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The syntheses and structures of five iodobismuthate and nine iodoantimonate hybrid materials are pre-
sented. The 1,3-dimethyl-2-oxo-2,3-dihydropyrimidinium cation has been used to template the isostruc-
tural, one-dimensional [CgHgN,OI[Sblsl (I) and [CgHgN,OI[Bil4] (1), while 4-methylmorpholinium
templates the compounds, [CsHioNOI4[Sbglzo] () and [CsHoNOI4[Biglig] (IV), both containing isolated
iodopnictogenide cluster anions. Five iodoantimonate compounds, templated by piperazinium cation
derivatives, have been synthesised; [C4H15N,][Sblgl,-4H,0 (V), [CsH14N1[Sblal,-3H,O (VI), two polymorphs
of [CgH16N,I[Sblsl-2H,O (VIE and VI and [CgHigNI[Sbyliglos-HO (IX), mainly adopting structures
closely related to previously published 1D iodobismuthate hybrid materials. 1-Ethyl-2-methyl-
benzimidazolium cations, formed in situ in the reaction medium, template the isostructural 1D structures
of [CioH13NoJISbl] (X) and [CioH13N5I[Bilsl (XI). 1,4-Diazabicyclo[2.2.2]octandiium (DABCOH,)?* di-
cations are shown to template a hydrated iodoantimonate structure [CgH14N2]o[Sbaliel-2H,O (XI) containing
[Sbalisl*™ complex anions and a mixed phase of two iodobismuthate materials; one phase contains,
uniquely, a mixture of the complex anions [Bizllo]4’ and [Bil6]3’ in the form [CgH14N5l10[Bisl1ol2[Bilgls-(H>O)g
(XN, and the second, [CeHiaN2lo[Bisligl-2H,O (XIV), contains discrete [Bigliel*™ clusters. The stability and
thermal decomposition routes of these phases have been determined using thermogravimetric analysis.
UV-vis spectroscopy has been used to determine band gap energy estimates which are related, for a range
of iodobismuthate and iodoantimonate materials, to their structural features and potential optoelectronic
applications.
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Introduction

The research field of haloantimonate(m) and halobismuthate(ur)
hybrid organic-inorganic materials has developed over the
past few decades to yield materials of interest for their non-
linear dielectric and optical properties. The use of different
organic cation templating species has been found to yield a
large variety of structures with controlled structural dimen-
sionality of the anionic-unit, vide infra. Acting as counter-ions
to the anionic iodopnictogenide unit within the structure, the
organic species can additionally yield various polymorphs,
often by variation of the exact reaction conditions.™

Trivalent metal (M = Bi’", Sb®") hybrid halometallate
materials, with general formula [R,]"[MpXsp:4]"" are currently
known to adopt approximately 30 variants of the anionic
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moiety. The most prevalent species found are oligomeric and
extending polymeric structures of conjoined [MX,] octahedra
but more rarely monomeric [MXg] units have been reported.’
The ability to form [MX,] octahedra in metal-halide systems is
a prerequisite to forming perovskites (corner-sharing), while
adopting alternative non-perovskite structural units (edge-,
face-sharing or in isolation) opens up a vast library of materials
with a variety of anionic substructures. For example as demon-
strated by iodobismuthate structures, the identity of the
anionic inorganic component currently ranges from discrete
0D units (simple anions and clusters) in [Bils]>~ to [Bigl;0]°~
motifs,® > through 1D chain structures,”**”>” most commonly
in [Bily],” or [Bils],>~ compositions; just one 2D extended
network has been reported, [Biy;31,],>".>® The identity of anionic
component in these hybrid materials is dependent on many
different factors including the templating species, synthesis con-
ditions and technique as well as the molar ratios of reagents
used. In a similar vein, for iodoantimonate materials the anionic
component can take the form of discrete units with a range of
compositions and associated charges, for example, [Sbgln]z_,
[Sbolo™, [Sbslis]®™, [Sbelsa]®™, [Sbslys]'™ % as well as one-
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dimensional ~unit configurations  [SbL,], ,*"**  [Sbls],",*
[Sb,L;],~,** and [Sbslyo], -** Iodometallate materials are princi-
pally of interest in comparison with their bromo- and chloro-
metallate equivalents as they tend to possess smaller band gaps
and lower carrier effective masses>®® - important properties for
high performance optoelectronic materials.

Regarding the properties required of non-linear dielectrics,
four anionic species have been identified in previous studies
as having the potential to exhibit ferroelectric properties,
R3M,Xo,” RMX,,*® RMX;,*” and RsM,X,1;°%% the vast majority
of the compounds reported adopt the sub-lattice forms
[M,Xo]>~ and [M,Xq;]°". It is worth noting that for RzM,X, four
separate structural forms are known: (i) a two-dimensional
layer structure, (ii) an infinite one-dimensional chain, (iii) dis-
crete di-octahedral units, and (iv) discrete tetra-octahedral
units; only the 2D layer structure form has been identified to
demonstrate ferroelectric properties. Conversely, for [M,Xy;]>~
the structural unit is exclusively discrete di-octahedral units
with all salts exhibiting ferroelectric properties.

Also recently, and with rapidly growing traction in the last
three years, hybrid organic-inorganic perovskite and perov-
skite-like materials have established themselves as the principal
area of photovoltaic research. In particular, the leading absor-
ber material in this field is the hybrid compound methyl-
ammonium lead iodide, MAPI, [CH;NH;]|[Pbl;]; with the
highest solar cell efficiencies utilising derivatives of this
material reaching over 22%."° However, a key concern of utilis-
ing this material for commercial applications is the presence
of the toxic metal lead. Additional issues regarding the deploy-
ment of MAPI in solar cell devices concern its long-term stabi-
lity; research aiming to combat this issue of instability when
exposed to light (and/or) air is ongoing.**** Concurrently,
other non-toxic, post transition metal-based, hybrid materials
with similar functional optoelectronic properties are being
explored as alternative candidates for photovoltaic appli-
cations. Such materials can offer the prospect of improved
material stability, allowing simpler device processing and
manufacture, and long-term cell deployment. As a result, we
have been interested in exploring the synthesis, structural
characterisation and studying the electrical properties of novel
compounds of this type.

The desired semiconducting properties these materials
have has been highlighted to stem from the fundamental elec-
tronic structure of the post transition metals demonstrating
the “inert pair effect” with filled 5s or 6s> orbitals; these orbi-
tals have been shown to produce shallow defects and a dis-
persed valence band. Prospective metal cation candidates of
interest in forming semiconducting metal-halide hybrid struc-
tures are considered to be Sn*", Bi*" and Sb*". Initial isovalent
substitution studies with Sn** replacing Pb>" in hybrid perov-
skite related materials have proved to be largely unsuccessful
for applications, as Sn** compounds have been shown to
undergo rapid oxidation by air and decompose readily through
reaction with moisture.”® Therefore the impetus has been to
explore alternatives with potentially improved stability to
degradation via oxidation.**
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The stability of the Group (n-2) exhibiting the loan pair
effect increases from Group 13 through Group 14 to Group 15.
Thus while In" and TI' are readily oxidised to the trivalent
state and as mentioned previously Sn**, and to a lesser extent
Pb>", can be easily oxidised, Sb®* and, particularly, Bi*" are
both more difficult to oxidise to the Group oxidation state.
This makes these species ideal for forming M(m) halo-
complexes that are stable in air. With an increased level of electro-
positivity over tin and lead ion centres, Bi*" and Sb** demon-
strate a contraction of their ionic radii to 103 pm and 76 pm
respectively in comparison to 119 pm (Pb*") and 102 pm
(Sn>"). Despite this smaller ionic radius these ionic radii are
still relatively large and six coordination to halide ions
remains the most common coordination geometry found for
both Bi** and Sb*". However, in comparison with divalent
metal hexahalides [MXg]*", the formation of the higher
charged metal in [SbX,]>~ and [BiX¢]>” units often results in
the halide ion preferring to bridge between two metal centres
and the formation of complex anions whose structures contain
edge- and face-sharing octahedra. This preferred connectivity
means that three-dimensional structural, and, therefore, opto-
electronic connectivity has proved elusive for iodobismuthate
and iodoantimonate materials. Understanding how choice of
counter cation controls structural connectivity in these iodo-
bismuthate and iodoantimonate materials and how two and
three dimensional connectivity may be induced remains a key
target for producing new hybrid semiconducting materials of
the Group 15 elements.

Results described in this paper develop the area of halo-
antimonate(m) and halobismuthate(r) hybrid materials
showing how changes in the templating species and the chalco-
genide allow control of the structure and band gap. These new
families of hybrid materials should also allow greater tuning of
the band gap and lead to new applications. One example is in
low energy X-ray detectors for medical applications where nano-
particulate Bi,S; has recently been shown to have high sensi-
tivity and rapid response to dosimetric X-rays.*’

Synthesis

Reactants and solvents were used as received from suppliers
Alfa Aesar (bismuth chloride, 1,4-dimethylpiperazine), Fluka
chemicals (piperazine) and Sigma-Aldrich (antimony chloride,
antimony iodide, 2-aminopyrimidine, hydriodic acid, 4-methyl-
morpholine, 1-methylpiperazine, 1,2-benzenediamine, DABCO)
at reagent grade standard or above.

