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Bi;6l4 — A New Bismuth Subiodide: An Analysis of Molecular Packing and
Electronic Structures of the Compounds in the Bi, I, (m = 14, 16, 18) Family

Martin Lindsjo,®! Lars Kloo,*!?! Alexei Kuznetzov,"! and Boris Popovkin!!lf]
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A new bismuth subiodide Bijgl; was synthesized by high-
temperature synthesis. Its structure was determined by sin-
gle-crystal X-ray diffraction analysis [C2/m (No. 12), a =
25.948(6) A, b = 4.354(1) A, ¢ = 13.259(3) A, f = 104.48(2)°, Z
=2, Ry = 0.041, wRy(F?) = 0.109]. The compound belongs to
the Biyl, (m = 14, 16, 18) family of low-dimensional subhal-
ides that feature one-dimensional bismuth stripes of varying
width, terminated by iodine atoms. Ab initio calculations at
the DFT level were performed on 3D structures of all three
Bip,l; compounds of the family. According to the computa-

tional data all three compounds are expected to exhibit met-
allic behavior and Pauli paramagnetism, with a directional
anisotropy of the properties indicated by the calculated band
structures. The molecular packing in bismuth subiodides has
been analyzed in detail and two homologous series — Big, 4,14
and Bijg.4pls (n =0, 1, 2, ...) — are suggested to describe exi-
sting and possible structures of the compounds of the Bi,l,
family.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The element bismuth has an extensive subvalent chemistry
illustrated by the formation of naked, polyhedral, cationic
clusters and low-dimensional extended structures.'! The lat-
ter ones are exemplified by the subvalent bismuth iodides
(bismuth in an oxidation state lower than +3) and their de-
rivatives.> 8] The existence of bismuth monoiodide, Bil, the
first bismuth subiodide, was confirmed in 1970.21 A few
years later the crystal structures of Bil (or BisI,)®! and the
related bismuth monobromide, BiyBr,, were determined.
Further work on the Bi-Bil; system produced two more bis-
muth subiodides, Bi;4l, and Bi;gls,°7! and different mixed
bismuth monohalides, BisBr,I, ,.[B! The main route has in
all cases been solid-state synthesis from the elements.

The main elements of the structures of the existing bis-
muth subiodides are discrete, neutral ribbons of polymeric
molecules in one crystallographic direction. The internal
structure in the ribbons is constructed solely of bismuth—bis-
muth bonds, and iodine atoms are attached along the edges
of the ribbons. These ribbons are then packed into the crys-
tals. The similarities in topology between molecules of the
bismuth subiodides and bismuth metal are well documen-
ted.” The molecules of all known subiodides can be viewed
as slices of the 2D-bismuth metal layers, formed by the con-
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nection of corrugated Bi-atom hexagons into 1D stripes of
varying width and terminated by iodine atoms. The width
of the stripes determines the stoichiometry of the respective
compound. Two different ways of slicing are realized: in Bigly
and other bismuth subhalides with a 1:1 ratio of the metal
and halogen atoms the terminal Bi-atom hexagons are open,
and terminal bismuth atoms are coordinated by one bismuth
atom and four halogens. In Bij4l; and Bijgl, the terminal Bi-
atom hexagons are closed, rendering terminal bismuth atoms
coordinated by two bismuth and two iodine atoms.

The calculated electronic structures and physical proper-
ties of the single crystals of the compounds of this family
have been investigated for Bisl, and BisBr, only.[' Both
phases are diamagnetic and show rather complicated and
interesting temperature dependences of the electrical resis-
tance in the interval 4-300 K. As evident from both compu-
tational and experimental data both compounds predomi-
nantly (except below 55-60 K) exhibit semiconducting be-
havior. During our attempts to produce single crystals of
bismuth-rich subiodides, suitable for measurements of vari-
ous physical properties, a new bismuth subiodide, Bi;gl,
was isolated. The crystal and electronic structures of this
new compound are reported here. Furthermore, the crystal
and electronic structures of Bij4I4 and Bi gl are compared
and rationalized.

