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Our results of gas-phase electron diffraction investigations on some Group V
pentahalides are reviewed. The compounds in question are the pentachlorides of
antimony, niobium and tantalum, as well as tantalum pentabromide. The free
molecules all have trigonal bipyramidal structures of D, symmetry with axial
bonds ionger than the equatorial ones, and they pseudorotate against relatively
low barriers. The possible mechanism of pseudorotation is discussed and the
values obtained for the barriers by electron diffraction are compared to the values
obtained by other methods.

The structures obtained by gas-phase electron diffraction of the oligomeric
pentafluorides of niobium, tantalum, antimony and gold are compared and dis-

cussed.

Dedicated to Professor Otto Bastiansen on his 70th birthday

A. The structure and intramolecular
motion of Group V pentahalides

Background

The structural chemistry of the pentahalides of
group V elements is of considerable interest. The
study of intramolecular rearrangements in these
compounds is fruitful from the point of view of
gaining insight into the kinetics and mechanisms
of chemical reactions which are supposed to in-
volve five-coordinate transient species.'® The in-
tramolecular exchange of atoms is known as poly-
hedral® or polytopic!""® rearrangement. Various
molecular geometries corresponding to topolog-
ically related potential energy surface (PES) min-
ima may be called topological isomers.™ In trigo-
nal-bipyramidal molecules containing five chem-
ically identical ligands, MLs, intramolecular
exchange of the ligands is often referred to as

* To whom correspondence should be addressed.
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pseudorotation,’ since this exchange is equiv-

alent to rotation of the molecule as a whole
(Fig. 1). Sometimes this term is also applied to
molecules with nonequivalent substituents.

All the Group V element pentahalides studied
to date have trigonal-bipyramidal configurations
of Dy, symmetry with the M-L,, bonds elongated
relative to the M-L,, bonds, in agreement with
VSEPR theory predictions.!*? Numerous X-ray
studies of five-coordinate compounds in the solid
state” have shown that another possible config-
uration of MLs-type molecules is a square-pyra-
midal one of C,, symmetry. Berry" was the first
to suggest the transition D, <> C,, <> D3, (Fig. 1)
whose net result was exchange of equatorial and
axial ligands. Berry® also suggested that the
pseudorotation mechanism involved quantum-
mechanical tunneling between minima of a one-
dimensional “two-well” potential function.

Berry’s hypothesis'® was advanced to explain
the inconsistency of data on five-coordinate com-
pounds obtained using various techniques. Thus,
in isotopic exchange experiments®?? three of the
five chlorine atoms in PCl; underwent exchange
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Fig. 1. Pseudorotation model for trigonal-bipyramidal ML molecules.

far faster (t1, ~ 5 s) than the other two, for which
only 90 % equilibration was attained in 100 min.
NMR spectra of both gaseous and liquid phos-
phorus pentafluoride were, however, indicative
of equivalence of all the fluorine atoms.”?*" Such
apparent equivalence can only be observed if the
exchange is fast on the NMR time scale.”?” The
investigations”? were completed when the re-
sults of the electron diffraction studies on phos-
phorus pentafluoride? and pentachloride?” were
known. According to these investigations the
molecules had trigonal-bipyramidal structures
with non-equivalent halogen atoms in the equa-
torial and axial positions. In more recent studies
on PF;*3! and PCL* these structural conclusions
were verified and the geometrical parameters of
PF; and PCl; were determined with significantly
higher accuracy. As has been shown using dy-
namic NMR techniques (Refs. 33-37), phos-
phoranes of the general formula PF,L,_,
(n=1-5) are also characterized by stereochem-
ical non-rigidity (this term was first introduced in
Refs. 10, 11 and 23; see also Refs. 33-50). At the
same time, unambigous evidence was obtained
from electron diffraction, and numerous X-ray
and spectroscopic studies of these compounds for
the presence of two types of chemical bonds in
five-coordinate molecules, i.e. axial and equa-
torial (Ds,) or apical and basal (C,,) bonds.

An explanation of the apparent differences in
the molecular structures of five-coordinated com-
pounds obtained in various experiments can be
given if one recognizes the close relationship of
the results to the different mean values obtained
by the various physical techniques applied in
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studying free molecules and condensed mat-
ter 38-50

The pseudorotation model for pentahalides

A subject of continuing speculation is the pseu-
dorotation model for pentahalides. One of the
possible polytopic rearrangement paths in these
compounds between two “nearest” topological
isomers can be described by a two-minima poten-
tial function®

V(E) = Vo[(®&) - 1F (1)

where the definition of the coordinate & follows
from Fig. 1, and V, and E; are the barrier to
pseudorotation and the potential curve saddle
point position, respectively.

The potential function (1) is similar to that
describing inversion vibrations in pyramidal mol-
ecules®*! such as ammonia.**** Molecular sym-
metry and over-barrier transitions between the
PES minima can then most accurately be de-
scribed in terms of inversion-permutation sym-
metry groups (see, e.g., Refs. 8 and 9). Thus, if
all the atoms are identical in an ML molecule of
symmetry Dy, the number of possible topolog-
ical isomers'* can be shown to be:**

(5H)x2
12

=20

A molecule can therefore be delocalized between
20 PES minima and its description in terms of
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Fig. 2. Simplified potential functions
for the pseudorotation motion: (a)
one-dimensional potential function
V(E), [egn. (1)]; (b) two-dimensional
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symmetry point groups, e.g. Dy, or C,, is no
longer valid. All 20 topological isomers are mu-
tually interrelated by inversion-permutation op-
erations.®

Following Ref. 63 we will use the notation
(1,2) (3,4,5) (Fig. 3) to describe one of the
topological isomers of an ML; molecule. The first
parentheses correspond to axial substituents and
the second parentheses to equatorial ones num-
bered clockwise. Ten out of a total of 20 isomers
formed in successive permutations of atoms in
ML; can then be represented by the scheme given
in Fig. 3. The remaining 10 isomers are enan-
tiomers of each of the ten isomers shown. The
graph describing possible polytopic rearrange-
ment paths can then be represented as a penta-
gondodecahedron (Fig. 4) where each vertex cor-
responds to one of the topologically related isom-
ers.® According to this representation of the
isomerization process, each isomer can be trans-
formed to one of the three “nearest” isomers

43*
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along pentagondodecahedron edges, all these
transitions being equally probable.

What is the mechanism of nuclear motions in
polytopic rearrangements? No reliable answer
to this question has as yet been obtained in
any of numerous experimental studies of five-
coordinate compounds. The most valuable in-
formation on PES of five-coordinate molecules
is, we believe, provided by quantum chemical
calculations. The ab initio calculations of PES
of five-coordinate compounds performed until
now. 1213466467 gre indicative of pseudorotation
being a multi-dimensional motion involving con-
certed variation of all the atomic spacings and
bond angles along a minimum energy path on a
PES. For all the pentahalide moledules, the mini-
mum energy path corresponds to the mechanism
suggested by Berry.!”” This conclusion follows
from the observation that calculated PES barrier
values along the reaction coordinate correspond-
ing to Berry’s mechanism are far below those for
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other pseudorotation mechanisms such as turn-
style rotation,® tetrahedron edge crossing,* " te-
trahedral tunneling’ and others”™™ that can pre-
sumably be realized in rearrangements in com-
plex five-coordinate compounds.