Section A

Compound I [C¢HgN,O][Sbl,] - crystals of 1,3-dimethyl-2-oxo-
2,3-dihydropyrimidinium iodoantimonate were obtained
through solvothermal reaction and in situ methylation process
from SbCl; (0.2 mmol), 2-aminopyrimidine (0.15 mmol), HI
(1.0 ml, 57 wt%, no stabiliser) in methanol (6 ml). Reactants
were placed in a 25 ml Teflon® vessel, sealed in a steel auto-
clave and heated at 140 °C for 24 h; with a controlled ramp up

This journal is © The Royal Society of Chemistry 2018
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rate of 1 °C min~" and ramp down rate of 0.1 °C min~". A pure
phase of very fine dark orange needle crystals (0.0205 g, esti-
mated yield of 14%) was obtained after vacuum filtration and
an ethanol wash.

Compound II [C¢HoN,O][Bil,] - the equivalent isostructural
iodobismuthate hybrid compound was obtained under identi-
cal conditions except for a change of the main group metal
source to bismuth trichloride (0.2 mmol). Under these con-
ditions a pure phase of large (0.5-1 c¢cm) red needle crystals
(0.0517 g, estimated yield of 30%) was obtained following fil-
tration and an ethanol wash.

Section B

Compound III [C5H;,NO],[Sbels,] — under hydrothermal reac-
tion conditions, a pure phase of bright orange crystals of struc-
ture III, was obtained from SbCl; (0.2 mmol), 4-methyl-
morpholine (0.15 mmol), HI (1.0 ml, 57 wt%, no stabiliser) in
deionised water (6 ml). Reactants were placed in a 25 ml
Teflon® vessel, sealed in a steel autoclave and heated at 140 °C
for 24 h; with a controlled ramp up rate of 1 °C min™" and
ramp down rate of 0.1 °C min~'. After filtration and an
ethanol wash a pure phase of crystals of 4-methyl-
morpholinium iodoantimonate, structure III (0.0773 g, esti-
mated yield of 60%), was obtained.

Compound IV [C;H;,NOJ4[Bisl;4] - changing the main
group metal precursor compound to bismuth trichloride
(0.2 mmol), and a reduction in the volume of hydriodic acid
(0.75 ml) added to reaction mixture, produced a single phase
of bright red block crystals of the related 4-methylmorpholium
templated iodobismuthate; structure IV (0.0535 g, estimated
yield of 30%) (Scheme 2).

Section C

Compound V [C,H;,N,][Sbl,],-4H,0 - crystals of 1,4-dipiper-
azinium iodoantimonate tetrahydrate were obtained through
hydrothermal reaction of SbI; (0.2 mmol), piperazine
(0.15 mmol), HI (1.0 ml, 57 wt%, no stabiliser) in deionised
water (6 ml). Reactants were placed in a 25 ml Teflon® vessel,
sealed in a steel autoclave and heated at 140 °C for 24 h., with
a controlled ramp up rate of 1 °C min~" and ramp down rate
of 0.1 °C min~'. After filtration and ethanol wash, a pure

o
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u

Compound II

Compound I

Scheme 1 Composition of compounds | and Il.
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Scheme 2 Composition of compounds Il and IV.

phase of prismatic orange block crystals (0.0260 g, estimated
yield - 18%) was obtained. Similarly, a pure phase of structure
V could also be synthesised under identical conditions with a
cheaper, more readily available SbCl; reagent in the place of
SbI; (Scheme 1).

Compound VI [CsHy4N,]|[SbL,],-3H,0 - long orange pris-
matic crystals of 1-methyl-1,4-dipiperazinium iodoantimonate
trihydrate were synthesised in a mixed phase (with minor
phase of black crystalline material). The product was obtained
a hydrothermal reaction, under the same conditions as struc-
ture V, using the reagents SbI; (0.2 mmol), 1-methylpiperazine
(0.15 mmol), HI (1.0 ml, 57 wt%, no stabiliser) in deionised
water (6 ml). After filtration and ethanol wash, 0.0727 g of the
mixed phase product (9:1 ratio by visual estimate, estimated
yield of 50%) was collected.

Compounds VII [CeH16N,][SbL,],-2H,0, Vil
[CeH16N,][Sb1,],-2H,0 and IX [CeH 6N, |[Sbalyeo.5-HoO — under
identical hydrothermal reaction conditions three hybrid
materials, all templated by the organic di-cation 1,4-dimethyl-
1,4-dipiperazinium, were synthesised in a mixed phase
(10:2:1:6 ratio by visual estimate) product. This mixed phase
product consisted of chunky dark orange crystals (VII),
elongated dark orange crystals (VII) and block yellow-orange
crystals (IX); alongside black crystals identified to be the organic
salt 1,4-dimethyl-1,4-dipiperazinium bis(tri-iodide). Reagents Sbl;
(0.2 mmol), 1,4-dimethylpiperazine (0.15 mmol), HI (1.0 ml,
57 wt%, no stabiliser) and deionised water (6 ml) were sealed in
a 25 ml Teflon® vessel, sealed in a steel autoclave and heated at
140 °C for 24 h; with a controlled ramp up rate of 1 °C min~"
and ramp down rate of 0.1 °C min~". The mixed phase product
was filtered and washed with ethanol to give a total dry weight
yield of 0.112 g, estimated yields of 40% (VII), 10% (VIII) and
5% (IX) (Scheme 3).

Section D

Compound X [C;oH;3N,][Sbl,] - a mixed phase (1:9 ratio by
visual estimate) of a minor impurity of semi-crystalline
material alongside a major phase of transparent dark-orange
elongated-plate crystals of 1-ethyl-2-methylbenzimidazolium
templated structure X was synthesised under solvothermal
conditions. The reagents SbCl; (0.2 mmol), 1,2-benzenedi-
amine (0.15 mmol), HI (1.0 ml, 57 wt%, no stabiliser) and
ethanol (6 ml) were placed in a 25 ml Teflon® vessel, sealed in
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Scheme 3 Composition of compounds V—-IX.

a steel autoclave and heated at 140 °C for 24 h; with a con-
trolled ramp up rate of 1 °C min~' and ramp down rate of
0.1 °C min™". The product was washed with ethanol and dried
by vacuum filtration to give the dry weight yield of 0.0725 g
(estimated yield of 40%) (Scheme 4).

Compound XI [C;,H;;N,][Bil,] - a major phase (4:1 ratio
by visual estimate) of dark-red, prismatic needle crystals of
compound XI was crystallised from a solvothermal reaction
alongside a minor phase of crystalline orange material. The
reagents BiCl; (0.2 mmol), 1,2-benzenediamine (0.15 mmol),
HI (0.5 ml, 57wt%, no stabiliser) and ethanol (6 ml) were
placed in a 25 ml Teflon® vessel. The vessel was sealed within
a steel autoclave and heated at 140 °C for 24 h; with a con-
trolled, ramp up rate of 1 °C min~' and ramp down rate of
0.1 °C min~". The product was washed with ethanol and a dry
weight yield (0.0434 g, estimated yield of 20%) was obtained
after drying by vacuum filtration.

Section E

Compound XII [C¢H 14N, ],[Sbsli6]-2H,0 — a mixed phase (1:1
ratio by visual estimate) of orange block crystals (XII) and
black crystalline material was obtained from a hydrothermal
synthesis procedure. The reagents SbCl; (0.2 mmol), DABCO
(0.15 mmol), HI (0.75 ml, 57 wt%, no stabiliser) and water
(6 ml) were placed in a 25 ml Teflon® vessel. In turn, the
vessel was sealed within a steel autoclave and heated at 170 °C
for 24 h; with a controlled ramp up rate of 1 °C min™" and
ramp down rate of 0.1 °C min~". The product was washed with

Scheme 4 Composition of compounds X and XI.
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ethanol and a total dry weight yield of 0.135 g (estimated yield
of 50%) was obtained after drying by vacuum filtration.

Compound XII [CeHy4N,]i0[Bislio)e[Bilsls-(H20)s and XIV
[CeH14N,]5[Bisli6)-2H,0 — a mixed phase (3:2 ratio by visual
estimate) of orange needle crystals (XIII) and red block crystals
(XIV) was obtained from a hydrothermal synthesis procedure.
Reagents BiCl; (0.2 mmol), DABCO (0.15 mmol) HI (0.75 ml,
57wt%, no stabiliser) and water (6 ml) were sealed in a 25 ml
Teflon® vessel, sealed in a steel autoclave and heated at 140 °C
for 24 h; with a controlled ramp up rate of 1 °C min™" and
ramp down rate of 0.1 °C min~". The mixed phase product was
washed with ethanol and dried by vacuum filtration to give a
combined total dry weight yield of 0.123 g (estimated yields of
35% (XIII) and 30% (XIV)) (Scheme 5).

