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ABSTRACT: We describe the unique structural and elec-
tronic arrangement in the heptanuclear polyiodobismuthate
[Bi,I,,]*~ which displays striking similarities with the
Anderson-type structures found in polyoxometalates. This
main group element anion is part of the complex [Bi-
(OAC),(thf),,]5[Bi;1,,] (1) which has been characterized by X-
ray crystallography. We investigated the structure, stability, and

Multifaceted nature of [Bi;l,,J*-

bonding of [Bi,,,]*" using relativistic dispersion-corrected density functional theory in combination with a quantitative energy
decomposition and electron localization function analysis in order to better understand the main features of this isopolyanion. A

comparative analysis of the properties of [Bi,I,,]*~ and previously reported high-nuclearity [Bi,Xs,.,,]

"™~ anions, in the gas phase

and in solution, has been performed, in the latter case to track the macroscopic solvent effects. [Bi;1,4]*" is the largest building
block in the class of trianionic iodobismuthates and the sole heptanuclear framework in the family of iodobismuthates.

B INTRODUCTION

Establishing structural relationships between main group and
transition metal compounds allows one to create fruitful bridges
between seemingly different chemistries, and this has generated
increasing interest, in particular since the development of the
isolobal analogy concept.' Whether structural analogies
between metal complexes translate into similar electronic
structures remains a fascinating research topic, not least because
of the considerable structural and bonding diversity encoun-
tered in inorganic chemistry.”

The structural chemistry of highly aggregated alkali metal
salts of “elementanediides” [RE]*~ (E = P, As, Bi),> which are
unique multiple-shell compounds and excellent container
molecules, can easily be compared with that of the
polyoxometalates (POMs) with Lindqvist, a-Keggin-, or
Wells—Dawson-type frameworks, which are much investigated
owing to their rich chemical and physical properties.”” In
particular, the structures of some polynuclear bismuth
compounds display striking similarities with those of POMs. >

Iodobismuthates have fascinating optical, electrical, elec-
tronic, and magnetic properties,® and their versatile structural
chemistry is of high current interest.” To date, the structures
available for the binary complexes [BiL]™™ (m =y — 3x)’
include the following: mononuclear Bily, [Bil,]”, [Bils]*", and
[Bil4]*~; dinuclear Bi,l;, [Bi,J3]*>", [BiI,]>", and [Bil;o]*;
trinuclear [Bi;];;]*” and [Bi;I;,]%7; tetranuclear [Bi,I,,]*~ and
[Bi,I;s]*"; pentanuclear [BisI;s]*” and [Bisl;o]*"; hexanuclear
[Bigl,,]*; and octanuclear [Bigl,3]*~ and [Bigly,]®”. Many of
those complexes were prepared in situ under rather severe
conditions (high-temperature and/or solvothermal reactions).
Herein, we report the structural and computational studies of
the first heptanuclear complex in this series, [Bi,l,,]*”, obtained
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under very mild conditions. It is noteworthy that [Bi;I,,]*~ has
been briefly mentioned previously;® however, no detailed
synthesis or structural data were available. We shall see below
that the framework of [Bi)I,,]’” is of great interest, in
particular, because it possesses an Anderson-type structure
which is remarkably similar to that of hetero- and
isopolyoxoanions [XM40,,]°” (X = Te; M = Mo, W).>* For
this reason, use of theoretical approaches to better understand
and rationalize the structure and composition of this
heptanuclear iodobismuthate trianion and its lighter homo-
logues was felt highly desirable.

B RESULTS AND DISCUSSION

With the initial aim to form mixed Bi—Pd complexes, we
reacted a 2-fold excess of Bil; with [Pd(OAc),] in
tetrahydrofurane (thf) under ambient conditions and obtained
the highly associated salt [Bi(OAc),(thf),]5[Bi;L,4] (1) as the
result of a ligand-exchange reaction (Supporting Information).
The reaction does not take place in the presence of
noncoordinating solvents, e.g, CH,Cl,, because a donor
solvent is crucial in stabilizing the countercation associated
with [BiI,,]".

