> <ch3c ,pggParent> a%9,c,
=kagyc, o)
APE(} /G _ Ap13C _ A p81Parent
aa aa
Mg Am ( Pgl}Parent _ Pff(} Parent) (chl Parent _ chlll’arent -
" Mgy +Am (ngc _chlll’arent) (ngc _stgparem> 81/Gy
=k'a'g; c, 5
81/C 79/C -
APaa/ 1 APaa/ '=KkKa él/Cl - ka%g/c1 )
81/C 79/C o
<AP‘M/ ' APaa/ 1) —Ka 5251/C1
‘(179/c1 = " 5)

where the appropriate values have been denoted, M stands for the
mass of the parent species, and Am corresponds to the mass dif-
ference between the isotopologue and the parent isotope in ques-
tion. Changing the required coordinate only means changing the
required second moment values appropriately. As shown, this
method only gives an absolute value coordinate, so any coordinate

Species Pgq Juh? Py, JuA? Pec JuA? Reference
C,H79BrF, 387.305 117.971 47.020 This Work
C,H31BrF, 391.873 118.027 47.020 This Work
13CH7°BrFCF3 387.300 118.350 47.271 This Work
CH7®BrF'3CF;3 388.864 118.203 46.827 This Work
13CH31BrFCF3 391.882 118.431 47.248 This Work
CH3'BrF'3CF; 393.686 118.081 47.018 This Work
CF3CF,Br 391.03 138.355 89.124 [11]
CH3CH,Br 129.76 13.7373 3.1384 [29,30]
trans-CF3CFoCH,Br 808.32700  107.79201  91.47455  [10]
aa-CH3(CH,),CH,Br  546.05168 2570444 6.34108 [31]
ga-CH3(CH2),CH,Br ~ 406.60396  49.64725 12.01161 [31]
ag-CH3(CHp),CHBr 31891121  54.64829 2633392  [31]
CF3CF,CF3 394.676 166.734 134339 [32]
g-CHF,CF,CF3 356.058 158.203 95.061 [33]
t-CHF,CF,CF3 291.404 153.064 135.312 [33]

values with a sign component have to lean on computational co-
ordinates as the Kraitchman method requires. Using this method, it
was determined that the a-coordinate for the C; of the 7?Br species
is —0.097(21) also using the Costain errors as reported in Table 4.
Using this new coordinate, all experimentally determinable pa-
rameters for the 7?Br and ®!Br structures are in agreement. See
Table 5.

Being that Rudolph’s method is not a common method for
implementing multiple substitution species, it is important to put it
in context and compare with other semi-empirical methods as well
as our calculated re structure. The major difference between these
methods and Rudolph’s method is that Rudolph’s method is
entirely empirical. In this way, it is very much like Kraitchman’s
method. In fact, the single substitution formulae within the calcu-
lation are the same as Kraitchman’s method [41]. In this way, the
only assumption that is made is that isotopic substitution is not
changing the interaction potential. Common methods like rg, r,g) ,
and r,(ﬁ) require empirical starting points [43]. To show this and
compare, calculations for the rg, r,gl) , and r,(ﬁ) structures were
performed in Kisiel's STRFIT [44] and are reported in Table 6. The
output files from these fits are also supplied in the Supplemental
Material. When the molecule is underdetermined, the semi-
empirical structure relies much more heavily on the input calcu-
lation. In our case, the ¢ and d constants typical of the r,gp and rﬁ)
are not well determined. Although all determined structural
parameter methods are in good agreement with the theoretical
structure presented in Table 6, the best agreement in the semi-
empirical methods seems to be with rﬁ,%). However, the general
trend in these semi-empirical approaches is that the values are also
better aligning with Rudolph’s values, so it is unclear if further
empirical data not provided in this study would move the semi-
empirical more toward the Rudolph value or stay closer to the
calculated r, structure.

As a second experimental confirmation of the structure, the
second moment method of Bohn was used [45]. For this, the second
moment values for the title molecule are reported in Table 7 and
compared to similar known molecular studies. If the structure
presented in Fig. 3 is the assumed experimental structure then,
according to Bohn’s method, the CF3 group should contribute
approximately 45 pA? to P.. The fluorine on the C; atom is calcu-
lated to be very close to the ab-plane, therefore, it will not have a
contribution to the P value, so themate contribution of the H
atom, according to its calculated contribution is 2.5 pAZ2. This is in
very good agreement with the reported value of 47.020 pA2. All
reported fluorinated species with or without the bromine seem to
follow this trend, so there is no evidence to suggest that this
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Table 8
Bromine-centered 7 tensor values for all isotopologues of 2-bromo-11,1,2-
tetrafluoroethane.