Crystal structures: results and
discussion

Compounds I and II

Compounds I and II, [CcHoN,O][M1,], M = Sb, Bi. The isostruc-
tural 1,3-dimethyl-2-oxo-2,3-dihydropyrimidinium templated
structures I and II, were solved from single crystal X-ray diffrac-
tion data; see Table 1 for crystallographic data comparison. In
each synthetic procedure the simpler organic amine 2-amino-
pyrimidine was used as a precursor reagent; however under
the high temperature and pressure conditions of the solvo-
thermal reaction, and in the presence of strong acid HI,
methyl iodide forms as a transient species before undergoing
alkylation of the two pyrimidine ring nitrogen positions in
turn and deprotonation of the amine to form the mono-
cationic organic ion 2-imino-1,3-dimethyl-2,3-dihydropyrimi-

Table 1 Unit cell parameters for compounds | and Il (at 150 K)

Compound I (Sb) Compound II (Bi)
Space group Monoclinic P2,/c Monoclinic P24/c
a(A) 10.5506(4) 10.6424(3)
b (A) 7.6199(3) 7.6380(2)
c(A) 19.9962(7) 20.0271(5)
B(°) 95.336(3) 94.986(2)
V(&%) 1600.63(10) 1621.78(7)

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 A single layer view of structure Il on the ac plane visualised by
ball and stick modelling (left) and space-filling modelling (right). [Bilg]
octahedra are shaded blue; Bi atoms (blue), | atoms (purple), C atoms
(black) and N atoms (pale blue).

dium. Under the acidic aqueous conditions a further reaction
occurs in situ in which the imine is hydrolysed to a ketone
functionality resulting in the templating cationic 1,3-dimethyl-
2-0x0-2,3-dihydropyrimidinium species. The structures of both
compounds I and II exhibit an anionic network of one-dimen-
sional metal halide chains [MX,],,” interacting via weak halide-
halide connections.>*?**® In the channels between the anionic
network, the organic cations (counter-balancing the charge of
the anionic chains) are positioned to fill the grooves of the
chain structure along the a/c plane axis (see Fig. 1); alternating
with perpendicular orientation along the b-axis indicative of a
herring-bone structural motif (see Fig. 2 c-axis view).

Weak inter-chain I---I interactions extend the anionic
network asymmetrically along the a- and c-axes of both struc-
tures. A terminal-terminal I.--I pathway bridges the anionic
chains in, approximately, the a-axis direction. For structures I
and 1I, respectively, these separations are 3.85 A and 3.79 A,
repeating every 7.62 A and 7.64 A along the b-axis. Similarly,
(for structures I and II respectively) a longer edge-terminal I.--I
interaction of 4.42 A and 4.32 A, repeating more regularly every
4.03 A and 4.12 A, approximately along the c-axis direction can

View Article Online
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be observed. The average I---I interaction distance for the iodo-
bismuthate compound is shorter at 4.06 A, in comparison to
4.14 A for the iodoantimonate.

The chain structure is formed by edge-sharing of metal
iodide octahedral units along two of twelve vertices. The octa-
hedra appear to distort away from ‘perfect’ regular octahedra
in accordance with the known trans effect in halometallate
structures wherein the M-X bonds across from bridging bonds
are shorter (and also exhibit a higher vibrational fre-
quency).””*® However, an additional degree of distortion may
be attributed to the way in which the cations are interleaved
within the grooves of the chain structure (highlighted in
Fig. 1). Deviation of the I-M-I bond angle away from an ideal
180 degrees within the octahedra ranges from 4.9-10.9° in
structure I to 5.9-11.6° in structure II. Average bond angle devi-
ations show distortions of 7.3° and 7.8°, respectively, away
from a regular octahedron in each of the structures.

In addition to this, considering the M-I-M bond angles
within the chain structures shows an average bond angle devi-
ation from 90° of 3.9° for the [SbL,],” chains in compound I
compared to 3.5° for the [Bil,],,~ chains in compound II. M-I
bond distances vary by 2.83-3.27 A (A = 0.44 A) 2.92-3.29 A
(4 =0.37 A) for structures I and II respectively.

Compounds III and IV

From single crystal X-ray diffraction data, the structures of two
4-methylmorpholinium templated hybrid structures have been
derived. Compound III, [CsH;,NO],[Sbel,,], contains clusters
of four monovalent charged 4-methylmorpholinium cations
charge counter-balancing discrete [Sbgl,,]*” anions.® Each
cation is orientated with the ring-based oxygen atom directed
towards the core of the cation cluster and, thus, the positively
charged protonated nitrogen atom (and attached methyl
group) directed outwards from the cluster and in closer proxi-
mity to the anionic units. Each group of four cations is
“encased” within an anionic sublattice formed by six [Sbgl,,]*~
units linked through weak I---I interactions. Consideration of
the orientations of the four 4-methylmorpholinium cations

Fig. 2 Visualisation of structure Il (iso-structural with structure 1) along a-axis (left), b-axis (centre) and c-axis (right); key as in Fig. 1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 A single layer component of structure Ill viewed on the ab plane.
Key as in Fig. 1 aside from [Sblg] octahedra shaded teal; Sb atoms (teal),
H atoms (pale green).

within each cluster indicates that there are no, or extremely
weak, hydrogen bonding interactions between protonated
amine template cation and [Sbgl,,]*™ anions (Fig. 3).

Further analysis of this structure shows that viewed down
the c-axis the discrete iodoantimonate units are interconnected
by weak I.--I interactions of 4.64 A between the outer Sh(1)
octahedra and two I.--I interactions of 4.21 A per Sb(3) octa-
hedra. Further weak I---I interactions interconnect each
[Sbel,,]*™ unit with a total of 38 interactions (12 repeating
unique I---I distances) per unit to 12 distinct zero-dimensional
[Sbel,,]*™ units to build the anionic “network”. Overall these
inter-unit interactions range from 3.80-4.73 A; with an average
I---I interaction distance of 4.14 A.

The outermost octahedra in each [Sbgl,,]*™ unit, centred by
position Sb(1) with just two from twelve possible edge connec-
tions, is the most perceptibly distorted and this can be shown
by considering the average deviations from 180° for the I-Sb-I
angles in each [Sbls] octahedra. For the Sb(1) centred octahe-
dra the angle was found to distort by 10.3° from 180° on
average. For the Sb(3) centred octahedra, with 3/12 edge con-
nections along its vertices, the average angle deviation from
180° for I-Sb-I is reduced to 6.7°. Lastly, with 4/12 edge con-
nections to adjacent octahedra, the Sb(2) centred octahedra
making up the core of the [Sbgl,,]*™ unit exhibits least distor-
tion from a regular octahedron with an average deviation away
from 180° of just 2.9°. Bonded Sb-I distances within each octa-
hedra vary by 2.76-3.47 A (4 = 0.71 A), 2.79-3.36 A (A = 0.57 A)
and 2.79-3.35 A (4 = 0.56 A) for Sb(1)-(3) respectively (Fig. 4).

Iodobismuthate ~ hybrid  material  (structure  IV)
[C5sH;,NO],[Biyl;6], again templated by 4-methylmorpholinium
cations, was modelled from the single crystal X-ray diffraction
data. In a similar way to its iodoantimonate counterpart, dis-
cussed previously, groups of four monovalent 4-methyl-
morpholinium cations are found to cluster together; again
encapsulated by the anionic sublattice structure. However,
here the counter-balancing tetravalent discrete anionic units
take the form of [Bigl;s]"".” A total of 28 (7 repeating unique
I---I distances) inter-unit I---I interactions connect each dis-
crete bismuth iodide unit to twelve different [Bil;6]"™ units.

3474 | Dalton Trans., 2018, 47, 3469-3484
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Fig. 4 A cross-section of the bc plane of structure IV viewed down the
a-axis; colour key as in Fig. 1 with addition of O atoms (red) and H atoms
(pale green).

Inter-unit I---I interaction distances range from 3.97-4.56 A;
with an average distance of 4.27 A. Orientation of the 4-methyl-
morpholinium suggests weak hydrogen bonding interaction
between cations (N'-H---O) may be present within the struc-
ture D-H---O (hydrogen bond distance 1.95 A with a #D-H---A
angle of 157.6° (22.4° deviation from direct interaction)) from
position N(2)-H to O(1). The N(1)-H and O(2) positions are not
involved in hydrogen bonding (Table 2).

The outer Bi(1) centred octahedra are visibly more distorted
than the central Bi(2) octahedra within each [Bil;]*” unit.
Averaging the angular deviation away from 180° across all trans
I-Bi-I motifs in the octahedra reveals a distortion of 9.8° for
the Bi(1) centred outer octahedra compared to 5.4° for the core
Bi(2) centred octahedra. However, the influence of the trans
effect, wherein the M-X bonds across from bridging bonds are
shorter, is similar in each octahedra with Bi-I distances
varying by 2.89-3.42 A (4 = 0.53 A) and 2.88-3.40 A (4 = 0.52 A)
for Bi(1) and Bi(2) respectively.