Results and Discussion

Synthesis and Crystal Structure of Bi;¢l,4

Attempts to synthesize larger single crystals of Bi;gly, fol-
lowing a slight modification of the procedure described in
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the literature,!''! did not produce the expected needle-
shaped crystals of sufficient size. Instead, the new subhalide
Bigl4 was isolated as small, cone-shaped crystals. The three
attempts to repeat this experiment at identical conditions
all resulted in different subiodides: Bi;4l4, Bijgls, and Bijgly
in varying relative amounts.

The structure of Bijel; consists of packed polymeric
molecules constructed from six-membered, bismuth-atom
rings with iodine atoms at the terminals on the polymer
edges; two attached to each edge-bismuth atom (Figure 1,
a). The width of the molecular ribbon is 16 bismuth atoms,
thus corresponding to the overall stiochiometry. These
polymer molecules are packed into parallel two-dimen-
sional blocks (Figure 1, b). Finally, the blocks are joined
into a three-dimensional lattice (Figure 1, c).
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The shortest cell parameter b (“molecular” parameter)
corresponds to the translation along the molecule. The
translation along the direction of the molecule packing in
the block corresponds to the cell parameter ¢ (“molecule
packing” parameter), and along the direction of the block
packing to the cell parameter a (“block packing” param-
eter). The polymeric molecules feature a twofold screw axis
or mirror plane (hereafter denoted “molecular axis”), co-
directional with the crystallographic b axis (Figure 1, a).
Within the block, as well as in the whole structure, all the
molecular axes are parallel and form a 17.5° angle with re-
spect to the block borders, which may be defined as the
planes going through all the terminal atoms of the I1(2)
block (Figure 1, b).

Figure 1. (a) A “molecule” in the structure of Bi;¢l4 with mirror-plane symmetry. (b) A single block in the packing of Bijsly. (¢) 3D

packing in Bigly.
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Atomic parameters and the shortest inter-atomic dis-
tances for Bijgly are given in Table 1 and Table 2, respec-
tively. As seen from Table 2, the bonding of the molecules
within the same blocks is based on bismuth-bismuth or
bismuth-iodine interactions at distances far exceeding the
shortest intra-molecular distances. Similar shortest dis-
tances are observed between the molecules belonging to
different neighboring blocks; these are exclusively bis-
muth-iodine contacts. Evidently, upon the formation of
the blocks and 3D structure, the weak nature of each sin-
gle contact at distances of about 3.6-3.7 A is to a certain
extent compensated by the large number of such contacts
(Figure 2).

The structure of Bijgly, described above, displays the
same structural motif as in Bij4l; and Bigly as well as the
same structural features.>~”1 No significant differences can
be observed in the bond lengths of Bi;4I4; when compared
to those of Bijyly or Bijgly, although the interval of the

molecular bismuth-bismuth bonds, 3.03-3.07 A, is nar-
rower in this new compound. The main difference is the
width of the bismuth ribbons, where the latter two have 14
and 18 atoms, respectively. Besides this, the lattice of Bijgly
features a slightly different style of packing of the blocks
into the 3D structure. In this compound the neighboring
blocks are shifted by Y2 of the b translation (Figure 1, c),
while in its analogues all the blocks are placed in identical
positions with no translational shift. Such a disposition of
the blocks should in all cases guarantee maximal contact.
This difference arises from the fact that, unlike Bij4I, and
Bigly, the Bijgly compound contains single molecules with
a mirror-plane symmetry element, rather than a 2, screw
axis. As a consequence, the ¢ parameter of the Bisl; unit
cell is twice as large as the corresponding “block packing”
parameters for the Bi4I4 and Bigl, structures (see Table 3),
and the number of formula units for the former compound
is 2 rather than 1.

Table 1. Final coordinates and anisotropic thermal parameters [U;, = Us; = 0 A2 for Bijgly. All atoms are in a 4i Wycoff position (m

site symmetry).