Compound 1 crystallizes with four H,O molecules in the
trigonal space group R3c (Figure 1, Table S2 and Figure S2,
Supporting Information).’ Similarly to the behavior of
[Na,(thf),]5[BisI,,],* red crystalline 1-4H,O is extremely
sensitive to loss of the thf molecules from its cation (Figure
S1, Supporting Information).
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Figure 1. (Top) [Bi,L,4]*” in topological (as [Bi,@(I,,)]*") and
polyhedral/ball-and-stick (Anderson-type) representations. Color
code: Bi, maroon; I, violet. (Bottom) Structural diagrams of molecular
units 1b (left) and 1a (right) in the crystal of 1-4H,0.

In the [Bi(OAc-x?0),(thf),]" cation (1a) the bismuth center
is octacoordinated (Figure 1) with two chelating acetate groups
and four thf molecules which interact with bismuth via ion—
dipole Bi---O contacts. Unfortunately, a discussion of the bond
lengths and angles is not possible owing to the uncertainties
associated with refinement of the lighter atoms (Supporting
Information).

The structure of the trianion [Bi;I,,]>~ (1b) displays a
noncrystallographic Ss symmetry and is of the Anderson type,
with six edge-sharing Bils octahedral moieties arranged in a
cyclic manner (Big(yy-Iy)¢ ring) through six Bi—(u,-I,)—Bi

bridges connected to the central Bilg octahedron through six
U5-1. ligands. The remaining 12 iodine atoms (I,) are terminally
bound and coordinated to the bismuth atoms which form the
Big(pyI,)s ring. These I, atoms form in the solid-state
intermolecular LI, contacts in the range of 362.1(2)—
366.2(3) pm with the neighboring [Bi;I,,]*” units (Figure 2).
These values are smaller than the sum of the iodine van der
Waals radii (AZr,qy = 420'* and 396 pm'%)."® We note, of
course, that the general structural pattern of 1b based on
interlinked Bilg octahedra is well established for other known
iodobismuthates with extended structures.”

In order to rationalize the structure of [Bi;I,,]*~ and explore
its relationship with that of Anderson-type POMs, a computa-
tional study was undertaken and two models were considered,
A and B (Figure 3). Model A describes the interactions
between a negatively charge unit (or “guest”) and a
hypothetical neutral [Bigl;5] crown (as “receptor”) containing
a planar Big ring. This model is related to that elaborated for the
Anderson-type POMs [TeM0,,]*~ (M = Mo, W) 53 Model B
describes the interaction between a central Bi** cation and a
hypothetical ionic crown [Bigl,,]®". This model is reminiscent
of the structures recently found in new open-shell Anderson-
type nickel and cobalt polyoxocations of the type
[XMsO,,L;,]" (X = Na*; M = Ni**, Co**; L = (pyridine-2-
yl)methanolate).11

Geometry optimization of [Bi;l,,]*” with an overall D,
symmetry was first carried out without and then with inclusion
of the London dispersion effects in the gas phase (see Figure
$3, Supporting Information). In model A, the assembling of the
octahedral [Bily]*~ with the [Bigl;s] unit of Dg, point group
symmetry to form I results in ca. 10% expansion of the planar
Big ring in [Bi,I,,]*~ (Figures 3 and S3, Supporting
Information). In contrast, model B results in ca. 2% contraction
of the Big ring on going from the D,; symmetrical [Bigl,,]°" to
II, owing to encapsulation of a Bi** ion (Figures 3 and S3,
Supporting Information). The Bi--Bi distances found for
[Bi,I,,]* in the crystal structure of 1-4H,O are ca. 5% shorter
than those obtained by DFT (Figure S3, Supporting
Information). The experimental value of dy.p = 469.2 pm
(1-4H,0; see the Supporting Information for a list of the Bi---Bi
distances with standard deviations) is either shorter tharll0 the

sum of the bismuth van der Waals radii AZr 4,y = 480 pm ™ or

Top view into the organization of
{[Bi(OAc),(thf)]3[Bisl]-4H,0},
architecture in the crystal

