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Electron Diffraction Investigation of Gaseous Tetrabromo-

ethylene and Hexabromobenzene

TOR G. STRAND

Chemistry Department, University of Oslo, Oslo 3, Norway

The molecular structures of tetrabromoethylene and hexabromo-
benzene have been studied by the gas electron diffraction method.
Tetrabromoethylene possesses D, symmetry with rc=¢ = 1.362
(0.009) A, ro_p. = 1.881 (0.003) A, and /BrCBr = I15.2 (0.3)°.
The ortho Br-..Br distance in hexabromobenzene indicates that this
molecule is distorted from a configuration with Dg, symmetry.
Values for the bond _distances are rc.c = 1.403 (0.005) A and
re.pr = 1.880 (0.004) A. Results using nonrelativistic partial waves
atomic scattering factors based upon both a relativistic and a non-
relativistic Hartree-Fock potential of bromine are given. Better agree-
ment with the experimental data and more reasonable values for the
?mBr amplitudes of vibration are obtained for the former scattering

actors.

The failure of the first Born approximation to adequately describe the
scattering of medium energy electrons from heavier atoms is well known.!?
With the aid of electronic computers accurate calculations of partial waves
atomic electron scattering factors are now possible,3% and the calculations
can be based upon steadily improving values for the atomic potentials.

To see if improved electron scattering factors actually lead to improved
structure parameters from electron diffraction experiments, tetrabromo-
ethylene and hexabromobenzene have been studied using scattering factors
calculated from both a relativistic and a nonrelativistic Hartree-Fock potential
of bromine.

Both tetrabromoethylene and hexabromobenzene are overcrowded in the
sense that the neighbouring Br...Br distances in undistorted models of the
molecules are shorter than twice the van der Waals radius of bromine. In an
earlier electron diffraction investigation of hexabromobenzene by the author,’
the ortho Br...Br distance indicated that this molecule is distorted. However,
the agreement between the experimental distances and the distances of the
most likely models was not quite satisfactory, and additional experimental
data have been collected for the present investigation.
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1034 TOR G. STRAND

In the C,X, molecules, it is of interest to study a possible variation of the
C=C-bond for X=F, Cl, Br, and I. Tetrabromoethylene was included in this
investigation because it is supposed to possess a simple symmetric structure,
and the root mean-square amplitudes of vibration have been calculated from
spectroscopic data.® The results might therefore indicate how accurate the
distances can be determined for molecules with a high ratio of nonbonded
Br-.-Br distances. Also, charge transfer compounds with tetrabromoethylene
are currently being investigated at this institute,” and an accurate structure
determination of the free molecule is of interest for this work.

THEORY
The modified experimental molecular intensities, I,"(s;), are determined

at the points s; for the scattering parameter s defined by s = 2k sin €, where k
is the wave vector for the electrons and 20 is the scattering angle. To obtain
these intensities, the intensities measured from the photographic plates are
multiplied by the blackness correction, the correction for using planar photo-
graphic plates, the sector correction, s, and a modification function ¢(s).
Furthermore, the experimental background has to be withdrawn from the
corrected intensities to obtain I%(s;). The corresponding modified theoretical
intensities can then be written as

3 = ks 2L 5 2117, costna—n) exp(—Y) siner, ()
In eqn. 1, kg is a scale factor because the experimental intensities are on an
arbitrary scale, N is the total number of different distances in the molecule,
and the distance r, between the atoms m and » with a root mean-square
amplitude of vibration I; repeats itself », times due to a possible symmetry
of the molecule. |f'| and # are related to the complex atomic electron scattering
factor f through the equation

') explin) = %~ |1 exp(in) @)

where a is the first Bohr radius of hydrogen. The atomic electron scattering
factors can be calculated from

1O) =5z 3 (20 + D{exp(2id,)—1] P,(cos 0) (3)

The partial wave pl~se shifts J, are obtainable as solutions of the proper
radial Schrédinger e iation with knowledge about the atomic potentials.i-4
Through eqn. 3 the r .any body scattering problem is reduced to nonrelativistic
scattering from a radial symmetrlc potential, so polarization and exchange
effects are not included in the calculations.