Atom xla y/b zlc Ul 1 [AZ] Uzz [AZ] U33 [AZ] U] 3 [A2]
Bi(l) 0.29029(3) 12 0.37236(5) 0.0206(4) 0.0205(4) 0.01404)  0.0049(3)
Bi(2) 0.37183(3) 0 0.36456(5) 0.0163(4) 0.0216(4) 0.01133)  0.0021(3)
Bi(3) 0.34041(3) 0 0.12824(5) 0.0187(4) 0.0198(4) 0.01053)  0.0030(3)
Bi(4) 0.42083(3) 12 0.11761(5) 0.0174(4) 0.0207(4) 0.01104)  0.0029(3)
Bi(5) 0.38526(3) 172 —0.11969(5) 0.0187(4) 0.0187(4) 0.0104(4) 0.0034(3)
Bi(6) 0.46523(3) 0 ~0.13141(5) 0.0172(4) 0.0195(4) 0.01084)  0.0019(3)
Bi(7) 0.43458(3) 0 ~0.37008(5) 0.0192(4) 0.0195(5) 0.0106(4)  0.0028(3)
Bi(8) 0.51444(3) 12 0.38081(5) 0.0172(5) 0.0198(5) 0.01184)  0.0032(3)
1(1) 0.23017(5) 12 0.13404(9) 0.0199(7) 0.0271(8) 0.0163(6)  —0.0003(5)
12) 0.31981(5) 12 0.61387(9) 0.0201(7) 0.0232(8) 0.0121(6)  0.0038(5)

Table 2. Shortest atomic distances in Bijgl,.

Inside molecules

Between molecules inside the block

Between molecules in different blocks

Atoms Distance [A] Atoms Distance [A] Atom Distance [A]
Bi(1)-Bi(2) 3.0556(9) Bi(2)-Bi(8) 3.630 Bi(5)-1(1) 3.669
Bi(2)-Bi(3) 3.0423(12) Bi(2)-Bi(7) 3.488 Bi(3)-1(1) 3.510
Bi(3)-Bi(4) 3.0432(9) Bi(4)-Bi(6) 3.639 Bi(1)-1(2) 3.632
Bi(4)-Bi(5) 3.0577(13) Bi(6)-Bi(6) 3.501

Bi(5)-Bi(6) 3.0383(9) Bi(7)-1(2) 3.652

Bi(6)-Bi(7) 3.0722(12) Bi(5)-1(2) 3.516

Bi(7)-Bi(8) 3.0334(9)

Bi(8)-Bi(8) 3.069(2)

Bi(1)-1(1) 3.109(2)

Bi(1)-1(2) 3.162(2)

Bi(3)-1(1) 3.610

Figure 2. Inter-molecular Bi-I interactions in the structure of Bijgly.
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Table 3. Crystallographic parameters of bismuth subiodides.

Bijaly Bijgly Bijgly
Parameter [A]
Molecular 4.342 4.354 4.383
Molecular packing 13.309 13.259 13.353
Block packing 11.447 25.948 15.184
Angle [°]
p 92.08 104.48 115.06
Molecular axis with respect
to block borders 18.5 17.5 16.5

In this context a few structural properties of Bijgly
should be highlighted. As shown by the anisotropic thermal
parameters in Table 1, all atoms, including the iodine ones,
are only slightly distorted from spherical symmetry. No-
tably, the coordination of the terminal Bi(1) atoms is the
same as in the previously characterized Bij4l4 and Bigly
compounds, where each terminal bismuth atom binds to
four neighbors (2Bi + 2I). Such coordination is not typical
for bismuth; however, it is supported by two important
points of our structural analysis. Firstly, all occupancies ob-
tained in the structural refinements are 1; thus, the intro-
duction of split positions or disorder is not required for an
accurate structural characterization. Secondly, no signs of
diffuse scattering could be detected in the [/0/] planes gener-
ated from diffraction data.