According to Berry’s mechanism,' pseudorot-
ation can involve simultaneous motion of axial

Fig. 4. The graph describing possible polytopic
rearrangement paths.
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Fig. 3. Schematic representation of 10
of the total 20 topological isomers
formed in successive permutations of
atoms in MLy molecules.

and equatorial atoms to decrease the L,,-M-L,,
angle from 180° to 120° and increase one of the
L,M-L, angles from 120° to 180° while atomic
spacings vary as r,,— r., and r,,—r,, (Fig. 1). It
is assumed that the C,, configuration is a saddle
point of the PES describing pseudorotation if the
trigonal-bipyramidal configuration corresponds
to the PES minimum. The model potential func-
tion for pseudorotation, V' (E), can then be writ-
ten in the form of eqn. (1) (Fig. 2). This potential
function describes the transition between the first
two nearest topological isomers (Figs. 3 and 4).

We will further assume pseudorotation to be
far slower than motions involving the other (f—1)
vibrational degrees of freedom (f = 3N—6, where
N is the number of atoms in a molecule) and sep-
arate nuclear motions corresponding to pseudo-
rotation from other molecular vibrations (the
adiabatic approximation).

Electron diffraction intensity equation

According to Debye” the expression for the mo-
lecular contribution to scattering, sM(s);, can
then be written as eqn. (2). Here the coordinates
q1, 9 5 --- » 45, correspond to (f—1) normal vibra-
tions and the coordinate & to pseudorotation.



sM(s)r =

Z gi(s)

i#j=1

sin sr (qb q2 5. qf—l’ §)>
ri;' (‘h,qz AR qf—l’ g)
Separating intramolecular motion along & en-
ables us to write

P(ql’ q2 5.5 qf—b
=Pq, q;,..., qr-1 | E) P(§) 3

where Pg; (91, 43 , ---, qp-1 | E) is the probability
density function describing skeleton vibrations
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and the coordinate § plays the role of a para-
meter. P(E) is the pseudorotation probability
density function. Eqn. (2) can then be rewritten
in the form of eqn. (4), where the inner angular
brackets mean the average over the normal coor-
dinates q,, ¢q, , ..., q;_;. The probability density
function along these coordinates can be approxi-
mated by the well-known eqn. (5),” where

N sin s7; (q,,...,qf_1|§)> )>
SM(S)T —izlgii(s) < (< ’.-,- (‘11 Ve, qj—l ' E) 4 E (4)
= - qi(®) ]}
Pfr(‘ll’ qz 55 45 l E) = E {2'“(‘11(&)) €Xp [— 2<q’2(§)> (5)
SM(S)T 2 gl/(s) <exp[ S (E) /2] en](g) {Au(s[g) X
i#j=1
N
s 57, (©)] + B (s18) - cos [sre.i,-(?é)]} >§= > 89
i#j=1 Teij
) 2 . Ai/’(s | 3]
exp[—sXAr (E)y2] { A%(s|E) + B%(s|E) ¢ - sin | sr,; + arctan B, |E) 6)
’l E 3
where:
A(s]8) = 1+ (Ar*(E)rl — K(E)Ir. — sYAr* E)/r?
B(s|8) = —s[(Ar*E)/r. — K(E) + sXAr*(E)\Ar (),
and K (E) is given in Ref. 31, appendix I.
N 1y
sM(s)r = 2, gs) [ Aj(s) + B (S)] “ rejt €Xp [ ((A e + (Ar(E)), ) ]
i#j=1
Sin § I:re'ii + (Aru(g)) - % ((Arg(g) - 3 ArZ(E) Arl](g) + 3(Aru(§) > ] (7)
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the coordinates ¢; depend parametrically on E.

Expanding r,(q,, q, , ..., g;- | E) into a series in
normal coordinates and integrating yields
eqn. (6). As all the functions entering into
eqn. (6) vary only slightly with €& we can rewrite
this equation in the form of eqn. (7), where (Ar2),
is the skeleton vibrational amplitude, and

(A (E))ps = (AT (E)) — (Ar;(E) ©)

As has been shown in the foregoing, the electron
diffraction data on the pentahalides studied can
be analyzed without taking quantum mechanical
tunneling effects into consideration. In addition
to that we have 6 = hcw,/kT < 1 for all the mole-
cules studied [w,(e’) is the “pseudorotation fre-
quency”]. The quantities (Ar"(E)) in eqn. (7) can
then to a good approximation be calculated using
the formula

fexp[= V(EYRT]Ar'(§) a[Ar(§)]
fexp[= V(E)YRT]a[Ar ()]

Ar() =

that is by averaging over the classical probability
density function.

As the function sM(s); given by eqn. (7) is
directly related to the pseudorotation potential
function V(E), an attempt can be made to deter-
mine the V(E) function parameters and the equi-
librium r, ; parameters.

This approach resembles in a way the proce-
dure suggested in Ref. 77 to account for internal
rotation (see also Ref. 78 and references
therein), and it has been realized in Ref. 51 in the
study of NbCly and TaCls pentachlorides. An
analysis carried out in this paper has enabled us
to remove discrepancies between the experimen-
tal and theoretical intensity, sM(s), and radial
distribution, f(r), curves arising from quasi-rigid
molecular models of NbCl; and TaCls, and to
determine the pseudorotation potential function,
V(€), parameters, [eqn. (1)]. Solving the Schrod-
inger equation with the pseudorotation potential
function V(E) found in the analysis of the elec-
tron diffraction data® yielded the “pseudorota-
tion vibrational frequencies”, w,(e'), for NbCls
and TaCls. The calculation results are in good

V(qhv q7b) = 1/2[1 (q%a + q%b)2 + b(q%a + q%b) - c(q?;a - 3q7aq'zlb)
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agreement with the spectroscopic values,”®!
which proves the validity of the approximations
made in deducing eqn. (7) and involved in the
model of pseudorotation used to interpret elec-
tron diffraction data. Solving the Schrddinger
equation for a one-dimensional potential func-
tion V (), however, gives a set of crowding vibra-
tional levels whose energy is below the barrier
height, V. For this reason the solution cannot
explain all the specific features observed in the
w,(e') band spectra of some pentahalides.’®
This shortcoming can be suggested to arise from
ignoring equally probable polytopic rearrange-
ment paths shown in Fig. 3 (or Fig. 4) corre-
sponding to the permutations

{(4,5)(1,3,2)}
{(1,2)(3,4,5)} < 1(3,5)(1,2,4)
(2,3)(1,4,5)

A suitable pseudorotation potential function in-
cluding at least three nearest pseudorotation
paths can be obtained by shifting the V() func-
tion along the axis by &,. The expression for V()
[eqn. (1)] then becomes

V(€)= Vo (§/8)* [(8/80) — 4 (§/5) + 4] (10)

As three equivalent pseudorotation PES minima
are related to each other by rotations about the
C, axis passing through the axial atoms, the po-
tential function taking this feature of intramolec-
ular rearrangement into account can be written
(Fig. 2b) as:

V(E) = Vo (§/80)° [(§/&0)* — 4 (§/&o) cos 3g +4](11)

where E and ¢ are the polar coordinates. We
assume that pseudorotation can be described by a
doubly degenerate normal coordinate g, (&, @)
(see also Ref. 51) with the components g,, and g,
related to the polar coordinates & and ¢ accord-
ing to

47 = § €08 @, g5, = E sin @.
The potential function V(§,¢) [eqn. (11)] can

then be rewritten in the form of eqn. (12) (see
also Refs. 84 and 85).

