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X-RAY INVESTIGATION OF THE STRUCTURE OF LIQUIDi
BROMINE TRIFLUORIDE

V. N. Mit'kin, G. S. Yur'ev,
S. V. Zemskov, and V. I. Kazakova UDC 529.26:523.74:661.48

Using x-ray methods appropriate to liquids we determined the nearest neighbor
coordination inliquid bromine trifluoride at 298°K. We have proposed a model
for the structure which takes into account the presence of associated and non-
associated forms.

The structure of bromine trifluoride, a prospective non-aqueous solvent, has been
studied in all states of aggregation [1-8]. At present we are hoping to establish the
structure of the monomeric molecule in the gaseous phase, which, according to the most
recent data from electron diffraction [3] confirming and refining earlier data [1], has a

twisted T-form configuration with a shortened central bond Br—F,(rpe-p, ,) = 1.809(17)
s

TBr-F, = 1.728(15) &, «=85(2)°. This kind of structure agrees well with the IR spectroscopic data

[2], the electric and dipole moments for gaseous BrF;, and also with earlier data from micro-
wave measuremerits [5]. In the solid state bromine trifluoride crystallizes in the ortho-
rhombic system [6], a = 5.34, b = 7.35, ¢ = 6.61 K, Z =4, R = 217, space group Cmc2;.

The liquid state of bromine trifluoride has been studied using Raman, IR, and NMR '°F
spectroscopy [2, 7-9]. From the Raman spectroscopic data for liquid BrF;, whose appearance
does not agree, (for a molecule with C,, symmetry) with the IR spectra of a dimer (PBrF, =
8 tor) [2], and also from the abnormality high Trouton constant [1], we could not exclude
the possibility of the existence in liquid BrF; of molecular associates [3]. At the same
time the NMR '°F spectrum of liquid BrF; shows a single broadened signal with chemical signal
451 ppm (relative to F,) which does not agree with the isolated T-form molecules with non-
equivalent fluorine atoms which exist both in the gaseous and the solid state.

STRUCTURAL ANALYSIS METHODS

The investigation was carried out on a DRON-2.0 x-ray diffractometer using an airtight
cuvette of fluorplastic-4 whose construction is shown in Fig. 1. We used monochromatic MoKy,
radiation of wave length 0.711 &.
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Fig. 1. Cuvette for x-ray investigation of
corrosive liquids. 1) Sheet of fluoroplastic-
4 (2-5 M). 2) Conical thickening washer
(fluoroplastic-4). 3) Frame ring (Dural
D16T), 4) Frame of the cuvette (fluoroplastic-
4). 5) Holder (Dlral D16T). 6) Sealing

screw (fluoroplastic-4).

Bromine trifluoride was obtained by direct interaction of gaseous fluorine with liquid
bromine of "ChDA" quality at 20-40°C (P = 766 torr) and melting, according to DTA data, at
8.8 + 0.1°C, which agrees with the data for pure BrF, [1]. The absence of HF, BrF and BrF;
was checked using NMR !H and !'°F spectroscopy.

The operations of filling and sealing the cuvette were carried out in dry nitrogen con-
tainer. The filled cuvette was placed in a GP-3 attachment provided with a GUP-5 goniometer
and the cuvette was tested for airtightness with a layer of kercsene, and over a period of
24 hrs no seepage was detected.

The survey of the diffraction records was carried out using a system with a Soller slit
(beam divergence <1.5°) and a diaphragm thickness of 0.5 mm. Recording of the diffracted
radiaticn was carried ocut five times using a set of 2000 impulses with 0.2° steps across the
diffraction angle of 20° in the region of the diffraction maximum and with 0.5-1.0° steps in
the shallow region of the diffraction peak. From the diffractogram obtained we calculated
the corresponding diffractogram for the foreground of the fluorolayer sheet in the empty
cuvette and we found Ig (observed) where s = 4ﬂ51n8/k§ 1. TFor the experimental diffraction
curve thus obtained we carried out corrections for the d1spersion from the heavy bromine nuclei
using the method of [10] and a correction for the polarization of the radiation by the liquid
and the monochromator using the formula P(28°) = 0.5(1 + cos226° + cos?2a°), where o is the
monochromator angle. Absorption of the radiation for the survey of the reflection was con-
stant and did not depend on the 26° angle [1l]. We converted the experimental diffraction
curve Ig (observed) to electron units using Weinstein's method [12]. We determined the
coefficient of standardization using the formula

