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The first assignment of the vibronic ground state rotational spectra for F,C=CH’’Br and
F,C=CH?®'Br is reported. Only y,-type transitions could be observed. This indicates, that the C- F
and C-Br bond dipole moments are almost equal despite of the large difference in the Pauling
electronegativities of the two halogen atoms. The complete quadrupole Br-coupling tensors includ-
ing their orientation with respect to the molecular principal inertia axes could be determined and
arc discussed within the Townes-Dailey model. A partial r,-structure is proposed.

Introduction

We have initiated the present study in view of our
current interest in the effects of fluorine substitution
on the geometries, magnetic properties and bonding
in small molecules. The rather dense microwave spec-
trum of F,C=CHBr has never been studied before.
So, in this initial study, we report the assignment of
the spectrum and we discuss the observed bromine
nuclear quadrupole coupling. Detailed studies of the
Stark effect, the rotational Zeeman effect and of the
13C-isotopic species are planned for the near future.

Experimental

A sample of 1-bromo-2,2-difluoroethylene, a gas at
room temperature, was obtained from Fluorochem
Ltd., Old Glossop (Great Britain) and was used with-
out further purification. A rough prediction of the
spectrum was calculated from an approximate struc-
ture, guessed as a composite from the structures of
F,C=CH, [1] and of H,C=CHBr [2], see Figure 1.

From this first prediction with rotational constants
A=10.85 GHz, B=1.41 GHz, C=1.25 GHz for the
81Br-species and 4=10.85 GHz, B=1.43 GHz and
C =1.26 GHz for the 7?Br-species, near prolate top ,-
and u,-type spectra were calculated. Transitions, in-
volving levels with larger K ,-quantum numbers (K, =
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Fig. 1. Within an additivity scheme for bond moments, super-
position of the electric dipole moment vectors of 1,1-di-
fluoroethylene and bromoethylene should lead to the dipole
moment of 1-bromo-2,2-difluoroethylene (the ethylene-config-
uration, which is additionally produced that way has zero
dipole moment). Since the a-components largely compensate
in such a superposition, one expects the dipole moment to be
closely aligned to the b-axis of the moment of inertia tensor.
This explains why no p,-type transitions and no rapid p,-type
Stark effects could be observed.
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Fig. 2. Block diagram of the double resonance modulation spectrometer, which was set up to confirm the assignment of the

spectra.

1) Sweeper. Hewlett Packard 8690 B with 8696 A plug in.

2) 10 MHz-26.5 GHz synthesized sweeper Hewlett Packard
8340 B.

3) Frequency synthesizer 470—1000 MHz, Rohde & Schwarz
XSU, XUC.

4) X-band TWT amplifier Hughes 1177 H, 10 W.

5) Pulse generator E-H Research Laboratories 137-NV.

6) Lock-in amplifier Ithaco Dynatrac 391 A.

K-quantum number of the limiting prolate symmetric
top) were expected to exhibit rather fast Stark effects
due to u,-matrix elements connecting the near-degen-
erate K, -doublets. An extensive search with our Stark
effect-modulated spectrometers [3], run at a low mod-
ulation field strength, failed to detect any such transi-
tions. Thus, , must be exceedingly small, even smaller
than the value predicted from a vector addition of the
reported dipole moments of F,C=CH, [4] and
H,C=CHBEr [5] as also shown in Figure 1.

In a second run high-field Stark modulated spectra
as well as microwave Fourier transform spectra were
recorded in the X- and K-band region (8 to 26 GHz)
and typical bromine quadrupole hfs patterns were
searched for. Looking for the expected quadrupole hfs
pattern, the J,, —J, ,_, u,-type Q-branch could be
tentatively assigned for both isotopic species. To con-
firm this tentative assignment, a microwave-micro-
wave double resonance spectrometer was assembled

7) Micro computer Commodore C 64.

8) Frequency synchriminator Rohde & Schwarz XKG.

9) PIN diode switch Hewlett Packard 33144 A with TTL-
driver 33190 B.

10) X-band multihole directional coupler Waveline 674-3
(3 dB) with band pass filter AEL F 2001.

11) Coaxial low pass filter 15 GHz, AEL MW 1140-2.

12) Coaxial low pass filter 14 GHz, K & L Micro FLR 14.0.

as shown in Figure 2. In this spectrometer the strong
X-band pump radiation is set on a tentatively assigned
Q-branch transition. It is chopped (100 kHz on/off)
and the signal frequency is swept over a K-band region
in which a yet unassigned transition, connected to the
pump transition by a three level double resonance
scheme, is suspected. The insert of Fig. 2 shows an
example. With lock-in detection at the modulation
frequency of the pump, only those transitions which
involve one of the pumped states are modulated and
detected.

The correct assignment of the transitions could be
easily confirmed that way. as is demonstrated in
Figs. 3 and 4.

Pumping on the 7,, — 7, transition, the 7, — 7,5
transition could be assigned. which gave access to the
Jy;-1—J5,;_, Q-branch. Pumping on the 5,5 > 5,
and 6,, — 6,5 transitions, respectively, the 5,5 — 6,
and 6,, — 7, R-branch transitions could be assigned.
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Fig. 3. 15 MHz section of a MWFT power spectrum of
1-bromo-2,2-difluoroethylene, which shows the four most in-
tense quadrupole hfs satellites of the 7,, — 6, rotational tran-
sition of CF,=CH?®'Br. The additional four lines turned out to
belong to the 7,5 » 7, Q-branch transition of the same iso-
topic species. For the final assignment a double resonance
experiment was carried out (see Figs.2 and 4).
The experimental conditions were: Sample pressure: 91 Pa
(7 mTorr); temperature: —43 °C; polarization frequency:
26 023.000 MHz; delaytime after the end of the pulse: 2500 ns;
sampling rate: 10 ns; 1 k data points with 3072 zeros added
prior to the Fourier transformation. Relative satellite intensi-
ties of the satellites, as they would be observed in a cw-spec-
trometer, are given in brackets. Intensity deviations as seen
here are typical for MWFT spectra. They reflect differences in
the polarization efficiency due to different offsets with respect
to the frequency in the polarizing pulse.