(12)



The potential function (11) parameters V, and &,
are related to the potential function (12) param-
eters a, b and ¢ by:

V, = a¥32¢%, &, = cldb.

Potential function (12) has been shown®® to
give a satisfactory description of the vibrational
spectra of PF;, AsF; and VF;.

An analysis of electron diffraction data based
on the potential function (12) can be performed
as described above. The values (Ar"(E)) should
now be calculated using the function V (€, ¢) and
the equation:®

(Ar" (&, p))
E 2n
| [ Ar(, ) exp[-V(E, ¢)/RT]EdEde

00
= (13)

T

o
| [exp[~V (&, 9)/RT]EdEd
00

I

by numerical integration techniques.

The cumulant representation of the sM(s);
function, ¥ obviating the necessity of using
the simplified form for sM (s); given by eqn. (7),
can also be employed in an electron diffraction
analysis of pseudorotation. The corresponding
expression is given by eqn. (14) (see also Refs. 87
and 88). The latter equation for sM(s); can be

N

sM(s); = O,

i#j=1 Te,jj

gij(s )

+ B;(s|E, ) - cossr. ; + Py(s|E, cp)]} >

where:

A(s|E @) = 1-P'(s[E,@)fr. = I{[Q' (&) + Q" (5|E, @) — [P' |5, @)}
B(s|&,9) = Q' (5|5, @)ir. — Irt[2Q" (s|E, @) P'(s]§, @) + P (5[, 9)]

© .
lZns2n+1

P(s|E, @) = g) )y (Ar*Y(E, @)
= sy §
OGs|E @) = go e A E P

<CXP [Qi/‘(s | Ea (P)] {Aij(s | g, q)) ’
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simplified from consideration of only a weak de-
pendence of the functions A(s|E,¢) and
B(s| &, @) on the parameters (, ¢), and using the
adiabatic approximation that allows separation of
motions along the non-rigid coordinates gq, and
ge, from other intramolecular vibrations. An
analysis of electron diffraction data can then be
performed as follows:

The first four cumulants (the so-called excess
approximation) will be used in expansions (17)
and (18) (Refs. 87 and 88). As follows from the
analysis carried out in the foregoing, they give a
sufficiently good representation of the probabil-
ity density function describing the distribution of
internuclear distances in an ensemble of mole-
cules.

The cumulant averages are calculated from the
eigenvectors and eigenvalues of the harmonic vi-
brational matrix of a molecule. These are ob-
tained in terms of symmetry coordinates using
the generalized valence force field (GVFF) for-
malism. the GVFF parameters are estimated
from spectroscopic vibrational frequencies and
vibrational amplitudes® determined by conven-
tional procedures at a preliminary stage. Further-
more, eigenvectors are not refined, for as has
been shown in Ref. 91, they depend only very
slightly on uncertainties in force-field parame-
ters. The electron diffraction structural and dy-
namical problem is solved using equilibrium in-
ternuclear distances r(M-L,,) and r,(M-L,,) (or

sin [sr, ; + Py(s|E, @)]

(14)

(15)
(16)

(17)

(18)
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Ar,_,), and also V; and &, as independent pa-
rameters. The parameters are refined using the
minimization algorithm proposed in Ref. 92. The
present analysis procedure is described in more
detail in Refs. 31 and 88. The results obtained for
various ML molecules are given in the following
section. It should be noted that various tech-
niques for including pseudorotation in the analy-
sis of electron diffraction data give geometrical
and potential function parameter values for the
pentahalides studied which coincide within the
experimental uncertainties. Therefore, from the
practical point of view, the technique based on
eqn. (7) for sM(s)r should be recommended as
the simplest and most convenient one. The tech-
nique based on the scattering intensity function,
sM(s)7 [eqn. (14)], is somewhat tedious to em-
ploy. However, in principle eqn. (14) can be ex-
pected to give sufficiently accurate molecular pa-
rameter values.®

Results of gas-phase electron diffraction
studies of pentahalides

In this section, with the exception of the results
for PF;, which is a convenient test example for
testing the data analysis procedure, the experi-
mental results obtained at Moscow University in
cooperation with the Oslo University electron
diffraction group are reviewed.

Phosphorus pentafluoride. The experimental
data of Ref. 30 have been used in our analysis.
The technique based on eqn. (7), with a two-
dimensional potential function V' (§, @) given by
eqn. (11), yields a barrier to pseudorotation of
V,=1193(245) cm '.3'¥ These results are in
agreement with the high-resolution Raman spec-

SbCl,

/\

f(r)
NUV

AF(r)

rA
s 3 4 s 6 Y

Fig. 5. Radial distribution curve for SbCl;.

troscopy data on PF*% (see Table 1) and also
ab initio results: V, = 1329 cm™' * and V, =
1337.5+£167.2 cm™'.% The pseudorotation transi-
tion state geometry (symmetry C,,) found from
the &, value obtained in our analysis is character-
ized by a 101° angle made by the apical and basal
bonds. According to the quantum-mechanical
calculations, %% this angle is predicted to be
99-103°.

The equilibrium r&* and r;9 distances compare
well with those cited in Ref. 100, where the tech-
nique suggested in Ref. 101 was employed in a
combined analysis of high resolution vibration-
rotational spectra!®!® and electron diffraction
data.'®

The good agreement between the results of the
investigation referred to above and the results of
the cited studies (see also Table 1) indicates that
the technique suggested to include pseudorota-

Table 1. Molecular parameters of the Group V pentahalides (D,, symmetry of the equilibrium configuration).

Parameter PFg SbClg NbClg TaCly TaBrs
Ref. 104  Ref. 51 Ref. 51

Ref. 87 Ref. 100 Ref. 86
r2/A 1.576(4) 1.576(4) 2.338(7) 2.338(7) 2.369(4) 2.469(8) 2.467(8)°
reyA 1.530(3) 1.529(3) 2277(5) 2241(4) 2.227(3) 2.417(4) 2.414(4)
V,/cm™! 1193(245) 1139 —995% 665(210) 524(245) 420(210) 490(210)  455(210)
Z (L,MLy)°
for C,, configuration 101(3) 103— 99° 101(2) 104(5) 104(3) 99(7) 99(7)

2Refs. 84 and 85. “Refs. 64, 66 and 93-99. “The data obtained are based on eqn. (7).
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tion in electron diffraction investigations is appli-
cable.

