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The Crystal Structure of ReCls
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ReCls forms monoclinic crystals with lattice constants: a=9-24, b=11-54, ¢=12-03 A; p=109-1°,
The space group is P2;i/c, and the unit cell contains eight ReCls units. Full-matrix, least-squares
refinement of diffractometrically measured X-ray diffraction data resulted in a final R of 9:3% (all
reflections). The structure is based on a double-hexagonal closest packing of chlorine atoms, in which
rhenium atoms occupy one-fifth of the octahedral holes. Two such octahedra share an edge to form a
dimeric Re;Cl;o unit. The Re-Cl bond distances involving bridging Cl average to 2-465+0-013 A ; the
average bond length to nonbridging Cl is 2:244 +:0-012 A. Rhenium atoms in the Re,Clio units are each
shifted by about 0-20 A from the centers of the octahedra in directions away from one another. The
packing mode of Cl in ReCls contrasts with a hexagonal closest packing of Cl in TaCls and a cubic
closest packing of Cl in UCls. Of these, ReCls exhibits both the highest density and the smallest inter-

atomic distances.

Introduction

Four compounds in the rhenium—chlorine system are
known (Colton, 1965): ReCl;, ReCl,, ReCls and ReClg.
The pentachloride is a dark brown to black material,
melting at 220°C. It is moisture-sensitive and highly
reactive; a few of its chemical reactions have recently
been investigated (Cotton, Robinson & Walton, 1967).

Our interest in ReCl; stems from the variety of crystal
structures assumed by the pentachlorides. Examples
include: ionic structures — PCl# and PCly in PCls
(Powell, Clark & Wells, 1940); trigonal, bipyramidal
molecules — SbCls (Ohlberg, 1959); bridged M,Cly,
dimers — NbCls (Zalkin & Sands, 1958); MoCls (Sands
& Zalkin, 1959); UCls (Smith, Johnson & Elson, 1967);
and infinite chains of edge-shared pentagonal bipyra-
mids — PaCls (Dodge, Smith, Johnson & Elson, 1967).
Five-coordination, we note, is avoided in all except
SbCls. The present investigation shows ReCls to be of
the bridged-dimer type, but of a different crystallo-
graphic variety.

Experimental

Our sample of ReCls was kindly provided by Dr D.
Brown of the Atomic Energy Research Establishment,
Harwell, England. Dr Brown informed us that the
material was prepared by the thermal decomposition

of ReCls in a dry nitrogen atmosphere. Microscopic
examination of the sample-tube showed a number of
suitably sized crystals. The tube was opened in a dry-
box and a half-dozen or so crystals were sealed off in
thin-walled glass capillaries for X-ray examination.
The reactive nature of ReCls was evidenced by the fact
that samples left open overnight in the dry-box devel-
oped traces of a brown liquid (possibly ReOCl,).

Single-crystal diffraction photographs showed mono-
clinic symmetry; the systematic extinctions (h0/, /=
2n+1; 0kO, k=2n+1) are those uniquely characteriz-
ing the space group P2;/c (International Tables for
X-ray Crystallography, 1952). Refined values of the lat-
tice constants are (Mo Ka=0-7107 A); a=9-24, b=
11:54, ¢=12:03 A; p=109-1° (probable errors esti-
mated as about 0:3%). The density calculated for eight
ReCl; units per unit cell is 3:98 g.cm—3,

Intensity measurements were carried out on a Gen-
eral Electric XRD-5 diffractometer equipped with a
gonjostat. The crystal specimen was an irregularly
shaped plate, approximately 0-22 mm in length and
0-14 x 0-07 mm in cross section. The stationary crystal-
stationary counter technique (Furnas, 1957) was used;
the radiation was Zr-filtered Mo Ka. A total of 1127
reflections were recorded up to a 26-cutoff of 40°. Be-
cause of the irregular shape of the crystal and a rather
large linear absorption coefficient (#=233 cm~! for
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Mo Ka), reflections at y=90° showed a pronounced
variation of intensity with ¢. For example, the overall
variations of the 020 and 040 reflections were 4:1 and
6:1, respectively, lowest readings being obtained when
the thickest parts of the crystal were presented to the
X-ray beam. The intensity variation with ¢ of these
two reflections provided corrective factors which were
applied to all reflections. These corrections, admittedly
approximate, nevertheless proved to be remarkably
effective (see below). Finally, the intensities were con-
verted to relative |F|’s through the application of
Lorentz-polarization factors.