Compounds V-IX

The structures of Compounds V-IX were solved from single
crystal X-ray diffraction. Structures V, VI, VII and VIII
[NH,(CH,),NH,][Sbl,],-4H,0, [CH;NH(CH,),NH,][Sbl,],-:3H,0,

Table 2 Unit cell parameters for compounds Il and IV (at 150 K)

Compound III (Sb)

Compound IV (Bi)

Space group Triclinic P-1 Orthorhombic Pbca
a(A) 11.3253(7) 12.7627(3)

b (A) 13.0042(7) 20.7207(6)

c(A) 15.2847(7) 22.7427(6)

a(9) 69.645(4) 90.000

B(°) 69.877(5) 90.000

7 (9) 64.496(6) 90.000

Vv (A%) 1853.97(17) 6014.35(3)

This journal is © The Royal Society of Chemistry 2018
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and [CH3;NH(CH,),NHCH;][SbL,],-2H,0 (two polymorphs)
were templated by 1,4-dipiperazinium, 1-methyl-1,4-dipiper-
azinium and 1,4-dimethyl-1,4-dipiperazinium cations respect-
ively. The materials are iso-structural and consist of infinite
one-dimensional antimony iodide [SbL,],” chains with fairly
short inter-chain I.--1 contacts.’® Divalent charge-balancing
cations are located within channels extending along the a-axis
direction parallel with the sub-lattice of 1D [Sbl,],” chains.
Associated with the changes in the degree of methylation of
the nitrogen positions on the piperazine ring system is a vari-
ation in the level of water incorporated into the material -
which reduces as the methyl groups protrude into the space
occupied by the water molecules. There is a related subtle
alteration to the [Sbl,],” chain positions relative to each other
and thus their degree of interaction via interlinking I---I con-
nections (Table 3).

Similar to the equivalent iodobismuthate
described in a previous publication,”® structure VI has the
1-methyl-1,4-dipiperazinium cation disordered between two
orientations within the channel. An effect of this is that two of
the water molecule positions within the structure become par-
tially occupied depending on the orientation of the cation and
thus the directionality and steric hindrance by the methyl
(CH;3) group on these hydrated sites. Consequently, two pre-
viously fully occupied water molecule positions in structure V
become half-filled, reducing the overall degree of hydration
from a tetrahydrate (in the composition of structure V) to an
averaged trihydrate (in the composition of structure VI).
Continuing the trend, in the isomeric structures VII and VIII,
1,4-dimethyl-1,4-dipiperazinium ions within the channel
impede occupancy of two of the would-be hydrated sites
within the structure; having the effect of reducing the overall
level of hydration within the material to a dihydrate compo-
sition; [CH;NH(CH,),;NHCH;][SbI,]-2H,0.

The iodometallate [M1,],” chains in structures V, VI, VII
and VIII consist of edge sharing [MXs] octahedra; with four
bridging iodine atoms along two vertices and two cis-related
terminal iodine positions. The antimony atom position is
offset from a central position within the octahedra with the
shortest two Sb-I distances observed for the two cis terminal
iodine sites. These observations are in agreement with those
made for previously studied materials possessing a similar
[MX,4],~ structural motif for haloantimonates and halobis-
muthates exhibiting the trans effect; vide supra. Similarly, the
spread of Sb-I bond lengths within the octahedra, that inter-
link to form the chains, decreases from compound V to com-

material

Table 3 Unit cell parameters for compounds V-IX (at 150 K)
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pound VII suggesting an increased overall regularity of the
octahedra.

Much like their counterpart iodobismuthate hybrid struc-
tures, inter-chain I.--I interactions in Compounds V-VIII
extend the anionic network along b- and c-axes of each
material. It can be considered that the pathways across this
interface produces a level of pseudo-dimensionality within the
anionic sublattice framework of the materials; introducing the
potential electronic pathways across [Sbl, "], chains in addition
to movement along the chain. Two edge-terminal I---I and a
terminal-terminal I.--I interaction repeat regularly (7.34 A,
7.53 A and 7.72 A respectively) along the chain g-axis; with all
iodide positions within the network in close enough proximity
to engaged in at least one inter-chain interaction. Lengths of
these interactions range from 3.80-4.46 A in the structures and
the average distance of the inter-chain interactions decreases
4.19 A - 4.13 A - 4.01 A through compounds V-VII respect-
ively. However, the shortest I.--I interaction is shown to
undergo negligible change through the structures; 3.80 A —
3.81 A — 3.80 A. In response inter-chain Sb-Sb distances are
observed to increase marginally by 0.05 A and 0.08 A in the
structural pairs V — VI and VI — VII respectively. Variation in
the Sb-I-Sb bond angles within the chains also sees an
increase away from regular octahedral angle to 90.7° — 92.1°
— 93.6° for structures V-VII respectively.

In summary as the piperazinium ring of the organic cation
becomes increasingly methylated there are observable changes
the anionic sub-lattice of each structure. The regular distance
between repeat interactions along the chain structure in the
a-axis direction increases (i.e. an increasingly less compressed
framework along the g-axis) the average I---I inter-chain inter-
action distance decreases (4.19 A — 4.13 A — 4.01 A) and the
overall regularity of the octahedra, defined by decreasing Sb-I
bond length variation, increases (0.49 A — 0.45 A — 0.40 A).
Overall, structures V-VII follow similar structural trends to their
iodobismuthate equivalent materials previously reported.*’

In addition to these findings on antimony iodide 1,4-di-
piperazinium complexes a new polymorph of compound VII
crystallised in the same reaction mixture, together with a third
phase, vide infra. This first minor phase of elongated dark
orange needles, identified as compound VIII, occurred
together with the major phase of blocky, dark orange crystals
of structure VII. The structure of compound VIII consists of an
identical motif of interconnected [Sbl,],” chains as seen in
structure VII, however, the interrelationship between the
chains for VIII shows an offset of approximately 19° in com-

Compound V Compound VI
Space group Monoclinic P24/c Monoclinic P24/c
a(A) 7.3391(2) 7.5306(2)
b (A) 13.0022(5) 12.9539(4)
c(4) 13.8121(4) 13.6147(4)
B 94.550(3) 96.086(3)
V(A% 1313.86(7) 1320.64(7)

This journal is © The Royal Society of Chemistry 2018

Compound VII Compound VIII Compound IX
Monoclinic P2,/c Monoclinic P2,/c Monoclinic P2,/n
7.7213(2) 7.5751(2) 11.5391(3)
12.8027(3) 12.1020(3) 11.8717(4)
13.4527(3) 14.5071(4) 19.1648(5)
97.377(2) 92.630(3) 93.705(3)
1318.84(5) 1328.52(6) 2619.87(13)
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parison with respect to adjacent units in the sublattice
network. As a result, as seen in the g-axis view of structure VIII
(see Fig. 5), the chains become aligned in parallel.
Furthermore, comparing structures VII and VIII it can be seen
that the three repeating interchain I---I interactions along the
chain axis are retained, however, although the regularity of
recurrence of these interactions along the g-axis is decreased
(7.72 A — 7.58 A) the average interaction distance sees a slight
increase (4.01 A — 4.07 A). In addition to this, the regularity of
the octahedra decreases (4 0.40 A — A 0.48 A) and the Sb-I-Sb
angle within the chain decreases by 1.1° (93.6° — 92.5°).
Furthermore, it can be observed that, in structure VIII, the di-
cation positioning within the g-axis channel shows increased
tilt with the methyl groups pointed along the propagating
a-axis more than in the polymorph (VII); in which the direc-
tionality of the methyl groups is focussed more towards the
interstitial interchain space.

Finally, a third 1,4-dimethyl-1,4-dipiperazinium cation tem-
plated structure [CH3;NH(CH,);NHCH;][Sbsl;6]o.5-H,O (com-
pound IX), determined from single crystal X-ray diffraction
data, was found to crystallise in the form of yellow-orange
block-shaped crystals. Comparatively to the counterpart struc-
tures (VII and VIII) it crystallised alongside, the material con-
tains a lower dimensional Sb-I anionic sub-structure of
[Sbal;6]*” units.”® In each unit cell, two divalent 1,4-dimethyl-
1,4-dipiperazinium cations counterbalance the anionic
network of zero-dimensional [Sbyl;¢]*” units. Each anionic
unit interacts with a total of 14 different adjacent units to
build the substructure via 36 (10 repeating unique I.--I dis-
tances) inter-linking weak I.--I interactions. Distances range
from 4.09-4.64 A; with an average distance of 4.25 A. The level
of solvation within the structure is reduced with respect to
structures VII and VIII from a dihydrate (1:2 dication to water
molecule ratio) to a monohydrate hybrid material (1: 1 ratio).

The outer Sb(2) centred octahedra of the [Sb,l;6]*~ cluster
show distortion from regularity with an average angle devi-
ation (away from 180° across I-Sb-I) in octahedra of 10.5%
compared to 4.4° for the central Sb(1) centred positions in the
cluster. In accord with this observation is a larger variation in
the Sb-I bonding distances within the outer octahedra com-
pared to the inner; showing a variation covering the distance
range 2.82-3.27 A (A = 0.45 A) for the Sb(1)-centred octahedron
and 2.78-3.47 A (4 = 0.69 A) for Sb(2) (Fig. 6).

V - [NH2(CH2)aNH2][Sbla]2.4H,0 VI - [CH3NH(CH2)aNH2][Sbla]2.3H,0

VII - [CH3NH(CH2)aNHCH3][Sbla]2.2H20
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Fig. 6 Structure XI [C1oH13N,][Bil4] viewed down the c-axis (hydrogen
atoms are not shown); colour key as in Fig. 1.

