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Vibrational Spectra of Matrix-isolated Rhenium Trifluoride Dioxide and
Rhenium Fluoride Trioxide: the Molecular Shape of ReF,0,'

By lan R. Beattie, Richard A. Crocombe,” and J. Steven Ogden, Department of Chemistry, The University,
Southampton SO9 5NH

The vibrational spectrum of monomeric ReF;0, isolated in inert-gas matrices has been studied using i.r. and Raman
techniques. From a total of six possible structural models based on trigonal-bipyramidal or square-pyramidal
geometries, only one structure [a trigonal bipyramid with equatorial oxygen atoms (C,, symmetry)] satisfies the
observed spectra in terms of selection rules and relative band intensities. A new synthesis of ReF;O, has been
utilised in the preparation of isotopically enriched 10 material, the spectra of which confirm that ReF;0, contains
two equivalent oxygen atoms. This C,, structure is thus analogous to that proposed for CIF;0,. The vibrational
spectrum of ReFO; produced as a by-product during these studies is also discussed in detail.

THERE are frequently considerable differences between the
structures and properties of transition-metal 4° species
and their non-transition-metal 410 analogues. Tungsten
tetrafluoride oxide forms fluorine-bridged tetramers in
the solid state, and readily dissociates to give square-
pyramidal (C4,) monomers,! but TeF,0 forms strongly
oxygen-bridged dimers, and is unknown as a monomer.23

t No reprints available.
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In contrast, both OsF,0, 4 and XeF,O, ® form trigonal-
bipyramidal (Dszx) monomers. Iodine trifluoride dioxide
resembles TeF,O in forming strong oxygen-bridged di-
mers,® which dissociate into monomer species only at
low pressures and elevated temperatures.® It is there-
fore clearly of interest to examine ReF;0, and to compare,
in particular, its structure with that of the isoelectronic
compounds WF,O and OsF,03. Other related rhenium
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compounds are the recently synthesised ? ReO,Me, which
has been assigned to point group C,, and ReCl;0, for
which only preparative details are available.® (An earlier
report ? of this compound is apparently in error.9)

Rhenium trifluoride dioxide was originally prepared
by the action of fluorine on ReO, or K[ReO,] in a flow
system,! and more recently a static synthesis has also
been described.’? The vapour pressure of the liquid, the
melting point, and boiling point have been determined,3
but no structural parameters are available, although
molecular-beam  mass-spectrometric—electric-deflection
studies have indicated 2 that the vapour above ReF;0,
contains monomers, which are polar, and also dimer
species Re,FgO, which are apparently non-polar.

In this paper we report i.r. and Raman studies on
matrix-isolated ReF30, together with a new preparative
route to this compound which allowed us to carry out an
ir. matrix study of the 8O-enriched material. Similar
data are reported for ReFO4 which was produced during

J.C.S. Dalton

yellow solid which was not isolated but which liberated
ReF,0, and BrF; on heating in vacuo, suggesting that the
intermediate may perhaps contain [BrF,]*[ReF,0,]" by
analogy with the thermal decomposition of [BrF,]*{TaF,]"
into BrF; and TaF;.1¢

In a typical synthesis, Re,O, was initially prepared from
elemental rhenium (0.106 g; B.D.H., 99.9%,) by standard
procedures 17 and an excess (ca. 3 cm® of BrF, (B.D.H,,
distilled before use) was then condensed on to a cold 1:1
mixture of KBr (ca. 0.034 g) and Re,O,. The BrF; was
allowed to melt, whereupon a vigorous reaction ensued.
After a few minutes, the BrF,; was pumped off together with
the bromine and oxygen produced. A pale yellow interme-
diate remained, which was then heated to 120—140 °C under
dynamic vacuum. Flakes of ReF,0, condensed on the
cooler parts of the apparatus and were readily sublimed into
break-seal ampoules. The overall yield, based on the initial
weight of rhenium, was ca. 20%,, and the Raman spectrum of
the solid product had bands at 1026vvs, 1002s, 679m,
410m, 327m, 320m, 300w, 280w, and 1156m cm™. Fluorine
analysis 4 yielded 19.9 + 0.4%, (calc. for ReF;0,: 20.6%,).

{a}
400 . 200

600 40, 250

£ 1050 1000 960 720 680
2 100+ it

u

G =0 ’

5 30- -
@

g

2 1050 1000 960 720
@ 100 -+
¥

&

Ficure 1 Infrared spectra of matrix-isolated ReFO,: (a) argon matrix; () nitrogen matrix.

this study as a result of the reaction between ReF;0,
and borosilicate glass. The 80 experiments yield
spectra which may readily be interpreted using either a
simple two-parameter force field (for the Re—-O stretching
region) or in terms of a more complete vibrational analysis,
on the basis of which it is possible to deduce the most
probable structure of ReF0,.