Antimony pentachloride. The study on SbCL'™
has confirmed the earlier conclusion'® of its trig-
onal bipyramidal structure. The radial distribu-
tion curve is shown in Fig. 5. In Ref. 105 the
average r,(Sb—Cl) distance was found to be
2.26 A. This value differs substantially from the
more recent one of 2.302 A. The latter result fits
the X-ray data on SbCl; better,'® r(Sb-Cl,,) =
2.34 A, r(Sb-Cl,) = 2.29 A and hence, r(Sb-
qn,, =231 A.

The barrier to pseudorotation found for SbCls
in Ref. 104, viz. 665(210) cm™!, can be compared
with estimates obtained in other studies. Use of
the harmonic potential functions for the low-fre-
quency SbCls vibrations gives barrier values of
3288 and 3113 cm'.191% The value of 769 cm™!
cited in Ref. 109 has been obtained by multiply-
ing 3113 cm™' by an empirical factor of 0.25. This
coefficient was obtained by comparing values for
the barrier to pseudorotation for VF; found using
a harmonic potential function'® and calculated
from the low-frequency Raman spectrum of
VFS.HO

Niobium and tantalum pentachlorides. The radial
distribution curves for NbCls and TaCl; are given
in Fig. 6. The average (M-Cl) distances in NbCl;
and TaCls found in Ref. 51 agree well with
the results of the earlier investigations.'’!* The

NbCl

AN
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average r.(Nb—Cl) distance, 2.280(3) A, is very
close to r(Ta-Cl) = 2.284(2) A, which can be
explained by the lanthanide contraction effect.
The differences between the axial and equatorial
spacings, Ar,, ., are 0.097(9) and 0.142(5) A for
NbCls and TaCls, respectively. The values are
close to Ar, ., for PCl;, 0.10,£0.01 A? and
somewhat larger than the values for PF; and
AsF,. 11

A comparison of the Ar, ., values found for
NbCl; and TaCls shows that the equatorial dis-
tance in NbCly is longer than that in TaCly by
0.014(5) A, whereas the axial Nb—Cl distance is
shortened by 0.031(7) A. An increased stability,
with increase in atomic number, of valence state
IIT compared with V is explained by relativistic
effects on atomic electronic structures.'”® The ob-
served differences in equatorial/axial bond
lengths for NbCl; and TaCl are probably a fur-
ther manifestation of these effects.

In the solid state, NbCl; exists in a dimeric
form!''®!"” containing bonds of three types: equa-
torial, r(Nb-Cl,)) = 2.250(6) A, axial, r(Nb-
Cl,) = 2.302(5) A, and bridged, r(Nb-Cl,) =
2.555(6) A. Tantalum pentachloride is isomor-
phic with niobium pentachloride.!®'"? In the gas
phase, NbCl; and TaCl; exist as monomeric spe-
cies,"'®1Y Jike PF;, SbCl,'">!"% and TaBr;.'*

The barrier to pseudorotation determined in
Ref. 51 is close to the value found earlier for
VF;, 3% viz. 523 — 428 cm™". The angle between
the apical and basal bonds is 104(3)°, in agree-

TaCl5
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Fig. 6. Radial distribution curve for (a) NbCls and (b) TaCls.
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Fig. 7. Radial distribution curve for TaBrs.

ment with the ab initio results®® for a number of
transition element complexes; for example, the
L,-M-L, angle was calculated to be 106° in VF;
and 105° in Fe(CO)s.

Tantalum pentabromide. The electron diffraction
study reported in Ref. 86 has confirmed the ear-
lier conclusions for a trigonal bipyramidal struc-
ture, viz. TaBrs.!'1'?! the radial distribution curve
for TaBry is shown in Fig. 7. The average bond
length, r,(Ta-Br) = 2.446(8) A,¥ is in good
agreement with the results obtained in the earlier
studies, viz. 2.45(3) A" and 2.44(2) A" The
A1y eq value of 0.062 A is somewhat smaller than
in the pentachlorides NbCl; and TaCl;. The bar-
rier to pseudorotation in TaBrs, V, = 490(210)
cm™!, is close to those for NbCls and TaCl;. A
strong correlation between the parameters V
and &, observed in Ref. 86, increases with de-
creasing barrier height.

Multiple intramolecular scattering effects. The
contribution from multiple (triatomic) scattering
to the molecular scattering intensity, sM(s);, has
been calculated using the procedure suggested in
Refs. 122 and 123. An analysis shows that tria-
tomic scattering effects result in decreasing
Ar,., and increasing r(M-Cl,) for SbCls,
NbCls, TaCl; and TaBrs.>'® Radial distribution
difference curves obtained in refinements of mo-
lecular structures with and without taking tria-
tomic scattering effects into consideration have a
form which resembles that of a Fourier transform
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of triatomic scattering intensity (Figs. 5 to 7).
Ignoring triatomic scattering also results in some-
what larger deviations of theoretical molecular
scattering intensity from experimental ones.’!8
Thus, the R, value increases from 7.9 to 9.0 % for
NbCly and from 7.7 to 8.8 % for TaCl;.*! There-
fore, triatomic scattering has a certain effect on
pentahalide molecular parameters, and taking
multiple scattering effects into consideration to a
certain extent improves the agreement between
experimental and theoretical intensity and radial
distribution curves.

Discussion of results on pentahalides

Our studies of pentahalide molecules yielded the
parameters of the potential function V(§, @)
[eqn. (11)] which describes Berry pseudorotation
arising as a result of thermal excitation of the
low-frequency w,(e’) vibration. It would be of
interest to compare the vibrational transitions
calculated for the potential functions determined
by us with the experimental data. We have esti-
mated the fundamental frequencies for SbCls,
NbCl;, TaCly and TaBrs using the one-dimen-
sional pseudorotation potential function V(E),
[eqn. (1)]. To do this we employed the tables
given in Ref. 124 for the potential functions of
the type

V(Z) = A[Z* - BZ? (19)

where
A= (hZ/ZlL)Z"3a”3, B = (2u/h2)1/2a-2/3b’

Z = (Qwh?)VealeE, a = VJE}, = 2V /&3,

wis the reduced pseudorotation mass[p=~(G™")],
and G is the matrix of kinematic coefficients for
the ML, molecule.

The V, and &, values determined for SbCl,
NbCl;, TaCls and TaBr; have been used to calcu-
late the A E,_,/hc quantities, which were found
to be 60,'™ 55,50° and 39 cm™,* respectively.
Experimentally, the corresponding vibration is
observed at 58, 54, 70% and 79 cm™.%! The two
sets of values compare well, except for TaBrs;.

Note that in the series TaFs, TaCl; and TaBrs,
all the frequencies decrease monotonically (see
e.g. Ref. 125) except for w,(e’), which is sub-
stantially higher for TaBr; than for TaCls. There



are, therefore, some reasons to believe that in
Refs. 80 and 81 a “hot” band corresponding to
the w,(e") vibration probably has been observed.