This did lead to sufficiently accurate rotational con-
stants to identify in total 40 rotational transitions for
the 7°Br species and 38 for the #!Br species.

The spectra were analyzed using the effective
Hamiltonian

H.i/h = Hy/h+ Hep/h+ Ho/h (1)
with
Ay/h=AJ?+BJ2+CJ2, (1a)
A.pfh=—D,J*— D, JAI2— D J*
—26, JA(J2-J?) (1b)
—2RG[BR 2+ T2 ) - T —J4,
Ho/h=+(1/6) XX Q;; Vyy/h . (1¢)
LI |

rotational constants;

operators corresponding to the components
of the rotational angular momentum in
direction of the molecular principal inertia
axes measured in units of #;

Dy, Dk, Dy, 6;, R centrifugal distortion constants
up to fourth order,

S~
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Q;; components of the Br nuclear quadrupole
moment tensor;

components of the intramolecular electric
field gradient tensor at the position of the
Br nucleus and caused by the extranuclear
charge distribution.

This Hamiltonian includes the bromine nuclear
quadrupole coupling, ﬁQ, as well as centrifugal distor-
tion corrections, Hcp, up to fourth order. It is given in
frequency units. For the derivation of the fourth order
centrifugal distortion Hamiltonian we refer to [6, 7].
For a general discussion of nuclear quadrupole cou-
pling we refer to [8].

The Hamiltonian matrix was set up in the coupled
basis for the limiting symmetric top, |J, K, I, F, M)
[9]. This matrix factorizes into F-blocks (F = quantum
number corresponding to the overall angular momen-
tum including the spin of the bromine nucleus, 7, and
the rotational angular momentum, J, but neglecting
all other spins). The F-blocks were diagonalized numer-
ically. The transition strengths were obtained by the
corresponding transformation of the direction cosine
matrix elements. Our program (HFS) [10] was used
for the calculations.

Because of the small inertia defect the equilibrium
configuration is clearly planar. Therefore, there are
only four nonzero components of the electric field
gradient tensor, caused by extra-nuclear charges, i.e.
—Viw» —Vip» — V.., and —V,,, where the diagonal
elements are linearly dependent by Poisson’s equa-
tion,

V;za+V;1h+V;c:0' (2)
Thus only

(be+lc():eQ([/bb+ Vcc)/h7
(ton+ 1e)=€Q(Vop—V.)/h and
Xap =€QVap/h

were fitted to the observed line frequencies. Here Q
stands for the so called nuclear quadrupole moment of
the 7°Br and ®!Br nucleus, respectively. e stands for
the proton charge, and V,, etc. are the vibronic ground
state expectation values for the second derivatives of
that part of the intramolecular Coulomb potential
which originates from charges outside the bromine
nucleus.

A global fit was performed, ie. the rotational
constants, the centrifugal distortion constants and
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Fig. 5. Some hfs patterns such as the one of the 9,, -9,
rotational transition of CF,=CH®'Br carry direct informa-
tion on the off-diagonal quadrupole coupling tensor element
Za»- This is caused by accidental close degeneracies of asym-
metric top states connected by matrix elements due to y,,
(compare Figure 6). The upper trace shows the experimental
spectrum. The lower trace shows a simulation calculated un-
der the neglect of y,,.

the three quadrupole coupling constants (y,,+ y..)s
(55— Zeo)» and y,, were fitted simultaneously.

In view of the sufficiently close “accidental degener-
acy” of different rotational states, also y,, could be
determined with high accuracy (comp. Figs. 5 and 6).

In Tables 1 and 2 we present our observed and as-
signed transition frequencies. In Tables 3 and 4 we
present the molecular parameters together with the
correlation matrix of the fit.

Pl
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Fig. 6. hfs matrix elements associated with y,, are off-diagonal
in the rotational quantum numbers JK, K . Therefore, in
most cases they only lead to minor shifts of the hfs sublevels
(—— second order perturbation theory). However, in the case
of accidental close degeneracies shown here, these shifts can
become substantial. Vertical connections indicate nonvanish-
ing hfs matrix elements associated with y,,. The 9,4 state is
involved as the lower state in the heavily perturbed hfs pat-
tern shown in Figure 5.

Discussion
A) Bromine Nuclear Quadrupole Coupling

Sufficiently close accidental degeneracies allowed
for an accurate experimental determination of the off-
diagonal coupling constants, y,,. Thus the quadru-
pole coupling tensors of both isotopic species could
be completely determined including their orientation
with respect to the molecular principal inertia axes.

-

Fig. 4. Double resonance spectra corresponding to the MWFT spectrum shown in Figure 3. The hfs pattern of the 7, — 7,5
transition does not show up any more since its intensity is not modulated by the pump radiation. The different intensity
patterns arise because of different settings of the pump frequency: a) pump at 11 294.70 MHz corresponding to the F=15/2
— F'=15/2 satellite of the 6,4, — 60, transition; b) pump set to 11299.66 MHz (9/2 —»9/2 satellite); ¢) pump set to
11 271.92 MHz (13/2 - 13/2 satellite); d) pump set to 11 277.30 MHz (11/2 — 11/2 satellite). The “bar spectrum” gives the
relative hfs intensities as they would be observed in a cw-spectrometer.
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Table 1. Assigned rotational transitions for the vibronic ground state of F,C=CH’°Br. Only yu,-type transitions could be
observed. The calculated frequencies were obtained from the molecular parameters presented in Table 3 by numerical
diagonalization of the Hamiltonian matrix corresponding to (1). As experimental frequencies we present our microwave
Fourier transform results. They were directly fitted to the observed transient emission signals [25].