A comparison of the unit-cell parameters for all three
compounds (Table 3) clearly shows that while “molecular”
and “molecular packing” parameters remain relatively con-
stant, the “block packing” parameter, as well as the mono-
clinic angle f, increase considerably with the increase in the
width of the polymeric molecules. It is interesting to note
that the angle between the molecular axis and block borders
simultaneously decreases, effectively compensating for the
effect of increased molecular width.

Electronic Structure and Bonding in Bismuth Subiodides

Calculated densities of states (total and projected) for the
three subiodides are shown in Figures 3, 4, and 5, and Mul-
liken charges for symmetry-unique atoms are given in
Table 4. The computational results predict all the com-
pounds to be metallic conductors and, considering the
rather low density of states at the Fermi level, to exhibit
Pauli paramagnetism.

As seen from Table 4, the distribution of atomic charges
is essentially the same in all three compounds: iodine atoms
are, as expected, negatively charged, approx. —0.75, and the
coordinating bismuth atom [Bi(1)] correspondingly displays
the highest positive charge of all the bismuth atoms. There
is also a general trend over all the compounds with regard
to the charges of the inner [i.e. all excluding the terminal
Bi(1)] bismuth atoms: odd-numbered atoms [except Bi(9) in
Bijgly] have a higher positive charge (ca. +0.25 to +0.40),
while all even-numbered ones are essentially uncharged.
The reason for this situation is that all odd-numbered bis-

Eur. J. Inorg. Chem. 2008, 5196-5202

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

T
Bi terminal

DOS (arb. un.)

T
Biinner

DOS (arb. un.)

DOS (arb. un.)

Figure 3. Calculated partial (dotted line) and total (solid line) den-
sity of states and band structure near the Fermi level for Bij4ly.
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Figure 4. Calculated partial (dotted line) and total (solid line) den-
sity of states and band structure near the Fermi level for Bijgly.
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Table 4. Calculated atomic charges for Bij4ly, Bijgly, and Bijgly.

Compound  Bi(l) Bi(2) Bi(3) Bi(4) Bi(5) Bi(6) Bi(7) Bi(8) Bi(9) I(1) 12)

By, +0.59 4001  +041  0.07 +0.38  -0.03 +025 - 076 077
Bl +0.68  —0.06 +0.37  -0.07 +0.38  —0.04 +023 0.0l - 074 074
Bisl, +0.68  —0.06 +0.37  -0.08 +0.37  -0.04 +023  -0.02 +0.03 075 074

T
Bi terminal

DOS (arb. un))

DOS (arb. un.)

DOS (arb. un.)

EleV]
O N T

Figure 5. Calculated partial (dotted line) and total (solid line) den-
sity of states and band structure near the Fermi level for Bigly.

muth atoms [except Bi(9)] have iodine atoms from the
neighboring molecule at a distance of about 3.6 A, which
evidently contribute a certain part of their electron density.
Even-numbered bismuth atoms and Bi(9) are bonded only
to other bismuth atoms. This inter-molecular Bi-I interac-
tion is obviously not as strong as the bonding between ter-
minal bismuth and iodine atoms. As illustrated by their re-
spective charges this secondary interaction is considerably
weaker (see Table 4). Nevertheless, this is the principal force
that keeps the molecular strands together.

The band structures of the three bismuth subiodides are
also very similar (see Figures 3, 4, and 5). The main contri-
bution to the valence band comes from the Bi atoms, while
the states corresponding to the Bi(terminal)-I interactions
lie far below the Fermi level. The local bonding can be ra-
tionalized in terms of hypervalency at the ribbon edges af-
fecting the overall electronic state of the one-dimensional
polymeric molecules.['?l Also, while all the compounds are
predicted to be metallic conductors, some indications of di-
rectional anisotropy may be seen (I'-Y direction features
significantly lower densities than other directions). This fea-
ture is somewhat less pronounced for the Bigl4 structure.
5200
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Notably, the previously characterized electronic structure of
the compound Biyl,,[' which contained much narrower
ribbons, also gave both experimental and calculated indica-
tions for some anisotropy. However, this compound was
found to be semiconducting.