Eqn. 1 is valid for kinematic scattering from the molecule and for indepen-
dent harmonic vibrations between each pair of atoms. With the use of atomic
scattering factors according to eqn. 3, effects from a perturbation of the atomic
fields from the chemical bonds are not included.
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The electron diffraction distance parameter r, = r# is for vibrations in
the ground state of a Morse potential with asymmetry constant a related to
the position for the minimum of the potential 7° through the equation

78 = r'—12[r* + 3al?/2 (4)

and the expression for the molecular intensities is changed.® Setting ¢ = 0
in eqn. 4, the corresponding relation for a harmonic potential is obtained. How-
ever, the vibrations between pairs of atoms in polyatomic molecules usually
represent complex combinations of the normal vibrations, and eqn. 4 is not
generally valid, especially if the experimental nonbonded ¢ distances also are
expected to be in agreement with the distances calculated for a model of the
molecule. That the former distances were shorter than the latter ones were
iirst observed and explained by Bastiansen.? The theory was developed by
Morino,!® and the effect is often referred to as the Bastiansen-Morino
shrinkage effect.
A radial distribution function for the molecule might be defined as

G_Yl — fIM(s) exp(—ks?) sin sr ds (5)

where exp(—ks?) is an artificial damping function to take care of the outer
termination error of the integral. By choosing the modification function

pls) as T
) =TT, (6)

the contribution to the radial distribution function from one type of distances
in a molecule might be made Gaussian by a proper choise of k£ and ! and by
taking care of the inner termination error of the integral. The »’s and [’s
might be obtained from the experimental radial distribution function, but
the structure parameters can also be determined by solving the set of nonlinear
simultaneous equations resulting from the least squares criterium

Zw 472 = zw [Ln"(s;) — In" (ks 7, 1;,8,) P = min (7)

where w is a Welghtlng functlon.
For a modification function of eqn. 6 it is convenient to define the functions

_ W alf 1 _
gmn - lf,[klf’!l cos (nm ”n) (8)

and eqn. 1 can then be written as
Iy (s) =k, 2 gmn exp(—3l2s?)sin sr; (9)

It should also be mentioned that the form of f’ of eqn. 2 has been chosen
because in the first Born approximation.

|f'| =Z—F and n =0 (10)
where F is the atomic X-ray scattering factor and Z is the atomic number.
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STRUCTURE INVESTIGATIONS

The experimental data for tetrabromoethylene were collected on the Oslo
electron diffraction unit for an accelerating voltage of about 35 keV and for
camera distances of about 48 and 19 cm. Treating the data the usual way,!
average intensities from four plates for each camera distance from s = 1.75
to 8 = 34.00 in intervals of As = 0.25 A-! were obtained. In the region
8 = 10.00 to s = 16.00 A~ the average intensities from the two camera dis-
tances were applied. The nozzle temperature was 85°C.

The four additional plates for hexabromobenzene were from the new
electron diffraction unit 2 for a camera distance of about 130 cm. The intensi-
ties for hexabromobenzene were four single curves and the average of these
curves. Each single curve consisted of data from one plate from each of the
three camera distances, with intensities from s = 1.00 to s = 5.50 for
4s = 0.125 A-1 from the new 130 cm plates, and from s = 5.75 to s = 29.00
for 4s = 0.25 A-! from the plates of the earlier investigation.5 The average
intensities from the old 48 and 19 cm plates were applied between s = 9.25
and s = 18.00 A-1, The nozzle temperature was 200°C.
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Fig. 1. gy functions of eqn. 8 for a modi- Fig. 2. Numbering of the atoms in hexa-
fication function according to eqn. 11. bromobenzene and tetrabromoethylene.

a: gmy = c08(npR—"nc),
bt gun = FpeN_cos(npN —n0)/If IR
e gmn = 1152/ (If e - 1F1BeR);
d: gmn = IFla:R/fle-
R and N designate scattering factors and
phases from a relativistic and nonrelativist-
ic bromine potential, respectively.
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Nonrelativistic atomic scattering factors for 35 keV electrons were com-
puted according to eqn. 3.% For carbon, the calculations were based upon an
analytical expression for the Hartree-Fock potential,’® and for bromine upon
both a nonrelativistic ® and relativistic 1 potential. The expression for the
relativistic potential of bromine of Ref. 14 was obtained by least squares fit
to the relativistic Hartree-Fock-Slater radial density for bromine ' with an
improved exchange approximation.l®

The tetrabromoethylene data were modified with the function

8
—=— 11
) = T an
and the hexabromobenzene data with
]
= - (12
)= T , 1)

where |f’|,~ and |f’|5® are nonrelativistic scattering factors for bromine
for the nonrelativistic and relativistic potential, respectively. The g, func-
tions of eqn. 8 were computed for the two bromine scattering factors. The
two sets of g,,, functions for a modification function of eqn. 11 are illustrated
in Fig. 1.