Smax Smax .
= ‘S‘ 2 n.f2 (s) s y Icorre?tEd (s) s2ds, (1)
el . “experimental
$min Sirin
where \nf?(s) is the independent gassous scattering by fluorine and bromine atoms in cne
- :

molecular unit 6f BrF;, ny is the number of atoms of each type in the formula unit of the
solution (3 for fluorine and 1 for bromine), f; are the atomic scattering factors (form
factors) using the data of [13], and ICOYYECteé(s) is the intensity corrected for the effects

described above. It should be noted that the use of atomic scattering factors for F~ and
Br3t rather than for fluorine and bromine atoms is not of prime importance and does not
have any bearing on the nature of the molecular scattering and the radial distribution be-
cause the sum of the radii of fluorine and bromine atoms for covalent and ionic bonds are
virtually identical [20]. rp- + rpy3+ = 1.82; rp, + ry = 1.78 R, giving a mean bond length
of 1.80 + 0.02 K, which is close to the experimental data {1, 3]. We expressed the stand-
dardized intensity in the following manner :

standardized( ) . corrected (s)

experimental = experlmental

(2)

After the experimental diffraction curve has been standardized we calculated the mole-
cular scattering function i(s) from the equation:
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. _ rStandardized e S LA DT T A (]2
i(s) = g o menear(s) 2L H AL O A 0] (3)

It was necessary to carry out corrections on the ordinate and abscissa of the background
beginning with the requirement for equality of area between the standardized curve and the
curve of independent gaseous scattering, i.e., an equal oscillation of the maximum and mini-
mum interference functions (2) relative to the zero axis as per reference [14]. From the func-
tions obtained in this way i(s) previously corrected for the dispersions Afi(s), Af;(s) [10],

we calculated the radial distribution function (rdf) using the Fourier transform as per method
{12}
i, Smax

D(R) = j 4nR% (R) iR = D, —{—2ni-.’ci2-?-§ j i () sin (sR) ds, (4)
i .

Ry 3min

where p(R') is the mean value of the atomic density in time and space (in a spherical layer
of width dR), Dy is the mean distribution of atoms

5
D, = 4ant* (2 nikﬁi)-d/M-mly (5)

1

where d is the peak metric density of bromine trifluoride which equals 2.804 g/cm® at 298°K,

M is the molecular weight of the formula unit of the solution which equals 137 for one mole-

cule of bromine trifluoride, m is the mass of the lightest atom in the formula unit, r and k

are the effective scattering characteristics of the atoms of the formula unit of the solution
determined by the formula

Smax sm_ax
- | e / | #£ 6 as, (6)

0 0

where f; is the atomic scattering factor of the lightest atom.

The procedure for calculating the function (4) which we have described was carried out
on a BESM-6 minicomputer using the programs of reference [14]. From the position of the maxi-
mum in the radial distribution function D(R) we determined the interatomic distances Rj4 and
from the values of the areas under the peaks of the rdf we found the coordination number
(CNA_B) of the atom A relative to atoms B,

ON' _p== Qi2ky kyny, (7)

where Q is the measured area of the coordination peak on the curve D(R) expressed in units

of the space np where the number of atoms of type A in the formula unit were chosen as central
and surrounded by atoms of type B. Where the coordination maximum was not solvable at the
extreme of large R values its reverse side was transformed by symmetry to the front one. The
accuracy of the determination of the position of the first maximum (depending on the 'sharpness'
of the peaks of function (4)) was no worse than +0.02-0.05 &. The value of the error in the
calculation of the area of the peak was determined essentially by the precision of measure-
ment of IObS(s), by the precision of the graphic division of this maximum and particularly by
the propo%%gonality constant N~1/2, which, where N = 2000 corresponds to an error in the area
of the peak of +3%. The error in the determination of the graphic area was +3-5Z. Thus, the
total error does not exceed +6-87.

EXPERIMENTAL ATOMIC RADIAL DISTRIBUTION FUNCTION

In Fig. 2 we give the rdf of atoms for liquid bromine trifluoride obtained using the
procedure described above. In this function peaks can clearly be seen whose maxima are situa-
ted at 1.80, 2.80, 4.90, and 6.20 & and correspond to the intermolecular and intramolecular
distances and interactions in the liquid.

The first maximum at 1.80 + 0.05 X corresponds to the intra-molecular distances, i.e.,
to bond lengths Br-F, and is situated in accordance with the appropriate data (mean bond
length for Br-F in the BrF; molecule equals 1.75 & in the gas and 1.83 & in the solid state
[1-3, 5, 6]). The coordination number for bromine, determined by the area of the first peak
using equation (7) is 3.5 + 0.2 i.e., in the liquid each bromine atom probably has in its
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DR/

Fig. 2. Radial distribution function of
liquid bromine trifiluoride at 298°K.