Conclusions

The isolation of a new compound from the Bi-I system
was rather surprising since no such phase had previously
been identified in thermal analysis experiments.’>] Neverthe-
less, its characterization and the study of the molecular
packing in all subiodides of the Bi, I, family (m = 4, 14, 16,
18) allow a formulation of the general principles for the
construction of a homologous series.

We can imagine the existence of other analogues of these
subiodides, formed by polymeric molecules of different
width. In such a case, the molecules with closed terminal
hexagons and an even number of atoms may belong to
either of two types: one with a mirror-plane symmetry and
the other with a 2, screw axis. The corresponding com-
pounds ought to have different block packing parameters.
Since in the blocks of all three subiodides the stripes are
stacked against each other with a shift of six bismuth atoms
(Figure 2), it is easily deduced that the minimum molecular
width for the formation of this type of structure is equal
to eight bismuth atoms. Thus, two homologous series are
possible: Bigiy,l4 and Bijg+4,14 (7 is an integer, incl. zero)
for the compounds formed by the molecules with a mirror
plane or a 2; screw axis, respectively.

We foresee no principal limitations for the increase of the
formula index n while retaining the structural type; how-
ever, it is likely that the stability of such compounds will
decrease due to the decreased number of Bi-I inter-molecu-
lar contacts at about 3.6 A and the increased number of Bi—
Bi contacts. Adding to that, the enlargement of the blocks,
while retaining the number of contacts, might cause an in-
herent instability of the structures.

Evidently, the energy difference between such com-
pounds of different composition must be relatively small,
which makes the selective synthesis of individual com-
pounds problematic and dependent on arbitrary kinetic pa-
rameters. This might explain the lack of reproducibility we
have experienced during the syntheses of Bij4l4, Bijgly, and
Bigls, as well as the fact that no other members of this
series have been reported to the present day.

On the other hand, the formation of similar structures
based on molecules with an odd number of bismuth atoms
is highly unlikely. Such molecules will not have a twofold-
screw axis since the terminal bismuth atoms on each side
of the molecule, by necessity, would experience a different
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coordination, corresponding to closed and open hexagons.
This will make their packing into the blocks, as described
above, rather unlikely. However, the possibility of the for-
mation of different, more complex types of packing pat-
terns for such molecules can of course not be ruled out.

We also believe it to be unlikely that another homologous
series, formed by molecules with an even number of bis-
muth atoms but having a coordination of the terminal bis-
muth atoms identical to that in Biyl,, exists. If we compare
the effective charges on the iodine atoms in the Bigly (ca.
—0.2)1'% and in, for instance, the Bijgl, (ca. —0.75, see
Table 4) structures, it is clear that the former compound
features a larger degree of covalent Bi-I interactions. This
can be explained by the fact that, unlike in the Bigl4 struc-
ture, the iodine atoms in Biyl, act like bridging atoms, coor-
dinating two terminal bismuth atoms from the same poly-
meric molecule. As shown above, in the discussion of the
molecular packing in bismuth subiodides, the stability of
the structures with wider bismuth ribbons depends on the
interactions between bismuth and iodine atoms from neigh-
boring molecules. This, in turn, requires a rather high effec-
tive negative charge on iodine atoms, which has not been
observed for iodides with a bridging coordination mode
(and hence more covalent Bi-I bonding). In this case, it is
highly unlikely that compounds with molecules more than
six or eight bismuths wide will form, and even those are
dubious at best. So far, no evidence of such compounds has
been reported.

