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Abstract

The structure of fluoroethylene dimer ((C2HsF)2, (FE)2) has been determined using chirped-pulse
Fourier-transform microwave (CP-FTMW) spectroscopy. Although the most stable structure
was expected to be nonpolar, a planar, polar configuration was observed with sufficient intensity
to measure spectra for four unique '*C substituted isotopologues in natural abundance. This
allowed a least-squares fit of the structural parameters of the dimer to observed moments of
inertia. The resulting structure has a T-shaped arrangement of C=C bonds, similar to the recently
studied FE---1,1-difluoroethylene complex. Both dimers contain a cyclic arrangement of CH---F
contacts between the H-C-F end of one monomer and the H-C=C-F side of the second monomer.
0B97X-D/6-31+G(d,p), MP2/6-311++G(2d,2p) and MP2/aug-cc-pVDZ calculations give the
expected nonpolar end-to-end structure, ranging from 9 cm™! (DFT) to 63 cm™ and 57 cm™
(MP2/6-311++G(2d,2p) and aug-cc-pVDZ, respectively) more stable than the experimentally
observed orientation. The ®B97X-D/6-31+G(d,p) calculations also indicate a nonplanar, polar
configuration that is over 60 cm™! more favorable than the nonpolar structure; however, MP2
calculations predict significantly higher energy, and spectroscopic results provide no evidence of
that structure’s existence. The rotational constants of the observed T-shaped (FE); structure are
A =6582.8323(12) MHz, B = 1256.6203(4) MHz, C = 1060.3474(3) MHz, and the dipole
moment components, determined via Stark effect measurements, are u, = 0.683(3) D, u» =

0.301(5) D, gt = 0.746(5) D.

Keywords: weak hydrogen bond; chirped-pulse; rotational spectroscopy; Stark effect; vinyl
fluoride; fluoroethene
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I. Introduction

As part of a larger project to study different sized clusters of fluoroethylene (FE) with
COa, a chirped-pulse Fourier-transform microwave spectroscopy (CP-FTMW) scan of
fluoroethylene was performed in order to eliminate transitions that required only FE from
consideration for FE/CO; studies. The rotational spectrum of FE monomer itself [1] is very
sparse in the 2-8 GHz range of the present study; however, the scan covering this frequency
range was quite dense (Figure 1), averaging over 1 line per 2 MHz of spectrum (with signal to
noise ratio (S/N) above 3). It is clear that spectra of many different weakly bound clusters
involving FE must be present within this data set. This presence of spectra for many species
raises an increasingly common question in broadband rotational spectroscopy: should researchers
focus on identifying spectra of specific species of interest to them and ignore remaining
unassigned transitions, or should the aim be to assign and identify carriers of all visible spectra
within a given scan? Identification of the components of complex mixtures is an important
challenge for potential industrial applications of microwave spectroscopy [2, 3, 4], and
identification of spectra of the many clusters present within a single supersonic expansion
provides a venue to develop and test analytical approaches that could later be applied in such
applications. In the present work, identification of the species present in an expansion of FE in
neon will allow further testing of techniques being developed and implemented in related studies
of FE/COz and 1,1-difluoroethylene (1,1-DFE)/CO: clusters [5, 6]. Possible species present in a
scan of FE-only include (FE),, (FE); and larger FE clusters, as well as FE---H>O, and complexes
of FE with the carrier gas (in this case Ne). None of these species have been previously reported

in the literature, although FE---Ne is presently under analysis in our lab, and we believe we have
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also identified spectra for (FE); and (FE)4. Neon-containing and larger FE clusters will be

discussed in future publications [5, 7, §].
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Figure 1. Microwave spectrum of fluoroethylene in neon. See text for experimental details. (a)
Full 2 — 8 GHz spectrum, with vertical scale magnified approximately x2, with the strongest
assigned transitions labeled. Although spectra labeled (FE)s and (FE)s have been fitted to
constants consistent with these species, cluster composition is unconfirmed [8]. (b)
Magnification of the 6.6 - 7.3 GHz range (blue box in figure (a)), with vertical axis unchanged,
showing J = 2 € 3 transitions of (FE),. Transitions labeled with triangles are assigned to the
species that is believed to be (FE)a. (c) Magnification of the 6760 — 7120 MHz range (red box in
figure (b)), showing transitions from 3C-containing isotopologues in natural abundance, with
atom numbers as shown in Figure 2.