Compounds X and XI

Structures X, [C;oH13N,][Sbl,], and XI, [C;oH;3N,][Bil,], were
solved from single crystal X-ray diffraction data. The hybrid
materials are isostructural and consist of inter-linked (through
weak I---I interactions) metal iodide one-dimensional chains
forming irregular sided octagonal channels in which the
charge balancing organic cations are positioned. The templat-
ing cation for both isomorphs is the monovalent cation
1-ethyl-2-methylbenzimidazolium; formed in situ by twofold
alkylation of the precursor reagent 1,2-benzenediamine via a
ring-closing mechanism by reaction with ethyl iodide (formed
in the reaction mixture from the solvent ethanol and HI). The
materials both adopt a monoclinic crystal system, however,
they crystallise in different space groups; see Table 4. This
difference is related positional changes and disorder of the
organic benzimidazolium cation within the channel.
Propagating along the g-axis, for structure X, and c-axis, for
structure XI, the cations stack with alternating orientations
(180° rotation) with a separation of approximately 3.7 A and an
offset from the associated perpendicular structural axis of 17°
and a shift of 1.6 A. Tt should be noted that in the structure
solution of compound X the organic component was modelled
with PARTS instruction in order to split the ion into 55/45
occupancy over two related positions; the direction of the

VIl - [CH3NH(CH2)aNHCH3][Sbla]2.2H20

1X - [CH3NH(CH2)aNHCH3][Sbal16]o.5.H20

Fig. 5 Left to right: Structures V-VIII viewed along the a-axis and the asymmetric unit cell of structure IX; colour key as in Fig. 1 aside from Sb

atoms (teal) and O atoms (red).
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Table 4 Unit cell parameters for compounds X and XI (at 150 K)

Compound X (Sb) Compound XI (Bi)

Space group Monoclinic P2,/n Monoclinic C2/c

a (A) 7.5877(3) 13.3133(4)
b (A) 17.7055(8) 17.7312(4)
c(A) 13.2578(6) 7.6344(2)
B 94.309(4) 93.450(2)
V(A% 1776.07(13) 1798.92(8)

benzimidazolium ion alternates between these two positions,
with the relationship between the two positions determined as
an approximate 25° rotation in-plane of the ring system fol-
lowed by a 180° 2-fold rotation through the central in-plane
axis of the ion. Compound XI, however, was modelled in the
higher symmetry monoclinic space group C2/c. Here, the
1-ethyl-2-methylbenzimidazolium cation lies on a glide plane
running along the channel length.

As previously mentioned, in both structures X and XI the
anionic framework is made up of one-dimensional anionic
chains with the compositions [Sbl,],” and [Bil,],” respect-
ively.>® In each structure the chains are aligned in parallel and
consist of linked [MI¢] octahedra; each octahedron has two cis-
related terminal iodine positions with the other four iodine
positions along shared edges of the octahedron. Within each
octahedron the metal atom position is displaced from a
central ‘regular’ octahedra position in the direction of the two
terminal iodine positions with the two M-I(terminal) bond
lengths approximately 0.5 A shorter than to the other iodine
positions. This is structural feature common to many iodobis-
muthate and iodoantimonate one-dimensional chain [MI,],~
hybrid structures. Comparing the antimonate (X) to the bis-
muthate (XI) structure it can be seen that the overall metal-
iodide bond length range is slightly reduced (by 0.05 A), produ-
cing more regular octahedra, and there is the expected shift to
a higher average bond length (+0.05 A) with the larger Bi.
Similarly from X(Sb) to XI(Bi), the M-I-M bond angle average
within the chain unit decreases from 93.5° to 93.0°. In both
structures a single weak inter-chain I---I interaction is seen to
repeat along the chain axis direction; with a distance of 4.06 A
(Sb) and 3.94 A (Bi) with a repeat distance of 7.59 A(Sb) and
7.63 A(Bi).

Also of note, is that the one-dimensional [MX,],” chain
structural motif observed in these materials is reminiscent of
structure VIII. However, due to the increased size and reduced
charge density of the monovalent 1-ethyl-2-methyl-
benzimidazolium cations compared to the 1,4-dimethyl-1,4-
dipiperazinium divalent cations the void size accommodating
the organic cations is larger; approximately 11.2 x 9.8 A for X
and XI versus 7.9 x 8.2 A for structure VIII (Fig. 7).

Compounds XII, XIII and XIV

The iodoantimonate hybrid structure [C¢H;4N,],[Sb,I;6]-2H,0
(compound XII) was determined from single-crystal X-ray diffr-
action analysis. The material contains zero-dimensional tetra-
octahedral [Sb,I;¢]*” anionic units which are counter-balanced

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 The [Bilyl,~ chain units of structure Xl viewed down the a-axis
(left) and b-axis (right). Colour key as in Fig. 1.

by two di-protonated 1,4-diazabicyclo[2.2.2]octan-diium
(DABCOH,) cations (see Fig. 8) alongside two sites occupied by
water molecules. Within the structure each anionic [Sb,l;¢]*~
structural unit interacts through weak I---I interactions, 38 (11
unique I---I bonding modes) interlinking pathways exist to a
total of 12 nearby equivalent units to build the anionic “sub-
lattice”. 1---1 interaction distances range from 4.01-4.59 A; with
an average distance of 4.34 A.

The structure is reminiscent of structures IV and IX, each
containing the 0D [M,l;6]*” structural motif, each tetra-octa-
hedral unit contains two equivalent central octahedra (with
three shared edges) and antimony-iodide bond lengths
ranging from 2.85-3.24 A (A = 0.39 A). The more distorted
outer octahedra (which have two edges shared with other octa-
hedra) show an increased metal-iodide bond length range of
2.79-3.39 A (4 = 0.60 A). This variation in octahedron irregular-
ity is also reflected in the average angle deviation from 180° of
the trans 1-Sb-I angles within the MXy octahedra. I-Sb-I
angles have an average deviation of 5.8° from 180° for the
inner octahedron centred on Sb(1), whereas the outer octa-
hedron, centred on Sb(2), exhibits a much greater deviation of
12.3°.

In further reactions, using 1,4-diazabicyclo[2.2.2]octan-diium
(DABCOH,) di-cations as templating agents, a mixed phase of
two new iodobismuthate hybrid material structures were
obtained. Compound XIHI, formulated as [CeH;4N,]10[Bizlio)>
[Bils]4(H,O)s contains a unique and previously unreported com-

Fig. 8 Symmetric unit cell of structure XIl (hydrogen atoms excluded);
colour key as in Fig. 5.
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bination of structural motifs, with both [Bi,I;o]*~ and [Bils]*~
anionic components.'>>*

In each unit cell there are two di-octahedral [Bi,l;]*” units
and four discrete [Bil,]~ units generating a total anionic compo-
sition of [Bigl,,]*°". Eight di-protonated (DABCOH,)*" form the
main charge-balancing organic component of the structure with
positions identified within the structural model. This balancing
leads to a charge deficit of 4+ per asymmetric unit cell and so to
achieve an overall compositional charge neutrality to the material
it is proposed that two unrefined (DABCOH,)*" dications reside
within structural pores; as seen in Fig. 10. This is in agreement
with the results of the solvent masking algorithm utilised,
detailed within the crystallographic data, suggesting that electron
density within the structural pores is consistent with the pres-
ence of two additional disordered dications (Fig. 9).

To elaborate, along the g-axis of compound XIII (see
Fig. 10) a large slightly irregular octahedral channel, approxi-
mately 9.0 x 8.5 A in dimensions, propagates through the
structure. In conjunction, a minor channel, approximately 4.7
x 4.2 A in size, extends along the c-axis and intercepts the
major channel running along a. Provided the weak I---I inter-
actions are sufficiently robust this hybrid structure may have
the potential for ion exchange and porosity. In addition to this
eight water molecule positions have been identified within the
structural model. Due to the heavy atom sites present
accurately determining the orientation of bonded hydrogen
atoms at each solvated sites using X-ray diffraction data is
problematic (Table 5).

Bi-I bond lengths within the [Bilg] units ranges from
3.00-3.18 A (4 = 0.18 A) and demonstrate only a minor devi-
ation, of 3.1°, (trans I-Bi-I angles) from 180°. In comparison,
within each [Bi,l;o]'” unit the metal-iodide bond lengths
ranges from 2.96-3.24 A (A = 0.28 A); the longest M-I bonds
are to the edge-shared iodide positions linking the octahedra.
The position of the central bismuth ion within the individual
octahedra of the [Bi,l;]*” unit is shifted slightly towards the
terminal iodide positions. Regularity of the octahedra within
the di-octahedral unit is still high; with only a minor average
deviation (from trans angles of 180°) of 4.3° observed.

R > % .ﬁ«ILﬁ—”\J
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Fig. 10 The structure of compound Xlll viewed down the a-axis. The
striped area marks one pore containing disordered DABCO di-cations;
colour key as in Fig. 1 with O atom sites (red) and H atoms (green).