Determination of structure

The most reasonable calculated density (3-98 g.cm™3)
was for eight units of ReCls per unit cell. A partial
corroboration came from volume considerations. In
closest-packing, each Cl atom requires about 34 As,
Division of this number into the cell volume indicated
about 36 Cl atoms within the unit cell. The first nine
largest peaks in the three-dimensional Patterson func-
tion were very satisfactorily accounted for by vector
interactions between two fourfold Re atoms: Re(1) at
0-31, 1/8, 0-29 and Re(2) at —0-11, 1/8,0-19. A struc-
ture-factor calculation based on these two atoms gave
an R-value of 29% ; ten fourfold Cl atoms were readily
located in a ‘heavy-atom’ electron-density synthesis.
Individual isotropic temperature factors being em-
ployed, there are 49 parameters to be determined from
the 1127 measured reflections.

The structure model was refined by the full-matrix,
least-squares program of Gantzel, Sparks & Trueblood
(ACA Program no. 317, unpublished). The atomic scat-
tering factors used were those listed in International
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Tables for X-ray Crystallography (1962) for neutral Re
and singly-ionized Cl. The quantity minimized was
Zw(|Fo| — 1/ K| F¢|)? where K is the scale factor relating
|Fo] and |F¢| and the w’s are given by the following
weighting scheme (Smith, Johnson & Nordine, 1965):
w=F}4 Fo< A;w=A%F 1 F,>A. Whenthestructure
factors were placed on an absolute scale, 4A=186.
Five cycles of refinement reduced the R index
(= Z (K|Fol—|Fel)/Z K|Fol) to 9-3% (all reflections).
Changes in parameter values in the last cycle were
<0-001 times the standard deviations.

There is some indication of extinction effects in the
stronger reflections, and for the weaker reflections it
appears that the background may have been generally
slightly underestimated. In view of the approximate
nature of the absorption corrections, these effects were
not investigated further. Nevertheless the largest peak
in a final difference synthesis amounted to only I-0
e.A-3. To test the effectiveness of the absorption cor-
rections, a refinement series was carried out on the un-

Table 1. Final parameters in ReCls

All atoms in general positions; e.s.d.’s in parentheses.

104x 104y 104z B
Re(l) 3087 (2) 1233 (2) 2928 (1) 2:11£0-1 A2
Re(2) — 1192 (2) 1287 (2) 1853 (1) 2:0+0-1
Cl (1) 910 (12) 138 (9) 1596 (9) 2-1+0-2
Cl2) 2832 (13) 146 (11) 4400 (10) 2:8+0-2
Ci(3) 2911 (13) —4912 (11) 4367 (10) 2:6+0-2
Cl4) 5254 (15) —4974 (13) 2445 (12) 39403
CI(S) 981 (13) —4818 (11) 1567 (10) 3-0+0-2
Cl(6) 945 (12) 2405 (10) 3158 (9) 2:54+0-2
CI(7) 4848 (15) 2416 (13) 4174 (12) 4:0+0-3
CI(8) 2897 (13) —2547 (11) 2780 (10) 2:9+0-2
Cl(9) 976 (14) —2635 (12) 4631 (11) 34+03
CI(10) 2919 (14) 2374 (11) 1372 (11) 3:4+03

Fig. 1. Configuration of Re;Cl;o dimer. Distances in A.

A C24B -9*
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corrected |Fo|’s. The R value for this refinement was
22-6%, and the 4 F’s exhibited a decided g-dependency.

Parameters from the R=9-3% refinement were ac-
cepted as final, and are given in Table 1.* Table 2 lists
observed and calculated structure factors.

Discussicn of structure

Each rhenium atom is coordinated octahedrally to six
chlorine atoms; two such octahedra share an edge to
form the Re,Cly, unit illustrated in Fig.1. The sym-
metry thereof does not differ sensibly from mmm, al-
though no crystallographic symmetry is required. This
dimeric configuration is very similar to those found in
the solid state for NbCls and TaCls (Zalkin & Sands,
1958), MoCls (Sands & Zalkin, 1959) and UCls (Smith,
Johnson & Elson, 1967). ReCls, however, is not iso-
morphous with any of the aforementioned compounds.