‘]' K; K(’ - ‘] Ka Kc F’ F vexp "cenler vcala vexp.-calc.
[MHZz] [MHZ] [MHz] [kHz]
a) p,-type-Q-branch-transitions

2 1 1 2 0 2 5/2 5/2 9 565.617 9614.587 9 565.621 —=3.9
31 2 30 3 32 3/2 9926.594 9 884.108 9926.592 1.5
5/2 5/2 9867.470 9867.474 —-3.6
T2 7/2 9 856.446 9 856.450 —4.4
9/2 9/2 9 895.238 9 895.237 1.3
3 21 3 1 2 3/2 3/2 27 599.490 27 543.336 27 599.500 -9.6
5/2 5/2 27 537.043 27 537.041 2.2
7/2 7/2 27 498.935 27 498.921 14.1
9/2 9/2 27 570.871 27 570.871 0.5
4 1 3 4 0 4 7/2 7/2 10 238.185 10251.913 10 238.187 —2:2
9/2 9/2 10 225.654 10.225.660 —6.4
51 4 5 0 5 7/2 7/2 10 742.148 10 725.105 10 742.146 2.2
9/2 9/2 10 713.030 10.713.028 21
11/2 11/2 10 705.544 10 705.546 —24
13/2 13/2 10 735.796 10 735.792 4.3
3 2 3 51 4 7/2 7/2 26 854.423 26 840.587 26 854.410 13.4
9/2 9/2 26 835.958 26 835.959 —14
11/2 11/2 26 828.613 26 828.611 1.7
13/2 13/2 26 848.972 26 848.978 — 5.6
524 515 712 7/2 29 402.698 29 368.279 29 402.705 —74
9/2 9/2 29 351.482 29.351.495 —12.9
11/2 11/2 29 337.389 29.337.396 —74
13/2 13/2 29 387.993 29 387.986 7.3
6 1.5 6 0 6 11/2 11/2 11 301.854 11 312.334 11 301.853 0.6
13/2 13/2 11 295.227 11 295.230 —34
15/2 15/2 11 322.653 11 322.654 —04
6 24 615 9/2 9/2 26 418.689 26 411.648 26 418.687 1.9
11/2 11/2 26 408.553 26.408.551 2.5
13/2 13/2 26 405.305 26 405.306 —0.5
15/2 15/2 26 416.956 26 416.946 10.3
6 2 5 6 1 6 11/2 11/2 29 876.293 29 898.785 29 876.296 —2.5
13/2 13/2 29 874.419 29 874.427 -8.1
15/2 15/2 29915513 29 915.504 9.2
716 707 11/2 11/2 12038.072 12 023.534 12 038.074 =18
13/2 13/2 12 013.045 12 013.046 -0.7
15/2 15/2 12 007.556 12 007.555 1.3
17/2 17/2 12 033.754 12 033.751 2.8
7 2 8 71 6 11/2 11/2 25954963 25950.941 25954.961 21
13/2 13/2 25950.153 25950.151 2.4
15/2 15/2 25947.820 25947.815 4.9

17/2 17/2 25 954.765 25954.775 —10.
72 6 7117 11,2 11/2 30 541.802 30 520.150 30 541.795 6.4
13/2 13/2 30 506.465 30 506.455 9.9
15/2 15/2 30 499.794 30 499.787 73
17/2 17/2 30 534.955 30 534.952 29
8 26 8 1 7 13/2 13/2 25478.933 25476.190 25478.935 —=1.7
15/2 15/2 25490.639 25490.638 0.9
17/2 17/2 25475938 25475.938 0.4
19/2 19/2 25509.113 25509.116 —31
&8 27 8 1 8 13/2 13/2 31 251.957 31233.223 31 251.956 1.6
15/2 15/2 31220.714 31 220.716 —2.6
17/2 17/2 31.215.488 31 215.494 =63
91 8 90 9 15/2 15/2 13 860.305 13 861.563 13 860.309 ~38
21/2 21/2 13 872.044 13 872.042 21
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Table 1 (continued)