Table 9
Comparison of bromine-centered y,, values and electric field gradients of similar
molecules.

Species X2z [MHz Xxx [MHz Xyy [MHz 7 Molecule 7Br x,, [MHz VP Reference
C,H79BrF, 599.88(3)" —286.11(3) —313.77(4) 0.04611(8) CHs3Br 573¢ 7.79 [34]
C,HB1BrF, 501.11(2) —238.97(2) —262.14(2) 0.04623(7) 578.847(48)° 7.87 [35]
13CH79BrFCF3 599.74(9) —285.42(8) —314.32(8) 0.0482(2) CH3CH,Br 541 7.36 [29]
T '3 B - B — . .| B .
CH9BrF'3CF. 599.67(8) 285.89(8) 313.79(8) 0.0465(2) 537.5 7.31 30
13CH8'BrFCF; 501.31(9) —238.86(8) —262.45(8) 0.0471(2) (CH3)2CHBr 514.2(5) 6.99 [36]
CH3'BrF'3CF3 501.1(1) —238.8(2) —262.4(2) 0.0471(6) g-CH3CH,CH,Br 526.4 7.16 [37]
% aa-CH3(CHy),CH,Br 543.45(32) 7.39 [31]
2 Asymmetry of the diagonalized y tensor.y = % CH,FBr 554.52(38) 7.54 [38]
zz
® Numbers in parentheses represent reported uncertainties and are given in units g?l;err 2?;;?;;2) ;ig {ig}
of the least significant digit. Reported numbers without parentheses were not re- CF3CF Br 611'459(96) 8'31 (1]
. 3CFy . .
ported with error. CF3CHFBr 599.88(3) 8.16 This Work
CF3COCF,Br 595.4(5) 8.10 [9]
trans-CF3CF,CH,Br 620.839(7) 8.44 [10]

method should not be followed. Secondly, Py, is in good agreement
to the similar structured CF3CF,Br [11], providing more evidence
that the calculated structure is very similar to the experimental
structure. Due to all of the evidence, then, of the agreement be-
tween the experimental and theoretical structure, the visual rep-
resentation presented in Fig. 3 from the calculation is close enough
to the experimental structure to be considered equivalent.

5.2. Nuclear Quadrupole Coupling Tensor Comparisons

The electronic structure environment is also of interest in order
to understand the effects of different atomic substitutes to alkyl
chains. This can be achieved by rotating the determined nuclear
quadrupole coupling tensor from the principal axis system into a
bromine-centered coordinate system. This has been done for all
isotopologues and is reported in Table 8. Using the derived values,
the asymmetry parameter, 1, of the i tensor was derived for each
isotopologue. The determined values along with the n agree well
with the theoretical values presented in Table 1, providing more
evidence the theoretical structure is a good representation of the
experimentally determined one.

In order to make some inferences about the effects of atomic
substitutions on the experimental electronic structure, the deter-
mined y,, for the 7Br of many similar bromine-containing small
molecules have been compared to the determined value in this
work. This comparison, along with the determined electric field
gradient component, V, is reported in Table 9. This value, coinci-
dent with the z-axis which is close to or lies along the C—Br bond
for these species, is indicative of the covalency of the bond. A larger
magnitude means more asymmetry at the nucleus and, therefore,
indicates more electron sharing between the two species [46,47].
Electron withdrawing groups attached to carbon cause the atom to
have a more positive charge and, since the bromine atom is rich in
electron density, the value will increase due to more sharing of that
electron density. The fluorines, being electron withdrawing groups,
certainly have this effect on the bond as there is a very obvious
jump in the observed V,, value when moving from the hydroge-
nated alkanes to the fluorinated alkanes except for the initial
fluorination of the bromomethane until the perfluorinated species
is reached. A noticeable comparison in this work is the difference
provided by taking away a singular fluorine and replacing it with a
hydrogen from the previously studied bromoperfluoroethane [11].
This atomic substitution provides a 1.8% change in the value of V..
This is subtle, however, compared to the same substitution made
between bromoperfluoromethane [40] and bromodifluoromethane
[39]. This singular substitution produced an 8.8% change in the V.
value and, thus, the covalency. Outside of the methyl species,
however, the trend of fluorination of the alkane increasing the
carbon-bromine covalency tends to be upheld and this work on 2-

d Reported as eQq in the literature.
€ Reported as eQqp,nq in the literature.

¢ Electric field gradient is reported in atomic units. An atomic unit is E,,/ea(z) where
Ep, is the hartree, e is the charge on the electron, and qag is the Bohr.

> V., = %,2/(234.9647Q), where y,,is in MHz and Q is 0.313 barn (10~2®m?) as
reported in Ref. [49].