EXPERIMENTAL

The existing syntheses for ReF,0, are not suitable for the
preparation of small amounts of **O-enriched material and a
more convenient synthesis was therefore devised based on
previous experience with transition-metal fluoride oxide
systems.* It has previously been shown %1% that when a
2:1 (mol ratio) mixture of OsO, and KBr is treated with
an excess of BrF, an intermediate product is formed which
on heating gives high yields of OsF,0;. This reaction is
believed to proceed via the synthesis of an [OsF;0,]" salt,
and as the corresponding [ReF,0,] ™ ion is known !5 the treat-
ment of a 1: 1 mixture of Re,0, and KBr with an excess of
BrF, was accordingly examined. This reaction produced a

* Throughout this paper: 1 Torr = (101 325/760) Pa; 1dyn =
107 N. )

7 K. Mertis and G. Wilkinson, J.C.S. Dalton, 1976, 1488.

8 I, A. Glukhov, N. A. EI'manova, S. S. Eliseev, and M. T.
Temurova, Zhur. neorg. Khim., 1974, 19, 309 (Russ. J. Inorg.
Chem., 1974, 19, 168).

% H. V. A. Briscoe, P. L. Robinson, and A. J. Rudge, J. Chem.
Soc., 1932, 1104.

10 7. H. Canterford and R. Colton, ‘ Halides of the Second and
Third Row Transition Metals,” Wiley, London, 1968, p. 278.
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(+), Band due to matrix-isolated CO

The somewhat lower experimental value is consistent with
the presence of ca. 5% ReFO,; as impurity. Subsequent
manipulations were carried out in borosilicate apparatus
equipped with greaseless taps, but despite extensive flaming
small amounts of ReFO, were invariably produced whenever
ReF,0, was sublimed.

Samples of isotopically enriched ReF;O, were prepared
from 180-labelled Re,O,, which in turn was prepared by
induction heating of a platinum boat containing rhenium
powder to ca. 600 °C in an atmosphere of %0,—180,. 1In
this oxidation, uptake of oxygen ceased when the oxygen
pressure fell below ca. 40 Torr.* The synthesis was then com-
pleted as above.

Matrix-isolation experiments were performed using Air
Products CS202 Displex units in conjunction with Perkin-
Elmer 225, 580, Beckman IR11, and Cary 82 spectrometers,
and ancillary apparatus similar to that already described.*
Slow spray-on rates for ReF,0, were achieved by warming
the sample to ca. 50 °C. Argon and nitrogen (Air Products,
99.9999,) were used as matrix gases, and satisfactory spec-
tra could be obtained after depositing the compound for ca.

11 E, E. Aynsley, R. D. Peacock, and P. L. Robinson, J. Chem.
Soc., 1950, 1622.
12 ' W. A. Sunder and F. A. Stevie, J. Fluovine Chem., 1975, @,

13 G. H. Cady and G. B. Hargreaves, J. Chem. Soc., 1961, 1569.

14 M. A. Hepworth and P. L. Robinson, J. Inorg. Nucleay Chem.,
1957, 4, 24. .

15 R. D. Peacock, J. Chem. Soc., 1955, 603.

18 V. Gutman and H. J. Eméleus, J. Chem. Soc., 1950, 1046.

17 A. D. Melaven, J. N. Fowle, W. Brickell, and C. F. Hiskey,
Inovg. Synth., 1950, 3, 188.
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30 min. In order to confirm the identity of the small
amounts of ReFO,; produced during these depositions, a
series of matrix experiments was carried out on ReFO, pre-
pared independently according to the method of Aynsley
and Hair.*®* The compound ReFO; is more volatile than
ReF;0,, and suitable deposition rates for this material were
obtained by cooling the sample to ca. 5 °C. Raman spectra
were excited using 5 145-A radiation (Spectra Physics 170)
with power levels at the sample in the range 100-—500 mW,

RESULTS AND DISCUSSION

Initial ir. experiments on ReF;0, showed that all the
stored samples contained small amounts of ReFOy,, SiF,,
and BF; produced by reaction with borosilicate glass at
room temperature, and this behaviour is similar to that
previously noted for OsF,0,% These impurities could
be completely removed by prolonged pumping at 0 °C,
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cm™is the unique Re-F stretch (v, ;). The assignment
of the lowest-frequency band at 234.2 cm™ to vg(e) is in
keeping with existing data on molecules of this type, but
there is considerable confusion in the literature over the
assignment of the two remaining bending modes (v and
v;) for these MXO; species. The latest assignments by
Binenboym et al.?! place v; > v; for TcFOy on the basis
of i.r. band contours, and in accord with this these
workers revise an earlier assignment 2 for ReFO; and
similarly place v; above v;. They further suggest that
previous assignments for TcClO,,% ReCl0O,,%%2 and
ReBrO; 2 are in error. Reisfeld et al.2* placed v, higher
than v3 in MnFO,4 but quoted values of P-R separations
which would appear to allow the alternative assignment.
The most recent and comprehensive study on ReClO4 by
Van Schalkwyk 2% presents convincing evidence that vy