‘]( K; K: - J Ku K(' F’ F vcxp ‘Icenler "cnlc. vcxp.»culc.
[MHz] [MHZz] [MHz] [kHZ]
9 2 7 9 1 8 15/2 15/2 25027357 25 006.890 25027.358 —0.8
17/2 17/2 25 009.041 25009.024 17.8
19/2 19/2 25036.945 25036.962 —1741
21/2 21/2 25 006.759 25 006.760 —-1.2
9 2 8 9 1 9 15/2 15/2 32 053.889 32038.785 32 053.897 —7.6
17/2 1772 32024.131 32024.132 —1.1
19/2 19/2 32022911 32022.904 6.9
21/2 21/2 32051.492 32051.486 6.2
10 2 8 10 1 9 17/2 17/2 24 562.881 24 563.770 24 562.887 —6.0
19/2 19/2 24 563.007 24.563.005 2.0
21/2 21/2 24 561.769 24 561.771 —1.7
23/2 23/2 24 563.926 24 563.926 —-0.5
10 2 9 10 110 17/2 172 32953.358 32937.483 32953.364 -55
19/2 19/2 32927.276 32927.257 19.6
23/2 23/2 32 949.695 32 949.697 —24
1 2 9 11 110 19/2 19/2 24 167.905 24 168.154 24 167.912 —6.1
21/2 21/2 24 167.499 24 167.500 —0.6
23/2 23/2 24 166.688 24 166.689 —-0.5
25/2 25/2 24 168.479 24 168.481 —-25
12 210 12 111 21/2 21/2 23 841.421 23 841.269 23 841.416 54
23/2 23/2 23 840.486 23 840.482 3.8
25/2 25/2 23 839.708 23 839.710 —1.7
27/2 27/2 23 841.863 23 841.863 0.1
13 1 12 13 0 13 23/2 23/2 19 499.070 19 484.142 19 499.072 —1.5
25/2 25/2 19 472.297 19 472.293 33
27/2 27/2 19 469.828 19.469.824 43
29/2 29/2 19 495.811 19 495.808 2.6
13 211 13 112 23/2 23/2 23 604.136 23 603.604 23 604.138 —1.8
25/2 25/2 23 602.524 23 602.521 2.2
27/2 27/2 23 601.660 23 601.658 1.9
29/2 29/2 23 604.557 23 604.563 —6.1
14 113 14 0 14 25/2 25/2 21 348.068 21 333.097 21 348.076 1.7
27/2 27/2 21 320.969 21 320973 —44
29/2 29/2 21 318.611 21 318.613 —1.5
312 31/2 21 345.037 21 345.037 —0.4
14 212 14 113 25/2 25/2 23 475.248 23474393 23 475.254 —6.1
27/2 27/2 23472924 23472913 11.6
29/2 29/2 23 471.794 23 471.798 —4.1
31/2 31/2 23 475.795 23 475.793 2.1
b) u,-type-R-branch-transitions
3 2 2 2 1 1 5/2 32 35982.299 35989.137 35982.309 —103
7/2 5/2 35959.334 35959.337 -2.7
9/2 72 35998.003 35998.005 —-26
41 4 3 0 3 5/2 3/2 19 432.308 19 416.423 19 432.291 16.8
7/2 5/2 19 426.550 19 426.536 14.2
9/2 7/2 19 415.785 19 415.774 111
11/2 9/2 19 413.385 19 413.370 149
515 40 4 7/2 §/2 21 721.340 21727430 21 721.332 8.1
9/2 T2 21 732.566 21 732.559 6.9
13/2 11/2 21 723.440 21 723.431 8.8
6 1 6 5 0 5 9/2 7/2 23 992.702 23 967.080 23 992.693 9.0
11/2 9/2 23 980.291 23 980.296 —-5.0
13/2 11/2 23967.992 23 967.985 7.4
15/2 13/2 23 962.650 23 962.555 4.5
6 0 6 5 1 5 9/2 7/2 8206.034 8 199.180 8 206.039 —4.9
11/2 9/2 8202.105 8202.110 —4.7
13/2 11/2 8 196.734 8196.736 —1.8

15/2 13/2 8 198.545 8198.542 2%
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J' K; KL’ = J Ku Kc F' F vcxp \‘ccnler ‘.cach "cxpwcalc.
[MHz] [MHz] [MHz] [kHz]
71 7 6 06 11/2 9/2 26 139.880 26 143.991 26 139.882 —2.1
13/2 11/2 26 149.774 26 149.771 2.9
15/2 13/2 26 146.529 26 146.529 —04
17/2 15/2 26 139.206 26 139.212 =352
70 7 61 6 13/2 11/2 11 331.632 11 338.606 11 331.637 —54
15/2 13/2 11 334.950 11 334.953 —3.2
17/2 15/2 11 339.363 11 339.362 1.0
&8 18 7 0 7 13/2 11/2 28 263.705 28 268.448 28 263.708 —2.5
15/2 13/2 28273.912 28 273.919 —6.8
17/2 15/2 28 271.719 28 271.719 0.0
19/2 17/2 28 263.592 28 263.604 —-120
8 0 8 7 1 7 15/2 13/2 14 510.131 14 511.039 14 510.136 —53
17/2 15/2 14 506.956 14 506.962 —6.0
91 9 8 0 8 15/2 13/2 30 347.141 30 352.147 30 347.133 84
17/2 15/2 30 357.349 30 357.351 —24
19/2 17/2 30 355.674 30 355.672 231
21/2 19/2 30 347.371 30 347.376 —49
10 110 9 0 9 17/2 15/2 32 402.705 32 407.792 32 402.704 1.5
19/2 17/2 32 412.699 32412.703 —4.5
212 19/2 32411.252 32 411.256 —4.0
23/2 2172 32403.204 32403.201 2.9
10 010 9 1 9 17/2 15/2 20907.175 20901.387 20 907.176 =05
19/2 17/2 20 899.656 20 899.651 48
21/2 19/2 20 897.548 20 897.542 6.1
23/2 21/2 20903.518 20 903.516 23
1t o1t 10 110 19/2 17/2 24 097.754 24 092.363 24 097.764 —10.4
21/2 19/2 24 090.536 24 090.536 —04
23/2 2142 24 088.938 24 088.933 54
25/2 23/2 24 094.490 24 094.491 — 1.4
14 113 13 212 25/2 23/2 18 651.186 18 645.514 18 651.192 —6.1
272 25/2 18 647.715 18 647.709 5.7
29/2 27/2 18 641.222 18 641.216 6.4
31/2 29/2 18 652.100 18 652.100 —-03

To this end the three equations, which relate the
observed coupling constants y,,. #», and y,, to the
principal axes coupling constants y,,. 7;, and to the
angle 3 between the xz-axis of the coupling tensor and
the a-axis of the moment of inertia tensor were solved
for 9. y,,, and y,, (compare Figure 7).

aa=C087(a) 1, +cos*(ap) yz,

=c08%(F) 7, +sIn*(F) 745- (3)
Top= €08 (b) 7, +cos* (b ) 14,

=sin* () 7,,+cos*(F) 7,5 . (4)
Zap=Cos(ax) cos(ba) z,,+cos(af)cos(bpf) yz,

= sin (%) cos () (xpp— 722 - (5)

The combination of (5) with the difference between (4)
and (3) leads to the equation for 3:
% = (1/2) arctan |:2 L } . (6)
bbb~ Laa
Finally, insertion of 4 into (3) and (4) leads to y,, and
75~ Our results are presented in Table 5 and pictori-
ally in Figure 7.