closest environment on the average rather more than three fluorine atoms at a distance of
n1.8 &. The interatomic distances between fluorine and bromine atoms, situated in a series of
ordered molecules at distances of 2.5 to 3.2 & (Br-Br, Br-F, and F-F respectively) contribute
to the area of the second peak at 2.8 + 0.10 £. This corresponds to molecular arrangements
with diameters between 5.0 and 6.4 8. We based this conclusion on the agreement of the cal-
culated values of the areas with possible scattering interatomic distances for various models
and this is discussed below. The third peak at 4.9 + 0.1 R results from intermolecular dis-
tances in the second coordination sphere. Both the distances between the individual BrF,
molecules in the third and fourth coordination spheres and the distances which determine the
dimensions of the normal molecular arrangement which exist in liquids contribute towards the
fourth peak. The dimensions of such arrangements in liquids are determined by the first
diffraction peak in the function iexp(s) (see Fig. 4, curve 10). Such regular arrangements
can be associated bromine trifluoride molecules.

We note that the mean value of the volume for one molecule of BrF; in the liquid at 298°K
is 81.13 A3 in the rigid rotator approximation and it follows that the mean radius is ~2.7 &.
This corresponds to its dimensions of approximately 5.4 £ i.e., to the calculated mean inter-
atomic distance for a liquid of the molecular type.

THEORETICAL DIFFRACTION MAP OF LIQUID BROMINE TRIFLUORIDE

For an explanation of the observed diffraction map and an assessment of the nature of the
interatomic distances Rij with regard to their contribution to the peaks of the rdf, various
models of the structure of bromine trifluoride in the liquid state were looked at and these
can be proposed as explanations for several well known properties of liquid BrF;. These are:
a) the electrolytic dissociation [3] of bromine trifluoride into square planar bromine tetra-
fluoride anions [BrF,]~ and angular bromine difluoride cations [BrF2]+;

2BrF; = [BrF,l+ -k IBrl - (8)

b) the presence in the NMR °F spectrum of bromine trifluoride of a single broadened signalj;
¢) the high Trouton constant whose value is characteristic of associated liquids; d) IR and
other data. The structures of the [BrF,]t cations and the [BrF,]” anions are precisely de-
fined in the solid compounds K[BrF,], [BrF,][SbFg] and [BrF,]1,[GeF¢] [15-17], and this was
taken into account in selecting the type of model. The models considered are shown in Fig. 3.
The theoretical functions of the molecular distances itP®0T(g) were calculated using the
equation

itheor{s) =Iiil_e_o_r_(_s)_ —1, (9)
‘E ”if% (s)

T
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Fig. 3. Calculated models of the structure of bromine
trifluoride in the liquid state. 1) Monomer [1]. 2)
Ionic model [BrF,]t[BrF,]” using data from reference
[15-17]. 3) Trimer, a = 1.72, b = 3.62, ¢ = 4.68,

Yy = 90°. 4) Dimer, a = b = 1.81 8 5) Tetramer, a =
b=c=1.81 &. 6) Unit cell of solid bromine tri-
fluoride using data from reference [6], a = 5.34, b =
7.35, ¢ = 6.61, y = 90°,
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Fig. 4. Molecular scattering functions for model
bromine trifluoride structures which were studied. 1)
Monomer (molecule). 2) Ionic model (see Fig. 3, 2).
3) Trimer (see Fig. 3, 3). 4) Dimer (see Fig. 3, 4).
5) Double tetramer a = ¢ = 2.3, b = 1.85 X, y = 90°.
6) Tetramer a = b = c = 1.81 &, y = 90° (see Fig. 3, 5).
7) Tetramer, a = c = 2.46 X, b = 1.88 &, v = 90°. 8)
Unit cell of solid bromine trifluoride (see Fig. 3, 6).
9) Model of simultaneous coexistence in the liquid of
various associated forms (50% curve 8, 10% curve 7, and
40% curve 4). 10) Experimental molecular scattering
function.
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where Jtheor (s)=22fi (8)+fi(s)-sin(sR)., The calculations using equation (9) were carried out on a
U

BESM-6 minicomputer using the programs of reference [18]. These functions for the models in
Fig. 3 are shown in Fig. 4 (curves 1-9) where the functions igxp(s) for liquid BrFy (curve

10) are also given for comparison. There is a sharp initial maximum at s; = 1.55 A”! for this
curve, which corresponds to the mean molecular distance in the liquid as determined from the
empirical formula given in reference [19].