€ Numbers in parentheses represent reported uncertainties and are given in units
of the least significant digit. Reported numbers without parentheses were not re-
ported with error.

bromo-1,1,1,2-tetrafluoroethane reinforces that hypothesis. Further
work on 2-bromo-1,1,1-trifluoroethane, however, is needed in or-
der to provide more evidence in fully understanding this trend.

5.3. Electric dipole forbidden, quadrupole allowed transitions

Finally, the original thrust of this paper is to identify dipole
forbidden, quadrupole allowed transitions in order to provide a
basis in understanding their role in the planned M3WM experi-
ments to be performed for chiral species testing. These are transi-
tions containing A J > 2 or are x-type transitions. The methods for
identifying these transitions and their pathways have been dis-
cussed in previous literature of Grubbs and Cooke mentioned
earlier and, therefore, will only be briefly commented on here. In
this work, 19 such transitions were observed for the 7?Br and 26
were observed for the 81Br.

In order to identify the pathways for quadrupole allowed tran-
sitions, it is necessary to utilize.egy files which can be created using
tags in Pickett’s program suite. To aid in the following discussion,
the.egy file used here is provided in the Supplementary Material. As
an example, we will use the 4114%— 22.1% transition of the parent
79Br species from Fig. 1. In the fifth column of the.egy file is a value
known as the P,y coefficient. This term gives an effective purity of
the state. The values for this coefficient lie between zero and unity.
The closer to unity, the more pure the state. If we search the states
involved in the transition, it is found that the P;; coefficient value
of the 2211% state is 0.417652, or highly mixed. This mixing will be
with a state of similar energy. The energy of the state is found in the
third column of the.egy file, reported in wavenumbers. The re-
ported energy of the state is 0.482582 cm ™. Upon inspection, there
is another state, the 3173% state, at a very similar energy of
0.478645 cm~! (118.028 MHz difference). Furthermore, this state
also has a Py coefficient of 0.574930 indicating it, too, is highly
mixed. The mixing of the two states, being coupled by a c-type
tansition, is allowed through the large value of the x,;, off-diagonal
component. Because there is the observed, allowed a-type 41‘4%—
3133 transition, the forbidden transition becomes enabled because
the AF = +1, 0 selection rule is preserved.

Due to the chiral nature of the molecule producing all a-type, b-
type, and c-type allowed species and the abundance of large off-
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diagonal components of the i tensor, all three a-, b-, and c-type
quadrupole allowed transitions were observed. In addition to this,
however, the authors also observed multiple x-type transitions. x-
type transitions of this type do not carry any change in parity of K,
or K., making the determination of the mixing states slightly more
complex, but trackable. To the author’s knowledge, we were the
first to have observed this type of behavior in quadrupole allowed
transitions and have attributed it to a pure breakdown in the K-
labelling scheme of an asymmetric top [9]. With these identified,
now we can test that theory along with the effects these transitions
may or may not have in determining chiral enantiomers using
M3WM experiments.

6. Conclusions

The microwave rotational spectrum of 2-bromo-1,1,1,2-
tetrafluoroethane has been observed and reported for the first
time on a CP-FTMW spectrometer. The recorded spectrum lies in
the 6—18 GHz region of the electromagnetic spectrum. Six iso-
topologues, including '3C isotopic substitution at each carbon atom
in both the 7?Br and ®'Br parent species have been observed in
natural abundance. All rotational constants, quartic centrifugal
distortion contants, and nuclear quadrupole coupling tensor com-
ponents have been experimentally determined and have been re-
ported. In addition, spin-rotation components Mgq, Mpp, and Mcc
are also determined and reported.

The theoretical structure of the molecule has been determined
and is reported. In order to understand this structure and its
congruence with the experimental structure, analysis of the
experimentally determined structural parameters were under-
taken. The positions of both carbons and the bromine have been
fully determined using isotopic substitution. The Cq position of the
7Br could not be determined properly using single isotopic sub-
stitution so double substitution method of Rudolph [41] was
leveraged in order to arrive at the reported position and agrees well
with the single-substitution 3'Br structure. The resulting experi-
mental structure is in excellent agreement with the theoretical
structure allowing for it to be used interchangeably.

The electronic structure shows that there are large changes in
the fluorination of the small brominated alkane species for the
methyl derivatives but that this trend settles as the alkyl chain is
lengthened but more work will need to be done on similar species
in order to address the unknown gaps in these studies in order to
reinforce the hypothesis that the C—Br bond, in general,
strengthens as the molecule is fluorinated.

Lastly, a total of 45 electric dipole forbidden, quadrupole
allowed transitions were observed for the title molecule inclusive
of all four a-, b-, c-, and x-type transitions. All types of transitions
will be used and tested in the planned M3WM experiments to be
performed on these transitions in the near future.
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