TaBLE 1

Vibrational data for some MXO; molecules

(@) Observed bands (cm™)

ReClO,
ReFO, Lo - )
— N —_ I.r.and
I.r., Ir, Raman,? Raman,® I.r.and ReBrO, ¢

MnFO, * TcFO, ¢ matrix ¢ matrix ¢ HF matrix Raman, Ir.,

Lr., gas Lr, gas (Ar) (Ny) solution (Ar) liquid / solution Mode
720.7 696 701 701 666 436, 427 435 195 v, ay
905.2 962 1013.2 1017.5 1009 994 1001 997 v, @
337.7 317 305.5 318.5 321 291 303 332 v @y
952.5 940 978.3 983 980 963 961 963 v, &
373.7 347 346.9 354 403 337 344 350 v €
264.3 231 234.2 237 196 192 196 168 ve €

(&) Calculated force constants

MnFO, ¢ TcFO, ReFOq, ?
Fp 6.40 7.871 8.507
Fzr 0.32 0.403 0.432}mdyn A
F, 4.52 4.577 5.027
Fg 0.98 1.189 1.269
Fae —0.03 0.095 0.075}mdyn Arad
F4 0.65 0.589 0.702

o Ref. 24. ¢ Ref. 21, ¢ This work. ¢ Refs. 20 and 21. ¢ Ref. 25. /Refs. 21—23. # Refs. 21 and 23. *35Cl-*Cl isotopic

splitting. ¢ This work, based on argon-matrix frequencies.

but in subsequent depositions our ReF30, spectra never-
theless showed some ReFO, contamination and it is
therefore convenient to first discuss our supporting ex-
periments on matrix-isolated ReFO,.

Rhenium Fluoride Trioxide, ReFOy.—This compound
has C3, symmetry,!? and the six fundamentals (T, =
3a, + 3¢) are i.r. and Raman active. No gas-phase or
matrix-isolation studies have been reported for this com-
pound, but six bands have been found in HF solution.?
Figure 1 shows i.r. spectra obtained for ReFOj, in argon
and nitrogen matrices, and the frequencies observed are
listed in Table 1 and compared with those observed for
similar molecules. The scheme for numbering the funda-
mentals is that adopted by Selig and El-Gad.2®

The bands at 1013.2 and 978.3 cm™ (argon matrix)
clearly arise from the symmetric (v, 4,) and antisymme-
tric (v4, ¢) Re~O stretching modes, and the band at 701

18 E. E. Aynsley and M. L. Hair, J. Chem. Soc., 1958, 3747.

19 J. F. Lotspeich, A. Javan, and A. Englebrecht, j. Chem.
Phys., 1959, 81, 633.

2 H. Selig and U. El-Gad, J. Inorg. Nucleay Chem., 1973, 35,
3517.

21 J. Binenboym, U. El-Gad, and H. Selig, Inorg. Chem., 1974,

is definitely above v; and his results are quoted in Table 1.
The choice for ReFO; remains open in the absence of
vapour-phase depolarisation data, but in keeping with
the conclusions of Van Schalkwyk,? Binenboym ¢t al.,2t
and Reisfeld et al.# we assign the band at 305.5 cm™ to
v5(@,) and that at 346.9 cm™ to v;(e).

Table 1 shows that several of the ReFO,; frequencies
observed in these matrix studies are significantly different
from those observed in HF solution,? and it is important
to establish which set of frequencies is more appropriate
to molecular ReFO,. In the absence of strong dipolar
effects, it is generally accepted that vibrational frequen-
cies observed in matrices are frequently close to those
observed in the gas phase, and it seems likely that for
this system the use of HF as a solvent may introduce
strong solute-solvent perturbations which might account,

22 A, Guest, H. E. Howard-Lock, and C. J. L. Lock, J. Mol.
Spectroscopy, 1972, 48, 273.

28 F. A. Miller and G. L. Carlson, Spectrochim. Acta, 1960, 16,
1148.

24 M. J. Reisfeld, L. B. Asprey, and N. A. Matwiyoff, Spectro-
chim. Acta, 1971, A27, 765.

% G. J. Van Schalkwyk, Ph.D. Thesis, Southampton Uni-
versity, 1975.
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in particular, for the abnormally low value for v; ob-
served by Selig.20

Vibrational analysis. The argon-matrix frequencies
observed in this study were used to compute force con-
stants for ReFO; with the aid of the SOTONVIB pro-
gram.2 A force field identical to that previously em-
ployed # for MnFO, was found to be satisfactory. This

J.C.S. Dalton

The i.r. spectra in particular show additional features due
to ReFOj;. but, after accounting for these, these figures
reveal nine i.r. and 11 Raman bands with eight observed
coincidences, and this information is summarised in
Table 2.