As is seen from Fig. 7, the quadrupole coupling ten-
sor is closely aligned to the C - Br-bond. This feature
was expected, since the elements of the quadrupole
coupling tensor are closely related to the second
derivatives of the intramolecular Coulomb potential
caused by the charge distribution outside the nucleus
(see above).
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Fig. 7. Assumed structure of F,C=CHBr with the principal
inertia axes a and b and the principal axes « and f of the
bromine nuclear quadrupole coupling tensor. The angle 3 is
the angle between the a- and the a-axis. Since y,, was acces-
sible due to accidental degeneracies it could be determined
experimentally with high accuracy. The hyperbolas indicate
isopotential curves of the quartic contribution to the intra-
molecular Coulomb potential which arises from the extra-
nuclear charge distribution. Dashed curves correspond to a
negative potential.

It is now interesting to compare the bromine
coupling tensors observed here with their values in
H,C=CHBr [11] and H;C-HC=CHBr [12], which
are also given in Table 5 for comparison.

While substitution of hydrogen by the methyl group
has only a small effect on the electric field gradient
or quadrupole coupling tensor, fluoride substitution
causes considerable changes. Within a simplified
LCAO-molecular orbital description [13] these changes
are directly related to the p-orbital densities (bond
order matrix elements), P, B, etc. by

aa’

B+ P,:| (and cyclic

permutations).

(7)

Z:xz:h_leanOQ[Pzz_ 5

Here q,,, is the expectation value for the second
derivative of the Coulomb potential which would be
caused by an electron in a valence shell p-orbital of the
bromine. With eQq,,,/h values from the work of
King and Jaccerino [14] (—769.756 MHz for °Br and
—643.033 MHz for ®!'Br) and with the additional
assumption that the in-plane p-orbital perpendicular
to the C-Br-bond is doubly occupied, ie. F,=2,
bromine p-densities were derived from the experimen-
tal coupling constants according to (7). They too are
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presented in Table 5. As is seen from these densities,
the main effect of F substitution, at least within the
approximations which lead to (7), is to reduce the
electron density in the p-orbital in bond direction.
This appears intuitively pleasing since the electro-
negative F-atoms are expected to pull electrons in
their direction along the g-bonds.

For comparison we did also carry out ab initio
calculations at the proposed microwave structures,
[15, 16] and this work. To this end we did run the
Gaussian 88 program of Pople and coworkers [17].
The STO-3G basis was used. The results are also
presented in Table 5. For the conversion from the ab
initio field gradients (in atomic units) to the quadru-
pole coupling constants (in MHz) we have used
—98.25 MHz/a.u. for 7’Br and —78.65 MHz/a.u. for
81Br. These values would correspond to bromine nu-
clear quadrupole moments of

0*=0.418 - 10~ ** cm? for "°Br
0*=0.335-10"%* cm? for ®!Br,

and

respectively. They were fitted for best reproduction of
the experimental data and should be regarded as basis
set dependent conversion factors rather than the real
nuclear quadrupole moments.

For the p-orbitals perpendicular to the C—Br-bond
the STO-3G gross p-populations differ from the
Townes-Dailey values only by 0.3 to 0.5%. They are
systematically lower. The differences of the p-densities
in bond direction are slightly larger. Here the STO-
3G values are systematically by about 10% lower
than the Townes-Dailey results. It appears that the
bromine nuclear quadrupole coupling constants can
be predicted within about +2% from STO-3 G wave-
functions. The slightly larger discrepancies between
the experiment and the STO-3 G prediction which are
observed in the case of trans-H;C-CH=CHBr are
probably due to the larger experimental uncertainties
in the early microwave spectroscopic investigation.

B) Molecular Structure

In principle, microwave spectroscopy provides one
of the most accurate methods for the evaluation of
molecular structures [18]. This structural information
is contained in the rotational constants. Each experi-
mental rotational constant provides one equation of
condition which must be fulfilled by the structural
parameters. Unfortunately, in planar molecules the



Table 2. Assigned rotational transitions for the vibronic ground state of F,C=CH®'Br. Only p,-type transitions could be
observed. The calculated frequencies were obtained from the molecular parameters presented in Table 4 by numerical
diagonalization of the Hamiltonian matrix corresponding to (1). As experimental frequencies we present our microwave
Fourier transform results. They were directly fitted to the observed transient emission signals [26].

’ ' ’ - - '
J Ku Kr - J Ku K‘- F F ‘exp Veenter Veale. \exp.—calc.