R, — 7_.73 —0.3, A™L (10)

Taking the above value for s,, the value of R; is 4.54 &, which is substantially less
than the value of n5.4 X calculated by the rigid rotator approximation for a liquid of molecu-
lar type and points to the possibility of association of the BrF; molecules in the liquid
state. The value of s; corresponds to curve 8 in Fig. 4 which was calculated for a unit cell
of solid bromine trifluoride. However, the second and third peaks of the theoretical curve
for itheOT(<) on curve 8 do not agree with the analogous maxima on curve 10. The peaks
corresponding most closely to these are those calculated for the trimer and tetramer struc-
tures (curves 2 and 7). In the trimer under consideration there are neighboring molecules of
bromine trifluoride at distances of 2.34 X from each other and in the tetramer, as can be
seen from Fig. 3, there are two dimers of BrF; molecules rotated along the screw axis and
separated from each other along the axis at a distance of 2.46 A. In curves 2 and 7 there
are no important peaks at s;(exp), the experimental molecular scattering function (curve 10)
but this peak would have been present in the curve itpeqr(s) where the number of intermole-
cular distances is increased in the more complex model. For this reason it was suggested
that in liquid bromine trifluoride there can exist simultaneously both fragments of quasi-
crystallites of solid BrF, (on the level of the unit cell) or associated molecules of BrF; in
the form of dimers, trimers or tetramers, and nonassociated free molecules. Their simul-
taneous existence is also expressed in curve 10 for the function igyp(s).

In the model which we considered comprising the simultareous existence of associated and
monomeric forms, the coordination number of bromine is close to four, which corresponds to
the data of other diffraction experiments (see Fig. 2, and see Table I). The structural com-
ponents which make up this model, shown in Fig. 3, readily permit the formation of ions of bro-
mine difluoride and bromine tetrafluoride, and data from the measured areas of the rdf peaks
(experimental) (see Table I) do not contradict the corresponding values calculated using Eq.

(7).

Thus the model of the structure of liquid bromine trifluoride, taking into account the
simultaneous existence in the liquid of the monomer BrF; and of molecules associated in
various ways, resulting in approximately equivalent environments for each bromine atom, namely
of four fluorine atoms, can be compared with the presence in the NMR !'°F spectrum of liquid
BrF, of a single signal [8, 9], which suggests the absence in the liquid of bromine-fluorine
bonds of unequal values. The disappearance of the nonequivalence in the Br-F bonds in the
liquid is the consequence of association which can be related to the rapid exchange of bromine
and fluorine atoms between neighboring molecules of the bromine trifluoride, which is the
deciding factor in the existence in liquid bromine trifluoride of stable molecular associations.
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DIRECT IDENTIFICATION OF METAL-METAL BONDS IN
POLYCRYSTALLINE SPECIMENS OF INORGANIC HEAVY-METAL
CLUSTER COMPOUNDS FROM RADIAL DISTRIBUTIONS

V. I. Korsunskii UDC 539.264+646.719

It is shown that one can detect bonds between heavy-metal atoms directly and
measure their lengths from the radial distributions (RD) derived from powder
patterns. Model substances of known structure have been used to elucidate and
demonstrate the scope and limitations of this method. Model RD calculations pro-
vide direct tests on proposed structures. The structures have been established
for two rhenium dimers not previously examined.

At present, the main observational criterion for a bond between metal atoms is the dis-
tance between them, which is determined directly in x-ray structure analysis (XSA) for single
crystals. If the substance can be made only as a polycrystalline powder, the question of the
interatomic distances and bonding usually remains open. However, the scope for measuring
these directly is not exhausted by classical XSA. For example, interatomic distances and
even coordination numbers can in principle be extracted from radial distributions (RD) [1, 2].
The RD G(r) is the one-dimensional spectrum of the interatomic distances for a macroscopically
isotropic specimen. Each pair of atoms corresponds to a peak at r equal to the distance be-
tween them, so it can be measured. The RD method is quite often used with liquids and amor-
phous substances [1, 2], and it is in principle applicable to polycrystalline materials [3],
although hardly any use has been made of it there.

The RD is derived from the diffraction pattern, which is a powder pattern for a poly-
crystalline material. One often uses x-ray diffraction, where the main difficulty lies in
interpreting the RD, since the contributions for different interatomic distances overlap.
Here I point out that this difficulty can be largely avoided for certain classes of compound
containing heavy atoms. I consider that the most promising chemical application may be to
cluster compounds, where one of the major structural problems lies in detecting metal-metal
bonds and measuring their lengths, as well as the geometry of the metal core in the cluster.
The distances between the heavy-metal atoms should give the strongest peaks on the RD, which
are readily identified, so one can detect the metal-metal bonds and measure the distances
without growing single crystals. Theoretical calculations can be made on the RD from models,

which provides for teting of cluster geometries in a fashion more direct than that from spec-
tral or other indirect evidence.

Here I examine inorganic rhenium clusters, mainly simple dimers. Initially, I examine
the effects of ReRe bonds on the RD and the interfering factors by means of model powders of
known structure. Then I consider two compounds assumed to have ReRe bonds, which have been
made by A. S. Kotel'nikova and others, and whose structures cannot be examined by XSA because
of the difficulty in growing single crystals.
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