Before discussing detailed band assignments it is con-
venient to consider six possible structures for ReF,;0,,

fa}
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FiGurRe 2 Infrared and Raman spectra of matrix-isolated ReF3;0,: (a) i.r., argon matrix; (b) i.r., nitrogen matrix; (c) and (@)

Raman, nitrogen matrix.

employs six potential constants: Fg, the principal Re-O
stretch; F,, the Re-F stretch; Frg, the Re-O, Re-O in-
teraction constant; F,, the O—Re-O bending constant;
F,, the O-Re-F bending constant; and Fgs the O-Re-O
angle interaction constant. Structural parameters were
take from the microwave study:!* Re-O 1.692, Re-F
1.859 A, O-Re-0 109.5°. The six force constants were
adjusted so that they reproduced exactly the six observed
frequencies for ReF%0,, and the values obtained are
shown in Table 1. This Table also shows, for com-
parative purposes, the corresponding parameters in
MnFO,; and TcFOjy4 using the same force field. :
Rhenium Trifluoride Dioxide, ReF30,—Figure 2(a) and
(b) shows i.r. spectra of ReF;0, isolated in argon and
nitrogen matrices respectively, whilst Figure 2(c) and
(@) shows Raman spectra of ReF;0, in a nitrogen matrix.

(+), Band due to matrix-isolated CO,;

(*), bands due to matrix-isolated ReFO,

three each being derived from trigonal-bipyramidal and
square-pyramidal frameworks (Figure 3). Of these,
structures (2) and (6), and (3) and (4) differ only in the
sizes of interbond angles, and small angle deformations
which retain full molecular symmetry are sufficient to
render these identical. The numbers and activities of
vibrational fundamentals for each of these models are
also shown in this Figure.

On the basis of the total number of bands observed,
structure (1) may be ruled out, and this elimination is in
agreement with the electric-deflection work 12 since this
structure would not possess a permanent dipole. Certain
other structures also appear unlikely on the basis of
relative band intensities andjor inequivalent oxygen

26 1. R. Beattie, N. Cheetham, M. Gardner, and D. E. Rogers,
J. Chem. Soc. (4), 1971, 2240.
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atoms, and these arguments may now be presented in the
context of band assignments.

If one considers first the nitrogen-matrix results in the
Re-O stretching region, it is evident that the bands at

1485

I(sym.)/I(antisym.) = cot?(«/2) (where « is the angle
0O—-Re-0) which will be expected to hold fairly well here
since the rhenium atom is heavy in comparison with both

oxygen and fluorine.

TABLE 2

Vibrational spectra (cm™) of ReF;0,.

Observed frequencies)

(N matrix) (Ar matrix)

Band accuracy 40.5 cm™tinir., 41.0 cm™ in Raman

Observed frequencies

e

Lr. Raman Ir. Raman Mode Description
1029m 1 029vs 1024.2m 1 026vs vy Gy ReO, sym str.
701s 701s 703, 704s * 703s vy 4y ReF,, str.
368m 370m vy a, ReO, scissor
621w 619m 622, 623w * 621m, br vy, a, ReF, sym str.
326m 326m vy Gy ReF, sym scissor
(Inactive) 360m (Inactive) 357m ve Qg torsion
674s 677s v, b ReF, asym str.
286mw 288vw 287Tmw ca. 290vw vy by ReO, wag
262w ca. 260vvw 251w ca. 260vvw vy by ReF, asym in-plane scissor
992s 991w 988.4s 990w vy by ReO, asym str.
271w 273vw 272w 272vw vy, by ReO, rock
260w 262vw 260w 262vw via by ReF, out-of-plane scissor

* Matrix site effect.

The following internal force constants reproduce the argon-matrix frequencies exactly (see text for definitions of angles and molecular

geometry):
fo  8.748
fr 5.041 ~
. 4.284mdyn A
fop 0.403
e 0.065
fes = —fpy  0.084
;v; b—(())il):g mdyn A rad~2
B .
fos = —foor —0.229

The remaining interaction constants were set at zero.

1029 cm™ (i.r. medium, Raman very strong) and 992
cm™ (i.r. strong, Raman weak) are symmetric and anti-
symmetric modes respectively of an ReO, unit, and

£ T "a i
O | R
~ ” \ °\
Re—-F, 7 Re—F, Re==
w | o | <
[0} Fa Fb
) b, (2) €, 3 G
o] Fy Fy
0] F, F, 0
\RIL/ a °\R|e/ E’\Rl e ©
3 yd \Fb F. e \0 o / \Fa
(4)Cs (5)6}. (6) Czy
Selection-rule data
Structure (symmetry) (1) (2), (6) (3)—(5) Observed
(Dar)  (Ce) (Co)
Number of distinct 8 12 12 12
fundamentals
Number of i.r. bands 5 11 12 9
Number of Raman bands 6 12 12 11
Number of coincidences 3 11 12 8

Ficure 3 Possible structures for ReF,0,

from the relative intensities of these bands in the i.r. it is

possible to estimate that the O—Re-O angle is ca. 100°.