* Anomalous dispersion effects proved of no importance
in the present case. A refinement series employing real and
imaginary terms in the scattering factor for Re (values from
Cromer (1965)) gave an R index of 9:2%. Variable parameters
were, in the worst cases (namely for the B’s), within 1o of their
values without dispersion. Bond data, thus, are unaffected at
the present level of accuracy.

THE CRYSTAL STRUCTURE OF ReCls

The eight independent Re—Cl bond lengths involving
nonbridging Cl average to 2-244 + 0-012 A. Individual
values are listed in Table 3. Re-Cl bond lengths to the
bridging chlorine atoms, Cl(1) and CI(6), are signifi-
cantly longer at 2:465+0-013 A (average of four).
Similar variations between bonds to bridging and non-
bridging Cl are also found in the pentachlorides of Nb,
Mo, Taand U. We note that both independent Re atoms
display rather similar bond distances. While this does
not necessarily mean that both are in the same oxida-
tion state, there is, at least, little evidence to consider
the rhenium atoms as, say, RelV and ReVL

There is little in the literature with which the present
bond lengths can be compared. MReVClg compounds
might provide suitable distances (if, in fact, ReCls
octahedra are present); however, no structural data
seem to be available. For the irregular octahedral mol-
ecules, ReOCI;[P(C,Hs),C¢Hs], (Ehrlich & Owston,
1963) and ReNCL,[P(C,H5s),CsHs), (Corfield, Doedens
& Ibers, 1967), the ReV-Cl bond lengths are 2-41-
2:47 A in the former and 2:454 +0-004 and 2-563 +
0-004 A in the latter. However, Corfield et al. (1967)
point out that there is evidence of multiple bonding
between Re and N (or O) in these molecules, and hence,
the Re—Cl (and Re-P) bond lengths are longer than

Table 2. Calculated and observed structure factors
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Re(1)-Re(2)
Re(1)-Cl(4)
Re(1)-Cl(2)
Re(1)-CI(10)
Re(1)-CI(7)
Re(1)-Cl(1)
Re(1)-Cl(6)

Cl(1)-Re(1)-Cl(2)
Cl(1)-Re(1)-Cl(4)
CI(1)-Re(1)-CI(6)
CI(1)-Re(1)-CI(7)
CI(1)-Re(1)-CI(10)
Cl(2)-Re(1)-Cl(4)
CI(2)-Re(1)-CI(6)
Cl(2)-Re(1)-CI(7)
Cl(2)-Re(1)-CI(10)
Cl(4)-Re(1)-CI(6)
Cl(4)-Re(1)-CI(7)
Cl(4)-Re(1)-CI(10)
Cl(6)-Re(1)-CI(7)
Cl(6)-Re(1)-CI(10)
CI(7)-Re(1)-CI(10)

©.0.6 ©

<
i
o

ORCIONC

®©® 006

®€B
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Table 3. Distances and angles in ReCls

3-739 £ 0-002 A

2:223+0-014
2-245+0:012
2:252+0:013
2-273+£0-014
2:471+£0-011
2:486+0-011
87-3£0-4
91-:0+0-4
80-8+0-4
172:2+ 04
86-:5+0-4
93-8+0-5
85:6+0-4
93-0+0-5
170-4 +0-4
171-:9+ 04
96-7+0-5
93:6£0-5
91-4+£0-4
86:2+0-4
92:2+0-5

- '

o

Qe

Re(2)-CI(8)
Re(2)-CI(9)
Re(2)-CI(5)
Re(2)-CI(3)
Re(2)-CI(6)
Re(2)-CI(1)