Table 5 Unit cell parameters for compounds XII-XIV (at 150 K)

Compound  Compound Compound
XII (Sb) XII (Bi) XIV (Bi)
Space group  Triclinic P1  Orthorhombic Pham  Monoclinic P2,/c
a(A) 10.8634(3)  31.9562(6) 11.0086(3)
b (A) 10.8965(3)  15.8622(4) 15.4751(3)
c(A) 11.2911(3)  8.6164(2) 15.3455(4)
a (9) 91.999(2) 90.000 90.000
B(°) 109.691(2)  90.000 103.001(2)
7 () 95.086(2) 90.000 90.000
V(A% 1250.46(6)  4367.62(17) 2547.23(11)

As previously mentioned, a secondary phase was found to
have crystallised in association with compound XIII. The struc-
tural analysis of this phase (compound XIV) showed that it was
also a di-protonated DABCO templated hybrid iodobismuthate

e

N
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e |

Fig. 9 Thermal ellipsoid plots (probability set at 50%) for structure XII (below), structure XIII (centre) and structure XIV (right).
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Fig. 11 Structure XIV viewed down the a-axis (top) and down the b-axis
(bottom); colour key as in Fig. 10.

but with a differing structural composition; determined as
[CeH14N,]5[Bisly6)-2H,0 (Fig. 11).

The structure of XIV contains discrete tetra-octahedral
[BisL;6]*” unit which interact along weak I---I connections to
ten adjacent [Bisl;6]*” units; there are a total of 34 such inter-
actions (9 unique bonding modes). Interaction lengths range
from 4.06-4.52 A (A = 0.46 A) with an average distance of
4.31 A. As seen in compounds (IV, IX, XII) the tetra-octahedral
units contain two distinct Bi sites. In compound XIV the Bi(1)
outer octahedral positions, bound to adjacent octahedra by 2
from 12 possible edge connection sites, exhibit M-I bond
lengths in the range of 2.91-3.34 A (4 = 0.43 A); very similar
distances are seen for the Bi(2) inner octahedral positions (3/
12 edge connections) with a range of 2.90-3.29 A (4 = 0.39 A).

Deviation of the ¢rans I-M-I angles within the octahedra
from 180° shows an average of 9.5° for the outer Bi(1) site and
9.1° for Bi(2) inner site. The relatively small distortion of the
outermost two octahedra within the tetra-octahedral unit may
be compared to that seen previously in materials with the
same anionic motif. The increased regularity found in com-
pound XIV may be due to the lessened strain from reduced
number of interunit I---I interactions to just ten nearby equi-
valent units. This compares to twelve such links seen for struc-
tures IV and XII and fourteen for structure IX, which saw the
greatest M-I bond length range with 4 = 0.69 A (Table 6).

Structure stability and dehydration

From thermogravimetric analysis studies (ESI - Fig. S11) com-
pound I, [CcHgN,O][Sb1,], shows a stable mass with negligible
change on heating to approximately 210 °C, followed by a
major degradation step (Am% = —86%) between 210 and
320 °C. This is likely to be associated with complete decompo-
sition of the amine and loss of iodine from the material; the

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Table 6 Structural formula of compounds I-XIV

Compound Structural formula

I [CeHoN,O][SbL]

I [CeHoN,O|[Bil4]

I C5H12NO] [Sbel,s]

v C5H;,NO],[Bigly6)

v [C4H1,N,][SbI, ],-4H,0
VI C5H14N,][Sbl,],-3H,0
vII C5H16N 2][Sb1,],-2H,0
VIII [CeH16N,][Sb1,],-2H,0
IX [CeHi16N,][Sbuls6lo.s HO
X _C10H13N2][Sb14]

XI [C10H13N,][Bil,]

XII [CeH14N,]5[Sbyly6]-2H,0
XIII iC6H14N2]10[Bi2110]2[Bi16]4'(H20)8
XIvV [CeH14N,]5[Bisly6]-2H,0

fastest mass loss occurs from 280-300 °C. A further steady low
rate of mass loss occurred on heating to the maximum furnace
temperature of 400 °C; leaving residual mass (~1.2 mg) of anti-
mony metal.

For compound II, [C¢HoN,O][Bil,], a stable thermal profile
is observed up to 150 °C before a series of sharp, small, weight
losses, equating to total loss (Am%) of 10%, occurs between
150 and 210 °C. These weight losses can be attributed rapid,
possibly locally explosive decomposition of the amine. The
remaining bulk mass is stable to 250 °C before undergoing a
continuous large mass loss step (Am% = 70%) on heating to
400 °C, with the fastest mass loss occurring between 330 and
355 °C. A still reducing mass of ~2.5 mg of bismuth is present
at Tinax This weight loss corresponds to further degradation of
any residual amine and its decomposition products and the
loss of HI/I, leaving the residue of bismuth metal.

TGA studies on 4-methylmorpholium templated com-
pounds III and IV (ESI - Fig. S21) showed that each exhibits a
one-step thermal degradation process. For structure III, a
stable plateau is observed in the thermal profile up to 180 °C,
from which point, in the temperature range of 180-320 °C,
major degradation of the compound occurs with a total mass
loss Am% = 92%. The fastest rate of mass loss occurred from
260-300 °C, with decomposition of the amine and loss of HI/
I,, and a stable residual (~1 mg) mass of antimony metal is
retained up to the highest temperature reached of 400 °C. In
comparison, the bismuth-containing structure (IV), with a
different anionic sublattice, showed an increased stability of
+60 °C over its counterpart, with a prolonged degradation of
the hybrid material occurring only from 240-400 °C (Am% =
90%); the residual mass, of approximately 2 mg, was bismuth
metal.

Thermal analysis the piperazinium-based hybrid materials
was carried out and the resultant traces are shown in ESI -
Fig. S3.1 Data for tetrahydrate compound V showed an initial
expected dehydration step between 80 and 110 °C (Am% = 5%)
before a stable mass is retained up to 180 °C. From
180-260 °C (Am% = 36%) is the first of two major degradation
steps of the remaining hybrid material; followed immediately
by the second step in the temperature range of 260-340 °C
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(Am% = 54%). Similarly, for isolated crystals of trihydrate com-
pound VI, a dehydration step 95-125 °C with a proportionately
lower relative mass loss (Am% = 3.4%) was observed. After a
stable plateau, until 175 °C, further degradation between 175
and 305 °C was observed; with temperature range 290-305 °C
showing the highest rate of degradation. A further slow loss of
weight, likely to be due to evolution of iodine, occurred
between 305 and 345 °C, at which temperature a stable residue
was formed. Lastly, a mixed phase sample of structures VII-IX
was analysed thermogravimetrically. A minor weight loss
associated with dehydration of all three phases was observed
in the temperature range 90-120 °C; (structures VII and VIII
were determined to be dihydrates and structure IX a mono-
hydrate). Following this the compounds remained stable to
175 °C until major degradation from 175-355 °C (Am% =
96%). All three piperazinium-based templated materials were
determined to remain stable to approximately the same temp-
erature; around 175-180 °C, before major degradation.
Following this simultaneous decomposition of all three phases
a residue of antimony metal (~0.7 mg) was obtained with no
notable mass change between 350 and 400 °C.

The nature of main degradation process of all the compounds
(following loss of any water from the structure) is decomposition
of the amine, and this may be associated with simultaneous loss
of HI/I,. The decomposition transitions from a clear two-step
process for compound V to a continuous one-step process for
structures VII-IX, presumably due to the differing stabilities of
the templating cations. As the piperazinium-ring based di-cation
in each structure becomes increasing methylated its effect on
slowing the degradation process becomes reduced; as observed
in the shift in remaining mass of each compound in temperature
range 290-320 °C. This is reflected in the temperature at which
maximum mass change occurs in each profile; with structure V
indicating a maximum mass loss rate of —1.90 mg min~" at
325 °C, —2.0 mg min~" at 310 °C for structure VI and —1.65
mg min~" at 285 °C for structures VII/VIII/IX.

Analysis of isostructural compounds X and XI shows a dis-
tinct effect of changing of metal within the hybrid material
composition (ESI - Fig. S47T). For structure X, other than a
minor mass loss at 185 °C, likely to derive from the 10%
impurity phase of organic iodide, the thermal profile shows a
stable mass to approximately 225 °C. In comparison, the equi-
valent bismuth compound, XI, demonstrates a much increased
thermal stability over its counterpart, to around 280 °C. Each
structure undergoes a continuous one-step degradation
process, however, antimony-based structure X showed an
increased rate of degradation with a max rate of change of
mass of —2.30 mg min~" occurring at 340 °C, compared to
-1.65 mg min~" at 385 °C for structure XI. As a result, a
residue metal mass was left for structure X from temperature
range 350-400 °C whereas, for structure XI a residue mass
remained at 400 °C with a much slowed rate of mass change
still occurring, as the full decomposition pathway was incom-
plete at this temperature.