‘g\w’« \‘\\a,,.
A T b'ﬂ\ .
(R AN

AV

Top view into the organization of
the [Bi,l,,]*-ions in the crystal

Figure 2. Structural diagrams of the solid-state structure of 1-4H,0 (left) and without the cations (right). Color code: Bi, maroon; I, violet; O, red;

C, gray. Hydrogen atoms are omitted for clarity.
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Figure 3. Topological representations of the theoretically analyzed association processes between (A) the [Bils]>~ unit and the [Bigl;] crown (top)
and (B) the [Bigl,;]*” crown and the cation Bi** (bottom) which result in [Bi;L,,]*>7, represented as I and II, respectively. The top model (A)
describes the process where the octahedral unit [Bils]*~ interacts with the hexagonal Big(I,)s subunit inscribed in a cyclic hexagonal prismatic I;,
subshell. The bottom model (B) describes the process where Bi** occupies the center of a hexagonal I; unit of the [Bigl,,]°” crown.

longer if the value of AXr gy = 414 pm'% is considered. The
BP86-optimized distance of 493.6 pm for the Bi---Bi separations
is ca. 5% longer than the experimental one. The experimental
Bi;own—Iv Bicrown=Iby Bigrown—Io and Bige,—I. bond lengths are
1—3% shorter than those obtained by relativistic DFT (Figure
S3, Supporting Information). This originates from use of the
dispersion-noncorrected BP86 functional which leads one to
underestimate the instantaneous dipole-induced forces in the
trianion and results in relaxation of the gas-phase structure of
[Bi;1,4]*". Inclusion of the effects of long-range van der Waals
interactions (dispersion termslz’m) in the geometry optimiza-
tions reduces all bond lengths in [Bi;,,]* and its constitutive
fragments (Figure S3, Supporting Information) and also lowers
the total bonding energy. This was verified using the first and
third generations of Grimme’s dispersion correction (DFT-D
and DFT-D3, respectively).'> Thus, the contribution of the
intramolecular dispersion energy, AEg,, in [Bi;L,,]*" is about
1.3 times larger than that for the anionic cage [Bigl,,]®", 1.8
times larger than for the neutral cage [Bigl;s], and 10 times
larger than for the parent [Bil]*~ unit (Table S3, Supporting
Information). As a result, the equilibrium structure of [Bi,L,,]*~
optimized in the gas phase at the BP86-D level of theory is in
excellent agreement with the experimental solid-state structure
of this trianion in 1-4H,0. The adequacy of the calculation
model was also shown by the only minor difference of ca. —7
kcal mol™' between the total energies of the optimized and
experimental structures.

To explore the origin of the dispersion effects encountered,
electron localization function (ELF) analyses were performed
on the BP86(-D)-optimized structures of I and its fragments
according to model A. A whole set of bismuth valence basins
are present on the isolated [Bigl;s] crown (Figure 4). Similar
metallic valence basins have been observed in asymmetric
complexes of Pb(II) ([Hg]6p®), which has the same electronic
configuration as Bi(III)."* They all point toward the central
lacuna where the [Bil;]*~ unit will be subsequently inserted.
These ELF basins are quite diffuse (V' = 12.6 A%) and populated
by 1.17 electrons. Upon assembling of the fragments, these
basins do not vanish and the Bi—(u3-I.) bonds formed remain
significantly longer than those in the [Bigl;5] crown. However,
we observe a strong contraction of these ELF basins with a
volume reduced to 5.0 A® with a population of 0.80 e. Upon
insertion of the [Bils]*~ unit, the Big planar ring of the [Bigl;;]
crown adapts to diminish the electronic repulsion between the
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Figure 4. Top view into the ELF surfaces of [Bigl;s] and [Bi;l,,]*
(left) and their ELF contours (right) (7*° plot is 0.5).