The molecular intensities were determined by withdrawing an experimental
background and the structure parameters were determined by the least
squares method according to eqn. 7. The backgrounds were then adjusted from
the results of the first calculations until further adjustments did not improve
the agreement between the experimental and the calculated intensities. The
final results of different least squares iterations are given in Table 1 for tetra-
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Fig. 3. Molecular intensities for tetrabromoethylene.

a: IyB(s), b: IyT(s), c: Iy®—IyT. IyT is calculated according to eqn. 9 with para-
meters from Table 1, f.
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bromoethylene and in Tables 2 and 3 for hexabromobenzene. The results in
the tables represent stable minima where further iterations do not change
the parameters, and the standard deviations given do not include the contri-
bution from systematic errors or from a possible correlation of the errors in
the data. The numbering of the atoms in the molecules are illustrated in Fig. 2,
the molecular intensity curves in Figs. 3 and 4, and radial distribution func-
tions in Figs. 5 and 6.

l 1
C1=Cz C1—Bn C1f~-Br2‘Br:~-~B 2 Br1'~~Br3
RV AR vy \VAVIAV vava - =€
A I . 1 . ! . 1 : I s
1 2 3 4 5 r(4)

Fig. 5. Radial distribution functions for tetrabromoethylene according to eqn. 5. A

damping function of exp(—0.0009 s%) was applied. a: From experimental molecular

intensities. b: From theoretical molecular intensities with parameters of Table 1, f.
c: Difference.
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C=C; | C-C3 ' BrB BryBr3 Bry-Br
Ci—Bry  Cy-Brg Cy-Bry .

i A 1 i 1 e 1 4 1 L 1 1 H 4
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Fig. 6. Radial distribution functions for hexabromobenzene according to eqn. 5. A damp-

ing function of exp(—0.0009 s2) was applied. a: From the experimental molecular inten-

sities. b: From the theoretical molecular intensities with parameters of Table 2, f. c:
Difference.

DISCUSSION

Tetrabromoethylene. The distances in tetrabromoethylene determined with
the distances as independent variables are in good agreement with values
obtained for a model with D, symmetry, and the two iterations end at about
the same weighted square error sum. If an estimated shrinkage effect is in-
cluded in the model, the square error sum increases somewhat (Table 1, f, b,
and c).

The experimental root mean-square amplitudes for the C—Br distances
are smaller, and the Br—Br amplitudes are larger than the spectroscopic
ones for both of the two different bromine scattering factors. The agreement
with the calculated amplitudes for the C—Br distances are better for the
scattering factor from the relativistic bromine potential (Table 1, f, g, and e).
The final values for the most important distances and standard deviations
including an estimate of systematic errors and errors due to possible correla-
tion of the data 17 are given in Table 4. 4

The value obtained for the C=C bond of 1.362 A is about 0.025 A longer
than the electron diffraction value for ethylene.l® The difference seems to be
significant, and the value for tetrabromoethylene is in good agreement with
the electron diffraction value of 1.360 A previously determined in cis-dibromo-
ethylene.!?

Hexabromobenzene. For hexabromobenzene it seems reasonable to assume
one of the two following equilibrium configurations, either a planar undistorted
configuration with Dg, symmetry, or a distorted configuration possessing Ds,
symmetry with every second bromine atom above or below the plane of the
benzene ring. For the latter configuration, a smaller distortion of the benzene

Acta Chem. Scand. 21 (1967) No. 4
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Table 4. Final results for the most important distances and estimated standard deviations
for tetrabromoethylene and hexabromobenzene.

Te-c c-Br TBre+Br (4
C¢Br* 1.362 (0.009) 1.881 (0.003) 3.176 (0.004) 115.1 (0.3)
C,Brg? 1.403 (0.005) 1.880 (0.004) 3.315 (0.004) 9.3 (1.1)
C¢Brg 1.406 (0.004) 1.886 (0.004) 3.311 (0.005) 7.1 (1.5)

@ Tetrabromoethylene. The molecule possesses D,;-symmetry, and the / BrCBr is given.

b Hoxabromobenzene. Results for the distances determined independent of a model. The
angle between the C—Br bond and the plane of the benzene ring for a model possessing D,;
symmetry with every second bromine atom above or below this plane is given.

¢ Hexabromobenzene. Results for the distances with the model in b as geometric restrain in
the least squares iteration.

ring might also take place, but this distortion is not included in the nonplanar
model used for this molecule.