Cl(1)-Re(2)-CI(3)
CI(1)-Re(2)-CI(5)
Cl(1)~Re(2)-CI(6)
CI(1)-Re(2)-CI(8)
CI(1)-Re(2)-CI(9)
CI(3)-Re(2)-CI(5)
CI(3)-Re(2)-Cl(6)
CI(3)-Re(2)-CI(8)
CI(3)-Re(2)-CI(9)
CI(5)-Re(2)-CI(6)
CI(5)-Re(2)-CI(8)
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Fig.2. Sequence of nctworks along the b axis. Chlorine positions are based on a double-hexagonal closest packing arrangement;
rhenium atoms aty= + - and + # occupy octahedral holes between layers. The various chlorine atoms are indicated by numbers.
Re atoms at § and —% are indicated by x and & respectively; Re at § and —# by + and @ respectively.
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might be expected, ¢f. RelV-Cl distances of (a) 2-35
+0-02 A in bis-[ p-toluidinium] hexachlororhenate (Ad-
man & Margulis, 1967) and (b) 2:38+0-02 A in
K4ReOCls),. H,O (Morrow, 1962). In contradistinc-
tion, the present Re—Cl distances involving nonbridging
Cl are (reasonably enough) shorter than the RelV-Cl
distances cited above.

The rhenium atoms are both shifted by about 0-20 A
from the centers of the octahedra in directions away
from one another, i.e. along the line joining Re(1) and
Re(2) (Fig.1). Again, displacements of a similar mag-
nitude are observed in the other bridged-dimer penta-
halides, and suggest a strong repulsion, presumably of
a coulombic nature, between metal atoms. As a result
of this distortion, bond angles within the octahedra
deviate noticeably from 90°, although the CI. - - Cl dis-
tances outlining the octahedra are rather constant at
3-27+0-05 A. The angles deviating most drastically
from 90° are CI(1)-Re(1)-Cl(6)=280-8° and CI(1)-
Re(2)-Cl(6)=81-9°.

The crystal structure as a whole is based on a double-
hexagonal closest packing (d.h.c.p.) of Cl atoms, in
which Re atoms occupy one-fifth of the octahedral
holes. This arrangement is illustrated in Fig.2 where
the four hexagonal nets characteristic of d.h.c.p. are
shown. The stacking sequence of these nets along the
b axis is ABAC . .. For the present arrangement of Re
atoms and for the idealized case of exact d.h.c.p. of
Cl atoms, simple geometrical considerations require
that the repeat distance along the b axis be 4)/8/3R,
(R=the packing radius of Cl). Similarly, the a- and
c-axis repeat distances are related to distances within
the hexagonal nets as follows: a=2})/7R, c=4}/3R; the
monoclinic angle is 90+ ()/3/2)/7) (=109-1°). Numer-
ical values for R=1-75 A are: a=9-26, b=11-43 and
¢=12:12 A, compared with experimental values of
a=9-24,b=11-54 and ¢=12-03; $=109-1°. The use of
a more conventional value of R=1-80 A (Pauling,
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1960) leads to predicted repeat-distances which are
2-4% larger than observed. As mentioned earlier, the
intra-octahedral ClI- - - Cl distances average well below
3-60 A, so that a smaller overall Cl packing radius is
to be expected.

This d.h.c.p. packing of Cl in ReCls provides an
interesting comparison with the behavior of Cl in the
other bridged-dimer pentachlorides. In NbCls, MoCl;
and TaCls, the Cl are in hexagonal closest packing
(h.c.p.), and in UCI; the Cl are in cubic closest packing
(c.c.p.). Thus, ReCls, NbCls and UCl; represent three
crystallographically distinct ways of forming M,Cl;,
dimers in the solid state. We note further that examples
of these three packing modes are found in crystal struc-
tures of the rare-earth metals (Pauling, 1960). Sama-
rium forms a still more complicated closest-packing
arrangement which repeats after nine layers (Daane,
Rundle, Smith & Spedding, 1954). It is inviting to
speculate whether some of the pentahalides might dis-
play a halide atom arrangement of the Sm type.