FE dimers and larger clusters are likely to have structures dominated by weak CH--F
and/or CH---& interactions. We previously determined the structure of the FE---1,1-DFE dimer,
and found a planar T-shaped orientation of the double bonds, with the C=C bond of 1,1-DFE
forming the top of the T and the C=C bond of FE forming the post of the T [9] (Figure 2(b)).
This structure includes a cyclic arrangement of CH:--F contacts, with the molecules both
containing a fluorine atom acting as CH---F acceptor and a hydrogen atom acting as CH:---F
donor. The lower symmetry of FE compared to 1,1-DFE, and the combination of two identical

monomer building blocks, makes a nonpolar (FE)> dimer seem likely; however, it is possible that

a polar T-shaped dimer similar to FE---1,1-DFE could also exist. If T-shaped (FE). can be
5
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identified and its structure determined, then this will provide an ideal opportunity to probe
changes in the strength and orientation of weak CH---F interactions between the singly and
doubly fluorinated species. In the following sections, we present both theoretical and microwave
spectroscopic results on the polar (FE)> complex, including a full experimental structure

determination.

(a)

Figure 2. (a) Predicted structure of (FE)2, based on analogy with (b) previously published work
on FE--- 1,1-DFE [9]. Atom numbers are utilized for structural comparisons (see text).
I1. Experimental Methods

A scan of 1 million free induction decays (FIDs) was recorded with a mixture of 1%

fluoroethylene (98%, Synquest Labs) in neon carrier gas (Praxair) using the 2 — 8 GHz chirped-
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pulse Fourier-transform microwave spectrometer (CP-FTMW) at the University of Virginia
(UVa) [2,10]. The sample was delivered through five nozzles (1 mm diameter) to the
spectrometer at a backing pressure of 2 atm, with 24 FIDs recorded per nozzle pulse. The nozzle
repetition rate was 3 Hz. Kisiel’s AABS suite [11] was used to facilitate spectral analysis, with
Pickett’s CALPGM (SPFIT and SPCAT) package used for spectroscopic fitting and prediction
[12]. Stark effect measurements for dipole moment determination were made using the Balle-
Flygare FTMW spectrometer at Eastern Illinois University (EIU) [13, 14]. Voltages of up to £5
kV were applied across two steel mesh plates spaced about 31 cm apart above and below the
Fabry-Perot cavity of the spectrometer, and electric field calibration was performed assuming an
OCS dipole of 0.71519(3) D [15].

Ab initio calculations utilized Gaussian 09 and were performed at ®B97X-D/6-31+G(d),
MP2/6-311++G(2d,2p) and MP2/aug-cc-pVDZ levels, using GO9W for DFT calculations and
GO09 on a Linux workstation for MP2 calculations [16, 17]. Vibrational frequency calculations at
the MP2 level (with tight convergence criteria for both SCF energy and structure optimizations)
were used to determine whether observed stationary points were true minima on the potential
energy surface of the dimer, and also allowed calculation of zero-point energy (ZPE) corrections

for optimized dimer structures.

ITI. Results and Discussion
A. Spectra

According to preliminary MP2 calculations on (FE)> performed at the time of an earlier
study of FE---CO> dimers [18], the lowest energy structures were expected to be nonpolar, with

relative energies of the most stable polar structures being too high to have significant population
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in the molecular expansion; however, when a 1 million FID spectrum of FE was recorded as part
of more recent studies of larger FE/CO: clusters [6], spectra of several unidentified species
requiring only FE were assigned [5, 8]. The intensities and rotational constants of these were
consistent with trimers or larger clusters, and a considerable number of stronger unassigned
lines, at intensities closer to those expected for dimers, remained in the spectrum (Figure 1(a)).
This prompted us to revisit the possibility of observing the rotational spectrum for a polar (FE):
configuration. After elimination of a few FE monomer transitions, over 1000 lines with signal-
to-noise (S/N) greater than 10 remained in the spectrum. Emphasis was put on assigning these
lines to previously unknown species. FE---Ne and FE---H>O spectra were predicted to be sparse
in the available 2 — 8 GHz frequency range; thus, our focus was on a polar form of (FE),. A
prediction assuming a structure similar to FE---1,1-DFE [9] (see Section III.B.) gave a strong a-
type pattern, and comparison with the experimental spectrum immediately suggested an
assignment of several of the strongest observed lines to K, = 0 and 1 transitions for J"' =2
(Figure 1(a, b)). The spectrum was fitted to a Watson 4-reduction Hamiltonian in the [
representation, with a total of 21 a- and b-type transitions fitted to six constants with an RMS
deviation of 3.2 kHz. There are only two transitions with K, = 2 in the fit, and these have
(observed — calculated) frequency deviations of 5 to 10 kHz, which is larger than the expected
experimental reproducibility of ~4 kHz. Addition of another fourth order distortion constant, ok,
to the Hamiltonian, allows these transitions to fit much better, with deviations of less than 3 kHz;
however, the dx constant is strongly correlated with B and C and causes additional correlations
between the other constants. Finally, a Watson S-reduction fit was performed, with the S-
reduction constant d> replacing dx. This led to a more satisfactory fit, with constants and an

overall RMS that are not significantly different than the A-reduction that included ok, but without
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the correlation problems. The S-reduction is our preferred result. Constants resulting from both
the original A-reduction and the final S-reduction fits are given in Table 1 for comparison. Fitted

constants give an asymmetry parameter, x, of -0.9289, consistent with a near-prolate asymmetric

top and the use of an S-reduction Hamiltonian.