Finally, thermogravimetric analysis was carried out on
DABCOH, di-cation templated materials compound XII and a

3480 | Dalton Trans., 2018, 47, 3469-3484

View Article Online

Dalton Transactions

mixed phase of iodobismuthate compounds XII/XIV (ESI -
Fig. S5T). Iodoantimonate structure XII undergoes a distinct
3-step degradation process. The first and shortest step occurs
at temperature range 205-230 °C; with a max dTG of —1.25
mg min~' at 215 °C. The second at temperature range
230-280 °C; with a max dTG of —1.25 mg min~" at 265 °C. The
third and longest step occurs at temperature range
280-350 °C; with the highest dTG in the thermal profile of
-2.15 mg min~ " peaking at 315 °C. A low temperature de-
hydration step is not observed for the material which may be
attributed to the fact that the water sites are encapsulated
within a zero-dimensional anionic sublattice with no open
channels for rapid dehydration to occur. From 350 °C to Tiax
an expected ~1 mg metal residue mass remains. The TGA
trace of the mixed phase of iodobismuthate hybrid structures
XIII and XIV shows a stable thermal profile up to approxi-
mately 260 °C. From 260-400 °C degradation of the materials
occurs, initially at a slow rate followed by a rapid increase to a
max dTG of —2.15 mg min~" peaking at 315 °C. Degradation of
the materials then slows but continues up to T, at which a
still slowly degrading residual bismuth metal mass remains.

Optical absorption measurements

Optical absorption spectra (250-800 nm) were collected for
Compounds I-XIV (ESI Fig. S6-S107}). Analysis of isostructural
compounds I and II (ESI - Fig. S61) shows absorbance in the
ultraviolet and visible region with increasing intensity up to
the absorption edge onsets at 485 nm and 540 nm respectively.
An additional absorption peak feature is observed within the
ultraviolet region at 320 nm for structure I. Assuming a direct
band gap for these materials gives E, values of 2.13 eV and
2.05 eV; a change of —0.08 eV as a result of changing antimony
to bismuth.

Similarly, analysis of 4-methylmorpholium containing com-
pounds HI and IV (ESI - Fig. S7f) shows strong absorbance
across the ultraviolet and visible regions up to the absorption
edge onsets at 460 nm and 515 nm in turn. Changing the
metal from antimony to bismuth and metal iodide anionic
moiety from [Mgl,,] to [Myl;6] results in a reduction in the esti-
mated E, values (assuming a direct band gap) by 0.22 eV from
2.28 eV to 2.06 eV.

The piperazinium-based structures V-IX (ESI - Fig. S8%)
shows strong absorbance across the ultraviolet and visible
regions up to absorption onsets at 480 nm, for both com-
pounds V and VI, and at 500 nm for the mixed phase sample
of structures VII-IX. As for the equivalent iodobismuthate
materials studied previously, additional absorption peak fea-
tures can be observed in the spectra for structure V (at 285 nm
and 355 nm) and structure VI (at 290 nm and 360 nm).
Features akin to this can also be observed at similar wave-
lengths in the spectrum obtained from the mixed phase
sample (containing compounds VII-IX), although the strength
of absorption is suppressed and seen as broad peaks. The esti-
mated band gap energy reduces by 0.05 eV for the series of
compounds V = VI — VII/VIII/IX from 2.22 eV — 2.17 eV —
2.12 eV respectively. As the templating piperazinium-ring dica-
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tion becomes increasingly methylated there is an increase in
the connectivity of the anionic sublattice, through weak I.--I
interactions, as the average [Sbl,], —[SbL],” interchain dis-
tances reduce. This is likely to be the origin of the slightly
reduced band gap across this series.

Isostructural compounds X and XI show absorption in the
ultraviolet and visible regions with increasing absorption
strength towards their respective absorption edge onsets at
470 nm and 525 nm. Both structures exhibit an identical dual
pointed absorption feature (at 270 nm and 275 nm) in the
ultraviolet region. An additional absorption peak can be seen
at 675 nm in both spectra beyond after the main absorption
edge. The commonality of this feature to both compounds X
and XI suggests it can be attributed to an electronic transition
occurring locally on the conjugated 2-methylbenzimidazolium
cation, a component present in both the isostructural com-
pounds. Band gap estimates from the Tauc plot show a large
shift of 0.3 eV between the two 2-methylbenzimidazolium tem-
plated structures; with respective E, values of 2.33 eV for anti-
mony based structure X and 2.03 eV for bismuth based struc-
ture XI.

UV-vis spectra were also collected for the DABCOH, di-
cation templated hybrid materials. The iodoantimonate com-
pound XII shows an absorption edge onset at 515 nm; com-
pared to an approximate absorption edge of 520 nm for mixed
phase of compounds XIII/XIV. Additional absorption features
are observed in all the spectra at 375 nm and 480 nm. Band
gap estimates for these materials from the Tauc plot indicates
E, values of 2.20 eV (XII) and 2.14 eV (mixture XIII/XIV).

Hybrid structure connectivity — band gap relationship

The changes in the absorption edge onset, and derived bang
gap, in these materials can be to some degree rationalised in
terms of the structures and, specifically, the weak interactions
that exist between the inorganic anions. Structural features
that might control the band gap include the dimensionality of
the inorganic anionic unit (0D for discrete anions or clusters
through 1D chains, 2D sheets and 3D (in, for example, vertex
linked perovskite structures)) and weak I---I interactions
between the anionic units. In this work and our previous work
the majority of the materials contain either 0D or 1D inorganic
units which limits any analysis in terms of structure dimen-
sionality alone (or the related I/M ratio).

We, therefore, analysed the variation in band gap values of
the (pure phase) compounds versus the average I---1 interaction
distances between the 0D or 1D anionic components of the
hybrid structures. This relationship is shown in Fig. 12 for the
structures described in this paper alongside materials from
our previous publication covering piperazinium ring based
hybrid bismuth structures; see ref. 49.

A degree of correlation is observed with dimensionality in
that 1D structures tend to have a smaller band gap than 0D;
this is similar to the trends seen for lead halide systems which
span a much larger dimensionality range.*®>*

There is also a tendency towards a reduction in the band
gap energy associated with a reduction in the average I.--I

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 Effect of connectivity and dimensionality of the hybrid material
anionic component, as measured through the length of weak I--1 inter-
actions, on band gap energy.

interaction distance. This average I---I interaction distance can
be taken as a measure of the degree and strength of connec-
tivity between the anionic “network” elements of each struc-
ture. Overall smaller band gaps in hybrid bismuth and anti-
mony iodides can be associated with both increased inorganic
anion dimensionality and reduced distances between these
units.

Conclusions

In summary, five new iodobismuthate and nine new iodoanti-
monate hybrid materials have been synthesised and structu-
rally characterised. Templated by cationic 1,3-dimethyl-2-oxo-
2,3-dihydropyrimidium, 4-methylmorpholium, 1,4-dipiper-
azinium, 1-methyl-1,4-dipiperazinium, 1,4-dimethyl-1,4-di-
piperazinium, 1-ethyl-2-methylbenzimidazolium and 1,4-diaza-
bicyclo[2.2.2]octan-diium ions the hybrid structures contain a
number of structural anionic motifs including [M1,],,”(M = Sb,
Bi), [ML;6]*"(M = Sb, Bi), [Sbel,,]*", and a previously unseen
motif of mixed [Bi,I;0]*~ and [Bils]*~ units exhibited in struc-
ture XIII. Also, novel in situ alkylation reaction mechanisms, as
demonstrated in the hydrothermal synthesis of structures I, II,
X and XI, was found to be valuable and could be further uti-
lised in this area to explore the creation of other new templat-
ing species to yield more hybrid materials.

Thermal analysis of the materials indicated the point of
onset of major degradation of each hybrid material (or mixed
phase) to occur in the range of 175-280 °C; with the iodobis-
muthate structures exhibiting increased thermal stability over
their iodoantimonate counterparts. Band gap estimates for the
structures were determined to range from 2.03-2.33 eV; with
an expected decrease in band gap energy for isomorphic
materials (I — II, X — XI) measured transitioning from anti-
mony-iodide to bismuth-iodide based structures. Although
these values are too high to be considered to compete in
single junction cell architecture designs their applicability for
tandem cell architectures could be considered.
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Work to isolate crystals from the mixed phases for further
analysis is underway; with a particular interest in comparing
the 1,4-dimethyl-1,4-dipiperazinium templated polymorphic
structures (VII and VIII) to observe the effect of structural
change on the physical properties of the hybrid materials. The
structures described here work towards building a deeper
understanding of an expanding field of alternative hybrid
materials in the areas of iodoantimonate and iodobismuthate
chemistry. If low band gap materials (E, ~ 1.5 eV) suitable for
solar cell absorber layers are to be found then it is likely that
new materials with 2D, and ideally 3D, connectivity will be
targets. However materials with lower structural dimensional-
ity (0D or 1D) but short I---I interactions between inorganic
units should also be of interest — particularly for applications
that require larger band gaps between 1.8 and 2.5 eV.