It is relevant also to speculate on the possibility of
the pentachlorides undergoing polymorphic transfor-
mations from one type of Cl packing to another. In
the case of the rare-earth metals, Jayaraman & Sher-
wood (1964) indicate that with increasing pressure the
transitions proceed in the order: h.c.p.—Sm-type—
d.h.c.p.—f.c.c. There is no change in the number of
nearest neighbors, but each step is accompanied by a
small increase in density, or equivalently, a small de-
crease in the atomic volume. It is conceivable that this
order originates from more favorable relations of
second (and more distant) nearest neighbors, and that
the sequence will be retained in other close-packed
compounds. However, a comparison of structural data
for TaCls, ReCls and UCls (Table 4) shows ReCls to
possess far and away the highest density and lowest
value of V¢ (volume of unit cell/number of Cl atoms
within the unit cell). In this respect the effect of Re

()

Fig. 3. Illustration of the two types of coordination polyhedra about Cl atoms: (a) neighbors of CI(2) as in cubic closest packing,
and (b) neighbors of CI(7) as in hexagonal closest packing. Central atoms and rhenium neighbors omitted for the sake of clarity.
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is to cause a net compression of the Cl framework.
This would seem analogous to an external mechanical
pressure. The higher density for UCls than for TaCls
reflects a heavier mass; actually of the three, UCl; has
the most open structure. The data in Table 4 therefore
suggest that UCls or TaCls may transform under pres-
sure to the d.h.c.p. arrangement; conversely at higher
temperatures ReCls or TaCls may transform to the
c.c.p. arrangement.

Table 4. Comparison of structural data
for the bridged-dimer pentachlorides

Ve1=volume of unit cell/number of Cl atoms within unit cell.

TaCls ReCls UCls
Packing of Cl h.c.p. d.h.c.p. c.c.p.
Density, g.cm™3 3-68 3-98 3-81
Ver (A3) 32-3 30-3 36-2
M-CI (bridge) (A) 2-56* 247 269
M-ClI (nonbridge) (A) 2:28% 2-24 2-44
M...M (dimer) (A) 3.95% 3-74 417

* Estimated from positional parameters for NbCls.

In ReCls, half of the Cl atoms [CI(1) through CI(5)]
have their 12 Cl neighbors arranged as in c.c.p., and
the other half [CI(6) through CI(10)] have their neigh-
bors arranged as in h.c.p. The polyhedra are not in
general regular, since contacts between Cl atoms within
the same octahedron are smaller than contacts between
Cl in different dimers. In addition to having 12 CI
neighbors, every Cl atom is bonded to at least one Re;

Table 5. Nearest neighbor CI(i)~Cl() distances in ReCls

Distances (A) given for j=>i.
Intra-octahedral distances indicated by asterisks.

ij d ij d i d
-1 3-67 2-9 369 5-6 374
-2 3-26% -10 370 -8  3:23%
-3 3:34% 3-3 367 -9 3:66
-3 373 -4 365 -9 377
-4 3:35% -4 365 -10 375
-5 3:24% -5 3-26% 6-7  3-41%
-6 3:21% -6 364 -8 3-36%
-6 365 -7 361 -9 3-24*
-8 365 -7 365 -9 366
-9 3-18* -8  3-32% -10  3-24*
-9 374 -9 3-25*% -10 3-71
-10 3-24* -10 373 7-8 358
2-2 381 4-5 374 -8 362
4  3-26% -7 375 -9 366
4 362 -7 3:36* -10  3-26*
5 333 -8  3:48 -10 3-65
5 358 -8 365 8-9  3-27*
6 3:22% -10 3-26* -9 363
7 3-28% -10 372 -10 3-66
7 372 5-5 364 9-10 3-40
8 368 -6 3-20*

Standard deviations in the d’s=0-02 A.
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CI(1) and CI(6) are bonded to two Re atoms. A com-
plete list of nearest neighlor Cl- - - Cl distances is given
in Table 5. A typical coordination polyhedron of
each type is illustrated in Fig.3; the others can be
constructed by overlaying the networks of Fig.2.

As pointed out previously for UCls (Smith, Johnson
& Elson, 1967), a description of the structure in terms
of a closest-packed array leaves open the question
whether the M,Cl;, dimers have an independent exis-
tence as discrete molecules. We know of no informa-
tion relating to whether or not the Re,Cly, dimers are
retained in the liquid or vapor phase or upon dissolu-
tion of ReCls in an inert solvent.

We are indebted to Dr A.Zalkin for furnishing
copies of the several IBM-7094 programs used in the
calculations. We thank Dr C.K.Johnson for supplying
a copy of his ORTEP program. We also acknowledge
with gratitude the aid of Mr D.H.Wood in the dry-
box manipulations of the ReCls sample. This work was
performed under the auspices of the U.S. Atomic
Energy Commission.
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