[MH?Z] [MHz] [MHZ] [kHz]
1y-tpe-Q-branch-transitions
2 1 1 2 0 2 5/2 5/2 9 580.750 9 622.208 9580.747 3.0
312 303 5/2 5/2 9 873.181 9 886.708 9873.190 —8.7
7/2 7/2 9 862.981 9862.982 —0.7
9/2 9/2 9896.214 9896.217 —238
3 21 31 2 5/2 5/2 27 583.826 27 589.549 27 583.833 -71
9/2 9/2 27 612.279 27 612.277 24
4 1 3 40 4 5/2 5/2 10 261.832 10 247.507 10261.829 2.7
7/2 7/2 10 236.418 10 236.421 -29
9/2 9/2 10 225.818 10225.810 7.6
11/2 11/2 10 257.153 10 257.150 2.9
514 505 7/2 72 10 726.017 10 711.452 10 726.016 0.8
9/2 9/2 10 701.692 10 701.696 —35
112 11/2 10 695.277 10 695.277 —-0.2
13/2 13/2 10 720.450 10 720.449 1.1
523 51 4 7/2 7/2 26 909.344 26 897.937 26 909.346 —-1.9
11/2 112 26 887.921 26 887.918 2.9
13/2 13/2 26 904.820 26 904.821 -0.9
524 515 7/2 72 29 410.316 29 381.633 29 410.318 —24
9/2 9/2 29 367.571 29 367.578 —6.8
11/2 11/2 29 355.773 29 355.776 -3.0
13/2 13/2 29 398.073 29 398.070 2.6
6 1 5 6 0 6 9/2 9/2 11 300.323 11 286.882 11 300.325 —24
11/2 11/2 11 278.246 11 278.246 0.1
13/2 13/2 11 272.733 11 272.731 1.8
15/2 15/2 11 295.546 11 295.546 0.0
6 2 4 6 15 9/2 9/2 26 480.788 26 474.965 26 480.783 43
11/2 11/2 26 472.240 26 472.239 0.5
13/2 13/2 26 469.650 26 469.654 —4.0
15/2 15/2 26 479.246 26 479.238 8.2
6 25 61 6 9/2 9/2 29 926.947 29902.421 29926.954 -72
11/2 11/2 29 897.522 29 897.516 6.0
13/2 13/2 29 882.022 29 882.024 —1.7
15/2 15/2 29916.346 29916.351 —4.6
7 1 6 T O 7 11/2 11/2 11 995.696 11 983.397 11 995.698 —19
13/2 13/2 11974.734 11974.735 —0.6
15/2 15/2 11 970.200 11 970.201 —0.7
17/2 17/2 11 991.955 11 991.957 —24
725 716 11/2 11/2 26 023.020 26 019.768 26 023.026 —6.2
13/2 13/2 26 018.870 26 018.867 3.3
15/2 15/2 26 017.123 26017.123 —0.1
17/2 17/2 26 022.709 26 022.705 4.6
726 7117 13/2 13/2 30 500.941 30 512.369 30 500.935 6.1
15/2 15/2 30 495.305 30495.313 —17.6
17/2 17/2 30 524.691 30 524.687 43
8 26 8 1 7 13/2 13/2 25 551.526 25549452 25 551.529 -29
15/2 15/2 25 553.930 25553.928 1.9
17/2 17/2 25 548.691 25 548.689 1.5
19/2 19/2 25 556.716 25 556.712 3.2
8§ 27 8 1 8 13/2 13/2 31 227.946 31212.304 31227952 —58
15/2 15/2 31 201.860 31 201.861 —0.6
17/2 17/2 31 197.453 31 197.448 49
19/2 19/2 31 223.555 31 223.550 53
9 1 8 9 Q0 9 15/2 15/2 13 788.642 13 782.048 13 788.632 9.8
17/2 17/2 13 772.991 13 772.991 0.2
19/2 19/2 13 764.057 13 764.051 6.0
21/2 212 13 790.800 13 790.805 —5.0
9 27 9 1 8 15/2 15/2 25 086.027 25082.855 25086.027 0.0
17/2 17/2 25074.489 25074.488 1.3
19/2 19/2 25087.882 25087.889 —-74
21/2 21/2 25082.734 25082.732 23



Table 2 (continued)

J K’a Ké - J Ku Kc F’ F vexp Veenter Veale. vexp,-calc.
[MHZz] [MHZ] [MHz] [kHz]
9 2 8 9 1 9 15/2 15/2 32016.415 32002.993 32016.418 —-33
17/2 17/2 31992415 31992.421 —-59
19/2 19/2 31 989.678 31 989.675 3.0
10 2 8 10 1 9 17/2 17/2 24 639.354 24 640.057 24 639.359 —4.2
19/2 19/2 24 639.504 24 639.497 7.4
2172 21/2 24 638.555 24 638.546 8.9
23/2 23/2 24 640.165 24 640.162 2.8
10 2 9 10 110 17/2 1772 32 898.277 32 885.080 32 898.277 —0.1
19/2 19/2 32 876.418 32 876.416 1.7
21/2 21/2 32 872.895 32 872.901 —6.3
23/2 23/2 32 895.164 32 895.160 3.9
b) u,-type-R-branch-transitions
4 1 4 303 5/2 3/2 19 357.167 19 344.837 19 357173 —5.5
7/2 5/2 19 353.137 19 353.139 —-19
9/2 7/2 19 343.681 19 343.674 7.3
112 9/2 19 342.282 19 342.274 7.8
S 15 40 4 7/2 5/2 21 633.814 21 638.308 21 633.808 5.7
9/2 7/2 21 642.754 21 642.747 6.5
11/2 9/2 21 635.180 21 635173 7.2
13/2 11/2 21 634.964 21 634.952 11.6
6 1 6 5 0 5 9/2 7/2 23 856.327 23 861.407 23 856.330 —-24
11/2 9/2 23 858.595 23 858.610 —144
13/2 11/2 23 862.356 23 862.351 49
15/2 13/2 23 857.605 23 857.609 —43
71 7 6 0 6 112 9/2 26 019.155 26 022.436 26 019.164 —8.7
13/2 112 26 027.272 26 027.275 —-3.6
15/2 1372 26 024.706 26 024.707 —-1.0
17/2 152 26 018.425 26 018.423 2.6
7 0 7 6 1 6 11/2 9/2 11 136.921 11 128.892 11 136.916 5.3
15/2 13/2 11 125.703 11 125.706 —-2.6
17/2 15/2 11 129.534 11 129.536 —1.7
8 1 8 7 0 7 13/2 11/2 28 127.468 28 131.311 28 127.474 —64
15/2 13/2 28 135.900 28 135.895 5.0
17/2 15/2 28 134.175 28 134.185 —9.7
19/2 17/2 28 127.242 28 127.240 2.2
8 0 8 7 17 13/2 11/2 14 276.895 14 271.621 14 276.903 —7.6
15/2 13/2 14 270.861 14 270.869 —8.1
17/2 15/2 14 268.078 14 268.082 —44
19/2 17/2 14 272.930 14 272.935 —5.2
9 1 9 8§ 0 8 17/2 15/2 30 203.687 30 199.325 30 203.693 —5.8
19/2 17/2 30 202.415 30 202.416 —-13
21/2 19/2 30195.322 30195.312 10.1
10 110 9 0 9 17/2 15/2 32 234.634 32238.778 32 234.636 —1.8
19/2 17/2 32 242904 32242.907 —2.6
21/2 19/2 32 241.835 32 241.835 —-0.2
2312 21/2 32 234.909 32234.910 —0.8
10 010 9 1 9 17/2 15/2 20 610.056 20 605.280 20 610.060 —43
19/2 17/2 20 603.822 20 603.809 12.6
21/2 19/2 20 601.932 20 601.921 10.9
23/2 21/2 20 607.111 20 607.094 16.8
11 011 10 110 19/2 17/2 23 774.404 23 769.961 23 774.407 —24
21/2 19/2 23 768.402 23 768.406 —3.6
23/2 21/2 23 766.929 23 766.929 —0.3
25/2 23/2 23 771.779 23 771.780 —-03
14 113 13 212 25/2 23/2 18 128.179 18 123.482 18 128.177 2.2
27/2 25/2 18 126.932 18 126.932 0.5
29/2 27/2 18 119.798 18 119.806 —8.0
31/2 29/2 18 129.615 18 129.611 3.8
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Table 3. Vibronic ground state parameters for F,C=CH °Br. They result from the simultaneous fit of the rotational
constants, the centrifugal distortion constants and the Br nuclear quadrupole coupling constants to the observed line