iodines of the central octahedral fragment and the bismuth
crown valence basins. This leads to expansion of the [Bigl;s]
crown. By comparison between the ELF functions with and
without dispersion correction along a Bigq,,—Bicne axis
(Figure S4, Supporting Information), we find that addition of
a dispersion term results in a smaller crown dilatation because it
counterbalances the repulsion between the electrons valence
basins. As a result, the ELF basins are more diffuse when
dispersion is introduced. In addition, the absence of Biq,,—
Biyown ELF valence basins is indicative of the absence of
electron delocalization within the planar Bis hexagon.
Furthermore, the crown is isolated from the central [Bil,]>~
fragment by the presence of the bismuth crown ELF basins.
The computed ELF surface of [Bi,l,,]*” favors model A over B.
The validity of model A is further supported on the energy
level. Although both association processes A and B, illustrated
in Figure 3, are energetically favorable, the energy required to
form the kinetically stable, gas-phase [Bi;I,,]*" structure is
lower in the case of model A, AE,5®P = —219 kcal mol™
compared to AE,?"*P = —1456 kcal mol! in model B, owing
to the energetically high-lying fragments in the latter case.
The molecular orbital (MO) scheme of [Bi,I,,]*" also favors
bonding model A. The molecular orbital diagrams of the
trianion and its fragments are characterized by a set of
alternating metal—ligand ‘bands’ typical for common POM
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Figure 5. Spatial representation of the most relevant molecular orbitals of [Bigl;5] (left), [Bisl,;]*~ (center), and [Bi,L,,]>” (right) (0.03 isosurface
value) obtained from the ZORA-BP86-D/TZ2P computations in the gas phase.

structures™™ (Figure S). The lowest unoccupied level (LUMO)
of [Bi;1,,]*" is the unfilled p*-metal 57e,, orbital with ca. 60%
contribution from Bi (bismuth ‘band’), whereas the highest
occupied molecular orbital (HOMO), 232y, and the large set
of lower-lying HOMOs correspond to levels of a and e
symmetry which characterize participation of the iodine (I, I,
I.) Py, orbitals (iodine ‘band’). The energy gap spanned by
this valence p ‘band’ is ca. 11 eV.

The low-lying MOs (27a,,, 192, 26,,,) of the iodine ‘band’
deserve special attention. The 27a,, and 26a,, MOs correspond
to the central [Bilg]*~ fragment inside the [Bigl;s] crown.
These MOs, showing orbital delocalization above and below
the central bismuth atom, arise because of noncovalent I---I
interactions (d;..;, = 439.8—450.1 pm), which result in

latter is promoted by the p orbitals of the central bismuth atom.
The 19a,; MO shows the delocalized ¢ bonding of p—p orbital
character along the interpenetrating Bi—I, closed loops
(puckered {Bigls} ring). Interestingly, the interpenetrating
metal—oxygen closed loops form the macrocyclic bonding"
present in most POM structures.® For instance, the Anderson-
type POM anions of the type [TeM0,,]®~ (M = Mo, W)
display metal—oxygen closed loops of 6(d)- and 7(d)-orbital
character.”® The MO diagrams of the [Bigl,,]®” and [Bigl;s]
crowns are characterized by the presence of similar inter-
penetrating closed loops, 19a,, and 8b,,, respectively (Figure
5). In addition, we note that analysis of the iodobismuthate
anions showed that their molecular orbitals in the gas phase lie
much higher in energy than those obtained from the
computations in a condensed medium, i.e., in thf solution.
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Table 1. Energy Decomposition Analysis (kcal mol ") of the Interactions between [Bils]*~ and [Bigl;s] within I

functional AE,* AEp, AV, jga
BP86 —-2324 259.8 —=275.2
BP86-D —286.3 341.7 —-322.5

“AE,

int

AE, AE,,, AE, D°
-217.0 56.0 176.4
—243.5 —62.0 66.8 219.5

= AVygae + AEpy; + AE,; + AEg,, (see Figure 3). YDeformation (or preparation) energy, AEy (see Figure 3). “AE = —D, = AE,, + AEy

The gap (AEuomo-rumo) between the valence (filled) and
the unfilled band of [Bi,I,,]>” is 2.65 €V. According to their
band gap values (3.76 and 3.33 eV, respectively), the Anderson-
type [Bi,X,,]*” (X = Cl, Br) structures are even kinetically
more stable than [Bi;I,,]>”. The latter should thus have a
higher reactivity and is moreover the most dispersion-
dependent framework within the [Bi,X,,]*” series (Table S5,
Supporting Information). The contribution of the dispersion
energy, AEg, to the total bonding energy, AE, of
[Bi,X,,]>” increases in the order X = Cl (2.9%) < Br (4.3%)
<1 (7.0%).