This estimate is based on the approximate relation *
* See later discussion.

fa 1.173
fg 1.855\% mdyn A rad?
fy  0.720
/s 1.209
where 8 common F,
88’ no common atom
y3 common O
38 common F,
33" common O

Three bands are found in the 600—750 cm™ region
characteristic of heavy metal-fluorine stretching vibra-
tions. Structures (2)—(6) all have one unique fluorine
atom Fj, and two equivalent fluorine atoms F, and thus
three bands are expected in this region for all the five
structures. Two of these will be totally symmetric,
involving Fy, and 2F,, and one antisymmetric, involving
only 2F,, and a satisfactory assignment which takes
note of the relative Raman intensities of symmetric and
antisymmetric modes is therefore to identify the band at
674 cm™ (i.r. strong, Raman not observed) as the anti-
symmetric mode. The remaining bands at 701 cm™ (i.r.
strong, Raman strong) and ca. 620 cm™ (i.r. weak, Raman
medium) are then assigned as the two symmetric modes
involving fluorine atoms F;, and 2F, respectively. Con-
sideration of the relative i.r. intensities for the symmetric
and antisymmetric vibrations of the Re(F;), unit in the
expression above now suggests that the angle F,~Re-F, is
140°. This estimate ignores intensity borrowing by the
symmetric Re(F,), mode from the unique Re—Fy, vibration
which lies only 80 cm™ away, and is therefore likely to be
a lower limit for the angle. Indeed, the absorption pat-
tern in this region bears a strong resemblance to that ob-
served for the T-shaped molecules CIF; and BrF, ¥ with
regard to both frequency and relative i.r. intensity (Table
3).
On the basis of the observed intensity patterns in the

27 R. A. Frey, R. L. Redington, and A. L. K. Aljibury, J.
Chem. Phys., 1971, 54, 344.
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Re—0O and Re-F stretching regions, we therefore retain
as most probable structures those models which possess
significantly bent ReO, units and approximately T-
shaped ReF, groups, and for this reason eliminate struc-
tures (3), (5), and (6). A choice thus remains between
(2) and (4), which can in principle be resolved if it can be
shown that the two oxygen atoms in ReF,0, are equiv-
alent and the 80-enrichment experiments described
below were carried out with this end in view. These
experiments strongly suggest equivalent oxygen atoms,
and for this reason we believe that structure (2), with
Cs, symmetry, is the most reasonable model on which to
base our vibrational assignments. For this geometry,
Iyip = 54y + a5 + 3b1 + 3b2 with Tsgreten = 3a, + bl +
by, and from the discussion above, the stretching modes
may be identified as: 1029, a,; 992, b,; 701, a,; 674,
b;; and 620 cm™, a,. Assignment of the bending fre-
quencies is not as clear-cut. Four bands are found in the
i.r. spectra (286, 271, 260, and 252 cm™) which have very
weak counterparts in the Raman, and we assign these to
the antisymmetric deformations 25, + 2b,. Three com-
paratively intense bands are found in the Raman (368,

TABLE 3

Observed bands (cm™) and relative i.r. intensities for
the stretching modes of some C,, MF, units

Mode 3CIF, * "BrF,; ¢ ReF,0,°?
MF str. a, 764.0s 678.1s 701s
MF, asym str. b, 683.2vs 599vs 674s
MF, sym str.  a, 523w 547w 621w

@ Ref. 27, argon matrix. ¢ This work, nitrogen matrix.

260, and 326 cm™) for which we could find no i.r. counter-
parts. The a, mode is formally inactive in the i.r., and
the two remaining @, bending modes might be expected
to have low i.r. intensities. In view of the possibility
of interaction between these two ¢, modes, we believe it
unlikely that both the bands at 368 and 360 cm™ are in
the same @, symmetry class, and thus assign the band at
326 cm™ as an ¢; mode. From our results we are unable
to distinguish the remaining @, and a, bending modes,
and there is no a priori method of differentiating between
b, and b, vibrations in the bending regions. Table 2
summarises what we believe to be a plausible assignment
for these bands together with an approximate description
of each mode. The numbering scheme used by Christe
and Curtis # for the isostructural molecule CIF,0, has
been retained here. The descriptions of some of these
vibrations can only be approximate in view of the prox-
imity of fundamentals in the low-frequency region.
During the course of this work a number of experiments
were carried out using relatively concentrated matrices
and spectra from these deposits showed weak satellite
bands in the Re—O stretching region in addition to ReF;0,
and ReFOg absorptions. These additional weak features
were not examined in detail, but they were certainly not
associated with the monomeric species discussed above.
It is possible that they may be fundamentals of the dimer
Re,Fq0,, but the relative intensity of these bands did not

28 K. O. Christe and E. C. Curtis, Inorg. Chem., 1973, 12, 2245.

J.C.S. Dalton

increase during diffusion studies. The only other minor
complication arising from these spectra was an almost
exact frequency overlap between the unique Re-F
stretch in ReFOj (v;) and the equatorial Re-F stretch in
in ReF,40, (v5). This was initially detected by the ano-
malous intensity behaviour of the feature at 701 cm™
present in nitrogen matrices and subsequently confirmed
by independent experiments on ReFO,3 and by the separ-
ation of these two modes in argon matrices.