Experimental Section

Synthesis of Bi;gly: Bismuth metal (0.295¢g, 1.41 mmol; Baker,
99.99%) and Bil; (0.062 g, 0.105 mmol; Merck, 99.99%) were
mixed and sealed in an 11 cm-long quartz ampoule (1 cm inner
diameter). The ampoule was placed in a tube furnace at 270 °C.
Because of the sublimation of Bil; at the cooler end of the am-
poule, the ampoule was turned at intervals of 24 h to allow for the
repeated passage of Bil; over the bismuth metal. After 72 h black,
metallic, cone-shaped crystals could be observed growing from the
bismuth metal grains like horns. Unreacted Bil; still remained at
the cooler end of the ampoule. In order to be able to pick a suitable
crystal for single-crystal X-ray diffraction analysis, the sample had
to be ground in a mortar allowing mechanical separation of some
crystals from the metal seeds.

Elemental Analysis: Energy dispersive X-ray analysis was per-
formed on single crystals of Bijgly, using a JEOL JSM-820 scan-
ning electron microscope. Several points on different crystals were
investigated. The average contents were found to be Bi, 78.9(6)%
and I, 21.1(6)%. The corresponding theoretical values are 80.0 and
20.0%, respectively. Measurements were also made on crystals of
Bigl, (the phase identification was based on the cell parameters of
the crystals). The average contents in these crystals were found to
be Bi, 81.4(6)% and I 18.6(6)%. The corresponding theoretical val-
ues are 81.1 and 18.9%, respectively.

X-ray Crystallographic Data and Refinement of Bi;cl4: The crystal-
lographic data for Bigly are summarized in Table 5. Diffraction
data were collected with a Bruker-Nonius KappaCCD dif-
fractometer. The compound crystallizes in the monoclinic system,
Laue group 2/m. On the basis of the systematic absences the pos-
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sible space groups were found to be C2/m, C2, and Cm. The C2/m
space group (no. 12) was confirmed during the structure determi-
nation. The structure was solved with direct methods using the
program SIR97131 and refined with difference Fourier techniques
using the SHELXL97 program.['¥ All atoms were refined using
anisotropic temperature parameters. Empirical absorption correc-
tions were applied using the program SADABS.['! Further details
of the crystal structure investigation can be obtained from the Fa-
chinformationszentrum  Karlsruhe, 76344  Eggenstein-Leo-
poldshafen, Germany, (Fax: +49-7247-808-666; E-mail crysdat-
a@fiz karlsruhe.de) on quoting the depositary number CSD-
418416. Band structures and densities of states were obtained for
the three-dimensional structures of the Bi,, I, (m = 14, 16, 18) com-
pounds using a hybrid density functional (B3LYP) method, em-
ploying the CRYSTAL98 program.!'®l All calculations included a
converged SCF run. Hay and Wadt large-core (HAY WLC) pseudo-
potentials were applied to both the iodine and bismuth atoms, and
for the iodine atoms the original Hay and Wadt valence basis set,
with a double-zeta quality, was used.['”) For the bismuth atoms a
larger basis set was optimized (see Table 6) starting from the Hay
and Wadt original set.

Table 5. Unit cell parameters and experimental crystal data for the
structure of Bij¢ls.

Compound Bijsls
Molecular mass [gmol™] 3851.28

Crystal system monoclinic
Space group C2/m (No. 12)
a[A] 25.948(6)

b [A] 4.354(1)

c [A] 13.259(3)

L] 104.48(2)
VA% 1454.3(6)

zZ 2

dcalcd, [gcm73] 8.794

Crystal size [mm] 0.08 X 0.08 X 0.25
Temperature [K] 296

Radiation, / [A] Mo-K,, 0.71073
Monochromator graphite

Scan range, 20 [°] 9.24-55.00
Measured reflections 8551

Unique reflections 1877
Reflections, 1>2a(1) 1335

Refined parameters 61

Max. Fourier peak/hole [e A3 2.20/-5.83
R(|F), I>20(]) 0.041
R(|F)), all 0.067
wR(F?), all 0.109
GoF 1.092

Table 6. Uncontracted bismuth basis set (used with HAYWLC
pseudo-potential).

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Shell type Exponent
s 0.624

S 0.355

S 0.135

P 1.155

p 0.330
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