In order to gain deeper insight into [Bi;I,,]*" and related
iodobismuthate anions, we carried out DFT calculations on the
known, hiégh-nuclearity extended structures [Bigl;o]*,'°
[Bigly,)*,'"” and [Bighg]*™'® from the [Bi,l,,,]* family
and [Bigl3,]*~" from the [Bi,l5,,,.]®” family (Tables S1 and S5,
Supporting Information). The kinetic stability of these anions is
slightly lower than that of [Bi;I,;]*”, and it moderately
decreases with increasing nuclearity of the anionic framework.
The contribution of AEy, to AE,, for these anions is slightly
lower than that observed for [Bi,L,,]*>~ (7.0%), and it increases
in the order [BisI;o]* (6.1%) < [Bigly,]®™ (6.4%) < [Bigly,]*
(64%) < [BiglLg]* (6.9%).

To take into account the macroscopic solvent (thf) effects,
the dispersion-corrected BP86-D functional was combined with
the conductor-like screening model (COSMO) of solvation
with the solvent-excluding surface (SES).*° The results
obtained for [Bi,L,,]*>” indicate that the condensed medium
has an effect mainly on the Bi---Bi distances. These are reduced
by ca. 1.5% in solution (Figure S3 and Table SS, Supporting
Information). Such a reduction of the Bi--Bi distances is
observed for [Bi,X,,]*~ with X = Cl (1.7%), Br (1.6%), and I
(1.5%). In the case of [Bisl;o]*", [Bigl]*, [Bigls]*", and
[Bigly,],*" their Bi---Bi distances are reduced by 2—10% in thf.
While the kinetic stability of the [Bi,X,,]*>” anions in solution
increases only smoothly (by less than 0.05 eV), the difference
in the kinetic stability of [BisI;o]*", [Bigly,]*", [Bishs]*, and
[Bigly]° between the gas phase and solution is even larger (in
the range of ca. 0.1-0.4 eV). The contribution of AEg,, to
AE,, for the anionic frameworks [Bi;X,,]*7, [Bisl;o]*",
[Bigl,,]*", [Bigls]*™, and [Biglyy]®”, of which the structures
were optimized in solution, decreases compared to the gas
phase (Table S5, Supporting Information). From inspection of
the contributions of solvation energy, AE,, to AE,. for
[Bi;X4]*7, [Bislig]*", [Bigl,,]*", [Bigls]*", and [Bigly]®" it
should be stated the following: (i) the contribution of AE, to
AE,, for [Bi;X,,]*” increases when going down the group 17
halogens in the order of X = Cl (6.9%) < Br (7.3%) <1 (7.8%);
(i) the contribution of AE,y, to AE,, for the four-charged
anionic [Bigl;o]*™ (18.1%), [Bigl,,]*" (14.9%), and [Biglg]*™
(10.8%) decreases with increasing nuclearity of the iodobismu-
thate within the [Bi,l,,,,,]”” family; and (iii) the contribution
of AE,, to AE,., (21% for [Bigl;,]®") rises with increasing the
net negative charge of the iodobismuthate anion.