Table 1. Fitted spectroscopic constants for (FE)., showing both S-reduction (preferred) and A-
reduction fits, and results for all four singly substituted '*C isotopologues (see Figure 2(a) for
atom numbers).?

“Normal” “Normal” — B¢, BC, BC, BCs
A-Reduction

I/ MHz  6582.8323(12)  6582.834(2) 6551.3(7) 6577.3(10) 6477.7(14) 6579.8(2)
B/ MHz 1256.6203(4)  1256.6190(5) 1229.2402(5)  1247.2025(9)  1243.1467(10)  1238.17936(19)
C / MHz 1060.3474(3)  1060.3482(4)  1040.0216(5)  1053.5221(9)  1048.0575(10)  1047.15292(19)
D,/ Hz 1.609(10) 1.591(15)¢ [1.609] [1.609] [1.609] [1.609]
D/ KHz 26.82(5) 26.81(9)¢ 24.40(14) 26.6(2) 25.4(3) 26.30(5)
4,/ kHz -0.190(3) 0.172(2) ¢ [-0.190] [-0.190] [-0.190] [-0.190]
&/ kHz -0.075(13) [-0.075] [-0.075] [-0.075] [-0.075]
P./uAb 401.00867(13)  401.0087(2)  409.961(4) 404.039(6) 405360(9)  406.9887 (15)
P /u At 75.60776(13) 75.6074(2) 75.971(4) 75.666(6) 76.846(9) 75.6333(15)
Po/uA2t  1.16452(13) 1.1649(2) 1.171(4) 1.171(6) 1.172 (9) 1.1743(15)
N¢ 21 21 8 9 8 8
RMS / 39 39 1.6 2.9 2.9 0.6
kHz ¢

“Errors in parentheses correspond to one standard deviation.

® Puay Py and P, are planar moments, Py, = 0.5(Pyy + P,; — Pyy), for permutations of (a, b, ¢) = (x, y, 2).
“ N = number of transitions in the fit.

4 RMS = root-mean-square deviation of (observed — calculated) frequencies for fitted transitions (listed in

o Y
Table 2). RMS = ((Z(Vt)bSNM) 2

¢ A-reduction distortion constants are Ay, Ay and 9.
Transitions for the dimer were sufficiently intense that it was possible to assign spectra
for the four unique '*C isotopologues in natural abundance within the broadband scan. The

strongest '3C transitions have S/N in excess of ~20 (Figure 1(c)). For each of these spectra, a
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total of 8 or 9 transitions were assigned, while keeping all distortion constants except Dk fixed
to values from the normal species. This gave RMS deviations for '*C fits of 0.5-3 kHz. Fitted
constants are listed in Table 1, and transition frequencies are given in Table 2. Searches for

transitions consistent with other predicted structures (Section I1I.B.) were unsuccessful.

B. Ab Initio Calculations

Initial optimizations of (FE), were performed using density functional theory (DFT) at
the ®B97X-D/6-31+G(d,p) level. This quickly provided a series of dimer structural predictions,
that could be benchmarked against MP2/6-311++G(2d,2p) calculations, which have previously
been applied to many similar systems (for example [6, 9, 18, 19]). As described below, we later
also performed the same set of calculations at the MP2/aug-cc-pVDZ level. In addition to
needing a thorough investigation of likely (FE), structures to guide the spectroscopic
investigations, comparison with MP2 results is important as we search for a faster alternative to
the MP2 studies, which will rapidly become unfeasible as cluster size increases. For the present
system, optimizations at both DFT and MP2 levels were hindered by very flat potential energy
surfaces, which allowed relatively large structural changes to occur with minimal variation in
energy. Although not applied directly to the present (FE), study, ongoing investigations of (FE)x
and (FE)a(CO2)m clusters are utilizing an artificial intelligence algorithm based on bee colonies,
via ABCluster code [20, 21], to provide predictions of the most likely structural arrangements.
This allows the most likely structural arrangements to be rapidly selected for further study using

more expensive DFT or MP2 methods.

10
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Table 2. Assigned transitions for (FE)a, for the normal and all four '3C isotopologues. For the normal species, observed-calculated
deviations are presented for both the preferred S-reduction fit and for the A-reduction fit (see Table 1 and text for details).