As has already been mentioned, we cannot
explain all the specific features of the w,(e’) band
spectra of PF;, AsF; and VF#% if we solve the
Schrodinger equation using a one-dimensional
potential function V(E) [eqn. (1)]. This is an ob-
vious indication of the necessity of employing the
two-dimensional V(E, ¢) function defined by
eqn. (11).

The variation procedure suggested in Refs. 126
and 127 has been applied to solve the Schrod-
inger equation for the V(E, @) function trans-
formed to the form V(q,,, q7,) [eqn. (12)]. The
anharmonic vibrational Hamiltonian is then writ-
ten in the form

3

14 ) —1 14
. = - 2 - TR
Hop = =12 3 0@ 5 4@y 1@) 5 1)

L

+V(g) (20)

where the g;’s are the internal vibrational coor-
dinates, the t(q),’s are the elements of the matrix
of kinematic coefficients which depend on the
vibrational coordinates, and ¢(q) is the determi-
nant of that matrix.

For the potential function V(q) all the vibra-
tions except for g, were assumed to be harmonic.
Thus, the coordinates corresponding to (f—1)
degrees of freedom were separated from g;. The
wave function of the vibration g, was chosen as a
linear combination of the two-dimensional har-
monic oscillator wave functions:

W, (q72,gm) = 2 Cinﬁ")(‘ha)X,('")(‘hb) (21)

bj

where {y} is the set of one-dimensional harmonic
oscillator wave functions:
X"(q) = exp(— M2¢®) H,(Mg) (22)
and H,(\'2q) are the Hermite polynomials;
n=0,1,2,....

The constants A in eqn. (22) can be determined
from the standard solution for a harmonic oscilla-

tor with the potential function V(g;,,q) [eqn.
(12)], where the parameters b and ¢ are set at
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Table 2. The vibrational frequencies for g,(e’)
vibrations (cm™').

v
0 42(e')

1 83(e’'), 85(e’)

2 124(e’), 128(a}), 129(a})
3 163(a}), 165(e’), 172(e’)

zero. It is, however, more convenient to optimize
A in the course of a variation procedure simulta-
neously with the coefficients c;. It has been
shown in Ref. 86 that low-frequency vibrational
states converge with a 0.1-0.2 cm™' accuracy
within the summation range of 0 <, j<16. This
very range has been used in the final calculations.
The obtained frequencies and their symmetry as-
signments are given in Table 2 for V; = 490 cm™!.
Since the uncertainty in V|, was estimated to be
210 cm™,% calculations have also been per-
formed for the boundary V, values. The fre-
quency values then show systematic shifts within
+25 %, while the characteristic features of the
spectra remain unaffected. The correlation dia-
gram of the energy levels is represented in Fig. 8.
It can be seen that the experimental frequency at
70, 80 or 79 cm™! ¥ can be assigned as the a] — a]
transition of 83 =21 cm™! energy which appears
to be active in the IR absorption spectrum. The
data in Table 2 show that the calculated a; — e’
transition frequency, 42 + 10 cm™!, is close to the
value of 39 cm™! obtained for the one-dimen-
sional potential function V (), [eqn. (1)]. There-
fore one need not necessarily use a rather cum-
bersome variational procedure to solve the
Schrédinger equation for the two-dimensional
potential function: for practical purposes such as
calculations of thermodynamic functions, the
w,(e") frequency can be simply estimated using
the one-dimensional potential function and the
tables of Ref. 124.

To summarize, a trigonal-bipyramidal equilib-
rium configuration with axial bonds elongated
relative to equatorial ones has been determined
for all the pentahalide molecules studied. Ac-
cording to the results of numerous X-ray diffrac-
tion studies of trigonal-bipyramidal five-coordi-
nate compounds of the general formula ML the
r(M-L,)/r(M-L.,) ratios fall within the range of
1.03 to 1.07.% With molecules studied by electron
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4

v(E) = a&? v(E, @), eqn. (12)
Fig. 8. Correlation diagram for the vibrational energy

levels of the two-dimensional isotropic harmonic
oscillator and two-dimensional potential function

V(E, @), [egn. (12)].

diffraction, this range is 1.03 to 1.05 (Table 1).
There are certain specific features of pseudoro-
tation which are characteristic of all the com-
pounds studied. For VF;, NbCls, TaCl; and
TaBr;, the amplitudes of vibration calculated on
the basis of the harmonic approximation differ
strongly from those observed experimentally. For
PF;, AsF;s and SbCl;, the differences are less or
not at all significant. This can be explained by
different vibrational level populations at the elec-
tron diffraction experiment temperatures, as is
illustrated by Fig. 9. In VFs, NbCl;, TaCl; and
TaBr;, sub-barrier levels have comparable and
over-barrier ones only low populations. In PF;
and SbCl;, high populated levels lie substantially

nJ/ny

0.5

0.4

0.3

0.2

0.1

0.0

E= V,(PFy)
| | E=V,(TaBry)

below the barrier to pseudorotation. At the same
time, intramolecular motions along the polytopic
rearrangement coordinate are strongly anhar-
monic, which results in a considerable asymmetry
of the probability density function peaks, first
and foremost in those corresponding to the
r(Le...-L,) and r(L,,...L,) distances. It ap-
pears that the over-barrier pseudorotation mech-
anism is realized in all the pentahalide molecules
studied by gas-phase electron diffraction.

The uncertainties in the calculated barrier
heights are fairly large. In addition to this the
quantities V; and &, are weak parameters, and
they therefore depend critically on systematic ex-
perimental errors and on a number of electron
scattering effects that, at present, are difficult to
take into account adequately, such as multiple
intermolecular scattering,'” chemical bonding,'®
errors involved in the tabulated scattering ampli-
tudes,™ etc. Inadequacy of the pseudorotation
potential function models, inaccuracy of experi-
mental vibrational frequencies not corrected for
anharmonicity, approximations inherent in sep-
arating pseudorotation from frame vibrations,
and an inadequate treatment of anharmonicity of
frame vibrations should also be taken into consid-
eration. Nevertheless, the pseudorotation model
employed has enabled us to improve the agree-
ment between experimental and theoretical
curves. For NbCl;, TaCls and TaBrs, we have also
been able to reduce the difference between the
theoretical and experimental amplitude values,
for the latter are far larger than those calculated
using the harmonic approximation. It is impor-
tant that better fits are obtained with a smaller
number of variables: cf. the requirement of 7

Fig. 9. Relative populations of the w,(e’) vibrational
energy levels for PF; and TaBr; molecules.

v(PFs)
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parameters in the conventional procedure (two
geometrical, r;* and r;9 or Ar,, ., and five vibra-
tional ones, L, I, leg . cqr lax .ax @04 g o) 85
opposed to 4 in the present procedure (r2, rs%, V,

and &).

B. Molecular structures of
oligomeric pentafluorides

Background

Three structure types are realized in solid penta-
fluorides™® ' (Fig. 10). These can contain
tetrameric molecules with (-MFg-) units linked
by either linear (NbF;, MoF;, TaF,)'* (Fig. 10a)
or angular (M-F~M) bridged (RuFs, RhF;,
OsF;, IrFs, PtF;)'¥ (Fig. 10b), or by zigzag chains
of (-MF¢-) units with bridging cis fluorine atoms
(VF;, CrF;, TcF;s, ReF;)'*® (Fig. 10c).