The energy decomposition analysis (EDA) for the frame-
work I is given in Table 1 (see also Table S6, Supporting
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Information). The EDA for the interaction between [Bil¢]*~
and [Bigl, 5] within the trianion I indicates that the nature of the
ion—cage interaction is predominantly electrostatic (AV, ., is
around 56% of the bonding interactions, i.e, AV, + AE),
albeit the orbital interaction term, AE, (ca. 44%), also
significantly contributes to the attractive interaction between
the fragments [Bil]*~ and [Bigl;5]. Analysis of this AE,; term
shows that the interpenetrating Bi—I closed loops (likewise the
M—O ones in the POMs)**" do not contribute much to the
bonding stability of I. While the orbital interaction in the A,,
symmetry group is only ca. —17 kcal mol”’, the largest orbital
interactions in I are in the E,, and E,; groups (around —80 kcal
mol ™). The attractive or stabilizing effects (AV,, + AEgy,) in
I overall outweigh the substantial contribution from the Pauli
repulsion term, AEp,;;, which is liable for the destabilization of
the orbital-interaction effects (AE,y, + AEp,;)*" within I. The
preparation or deformation energy (denoted as AEy) of I,
which is the energy difference between the equilibrium
structures of [Bilg]*” and [Bigl;s] and the energy of these
fragments in the geometry that they acquire in the trianionic
structure I, is relatively high. The major deformation takes place
mainly in the [Bigl;s] moiety surrounding the [Bil]*~ subunit.
The calculated values of the dissociation energies D, for I reveal
that the internal interactions are very strong (Figure 3 and
Table 1). The results from the EDA of I are in line with the
EDA calculations reported by Bridgeman and Cavigliasso in
their work on the Anderson-type heteropolyanions of the type
[TeM40,,]5~ (M Mo, W),*® where the stabilizing
interactions between [TeOg]>” and the neutral [MO ]
fragment within the [TeM¢O,,]°” framework originate from
two relative contributions, AV, and AE;, of 66% and 34%,
respectively.

B CONCLUSIONS

The very sensitive compound 1-4H,O has been obtained by a
ligand-exchange reaction between [Pd(OAc),] and Bily under
ambient conditions. The known oxophilicity of bismuth is the
likely driving force for formation and structural arrangement of
1-4H,0, which was established by X-ray diffraction. Further-
more, by including water molecules in the cavities of the
molecular assembly illustrated in Figure 2, 1-4H,0 displays a
behavior similar to that of polyoxometalates® and their
analogues'' since in their crystals the presence of water
molecules is well established. [Bi;I,,]°” is the largest
iodobismuthate anion observed for trianionic species and is
the first heptanuclear framework in the family of iodobismu-
thates. This newly established structure constitutes a new
member of a larger family of iodobismuthates of general
formula [Bi,ly,,,]"  which may be predicted to exist (see
Table S1, Supporting Information).

The London dispersion forces play a crucial role in the self-
organization of the anionic structural motive of 1-4H,0,
namely, the heptanuclear [Bi,I,,]>". Their origin is the
repulsive interaction between the crown bismuth valence
basins and those of the iodines of the central [Bils]*™ unit.
Such interactions should be less relevant in the POMs (e.g,
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polyoxomolybdates and polyoxotungstates) because in their
case the active orbitals are more contracted, partially filled 4d or
Sd orbitals. These should be compared to the bismuth more
diffuse and polarizable 6p orbitals, populated by charge transfer
from the iodines. The structural arrangement of the main group
Anderson-type [Bi;I,4]>” anion can be understood in terms of
the “ion-cage” model (A), which is the most relevant one and
finds a parallel in the model elaborated for the Anderson-type
POM:s. Thus, the kinetic stabilization of the [Bil4]*~ unit within
I has its origin in the attractive contributions from both orbital
and electrostatic terms, charge transfer, as well as dispersion
forces. Unique interpenetrating metal—ligand closed loops
observed in [Bi;I,;]>” are the “fingerprint” of the analogy
between the main group and the transition metal Anderson-
type structures. As observed in many POMs, the overall kinetic
stability of the cation—anion architecture is associated with the
solvent molecules attached to the countercations of the
complex anion. Such experimental findings and theoretical
analyses provide excellent opportunities to build further bridges
between main group and transition metal chemistry.

B ASSOCIATED CONTENT

© Supporting Information

Stoichiometry matrix for the iodobismuthate ions, synthesis and
structural date of 1-4H,0 (CCDC 855004). Computational
details including geometrical, electronic and energetic param-
eters of the complexes [Bi,X,,]*~ (X = Cl, Br, I), of the
fragments constitutive of [Bi;1,4]>7, and of the high-nuclearity
extended structures [Bigl,o]*", [Bigl,,]*", [Bigls]*”, and
[Biglyo]°". This material is available free of charge via the
Internet at http://pubs.acs.org.
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