Obs-Calc BCy B, BC, BCs
S-

Frequency Reduction A4- Frequency Obs- Frequency Obs- Frequency Obs-  Frequency Obs-
J K K!' J'" K" K. /MHz (preferred) Reduction /MHz Calc* /MHz Calc* /MHz Calc* /MHz Calc*
1 0 1 0 O 0 2316.9629 1.5 2.0 2300.7214 3.3 2291.2043 6.5
6 1 5 6 1 6 4113.5096 -4.4 -4.2
4 0 4 3 1 3 4355.8975 0.5 3.0
2 1 2 1 1 1 4437.5095 -0.4 -1.3  4349.1610  -0.8 4407.6197 2.9 4387.1727 0.6 4379.4879 0.3
2 0 2 1 0 1 4628.5598 0.7 1.2 4533.5146  -1.2 4596.2125 -2.2 4577.0029 -2.0 4565.5793 -1.4
2 1 1 1 1 0 4830.0458 2.2 4.1 4727.5839  -3.1 4794.9709 5.5 4777.3407 2.3 4761.5284 0.1
7 1 6 7 1 7 5475.6276 3.7 0.2
1 1 0 1 0 1 5522.4285 -2.0 -2.8
2 1 1 2 0 2 57239149 -0.1 0.5
31 2 3 0 3 6036.0414 -0.8 1.2
4 1 3 4 0 4 64704126 -0.2 2.1
31 3 2 1 2 6652.8949 -0.5 -2.1  6520.5999 0.3 6608.1421 -0.7 6577.3710 -1.7  6566.0417 0.3
3 0 3 2 0 2 69294555 -0.4 -0.9 6787.8111 1.1 6881.2922 -1.4  6852.0596 1.2 6835.7175 0.0
3 02 2 2 2 1 6950.0923 -0.7 5.8 6807.0320 -1.1 6901.3697 1.9 6872.8365 0.6 6855.1990  -0.1
5 0 5 4 1 4 6970.2448 0.4 -0.4
32 1 2 2 0 6971.3494 -2.8 -10.3  6826.8214 1.2 6922.0572  -2.5 6875.2901 -0.2
&8 1 7 8 1 8 7022.5722 -1.3 0.8

11



S GG GG w—y

4 5 0
2 2 1
1 0 O
5.6 0

S = W

7041.8001
7241.5835
7643.1219
7767.1411

0.2
0.3
1.5
2.6

1.3
1.2
-0.6
0.9

7088.1353

1.8 7189.0542

VFVFpaper_ Revision Final.docx 7/31/2020 1:36:34 PM

-2.4 7162.5048

-2.9 7138.9974

0.5

“Observed — Calculated frequency, in kHz, based on fitted constants reported in Table 1.

12
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Figure 3. Optimized structures for (FE).. Relative energies are given below each structure, with
the top (red) value corresponding to the wB97X-D/6-31+G(d,p) optimization, and the middle
(blue italic) and bottom (green bold) values corresponding to zero-point-energy corrected
MP2/6-311++G(2d,2p) and MP2/aug-cc-pVDZ calculations, respectively. In most cases, results
of the three calculations are visually similar enough that only one structure is shown. See text
and Tables 3 and 4 for further details. For Structure 2, C;n symmetry was enforced for the MP2
calculations, while symmetry was not enforced for the DFT calculation.

13
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Table 3. Rotational constants, dipole moment components, and relative energies of optimized
structures for (FE)y, at DFT level (0«B97X-D/6-31+G(d,p)). See Figure 3 for structure

illustrations.
Structure Number: 1 2 3 4' 5

AE / cm’! 0 69 78 136 223
A/ MHz 5916.0 9624.8 63164 51965 71283
B/ MHz 1211.7 10922 12707 1417.7  984.0
C / MHz 1153.5 980.9 1060.2 12204  887.1
Paa/u A? 384.9 462.7 3972 3367  506.2
Py /u A2 53.2 52.5 79.5 77.4 63.5
Pec/uA? 32.2 0.0 0.5 19.8 7.4
La!D 2.3 0.0 0.9 0.0 1.4
/D 0.5 0.0 0.3 0.0 0.4
L/ D 0.6 0.0 0.2 1.9 0.3
Lot | D 2.4 0.0 1.0 1.9 1.5

14
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Table 4. Rotational constants, dipole moment components, and relative energies of optimized structures
for (FE),, at MP2/6-311++G(2d,2p) and MP2/aug-cc-pVDZ levels. See Figure 3 for structure
illustrations. See text for discussion of effects of basis set choice on results.