X-Ray diffraction studies of NbF; and TaF;
single crystals’® have shown the compounds to

STt

c

Fig. 10. Basic structural types for the pentafluorides
in the condensed phase. (a) Structural type of NbFs,
MoF; and TaFs. (b) Structural type of RuFs, RhFs,
OsFs, IrF5 and PtFs. (c) Structural type of VF;, CrFs,
TcF;5 and ReF;.
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form monoclinic crystals having space group
C2/m, Z =28. The basic structure units are te-
trameric (MF;), molecules of D, symmetry.
Each metal centre has a distorted octahedral en-
vironment of six fluorine atoms (Fig. 10). Octa-
hedral fragments are linked by bridging cis fluo-
rine atoms, and the metal atoms form a near
regular square. Unlike niobium and tantalum
pentafluorides, where all the four M—Fz—-M an-
gles are identical,' antimony pentafluoride te-
tramer contains two pairs of angles of 141 and
170°'* (Fig. 10a).

A comparative analysis of the Raman spectra
of gold(V)¥4! and other transition metal pen-
tafluorides shows that AuFs can contain linear
bridges in a manner similar to a-UF;,'* although
no definite conclusions concerning the crystal
structure of AuF; can be drawn. Non-equiva-
lence of fluorine atoms in AuF; is verified by the
observation of quadrupole splitting in the "Au
Méossbauer spectrum. !

According to spectroscopic data, oligo-
meric (MF;), units are also present in molten
niobium, tantalum and antimony pentafluorides
over a wide temperature range.

The first study that reliably established the
presence of oligomeric metal pentafluoride mole-
cules in the gas phase was the electron diffraction
investigation of NbFs and TaF;.!"">! A compari-
son of the theoretical and experimental molec-
ular intensity and radial distribution curves led
the authors®®! to conclude that the gas phase
mainly consisted of tetrameric species having a
structure similar to that characteristic of the crys-
talline compounds'® (Fig. 10a). A certain
amount of disagreement between the experimen-
tal and theoretical radial distribution curves for
tetramers in the region of 4 to 6 A was observed
for NbF;, but not for TaF;. Nevertheless, the
authors claimed both compounds to have the
same structure and gas-phase molecular composi-
tion, and attributed the poor fit for niobium pen-
tafluoride to insufficiently accurate measure-
ments in the corresponding region.'¥!%!

The data of Refs. 150-160 show that oligo-
meric metal pentafluoride molecules are charac-
terized by very high thermal stability. This fol-
lows in particular from the presence of consid-
erable amounts of oligomers even in vapours
overheated by 100 to 150°C. Thus, electron dif-
fraction patterns obtained in Ref. 151 at over-
heatings of ~ 100°C correspond to superposition
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of scattering from monomer and polymer mole-
cules, and the 757 (NbF;) and 752 cm™! (TaFs)
absorption bands corresponding to the polymers
are still sufficiently strong at a 150° overheating.
According to the electron diffraction data,'*'*
NbF; and TaF, vapours require overheating by
~340—400°C in order for the oligomers to be
fully dissociated to the monomeric species NbF;
and TaFs;.

The procedure for electron diffraction data
analysis

An electron diffraction study of the structure and
intramolecular motions of polyatomic molecules
under the conditions of a complex and unknown
gas-phase composition and in the absence of suf-
ficient data on molecular force fields is a difficult
and often impracticable task, since solving the
structural and vibrational problems then requires

the determination of a large number of geometric
and vibrational parameters. This is characteristic
of all ill-posed problems (see, e.g. Refs. 161-
163). Handling such problems requires the use of
regularization algorithms which limit the ranges
of admissible structure and vibrational parameter
values. One of the possible approaches is the use
of spectroscopic information on the system under
investigation. An analysis of data in the literature
(see Background, above), however, shows that
spectroscopic data on oligomeric metal pentaflu-
oride moledules are far from being complete.

In fact, for trimeric (MF;s); molecules of Ds,
symmetry (Fig. 11a), the total number of vibra-
tional degrees of freedom is 3N-6 = 48. Their
distribution over the vibrational modes is deter-
mined by the representation:'**

' = 6A,(R) + 24" + 4A)" + 44, (IR)
+ 10E'(IR.R) + 6E"'(R)

6
1-6 3 4517 1110 19210 1-8 28 3-8
A T L e
1-2 2426 112412 29 212 310
-4 36 4N
- A —\,, A - x2

Fig. 11. Radial distribution curve and geometry of (TaF;)s.
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The vibrations of A’ and A,’ symmetry types
are optically inactive. It follows from this consid-
eration that the trimeric molecules of Dy, symm-
etry should give 14 IR and 22 Raman frequen-
cies. The A/’ and A,’ frequencies can, in princi-
ple, be determined from combination modes. An
analysis of data in the literature, however, shows
that with metal pentafluorides, this is an exceed-
ingly difficult problem. Therefore the spectro-
scopic information available is also insufficient to
determine the force field of a molecule (see, €.g.
Refs. 165-166).

The problem can be tackled on the basis of a
potential function describing both electron dif-
fraction and spectroscopic data. This approach
implies the use of vibrational amplitude and
shrinkage values'’'® calculated using spectro-
scopic vibrational frequencies. Within this ap-
proach, a combined analysis can be carried out as
follows.

A starting approximation to the valence force
field of a molecule is chosen to obtain the force
field in symmetry coordinates.” The latter is used
to calculate the matrix of eigenvectors L, relating
the symmetry coordinates to the normal coor-
dinates. Further, the normal vibration frequen-
cies are calculated, and the calculated frequen-
cies are replaced by the experimental ones. The
experimental frequencies and the matrix L are
used to determine the amplitudes ! and the
shrinkage correction (D quantities) relating the

distances r, and r,:'®

re=r,+0%r - K=r,+D=r.4+(A2)

where K = ((A x?) + (A y%)/2r is the correction for
perpendicular motion.”*'% The D and / quanti-
ties thus obtained are employed as starting ap-
proximations in the electron diffraction refine-
ment of the r, structure of a molecule.

If the treatment of scattering intensities gives
amplitudes substantially different from those cal-
culated using spectroscopic data, the valence
force field parameters are refined and the whole
calculation is recycled until satisfactory agree-
ment between the spectroscopic and electron dif-
fraction amplitude values is reached. This proce-
dure seems to only slightly regularize the spectro-
scopic problem. Its practical use, however, shows
that it enables the ambiguity of the electron dif-
fraction problem to be reduced substantially.
This is so because electron diffraction data are far
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less sensitive to uncertainties in the force field
parameters than are spectroscopic data.

The use of this structural analysis technique
has enabled us to determine the molecular struc-
ture and gas-phase compositions for antimony,!™
niobium,' tantalum!” and gold pentafluo-
rides'”, and molybdenum pentachloride.!” More
recently a similar procedure was applied to ana-
lyze the electron diffraction data on niobium,!™
molybdenum'” and ruthenium!™ pentafluorides.