Vibrational analysis. A vibrational analysis for
ReF,0, was carried out assuming a trigonal-bipyramidal
structure with equatorial oxygen atoms [structure (2),
Figure 3]. The force field employed was similar to that
derived by Christe and Curtis # in their analysis of C1F,O,,
and the following molecular parameters were assumed:
D(Re-0) 1.7; R(Re-F,) 1.8; 7(Re-F,) 1.8 A; « (angle
O-Re-0) 100; B (Fy,—Re-F,) 85; and y (O-Re-F;) 130°.
These angle parameters then determine a final angle
parameter 3(0O-Re-F,) of 93.2°. As was the case for
CIF;0,, the number of independent force constants is
considerably larger than the number of observed fre-
quencies, and our calculations were therefore carried out
with the aim of reproducing the observed frequencies to
within experimental error using a minimum of physically
realistic parameters. This procedure inevitably involves
several arbitrary assumptions, and in particular, since
the five force constants fp, fpp, fr, fr, and f,. contain
sufficient flexibility to generate the five stretching
frequencies, the interaction constants fpr and fp, were
set equal to zero. Data from 180 studies was not included
in the force-constant refinement, as it was our intention
to use this additional information to assess the suitability
of this force field. Table 2 compares the frequencies
observed for ReF,0, in N, and argon matrices, and lists
the values of the 13 force constants used to reproduce
the argon-matrix frequencies. Apart from the value of
fsg Which is rather larger than expected, the interaction
constants are considerably lower than the principal
constants, and the values of f5, f, and f, are very reas-
onable by comparison with ReFO, and CIF;0,.2 In
particular, it appears from the high value of f5 that the
rhenium-oxygen bond in ReF;0, contains appreciable
double-bond character and the values for fr and f, indi-
cate that the equatorial Re-F bond is perhaps stronger
and shorter than the bonds to the axial fluorines.

18Q-Enrichment Studies.—One important difference be-
tween structures (2) and (4) concerns the equivalence of
the two oxygen atoms, and samples of 180-enriched
ReF,;0, were prepared in an attempt to discover whether
two structural isomers exist for the partially substituted
species ReF4180180. As noted earlier, ReFO, is a persis-
tent impurity in this system, but rather than attempt to
remove this impurity from our 20 samples we chose in-
stead to vary its proportion in a predictable manner so
that we would obtain additional 180 data for ReFOg and
at the same time be able to distinguish between the iso-
tope patterns for ReFO5; and ReF,0,.

Typicali.r. spectra obtained from 180-enriched samples
of ReF;0, are shown in Figure4. Figure 4(a) shows an
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argon-matrix survey spectrum and is included here to
indicate that, whereas the Re-O stretching region is
quite complicated, the Re—F stretching regton remains
almost identical to that found without enrichment
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FiGure 4 Infrared spectra of matrix-isolated ReF O, and
ReFO,; with #0 enrichment: (a) typical low-resolution spec-
trum; (b) high resolution, (4) band due to matrix-isolated
SiF,, (*) bands due to matrix-isolated ReFO;; (c¢) calculated
spectrum for '#Q-enriched ReF,0,; (d) high resolution, (+)
band due to matrix-isolated SiF,, (*) bands due to matrix-
isolated ReF30,; (¢) calculated spectrum for ReFO,

(Figure 2). Spectrum (b) shows the Re-O stretching
region of (a) under higher scale expansion, whilst (d) was
recorded under similar conditions to (b) but with a
greater proportion of ReFO;. The line spectra (¢) and
(¢) show the results of frequency and intensity calcul-
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ations on ReF;O0, and ReFO,, and the frequency data
for spectra (b)—(¢) appear in Table 4.

These results were interpreted using a force-constant
analysis similar to that previously employed in our earlier
interpretation of 180-enriched OsF,0,4 In particular,
we assume that the isotope patterns for ReF;O, and
ReFO; may be analysed by treating the Re—O stretching
region of the spectrum in terms of a bent ReO, and a
pyramidal ReOg unit respectively. G and F matrices
are derived based on the lowest symmetry unit encoun-
tered (i.e. C)) and three independent parameters (a
principal Re-O stretching constant, an interaction con-
stant, and the O—Re—O angle) are retained for each mole-
cule. The use of only one principal Re-O stretching
constant is equivalent to assuming that the Re-O bonds
are identical, and the validity of this assumption for
ReF;0, is tested by noting the total number of bands
assigned to ReF30, in this region. For a bent ReO,
unit, each isotopically distinct molecule will give two i.r.-
active bands, and since only six are observed these can
only reasonably be assigned to Rel%0,, Re!80,, and a single
mixed species Rel0180. ReFO; is known to have C,,
symmetry, and the angle O-Re-O = 109.5° derived
from the microwave study may be used, but in the case
of ReF;0, it is necessary to obtain an estimate for this
angle from the spectrum.