Structure Number: 1 2 3 3’ 4 4’
MP2/6-311++G(2d,2p)
AE / cm! 84 0 68 58 165 119
AE ZPE /cm ¢ 104 0 - 63 -- 136
A/ MHz 5999.4 10428.0 6404.8 5701.5 52823  5199.0
B/MHz 12183 11073 12789  1349.7  1367.5 1438.1
C /MHz 1165.5 1001.0 1066.0  1196.2  1086.3 1230.7
Pu/u A2 382.1 4564 395.2 354.1 369.6 3324
Py / u A? 515 485 78.9 68.3 95.7 78.2
Pec/uA? 32.7 0.0 0.0 20.3 0.0 19.0
Ua! D 23 0.0 0.8 0.7 0.0 0.0
/D 0.5 0.0 0.3 0.3 0.0 0.0
e/ D 0.5 0.0 0.0 1.4 0.0 1.7
Mot/ D 25 0.0 0.9 1.7 0.0 1.7
MP2/aug-cc-pVDZ
AE / cm! 71 0 23 - 127 118
AE ZPE /cm* 63 0 57 - 141 108
A/ MHz 5811.7 9223.1 6088.5  -- 51744  5086.8
B/MHz 12282 1118.8 12963  -- 1386.0  1456.5
C / MHz 1177.8  997.7 1068.8 - 1093.2  1251.0
Poa/u A2 376.8  451.7 389.9 - 364.6 325.8
Py /u A? 523 54.8 83.0 - 97.7 78.2
Pec/u A? 34.7 0.0 0.0 - 0.0 21.2
Ua! D 23 0.0 0.8 - 0.0 0
/D 0.5 0.0 0.3 - 0.0 0
e/ D 0.6 0.0 0.0 - 0.0 1.7
Mot/ D 2.4 0.0 0.9 - 0.0 1.7

“ Zero-point-energy corrected relative energies.

15
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DFT calculations gave five unique structures (Figure 3, Tables 3 and 4). With the
relatively small basis set employed (6-31+G(d,p)), a nonplanar arrangement with the F atom of
one FE pointing towards the H-C=C-H side of the second FE (Structure 1) is about 69 cm™' lower
in energy than the most stable planar structure. In the most favorable planar structure, the H-C-F
ends of the FE molecules point towards each other, forming a cyclic arrangement of two CH:--F
interactions (Structure 2). A similar expected planar arrangement, with interactions between the
two H-C=C-F sides of the FE molecules, converges to a non-planar book-like structure
(Structure 4'), which is fourth lowest energy overall (136 cm™ above the minimum). The only
other (near) planar arrangement involves a T-shaped orientation of the C=C bonds (Structure 3),
with the end H-C-F of one FE molecule pointing towards the side H-C=C-F of the second FE, in
a structure very similar to that observed for 1,1-DFE---FE [9]. This arrangement is predicted, at
DFT level, to be 78 cm™ higher in energy than the most stable configuration. The final (FE),
configuration obtained at ®B97X-D/6-31+G(d,p) level lies significantly higher in energy (223
cm™! above the minimum) and appears to involve both CH---n and CH---F contacts between the
two monomers (Structure 5).

Calculations at the MP2/6-311++G(2d,2p) level led to a total of four stationary points
(Figure 3, Table 4), and vibrational frequency calculations revealed that all four are true minima
on the potential energy surface. Zero-point energy (ZPE) corrected relative energies are not
significantly different from uncorrected values (Table 4). At MP2 level (and with a larger basis
set, compared to the DFT calculations), the minimum energy configuration is the nonpolar planar
end-to-end arrangement that was second most stable at DFT level (Structure 2). The book-like
structure (Structure 4') remains fourth lowest, lying 136 cm™! above Structure 2 after ZPE

corrections. The nonplanar Structure 1, which was most stable at DFT level, is now third lowest

16
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(104 cm™ above the minimum), while T-shaped Structure 3 now converges to a nonplanar (book-
like) arrangement (3') lying 63 cm™ above the minimum after ZPE corrections. Extensive efforts
at optimizing additional structures only led to a planar version of this arrangement if symmetry
was enforced during the optimization.

During review of this manuscript we became aware that Pople basis sets such as 6-
311++G(2d,2p) have known limitations in optimization of planar structures [22]; thus, we
performed an additional set of MP2 calculations using the aug-cc-pVDZ basis set, which has the
same number of basis functions as 6-311++G(2d,2p). These results are also included in Table 4.
The T-shaped Structure 3 now only resulted in a planar optimized structure, even when the
optimization was begun from the nonplanar 3’ configuration. For Structure 4, both planar and
nonplanar optimized arrangements were obtained. Frequency calculations at the MP2/aug-cc-
pVDZ level gave only real frequencies for all converged structures, although the lowest
frequency vibrations for both Structures 3 and 4 correspond to out-of-plane distortions towards
the book-like 3" and 4’ configurations. ZPE corrected energy differences are similar to 6-
311++G(2d,2p) values, with aug-cc-pVDZ results predicting Structure 3 to lie 57 cm™ above
minimum energy Structure 2. Planar, nonpolar Structure 4 is now 141 cm™ above the minimum,
while the book-like 4’ appears still to be slightly more stable, at 108 cm™ above the minimum.
Structure 1 is now only 6 cm™! less stable than Structure 3 (63 cm™! above the minimum).
Structure 5, which was 223 cm™! above the minimum at DFT level, was not obtained as a
stationary point at MP2/6-311++G(2d,2p) level, and was not optimized with the aug-cc-pVDZ
basis set.