As with the monomeric pentahalides (see Part
A, above), the harmonic approximation is prob-
ably inadequate to describe all types of intramo-
lecular motions in these systems, and large-am-
plitude motions, such as six-membered ring de-
formations in (MF;); trimers (Fig. 11) and
motions of non-bonded fluorine atoms attached
to different metal atoms are likely to be impor-
tant. With complex molecular structures, the de-
termination of weak potential function param-
eters is, however, an exceedingly difficult task.
Precisely this circumstance made necessary the
use of the harmonic approximation in analysing
electron diffraction data on vapours of an un-
known composition.

Niobium and tantalum pentafluorides

Electron diffraction patterns for vapours over
niobium and tantalum pentafluorides (and other
compounds studied in Refs. 170-172 were ob-
tained using a modified electron diffraction
unit'” at temperatures of 60(3) and 20(2) °C, re-
spectively. The experimental details are given in
Refs. 170 and 171. Applying the procedure de-
scribed above and using the vibrational frequen-
cies measured for gaseous niobium and tantalum
pentafluorides’ has revealed that the electron
diffraction data can best be described in terms of
a trimeric (MF;); model of D, symmetry (Figs.
11 and 12). The model involves 28 geometrical
parameters including 24 internuclear distances
and 4 valence angles. Independent parameters
employed in the analysis were r,(M-F,,), Ar =
Ty (M_Fax) Ty (M—Fl)’ Ty (M—Fb)’ éu (Fax_M_Fax),
£ (F-M-F), £,(F-M-F;) and £ (M-F-M).
All the 24 amplitudes corresponding to 24 types
of interatomic distances were divided into 5
groups. The first group included the five shortest
F.--F distances. The mean amplitudes for the
distances (1---8), (1---9), (1---12), (2---7),
(2---13) and (6 --- 13) (Fig. 11) made up the sec-
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Fig. 12. Radial distribution curves and geometries of (NbFs); and (SbFs),.

ond group, the (1 -+ 10) and (5--- 7) distances the
third one, and the fourth group included the am-
plitudes for the (1---11) and (4---7) distances.
The six amplitudes for the longest distances were
combined into the fifth group.

The theoretical intensity functions were calcu-
lated with triatomic scattering effects included,'?
which can be expected to influence the structure
parameters of (MF;),-type molecules signifi-
cantly. Only triatomic scattering from triangles
including at least one metal atom and not con-
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taining angles above 170° was included. This gave
1782 triangles, of which 104 were different, out of
the total of 4856 = N(N-1) (N-2) triple sum
terms. The results obtained using the minimiza-
tion procedure!™!™ are given in Table 3.

We were only able to determine the average
distance r,(M-F) = r,(M-F,,) = r,(M-F,) for
(NbFs),, the splitting parameter, Ar,,,, being
found to be 0.001(14) A, i.e. to involve an un-
certainty exceeding the parameter value itself. Its
introduction resulted in only an insignificant im-
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able 3. Geometrical parameters of the pentafluorides in the gas phase.?

‘arameter  Nb,F% Nb,F% Mo,F$; RugFis TagF%s AugF? Au,Fby SbyF?;
T=60£3 T=60+10 T=60+£10 T=80+10 T=20+2 T=205+10 T=205%+10
“chair’,  “boat”,
Ca C,
T=20+2 T=20+2
M-F,  1.810(2)° 1.815(4) 1.797(6) 1.818(7) 1.846(5) 1.889(9)  1.889(9)  1.812(2) 1.811(2)
M-F, 1.810(2) 1.815(4) 1.797(6) 1.757(15) 1.823(5) 1.822(8) 1.822(8)  1.812(2) 1.811(2)
M-F, 2.046(4) 2.047(6) 2.007(10) 1.981(5) 2.062(2) 2.030(7) 2.030(7)  2.045(4) 2.044(4)
(F,MF,  162.5(1.4) 165.9(1.5) 160.0(1.5) 181.0(1.0) 173.1(2.1) 193.1(3.2) 181.0(1.1) 160.5(1.2) 161.6(1.7)
FMF, 102.9(1.2) 101.1(2.8) 100.5(2.5) 96.0(2.0) 96.4(1.5) 75.3(6.5) 93.3(1.7) 96.7(1.7) 98.2(1.9)
(FMF, 82.0(1.0) 80.6(1.8) 79.5(1.5) 89.0(1.0) 83.5(0.6) 115.7(1.1)  80.1(0.5)  80.9(1.1) 81.5(1.5)
(MF,M  158.0(1.0) 159.4(1.8) 160.5(1.6) 151.0(1.0) 156.5(1.0) 124.3(1.1)  99.9(0.5) 149.7(1.0) 149.7(1.0)
Ri/% 10.2 10.3 13.0 5.4 7.4 4.08 4.08 6.4 6.2

'Distances in A, angles in degrees, temperature (T) in °C. °Ref. 170. °1 standard deviation (o). “Ref. 174. °Ref. 175.

Ref. 181.

provement in the agreement between the experi-
mental and theoretical intensities. The radial dis-
tribution curves for (TaFs); and (NbF), are given
in Fig. 11 and Fig. 12, respectively.

Antimony pentafluoride. Electron diffraction pat-
terns for antimony pentafluoride were obtained
at 20(2) °C. The experimental details are given in
Ref. 170. The analysis was performed as de-
scribed above using the gas-phase vibrational fre-
quencies reported in Ref. 180. The best fit was
obtained for trimeric (SbFs); molecules of C;
symmetry (Fig. 11b), whereas the D5, model with
a planar six-membered ring with alternating Sb
and F atoms gave far poorer agreement.

The molecular parameters for (SbF;); obtained
taking triatomic scattering into consideration'?
are listed in Table 3. The dihedral angle made by
the planes containing atoms (6, 12, 18) and (1, 6,
18), respectively, is 34.2°. A C,;, model provides
an equally good fit. The corresponding angle is
then 13.2°. The radial distribution curves for
(SbF;), are shown in Fig. 12.

Gold pentafluoride. The electron diffraction pat-
terns for gaseous gold pentafluoride were rec-
orded at 210(10)°C. The experimental details
and initial data processing are described in Ref.
172. A combined analysis of the electron diffrac-
tion and spectroscopic data was carried out using
the frequencies reported in Refs. 140 and 141 for
AuF; crystals. For this reason, only the / and D

a4t

values for three (Au-F)-type distances were used
in the refinement of the force field (Table 3).
Even at the preliminary stage, the radial distri-
bution curve for AuF; (Fig. 13) showed the pres-
ence of (AuF;), dimers as the major gas-phase
component. Applying the minimization proce-
dure to scattering intensities'”®” led to a D,,
model with three types of atomic spacings, viz.
the axial, terminal and bridge spacings (Fig. 13).
To obtain satisfactory agreement with the as-
sumption of the presence of only Au,F,, mole-
cules of D, symmetry, the amplitudes for the
non-bonded (Au--- Au) and (Au --- F) distances
were refined. The quantities thus obtained were
too large compared with those calculated using
the harmonic approximation and the model force
field for Au,F,, consistent with the spectroscopic
data.'*!*! Attempts to increase the amplitudes by
decreasing the torsional force constant respon-
sible for Au,F;Au;F,, ring deformations did not
result in any significant improvement. At the
same time the experimental and theoretical radial
distribution curves (Fig. 14) were markedly dif-
ferent in the region from 3.0 to 3.7 A ,a36A
peak of the experimental curve (Fig. 13) being
absent in the theoretical curve. As the
(Au--- Au) distance in the dimer is somewhat
smaller, the 3.6 A peak may correspond to the
(Au --- Au) distance in a trimer, (AuF;);. Further
refinements demonstrated that this was the case
and that the initial assumption of the equality of
the (Au~F) distances in the dimeric and the tri-
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R = 1.822(8) A
R,= 1.889(9) A
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Fig. 13. Radial distribution curve for gold pentafiuoride, and molecular models for Au,F,, and Au,Fs.