In Table 2 f, g, and h the C;—C,, C;—Br; and, for the nonplanar case,
the Br,---Br, distance obtained from the least squares iteration with only
a planar benzene ring as geometric restrain, have been used to calculate the
other distances in the two models. Except for the Br,.--Br, distance, the
other independently determined distances are in good agreement with the
distances of the planar model, and most of the differences have the sign of
a shrinkage effect. However, the experimental Br;---Br, distance is about
0.03 A longer than the corresponding value of the planar model. For the non-
planar model, the Br,...Br, distance is about 0.04 A shorter than the experi-
mental one.

In Table 3 c, f, and g the results of least squares iterations with the two
models as geometric restrain are given. The weighted square error sum for
the nonplanar model is about half of the sum for the planar one, so the non-
planar configuration seems to fit the data better than the planar one. How-
ever, this sum is further reduced by one third for the iteration independent
of a model. For hexabromobenzene, eight distances contribute significantly
to the molecular intensities and the nonplanar model is described by only
three distance parameters, so increased square error sums for the models might
be expected. Studying the results from the four single intensity curves of
Table 2 and the results for the two different weighting functions in Table 3
d and e, one cannot say that the results for the nonplanar model deviate
significantly from the different independent results.

However, the results for tetrabromoethylene indicate that a really success-
ful investigation of hexabromobenzene might have given better agreement
between the independently determined distances and the distances of the cor-
rect model. It seems difficult to think of any other reasonable models for hexa-
bromobenzene than the two previously mentioned, and including a shrinkage
effect in the models or a distorted benzene ring in the nonplanar one will not
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improve the agreement. For both of the proposed models one might imagine
that the average Br...Br repulsive energy could be reduced somehow through
the molecular vibrations leading to an observed Br,..-Br, distance somewhat
longer than the actual equilibrium distance. To make hexabromobenzene
planar, this “negative shrinkage” effect would have to be about 0.03 A which
seems rather unlikely.

The experimental root mean-square amplitudes for the C—Br distances
seem smaller than expected, and the best results are obtained for the bromine
scattering factor for the relativistic potential. For the latter scattering factor,
the weighted square error sum is reduced by about one third.

Comparing the results from this investigation with the results from the
previous one,® the distances agree very well, but larger C—Br I-values were
found in the earlier investigation. The two investigations are based upon
partly different data, different backgrounds, weighting functions, modifica-
tion functions and scattering factors so the results are not comparable. For
the present investigation, the uncorrected standard deviations of the para-
meters have been reduced by about one third. An attempt to determine
asymmetry constants for the shorter distances gave standard deviations larger
than the least squares values of the constants.

Theory. For both of the molecules, the experimental C—Br amplitudes are
smaller than expected. While this might be due to systematic experimental
errors, it is more likely due to inaccuracies in the applied theory. The theory,
as described earlier in the paper, involves several approximations. A nonrela-
tivistic description should be adequate for the scattering from bromine and
lighter atoms for 35 keV electrons in the s-range of the experimental data,20
so the accuracy of the atomic scattering factors are limited by the accuracy
of the atomic potential. Exchange effects are known to be small,?! and a two
parameters description of polarization indicates that this effect might be sig-
nificant for heavier atoms at smaller s-values; however, the exact size of
the effect is uncertain.?? Bonding effects are supposedly small for the two
molecules and would at least partly be included in the background.?® Correc-
tion terms to the kinematic theory for molecular scattering have been given.24-26
For molecules containing at least three heavy atoms, terms involving triple
scattering might contribute intensities with fluctuations comparable to the
periodicity of the molecular intensities. The intensities from these terms were
calculated according to the expressions of Ref. 24 for both of the molecules,
but the size of these terms was small in relation to the errors of the experi-
mental data. Then the main uncertainties in the theory for the two molecules
seem to be the accuracy of the atomic potential and the size and form of a
possible polarization correction.

In this paper and the previous one,® the structure of hexabromobenzene
has been investigated using a scattering factor for bromine according to the
first Born approximation from a nonrelativistic HF potential, a partial waves
scattering factor from the same potential, and partial waves scattering
factor from a relativistic HFS potential, and steadily improved agreements
with the experimental data were obtained. But the results of this investigation
seem to indicate that the theory for the scattering from molecules of this
type could still be improved upon in relation to the present experimental
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accuracy. As expected, the experimental distances are not very much depen-
dent on the applied theory for molecules where the different peaks on the radial
distribution functions are reasonably well resolved. However, for molecules
with closely spaced distances, for separating the torsional and the skeletal
motions in certain types of molecules, for studying the distribution of internal
rotational isomers, or for an accurate determination of the l-values, it might
be important to use the best available theory.
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