As indicated earlier, such an estimate is available from
the relative intensities of the symmetric and antisymme-
tric Re-O stretching modes if these vibrations are effec-
tively uncoupled from the other modes in the molecule,
and the relation I(a,)/I(by) = cot?®(«/2) for the ReO, unit
yields a value of 100 4 5°. Some indication of the re-
liability of this estimate may be gained by using a similar
intensity relation to estimate the bond angle in the ReO,
pyramid from our spectra. Here, the relevant intensity
quotient is I(a,)/I(e) for the Re-O stretching modes, and
this ultimately yields a value of 110 4 7° which com-
pares quite favourably with the microwave value. This
approach will in general be useful if the off-diagonal G and
F matrix elements relating these stretching modes to
other modes of the same symmetries are small, but three
further conditions should also be satisfied if these bond-
angle values and the subsequent isotope-intensity calcul-
ations are to be taken seriously. First, one must assume
that the changes in overall molecular dipole which take
place as a result of these vibrations can be expressed as
vector sums of bond-dipole changes along the Re-O bonds.
Secondly, since ReFz0, (Cy,) will possess a permanent
dipole, one must assume that coupling with rotational
motion is negligible, and, finally, one assumes that the
double-harmonic approximation is true. These quali-
fications have been discussed by Burdett ¢f a.?® primarily
in connection with the use of isotope-frequency and
intensity patterns in carbonyl chemistry, but they will
apply, in general, to any system.

It is impossible to assess the extent to which all these

2 J. K. Burdett, M. Poliakoff, J. J. Turner, and H. Dubost,

‘Advances in Infrared and Raman Spectroscopy,” eds. R. J. H.
Clark and R. E. Hester, Heyden and Son, London, 1976, vol. 2.
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approximations will be valid for a hitherto uncharac-
terised species. However, our success ¢ in interpreting
similar frequency and intensity patterns in the related
molecules OsO, and OsF,0, suggests that this approach
may usefully be applied here to both ReF30, and ReFO,,
where the presence of a heavy central atom once again
effectively ensures that G-matrix coupling at least will
be minimised.

The results displayed in Figure 4 and Table 4 are
almost self-explanatory. Six bands are observed for 180-
enriched ReF;0, in this region of the spectrum, and these
are adequately reproduced by a bent (100°) ReO, unit in
which the principal Re-O stretching constant f5 and the
interaction constant f,, are given values of 8.805 and
0.425 mdyn Al respectively. These parameters are

J.C.S. Dalton

are very similar to those in the more general force field
(Table 1), and the frequencies of isotopically substituted
ReFO,4 molecules calculated from the latter are in good
agreement with those found experimentally. These 180
studies therefore support our claim concerning the origin
of ReFO; in this work.

Finally, our spectra for ReF30, have been interpreted
on the basis of a Cg, structure, and it is of some interest
to test this assumption by estimating the degree of in-
equivalence between the two oxygen atoms which could
theoretically be detected from our 180 studies. Equiva-
lent oxygen atoms in a bent MO, unit will, on 509, 180
enrichment, yield two ¢riplets with components of ap-
proximate relative intensity 1:2:1. A species MOO’
with inequivalent oxygen atoms would be expected to

TABLE 4
Observed and calculated wavenumber (cm™) for 1¥0-enriched ReFO; and ReF,0,
ReFO, ReF,0,
,Oibserved Calculated bbserved Calculated -
(Ar matrix) (A) @ (B)?® Assignment (Ar matrix) (A)c (B) ¢ Assignment

1013.2 1013.0 1013.2 @, ReF10,

1004.9 1004.8 1 004.9 a’ ReF180,180 1024.2 1024.2 1024.2 a, ReF;*0,
993.8 994.8 994.7 a’ ReF18018Q, 1011.6 1011.6 1011.5 a’ ReF;1%01%0
978.3 {979.0 978.3 ¢ ReF10, 988.4 980.4 988.4 by, ReF,%0,

' 979.0 978.3 a’’ ReF180,130 969.6 969.6 971.1 a; ReF;1%0,
956.7 957.5 a; ReF®QO,e 949.4 949.1 949.0 @ ReF,%010
943.2 943.0 943.0 a’ ReF1*010, 939.2 938.1 937.4 by  ReF;1%0,
935.8 935.0 934.8 a’ ReF180,80
930.0 928.9 928.5 a’”” ReF180180,

@ Calculation (A) based on ReO; unit: Fg = 8.556 mdyn A", Fzp = 0.433, interbond angle = 109.5°.
¢ Calculation (A) based on ReO, unit: f; = 8.805 mdyn
¢ No contribution to the observed pattern from this molecule (see text).

force field described in Table 1.