meric species could not be relaxed. Varying am-
plitudes for (Au--- Au) and (Au---F) distances
had no significant effect on the agreement be-
tween the curves, and amplitude variations were
only small, which was considered as an indication
of consistency between the electron-diffraction
and spectroscopic data.

The results are listed in Table 3 and repre-
sented in Fig. 13. The best fit is obtained with the
assumption of the presence of two gas-phase
components, namely (AuF;), molecules of D,
symmetry and (AuFs); ones of D; symmetry.
The analysis was carried out using a non-diagonal
weight matrix.!” Of the correlation coefficients,
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three exceeded 0.70: @ [Ar/r,(Au-F,)] = —0.94;
(Y [ra (AU—FG) / Lu (Fb_M_Fb)dimer] = 0917 and
o[r.(Au-F,) / £,(F,~Au—F,)ime] = 0.73. At the
final refinement stage, triatomic scattering con-
tributions were included'® which reduced the R;
factor from 4.85 to 4.08 %.

Discussion of the results

As follows from our analysis of electron diffrac-
tion data on pentafluoride molecules, the princi-
pal information on the degree of their association
in the gas phase is provided by the shape of peaks
in the region of non-bonded (M--- M) distances



and the heights of these peaks relative to the
peaks corresponding to bonded (M-F) distances.
The ratio of the number of (M-F) distances to the
number of (M --- M) ones is equal to 12:1, 18:3
and 24:6 for dimeric, trimeric and tetrameric spe-
cies, respectively. From this it follows that an
incorrect assumption concerning the gas-phase
composition should immediately result in a dis-
agreement in the corresponding distances. Be-
sides, tetrameric molecules are expected to con-
tain non-bonded M --- M distances of two types.
The agreement attained for trimeric (NbFj),,
(TaFs); and (SbFs); species, and a mixture of
(AuF;), dimers and (AuF;); trimers is quite satis-
factory. It follows from the R, value (Table 3)
that the presence of other molecular forms in
substantial amounts can hardly be expected. Dis-
tortion of Dy, (or D,, for gold pentafluoride)
nuclear configurations does not result in an im-
provement in the agreement between the experi-
mental and theoretical curves for niobium, tanta-
lum and gold pentafluorides. The six-membered
rings in (NbFs),, (TaFs); and (AuF;); should
therefore be planar or nearly planar. These re-
sults agree with those of the more recent study of
(NbF,)," and the data on (MoF,);'” and
(RuF;),"®! obtained using a similar technique of
co-refinement of electron diffraction and spectro-
scopic experiments.

The six-membered ring with alternating Sb and
F atoms in (SbF), deviates significantly from pla-
narity. The Sb --- Sb distance in this molecule of
3.95 A is too long to expect that internuclear
repulsions would be important.'® A plausible ex-
planation is that the d orbitals on Nb and Ta
atoms participate in the formation of delocalized
n-electron systems stabilizing the planar ring
structures.'®® As antimony 4d orbitals are filled,
the formation of & molecular orbitals in the anti-
mony derivative is less probable.

The experimental data on (SbF;); fit the
“chair” and “boat” conformations (Figs. 11b and
11c) equally well, the R; values being 6.4 and
6.2 %, respectively. The difference curves for the
two models are also similar to each other (Fig.
13). A refinement for a mixture of the two con-
formers can therefore hardly be expected to im-
prove the fit or provide information about their
relative abundances in the gas phase. It seems
most reasonable to assume the two conformers to
be energetically equivalent and to undergo prac-
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tically free interconversion. If the entropy of the
two forms otherwise differs only insignificantly,
the “boat” conformer should constitute 75 % in
the gas phase, as the symmetry numbers of the
conformers are related as 3:1. The structure pa-
rameters of the (-SbF¢-) units in the two forms
are quite similar (Table 3).

The data obtained on the composition of va-
pour over gold pentafluoride agree with those
determined by mass-spectrometry at 85-90°C.1%
According to mass-spectrometric measurements,
stable M,F,, dimers also exist in platinum'* and
uranium'® pentafluorides.

The Au-F,, distances are somewhat larger
than the terminal ones, and the average
(r.(Au-F)) = 1.856 A coincides with that found
for Xe,F}; AuF;.'¥

No significant differences between axial and
equatorial bond lengths have been observed
for trimeric Nb, Ta and Sb pentafluorides,
whereas for (TaFs);, (RuFs); and (AuFs),, Az, =
0.023(11) A, 0.061(15) X and 0.067(9) A, re-
spectively (Table 3).

Assuming that Ar, , in (NbFs); and (TaFs),
actually is small, one is lead to conclude that the
terminal bond lengths for (NbF;),, (TaFs), and
(SbF;), fall within a narrow range of 1.810(2) A
[for (NbF;),] to 1.823(5) A [for TaFs);]. These
values are close to the values found for (NbF;),
and (TaF;);'* in the crystalline state. The same is
true for the (M-F,) distances in (TaF;);, (NbFs),
and (SbF;),.1*'® The bridge r,(M-F,) bond
lengths in molybdenum and ruthenium pentaflu-
orides are far shorter than in other molecules
studied and than the crystal state parameters of
MoF;* and RuF;.'”

The r,(Au---Au) distances in (AuFs),,
3.107(5) A, and (AuFy),, 3.589(12) A, are far
shorter than the corresponding distances in the
other metal pentafluorides (Table 5), which are in
the range 3.84 to 4.04 A. As a consequence, the
angle £, (F~Au-F;) = 115.7(1.1)° in (AuFs), is
larger than the corresponding values of 80 to 89°
in other metal pentafluorides.

The axial fluorine atoms in Nb, Mo, Sb and Ta
pentafluorides are strongly displaced towards the
ring axes. With (RuFs);, (AuF;s); and (AuFs),,
displacements in the opposite direction are ob-
served. These are especially large for (AuFs)s.
This can be explained on the basis of repulsions
between axial fluorine atoms caused by a sub-

669



ISCHENKO ET AL.

stantial shortening of these distances in (RuFs);,
(AuF;), and (AuF;), relative to (NbF;);, (MoFs);,,
(SbFs); and (TaFs),.
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