Crystallographic data
Crystal data for I

Ce¢HoN,OSbl,, M = 754.52, monoclinic, space group P2,/c, a =
10.5506(4), b = 7.6299(3), ¢ = 19.9962(7) A, f = 95.336(3)°, V =
1600.63(10) A%, Z = 4, crystal size: 0.305 x 0.080 x 0.034 mm,
T = 149.9(4) K, peale = 3.131 g em™>, x4 = 9.418 mm™", 4798
reflections (4798 unique reflections), 127 parameters, 0
restraints, R, (all data) = 0.0616, wR, (all data) = 0.0768, GooF =
1.048, further details available from CCDC entry 1580940.F

Crystal data for II

C¢HoN,OBil,, M = 841.75, monoclinic, space group P2,/c, a =
10.6424(3), b = 7.6380(2), ¢ = 20.0271(5) A, = 94.986(2)°, V =
1621.78(7) A%, Z = 4, crystal size: 0.493 x 0.134 x 0.097 mm, T =
150.2(10) K, peare = 3.447 g cm ™, 4 = 18.465 mm™ ', 5140 reflec-
tions (5140 unique reflections), 128 parameters, 0 restraints,
R, (all data) = 0.0454, wR, (all data) = 0.0740, GooF = 1.122,
further details available from CCDC entry 1580941.}

Crystal data for III

Cy0H4sN,0,4Sbgl,,, M = 3931.02, triclinic, space group P1, a =
11.3253(7), b = 13.0042(7), ¢ = 15.2847(7) A, a = 69.645(4)°, § =
69.877(5)°, 7 = 64.496(6)°, V = 1853.97(17) A®, Z = 2, crystal size:
0.376 x 0.235 x 0.175 mm, T = 150.01(10) K, pea = 3.521
g em™) g = 11.340 mm™, 11292 reflections (11292 unique
reflections), 254 parameters, 0 restraints, R, (all data) = 0.0488,
WR,(all data) = 0.0633, GooF = 1.044, further details available
from CCDC entry 1580942.F

Crystal data for IV

C,0H4N,O,Bislis, M = 3275.02, orthorhombic, space group
Pbca, a = 12.7627(3), b = 20.7207(6), ¢ = 22.7427(6) A, V =
6014.35(3) A, Z = 4, crystal size: 0.248 x 0.222 x 0.144 mm, T =
150.01(10) K, peale = 3.617 g em™, 4 = 19.909 mm™, 9856
reflections (9856 unique reflections), 218 parameters, 0
restraints, R, (all data) = 0.0416, wR, (all data) = 0.0483, GooF =
1.107, further details available from CCDC entry 1580943.+
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Crystal data for V

C4H,0N,0,Sb,lg, M = 1418.95, monoclinic, space group P24/c,
a = 7.3391(2), b = 13.0022(5), ¢ = 13.8121(4) A, g = 94.550(3)°,
V =1313.86(7) A%, Z = 4, crystal size: 0.382 x 0.121 x 0.082 mm,
T = 150.00(10) K, peate = 3.587 g cm™>, 4 = 11.464 mm™ ", 4084
reflections (4084 unique reflections), 91 parameters, 0
restraints, R, (all data) = 0.0359, wR, (all data) = 0.0470, GooF =
1.023, further details available from CCDC entry 1580944.

Crystal data for VI

CsH,0N,05Sb,ls, M = 1414.96, monoclinic, space group P24/c,
a=7.5306(2), b = 12.9539(4), ¢ = 13.6147(4) A, = 96.086(3)°, V =
1320.64(7) A®, Z = 4, crystal size: 0.346 x 0.0.215 x 0.137 mm, T =
150.01(10) K, peate = 3.556 g cm™>, ¢ = 11.401 mm™", 4034 reflec-
tions (4034 unique reflections), 110 parameters, 0 restraints,
R, (all data) = 0.0472, wR, (all data) = 0.0711, GooF = 1.036,
further details available from CCDC entry 1580945.7F

Crystal data for VII

CeH,0N»,0,Sb,Is, M = 1410.97, monoclinic, space group P24/c,
a = 7.7213(2), b = 12.8027(3), ¢ = 13.4527(3) A, g = 97.377(2)°,
V =1318.84(5) A, Z = 4, crystal size: 0.280 x 0.218 x 0.179 mm,
T =149.99(10) K, pearc = 3.553 g cm >, 4 = 11.414 mm™", 3513
reflections (3513 unique reflections), 92 parameters, 0
restraints, R, (all data) = 0.0328, wR, (all data) = 0.0563, GOOF =
1.061, further details available from CCDC entry 1580946.F

Crystal data for VIII

CeH,0N,,0,Sb,Ig, M = 1410.97, monoclinic, space group P24/c,
a = 7.5751(2), b = 12.1020(3), ¢ = 14.5071(4) A, # = 92.630(3)°,
Vv =1328.52(6) A%, Z = 2, crystal size: 0.447 x 0.199 x 0.165 mm,
T = 150.00(10) K, peate = 3.527 g ecm™>, 4 = 11.331 mm™ ", 4088
reflections (4088 unique reflections), 97 parameters, 0
restraints, R, (all data) = 0.0367, wR, (all data) = 0.0522, GooF =
1.131, further details available from CCDC entry 1580947.

Crystal data for IX

C1,H,0N,0,Sby16, M = 2769.79, monoclinic, space group P24/n,
a = 11.5391(3), b = 11.8717(4), ¢ = 19.1648(5) A, 8 = 93.705(3)°,
V =2619.87(13) A%, Z = 4, crystal size: 0.293 x 0.242 x 0.193 mm,
T = 150.00(10) K, peae = 3.531 g cm™>, g = 11.486 mm ™", 8103
reflections (8103 unique reflections), 178 parameters, 0
restraints, R; (all data) = 0.0472, wR, (all data) = 0.0578, GooF =
1.090, further details available from CCDC entry 1580948.F

Crystal data for X

C;0H13N,Sbl,, M = 790.58, monoclinic, space group P2,/n, a =
7.5877(3), b = 17.7055(8), ¢ = 13.2578(6) A, /8 = 94.309(4)°, V =
1776.07(13) A%, Z = 4, crystal size: 0.398 x 0.175 x 0.090 mm,
T = 149.95(13) K, pealc = 2.957 ¢ cm™, 4 = 8.489 mm™*, 3104
reflections (3104 unique reflections), 266 parameters, 272
restraints, R, (all data) = 0.0760, wR, (all data) = 0.0927, GooF =
1.197, further details available from CCDC entry 1580949.F

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7dt04280a

Open Access Article. Published on 02 February 2018. Downloaded on 7/31/2025 7:34:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

Crystal data for XI

Ci10H13N,Bily, M = 877.81, monoclinic, space group C2/c, a =
13.3133(4), b = 17.7312(4), ¢ = 7.6344(2) A, f§ = 93.450(2)°, V =
1798.92(8) A%, Z = 4, crystal size: 0.143 x 0.120 x 0.0.079 mm,
T = 150.00(10) K, peac = 3.237 g ecm™>, x4 = 16.650 mm ",
2049 reflections (2049 unique reflections), 123 parameters,
96 restraints, R; (all data) = 0.0214, wR, (all data) = 0.0435,
GooF = 1.083, further details available from CCDC entry
1580950.F

Crystal data for XII

C1,H3,N,0,8b,1,6, M = 2781.88, triclinic, space group P1, a =
10.8634(3), b = 10.8965(3), ¢ = 11.2911(3) A, a = 91.999(2)°, f =
109.691(2)°, y = 95.086(2)°, V = 1250.46(6) A%, Z = 1, crystal size:
0.392 x 0.325 x 0.324 mm, T = 150.0(2) K, pealc = 3.694 g cm >,
4 = 12.033 mm™', 7862 reflections (4290 unique reflections),
178 parameters, 0 restraints, R; (all data) = 0.0314, wR, (all
data) = 0.0602, GooF = 1.181, further details available from
CCDC entry 1580951.F

Crystal data for XIII

CeoH156N2008Biglyy, M = 8541.66, orthorhombic, space group
Pbam, a = 31.9562(6), b = 15.8622(4), ¢ = 8.6164(2) A, V =
4367.62(17) A%, Z = 8, crystal size: 0.363 x 0.100 x 0.0.077 mm,
T = 150.00(10) K, peatc = 3.247 g cm™>, 4 = 15.843 mm™ ', 7058
reflections (7058 unique reflections), 192 parameters, 0
restraints, R, (all data) = 0.0480, wR, (all data) = 0.0699, GooF =
1.164, further details available from CCDC entry 1580952.F

Crystal data for XIV

C1,H;3,N,0,Bi 146, M = 3130.03, monoclinic, space group P2,/c,
a =11.0086(3), b = 15.4751(3), ¢ = 15.3455(4) A, f = 103.001(2)°,
V = 2547.23(11) A®, Z = 2, crystal size: 0.312 x 0.295 x
0.0.215 mm, T = 150.00(10) K, pegc = 4.082 g cm™, u =
23.491 mm™', 7829 reflections (7829 unique reflections), 178
parameters, 0 restraints, R, (all data) = 0.0474, wR, (all data) =
0.0666, GooF = 1.042, further details available from CCDC

entry 1580953.

Single crystal X-ray diffraction data collection instrumentation

Single crystal data for structures I-X and XII-XIV were collected
on an Agilent Xcalibur four-circle diffractometer equipped
with a fine-focus (Moy,) X-ray source and EosS2 CCD plate
detector. Single crystal data for structure XI was collected on
an Agilent SuperNova Dual four-circle diffractometer equipped
with dual fine-focus (Mo, and Cuy,) X-ray sources and EosS2
CCD plate detector.
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