4 Calculation (B) uses force field described in Table 2.
very similar to those obtained from the more general
force field (Table 2) and Table 4 also includes, for
comparison, the frequencies predicted in this region for
these isotopically substituted species using the 13-para-
meter force field described earlier. This agreement is
also very satisfactory. For the relative-intensity calcul-
ations the statistical weights of the three isotopomers
were obtained from the 160 : 180 ratio employed in the
preparation. Rhenium fluoride trioxide was similarly
treated as a pyramidal ReO, unit with an interbond angle
of 109.5° and with corresponding parameters Fp and
Fprp. Frequency calculations predict a total of eight
distinct bands in this region, but experimentally only
seven are observed, and this is due to to non-random
statistical weighting. The compound ReFO; is produced
in these experiments by reaction between ReF;0, and
borosilicate glass, which is effectively an infinite source of
160. As a result the proportions of isotopically labelled
ReFO, species are obtained by considering the addition
of one 10 atom to the existing ReF;0, species, and, in
particular, no ReF180, is produced. This absence is
most noticeable for the ¢, mode predicted at ca. 957 cm™,
but may also be inferred from the somewhat lower in-
tensity observed for the band at 930 cm™ than would be
expected from an overlap of (¢) ReF180; and (a”)
ReF%0180,. The occurrence of these band overlaps in
pyramidal and planar MX; systems has been discussed
elsewhere 3 and will not be repeated here. Once again
the force constants employed in the simplified analysis

b Calculation (B) uses
A, fpp = 0.425, interbond angle = 100°.

have two different primary stretching constants, and
could in principle be identified by the occurrence of two
quartets, in which the components have approximate
relative intensity 1: 1 :1:1. Itis therefore necessary to
estimate how different the primary MO and MO’ stretch-
ing constants have to be to observe a detectable splitting
of the central components of our two triplets.

First, we note that the bands we assign to ReF,160180
are ca. 1.5—2.0 cm™ wide, and are no wider than those of
ReF, %0, or ReF,180,: we estimate that any possible
splitting greater than 1 cm™ would be detected. Inorder
to study the problem quantitatively, a small perturb-
ation was introduced into the two-parameter force
field for ReFg4O, such that the Re-O force constants were
given values fj 4+ fa and f, — fa, where f5 was varied be-
tween 0.0 and 0.05 mdyn A1, The original value of fp,
was retained. This perturbation ensures that the central
components of our triplets will split into equal doublets,
whilst leaving our Rel®O, and Rel80, bands essentially
unaffected. Theoretical splittings Av were then cal-
culated for each value of fo and some typical results are:

fa/mdyn A1 0.00 001 002 0.03
Avjem™ 0.0 1.0 1.9 29

It is therefore evident that a very small difference in
primary Re—O force constants (ca. 0.29,) would be ex-
pected to give rise to perceptible broadening or splitting

3 1. R. Beattie, H. E. Blayden, S. M. Hall, S. N. Jenny, and
J. S. Ogden, J.C.S. Daltor, 1976, 606.
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of the bands assigned to ReF3%0180. No such evidence
was observed, and we believe that these experiments
provide excellent justification for the equivalence of the
oxygen atoms in ReF30,.

Conclusions.—On the basis of these experiments, we
conclude that rhenium trifluoride dioxide sublimes
primarily as a monomer, and that molecular ReF40, has
Cs, symmetry with a geometry based on the trigonal bi-
pyramid. These results make an interesting contrast
with the related IF;0, system, where oxygen-bridged
dimers predominate in the vapour phase3® In an
earlier rationalisation,® which drew attention to a corres-
ponding difference between WF,O (essentially a mono-
meric vapour) and TeF,O (dimeric in the vapour phase),
it was suggested that the principal reason for this struc-
tural difference was that for the d° species the chemistry is
dominated by strong oxygen-metal p,~d, bonding, where-
as the capacity for multiple-bond formation involving
the heavier p-block elements is much less. This theory
also appears to be relevant here.

It is also interesting to compare the C,, geometry

1489

derived here for ReF,0, with heavier 42 transition-metal
dioxo-species where the formation of linear MO, groups
seems to be strongly favoured.3® Many of these linear
systems are well characterised structurally, and it would
clearly be of interest to carry out a microwave or electron-
diffraction study on ReF;O, both to confirm our con-
clusions regarding Cs, symmetry and to obtain accurate
structural information. It isalso clear that the structure
of ReO,Me, deserves detailed examination in view of the
claim 7 that this molecule contains inequivalent oxygen
atoms. This conclusion was based on n.m.r. data in
solution but has not been confirmed for the vapour
phase.
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