Spectroscopic predictions were made based on the two lowest energy polar structures

from the DFT calculations (Structures 1 and 3), and patterns very similar to those predicted for

17



VFVFpaper_Revision Final.docx 7/31/2020 1:36:34 PM

Structure 3 were quickly identified in the broadband microwave scan (see Section III.A., above).
Particularly because of the differences in energy ordering between the DFT and MP2/6-
311++G(2d,2p) calculations, as well as uncertainty about the degree of planarity (with potential
large effects on rotational constants and dipole moment components), searches were also carried
out for Structure 4’ based on MP2 predictions. Although some reasonably strong unassigned
transitions remain in the spectrum, no additional dimer configurations have yet been identified.
In general, it was found that rotational constants and relative magnitudes of dipole
moment components were in very good agreement between the ®B97X-D/6-31+G(d,p) and both
sets of MP2 calculations; however, the energy ordering of observed dimer configurations was
very different between the DFT and MP2 theoretical approaches. Experimental evidence from
this and a recent study of 1,1-DFE---FE [9], indicates that the MP2 ordering is likely more
accurate than the DFT results. The lack of planarity observed for MP2/6-311++G(2d,2p)
Structures 3" and 4’ was originally disconcerting; however, the MP2/aug-cc-pVDZ calculations
prompted by Reference 22 now suggest that planar configurations are likely, and these results are
consistent with experimental observations, both here and in Reference 9. Spectroscopically, the
much faster DFT methods utilized in the present work give reliable enough estimates of
rotational constants to facilitate identification of species present in the spectrum. They would
suffice for initial spectroscopic searches and assignments (although the questions about planarity
require that predicted dipole components be interpreted very loosely). Higher level calculations
would be necessary for reliable comparison of structural details, energetics, and electronic
properties, with use of non-Pople basis sets helping to ensure that difficulties with optimization

of planar stationary configurations are avoided.
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C. Structure
Initial comparison of fitted rotational constants with theoretical predictions led to a clear
preference for planar Structure 3. The planar moment, P, from the assigned spectrum is

1.16452(13) u A2, confirming a planar arrangement of FE molecules (where P, = ¥, m;x? =
(%) (Iy +1, - Ix) for permutations of (x, y, z) = (a, b, ¢)). Although the relatively large non-zero

P.. planar moment is indicative of some out of plane motion within the complex, this value is
nevertheless significantly smaller than P.. for the structurally similar dimer, 1,1-DFE---FE
(1.8805(7) u A2, [9]).

More detailed structural information may be obtained both via a least-squares fit of
intermolecular structural parameters to experimental moments of inertia for the normal and four
13C-containing isotopologues [23], and by application of Kraitchman’s equations for single
isotopic substitution [24, 25] to determine principal axis coordinates of the four substituted
carbon atoms.

Table 5. Literature structure for FE [26]. Distances are in A and angles in degrees. See Figure
2a for atom numbering.

Parameter Value
R(Ci1—Hs) 1.087
R(C1—Ha) 1.077
R(C2—Hs) 1.082
R(C2—Fe) 1.347
R(C1=C2) 1.329

0(Hs-C1=Cy) 1209
0(Hs~C1=C;) 119.0
0(Hs-C,=C1) 1292
0(FeC=C1) 1208
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The least-squares fit was performed using the STRFIT program [23] and assuming
monomer structures were unchanged within the dimer. Structural parameters for FE monomer
are given in Table 5 [26]. A more recent and more precise monomer structure is also available
[27]; however, we have continued to utilize parameters from Reference [26] for more consistent
comparison with structures of previous FE-containing dimers. The resulting difference in
intermolecular parameters is expected to be small. With the assumption of a planar dimer
structure, three parameters are needed to uniquely define the relative orientation of the two FE
molecules. In the present work, these were chosen as the F6---H9 distance (R) and two angles,
C7-H9---F6 (0) and H9---F6-C2 (¢), Figure 2(a). Since for a planar structure I, + I, = I, each
isotopologue provides only two independent structural parameters; thus, pairs of moments of
inertia from each isotopologue were utilized for the least-squares fit, giving a series of trials,
each of which fitted three structural parameters to ten moments of inertia (Table 6). The best
structure fits (based on lowest root-mean-square (RMS) deviations of observed minus calculated
moments of inertia) were those that included /,; however, uncertainty in the 4 rotational constant
is large because the majority of assigned transitions are a-type. To try to mitigate the increased
uncertainties arising from utilizing 4 for structure determination, a second fit was performed in
which structural parameters were fitted to P., and Py, planar moments. The standard deviation
of this fit is larger than for the result obtained from fitting moments of inertia, although the
structural results are similar. For this reason, we feel that the inertial fit of 7, and /. from the
normal and each isotopologue to the three structural parameters of the dimer is the most reliable
fit, and this is reported in Table 6 (“Best” column).