frequencies listed in Table 1.

A =10717.20898(90) MHz D, = 0.1729 (8)kHz

B = 1453.47833(17) MHz Dy = 2262 (7)kHz

C = 1279.25529(15) MHz Dy = 9.56 (19)kHz

Laa = 453959 (20) MHz o, = 0.0208 (1)kHz

Iop—Aee = 132,662  (9) MHz R, =-—0.00333 (8)kHz

Vi = —354369 (24) MHz

Correlation matrix:

1.00

0.17 1.00

0.04 0.87 1.00

0.16 0.89 0.89 1.00

0.29 0.49 0.46 0.63 1.00

0.81 —0.13 —0.25 —0.19 —0.24 1.00

0.24 0.22 —0.26 —0.06 —0.06 0.28 1.00

0.26 0.56 0.48 0.68 —0.72 0.06 0.00 1.00

0,22 0.00 —0.03 0.00 0.07 0.19 0.05 0.05 1.00

0.01 0.04 0.05 0.04 0.05 —0.02 —0.01 0.04 0.14 1.00
0.21 0.13 0.00 0.09 0.00 0.25 0.25 0.07 —0.1 —0.01 1.00
Mean deviation: 6.5 kHz

41
148

Number of assigned transitions:
Number of hfs-components:

Table 4. Vibronic ground state parameters for F,C=CH®'Br. They result from the simultaneous fit of the rotational
constants, the centrifugal distortion constants and the Br nuclear quadrupole coupling constants to the observed frequencies

listed in Table 2.

A =10717.19761(94) MHz D, = 01735 (7)kHz
B = 1439.46581(15) MHz D,y = 2266 (6)kHz
G = 1268.38766(14) MHz Dy = 958 (20)kHz
Tea = 379262 (24) MHz 5, = 00203 (1)kHz
Ieo—Lee = 110835  (8) MHz R, =-—0.00289 (7)kHz
Xub = —296.094 (34) MHz
Correlation matrix:
1.00
0.09 1.00
—0.02 0.90 1.00
0.09 0.91 0.90 1.00
0.25 0.52 0.51 0.66 1.00
0.83 —022 —-0.32 —0.26 —-0.27 1.00
0.25 0.16 —0.25 —-0.09 —0.10 0.31 1.00
0.24 0.59 0.52 0.70 0.73 —0.10 —0.02 1.00
0.03 —0.03 —0.06 —0.04 —0.06 0.07 0.07 —0.03 1.00
0.05 0.00 —0.01 0.01 0.02 0.03 0.01 0.01 —0.02 1.00
0.27 0.08 0.01 0.05 —0.14 0.35 0.20 —0.01 0.06 0.04 1.00
Mean deviation: 5.4 kHz
Number of assigned transitions: 39
Number of hfs-components: 144

three equations corresponding to the measured rota-
tional constants are not independent, since they must
obey the planarity condition (within the rigid rotor
approximation each rotational constant can be calcu-
lated from the others by C " '=A4"'+ B~ 1)

Thus, for planar molecules. each set of three rota-
tional constants, experimentally determined for an in-

dividual isotopic species, 1s equivalent to only two
equations of condition for the structural parameters.
In our case the situation is even worse, since the heavy
bromine atoms are placed almost exactly on the a-axis
of the principal inertia axes tensor. This essentially
reduces the useful information contained in our mea-
sured rotational constants to at most three equations
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Table 5. Diagonal elements of the bromine nuclear quadru-
pole coupling tensors in their own principal axes system
(given in MHz) and the corresponding p-orbital densities (or
bond order matrix elements) as calculated from (7). The Fj -
values were kept fixed to 2.0000 in order to account for the
assumption that these electrons do not participate in the
chemical bond.