Kisiel’s KRA and EVAL programs [25] were used to extract coordinates of all four

carbon atoms within the dimer principal axis system (Table 7, s coordinates), allowing the
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relative alignment of the two double bonds to be determined. Structural parameters derived from
this approach are also reported in Table 6 for comparison with inertial fit results. C=C bond
lengths from the Kraitchman analysis can be used to gauge the accuracy of the s coordinates and
resulting structural parameters. Unfortunately, the small b-coordinates of three of the four
carbon atoms contribute to high uncertainties in the »; parameters, giving C=C bond lengths of
1.305(7) A and 1.368(13) A, compared to a literature value of 1.329(6) A [26]. As a result of
these high uncertainties, while the 7, results provide confirmation of the general structural

arrangement of the FE molecules, quantitative analysis of 7 results is not as useful.

D. Dipole moment

A total of 27 Stark shift measurements were made on 6 separate M components from 3
different rotational transitions, at fields of up to ~230 V cm™!. Kisiel’s QSTARK [28] program
was used to fit u, and up to the Stark shifted transition frequencies, with rotational and distortion
constants fixed to the values obtained from SPFIT (Table 1). Because QSTARK utilizes a
Watson 4-reduction Hamiltonian, the fitted S-reduction constants were first converted to 4-
reduction values using Kisiel’s CONVC routine [29]. The resulting dipole moment components
are (s = 0.683(3) D, ur = 0.301(5) D, w0t = 0.746(5) D, consistent with MP2 calculations for ab
initio Structure 3 (Table 4), while DFT calculations somewhat overestimate the total dipole
(Table 3). Efforts to fit - were unsuccessful, consistent with the planar nature of the dimer, and
in contrast to the MP2/6-311++G(2d,2p) calculations. Full details of dipole fitting data are

summarized in Supplementary Tables.
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Table 6. Parameters resulting from least-squares fits of a distance and two angles (R, € and ¢) to
pairs of moments of inertia or planar moments from the normal and four '*C isotopologues of
(FE)>. The preferred structure is labeled “Best”. Derived structural parameters from the 7,
coordinates reported in Table 7 are also included for comparison. See Figure 2 for atom

numbering.

1u, 1. (Best) 1, Ip I, 1. Ts
Rre-19 /| A“ 2.470(10)  2.481(10)  2.466(19)
O F6--Ho-c7 / ©* 157.9(4) 158.04)  155.6(7)
$no--re.c2 / °* 111.25(18)  111.22(17) 115.2(3)
AL | u A%? 0.026 0.028 0.073
H5---F12/A 2.399(7) 2.412(7)  2.420(13)
C2-H5---F12/°  153.5(3) 153.53)  149.2(5)
H5---F12-C8/°  125.6(3) 125.6(2)  128.4(5)
C1-C2---C7/°  177.50(12) 177.53(11) 174.80(24) 176.3(1.4)
C1-C2---C8/°  164.07(13) 164.09(12) 166.88(25) 164.8(1.4)
C2---C7-C8/°  86.8(3) 86.9(3) 85.7(6) 85.7(4)
C2---C8-C7/°  74.8(3) 74.7(3) 76.0(6) 75.4(3)
C2--C7/A 4.055(8) 4.067(7)  4.102(15)  4.083(9)
C2---C8/A 4.1960(10)  4.2088(10) 4.2155(21) 4.2060(11)
Cl--C2/A 1.329¢ 1.305(7)
C7---C8/A 1.329 1.368(13)
Rem | A 3.9804(2)  4.0020(2)  3.9890(4)

“Parameters varied during the least-squares fitting routine. Other displayed parameters are

derived from the fitted structure — see text.

b Root-mean-square of Iopserved — Lealculated Values for moments of inertia included in the least-

squares fit.

¢ C=C distances within FE monomers from Ref. [26].
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Table 7. Principal axis coordinates (in A) of carbon atoms determined by use of Kraitchman’s
equations (ry structure), and corresponding values for the preferred inertial fit structure (7o — see
“Best” column of Table 6).

lal (rs) 0] (75) a (ro) b (ro)
Cl 3.0025(5) 0.6182(70)  -2.9997(19)  0.6345(12)
C2 1.749009) 0.2563(239) —-1.7299(10)  0.2423(18)
C7 2.0916(7) 1.1279(78)  2.0889(82) —1.1228(18)
C8 2.4565(6) 0.1902(109)  2.46510(7)  0.1518(43)

IV. Discussion

The planar T-like structure of the observed fluoroethylene dimer is analogous to the
structure recently observed for FE---1,1-DFE [9], and comparison of the two structures may
provide some insight into the variation of intermolecular interactions upon substitution of one
hydrogen atom by a fluorine atom in unsaturated molecules. Each monomer acts as both a donor
and an acceptor for a weak CH---F interaction. The H9---F6 contact (Figure 2) is nearly identical
in the two species, with values of 2.470(10) A in (FE); and 2.463(16) A in FE---1,1-DFE [9].
These distances both fall within the sum of van der Waals radii of H and F (1.20 + 1.47 =2.67 A
[30]); thus, the H---F interactions are likely quite strong. The H5---F12 contact is 0.1 A shorter in
(FE)2 (2.399(7) A) than in FE---1,1-DFE (2.496(9) A [9]), indicating a weaker interaction in the
latter species, possibly as a result of the second fluorine atom in DFE drawing electron density
away from the C—F bond that is participating in the intermolecular contact.

Intermolecular bond energies, £, may be estimated using a pseudodiatomic
approximation based on a Lennard-Jones potential, according to equations (1) and (2) [31, 32],

where £; is the force constant for the intermolecular bond, x is the pseudodiatomic reduced mass,
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R 1s the distance between the centers of mass of the two monomers, % is Planck’s constant, Dy

is the Watson S-reduction distortion constant, and all values are used in base SI units.

16m* (UR¢m)?[4B*+4C*—(B—C)?(B+C)?]
ks =
hDy

(1)
Ep = kR, @)
This gives ks = 5.0(3) N m™!, Ez = 6.7(4) kJ mol! and v = 61(2) cm™ (with v = (27) ! (ks/u)"),
confirming, as supposed above, that the (FE), interaction energy is larger than was observed for
the structurally similar FE---1,1-DFE, for which k; = 3.19(4) N m™ and E5 = 5.32(15) kJ mol ..
Perhaps a more rigorous theoretical investigation of the electrostatic properties of these dimers,
which is beyond the scope of the present work, would shed further light on the similarities and
differences in the nature of the CH---F interactions in these species. As a simple first step, the
MP2/aug-cc-pVDZ interaction energy (Erey — 2EFE, using ZPE corrected energies and not
accounting for basis set superposition error) is 10.2 kJ mol™!, showing only order of magnitude
agreement with the experimental estimate. Without more extensive computational studies, it will

not be clear whether this discrepancy arises from assumptions inherent in the experimental

estimate or flaws in the computational approach.

V. Conclusions

In the present work, a polar form of fluoroethylene dimer has been identified using
chirped-pulse Fourier-transform microwave spectroscopy. Despite being predicted to lie ~57
cm! higher in energy than the more stable nonpolar isomer of the dimer at the ZPE corrected

MP2/aug-cc-pVDZ level, and having relatively small dipole moment components, the significant
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intensity of the present species in the rotational spectrum indicates that it is relatively abundant
within the molecular expansion.

MP2/6-311++G(2d,2p) calculations presented significant difficulties when attempting to
optimize expected planar dimer arrangements, and this is consistent with known weaknesses of
Pople basis sets, as described in Reference 22. While resulting in optimized structures with
similar energies, dipole moment components, and rotational constants, the Dunning aug-cc-
pVDZ calculations largely avoided the difficulties with planar structures that the equivalently
sized Pople basis set encountered. Less expensive optimizations at the ®B97X-D/6-31+G(d,p)
level gave structurally similar stationary points, but the energy ordering and dipole moment
components deviated significantly from the MP2 results. It is also clear from the number of
remaining transitions visible in the broadband rotational spectrum that there is significant
formation of larger FE clusters, and spectra have already been assigned for two species, believed
to be (FE)3 and (FE)4, as well as for FE---Ne. A significant number of additional unassigned
lines still remain within the 1 million FID broadband scan, and present work is focused on
implementing more sophisticated analysis techniques (based on intensity variation as
experimental parameters are systematically varied) to identify groups of transitions belonging to
related spectra. In addition to methods derived from a principal component analysis-like
approach [35, 8], the extended cross correlation technique described by Jacobson [33] is presently
being implemented as a complementary method for approaching large spectroscopic data sets

[34].
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