The corresponding STO-3G results are presented in the
last two columns. For the conversion from the field gradients
to the experimental units we used —98.25 MHz/a.u. and
—78.65 MHz/a.u. as conversion factors for ’°Br and ®'Br,
respectively.

The STO-3G p-orbital populations, P,, etc., are the gross
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Table 6. Assumed structure for 1-bromo-2,2-difluoroethylene.
The bond angles F,-C,=C, and Br-C,=C, were fitted to
the observed rotational constants for the ’°Br-species,
A("°Br)=10.717 208 GHz and B("°Br)=1.453 478 GHz, re-
spectively. During this fit the angle F,- C,=C, was kept 1
larger than the angle F,-C,=C, in order to account for
“F,- - Br repulsion”. All other parameters were kept fixed.
The calculated rotational constants presented in Table 7
were obtained from this structure with the fitted angles
rounded to four decimals.

Bond distances

orbital populations from the Mulliken population analysis.  €:1=C2 1310 A
i s PG H 1.079 A
This work STO-3G C,-F 1320 A
C,-F, 1323 A
F,C=CH"Br F,C=CH®'Br F,C=CH’°Br F,C=CH*'Br C, Br 1.882 A
7o 615711(20)  514425(17)  605.66 484.84 Bisnel angles
Lpp  —322400(14) —269.376(14) —314.20 —251.52 H-C,=C, 123:5°
L, —293311(11) —245.049(13) —291.46 —233.32 F,-C,=C, 124.1318° (optimized)
g F-C,=C, 125.1318° (set as F,-C,=C,+1°)
9 —24534(2)°  —24.536(2) B ¢.=C, 1215132 1T
P 1.1874 1.1875 1.10240
B, 2.0000 2.0000 198975
(assumed) (assumed)
P, 19748 19748 1.96900
H,C=CHBr Table 7. Calculated rotational constants for
"°Br [11]  ®'Br [®Br]  [STO-3G]  [*'Br] F,C=CH’°Br,  F,C=CH®'Br,
F,'3C=CH’’Br, F,C='"*CH’°Br,
Y 54381 453.61 581.95 46585  F,'*C=CH®'Br, F,C='CH®'Br.
Ly =20 —dalas  —W7A2 —246.01 The values were obtained within the rigid rotor approxima-
Ly -4 21247  —27463 —219.84 tion from the structure presented in Table 6. For the predic-
P, 1.2780 1.2794 1.13332 tion of the '*C spectra, the calculated C constants should be
5 2.0000 2.0000 1.99070 reduced by about 640 kHz in order to account for the inertial
(assumed) (assumed) defect. From fits with other sets of present values we expect
P 1.9690 1.9697 1.96189 the predicted !3C rotational constants to be accurate within
- +5 MHz (our predictions did fall into a range of only
trans-H,C~CH=CHBr +1 MHz). Note how well all six experimental rotational
798r 121 S'B 798 STO-3G s1g constants are reproduced from the assumed structure even
r (121 ! ] | 1 (7Bl though only A("°Br) and B(®'Br) were used in the fit of the
T 557.7 450.3 582.23 s608  Pond angles.
P —3000  —2368  —305.00 —244.16 ] g S T
Ly —25718  —2135  —27723 gy L ROSCHEER BSLSURShe  REs R
B 1.2571 1.2877 1.13584
Pis 2.0000 2.0000 1.98969 A 10.717208 GHz 10.715761 GHz 10.574276 GHz
(assumed) (assumed) B 1453478 GHz  1.444322 GHz  1.452835 GHz
P, 1.9635 1.9758 1.96476 & 1.279898 GHz 1.272772 GHz  1.277337 GHz
F,C=CH®'Br  F,"*)C=CH®Br F,C="*CH"Br
A 10.717208 GHz 10.715761 GHz 10.574268 GHz
- ; B 1.439469 GHz  1.430267 GHz  1.438777 GHz
of condition, one corresponding to the A constant ¢ 1269022 GHz 1.261844 GHz 1.266458 GHz

which is essentially equal for both bromine species,
and two corresponding to the two different B con-
stants.

In practice only two structural parameters could be
fitted to the observed rotational constants simulta-
neously.

In view of our interest in approximate values of the
rotational constants of the remaining isotopic species

we ventured to exploit already this limited structural
information for predictive purposes.

Several fits including two free structural parameters
were carried out. The results which were most pleasing
to us in view of known structural information for
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related molecules [19-22] are presented in Tables 6
and 7. To derive this structure we kept all bond
lengths fixed to values slightly shorter than reported
for related molecules. This was done in order to
account for the shrinking in adjacent bonds, which is
typical for the substitution of hydrogen atoms by
halogen atoms [23].

The H-C=C bond angle was kept fixed to 123.5°
1.e. about the value in F,C=CHCI [24] (all rotational
constants depend very little on its exact value). The
F,-C,=C, angle, where F, is the fluorine cis to
bromine, was set as 1° larger than the F,—C,-C,
angle in order to account for F--- Br repulsion, and
finally the angles F,-C,=C, and Br-C,=C, were
fitted to the experimental rotational constants 4 and
B for the 7?Br species. Essentially the same procedure
was carried out with «F-C,=C,=«F,-C,=C,
and with <F-C,=C,= xF,-C,=C,+ 2°, but our
proposed structure obtained for the 1° difference is
slightly better in reproducing all six observed rota-
tional constants. Further fits with slightly increased
bond lengths were also carried out in order to get some
feeling for the uncertainties in the rotational constants
predicted for the monosubstituted **C-species.
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