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Herein, we present two benzobisimidazole-based 3D open
coordination framework structures. Single-crystal X-ray
analyses reveal that the title compounds [Zn(H,-BBIM)-
(SO,4)]'DMSO (1) (H,-BBIM = benzobisimidazole; DMSO =
dimethyl sulfoxide) and [Co(H,-BBIM)(SO,4)(DMSO)y5] (2)
possess two different framework structures, although both of
them have been synthesized under similar conditions. Com-
pounds 1 and 2 exhibit cubic diamondoid and tetragonal
CrB, topological nets, respectively, in which the four-con-

Introduction

Three-dimensional (3D) metal-organic polymers are of
intense current interest because of their interesting physical
properties, such as optical,l'! magnetic,””! and electronic
properties,? as well as their various possible applications
in catalysis,l ion exchange,®! gas storage,[! separation,”]
sensing,®! polymerization, and drug delivery.l'”! Given the
wide variety of potential applications, successful synthetic
strategies have been developed over the last few decades to
meet the increasing global demand for this unique class of
modular porous materials. By employing an isoreticular ap-
proach, the topological networks of some inorganic dense
materials can be decorated or expanded!'!! to modulate the
framework pores and functionalize the pore walls. In gene-
ral, rigid metal-organic coordination units, which are re-
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nected tetrahedral {MN,O,} (M = Zn, Co) coordination units
are located at the vertices and the edges are occupied by Hj-
BBIM ligands and sulfate anions. Only tetracoordination is
observed in 1, whereas both tetra- and pentacoordination is
present in 2. The phase purity of the compounds was ascer-
tained by X-ray powder diffraction (XRPD) analysis, infrared
spectroscopy, and elemental analysis. Variable-temperature
XRPD analysis indicated that 1 and 2 are stable up to 90 and
140 °C, respectively.

ferred to as secondary building units (SBUs)!!!&116-12] apd
have particular coordination configurations, are copolymer-
ized with polytopic organic linkers with specific coordina-
tion modes in such a stereochemically predefined manner
that the chemical and geometrical characteristics of both
the SBUs and linkers are transferred to the resulting frame-
works, which are effectively rigid and lack interpen-
etration.l'3] The SBUs are judiciously selected from the exi-
sting database of discrete, low-molecular-weight coordina-
tion compounds. Basic metal carboxylates such as tri- and
tetranuclear oxo-centered metal carboxylates, the latter of
which serve as octahedral nodes, have been efficiently em-
ployed in the syntheses of well-known MIL-n (MIL =
Matérial Institute Lavoisier)l'¥ and MOF-n (MOF =
metal-organic framework)!!'a-110:151 families of isoreticular
frameworks, respectively. Dinuclear paddlewheel carboxyl-
ates have also been used as square nodes for the construc-
tion of several MOF frameworks.['® On the basis of their
occurrence in the Cambridge Structural Database
(CSD),l'7] it has been proposed!!'®!1®-18] and in fact ob-
served that only a few tens of highly symmetric and regular
nets (“default nets”)[!” are expected to predominate over
several hundreds of possible framework structures when a
symmetric molecular building unit is assembled with a po-
lydentate organic linker.

Porous zeolites are extensively used in petroleum crack-
ing, ion exchange for water softening and purification, and
separation of gases.’”! Zeolite structures are composed of
tetrahedral {Si(Al)O4} units covalently connected by bridg-
ing O atoms to generate more than 150 different types of



frameworks.?!! The incorporation of organic units such as
imidazolates (IM) and transition-metal ions (especially tet-
racoordinate) into the zeolite frameworks has allowed us to
expand their pore structures, enhance their functionality,
and achieve new applications.”?! The resulting open frame-
works with zeolite-like topologies (hence termed zeolitic
imidazolate frameworks, or ZIFs)230230.23}.23k.23m] - g}y oy
many similarities with zeolites and can be used as porous
materials for a variety of applications because of their ex-
ceptional thermal and chemical stability. The frameworks
of most ZIF compounds bear tetrahedral {MN,} (“M” and
“N” denote transition-metal atoms and N atoms of the
imidazolate linkers, respectively) units at the vertices and
the imidazolate ligands at the edges. The M (specifically
Zn!?3) or Col?3d:230.23h.231.230.241) atoms and the IM linkers
have been purposely chosen to replace the T atoms (tetrahe-
dral linkers such as Si, Al, and P) and the oxide bridges in
zeolites, respectively, based on the fact that the M—IM-M
angle is nearly 145° and that it is coincident with the Si-O-
Si angle favored in many zeolites.

Most of the known MOFs have been synthesized using
multidentate aryl-carboxylate ligands.['':!4161 There are
very few examples of MOFs that contain exclusively N-do-
nor ligands such as 4,4'-bipyridines,[3% 1,2,3-triazolates,[!
1,2,4-triazolates,l*?! pyrazolates,*3! or tetrazolates.*¥ The
present study features the use of benzobisimidazole, which,
to date, has rarely® been used to construct metal coordi-
nation polymers, although imidazole and its deriva-
tives>>?4 have been extensively used to erect ZIF-type
frameworks. In this article, we report on the syntheses, crys-
tal structures, and thermal and spectroscopic properties of
two benzobisimidazole-based Zn™' and Co! coordination
polymers.

Results and Discussion

Syntheses and Characterization

[Zn(H,-BBIM)(SO,4)]:DMSO (1) (H,-BBIM = benzobis-
imidazole; DMSO = dimethyl sulfoxide) was initially ob-
tained from the solvothermal reaction of Zn(NOs),*4H,O
and H,-BBIM in DMSO (H,-BBIM = benzobisimidazole;
DMSO = dimethyl sulfoxide) at 120 °C for three days. Sulf-
ate anions were generated in situ owing to the oxidation of
DMSO by nitrate anions. Inspired by this observation, a
more rational approach to synthesize 1 has been developed
starting from the theoretical stoichiometric ratio (1:1) of
H,-BBIM and ZnSO47H,0 instead of Zn(NOj3),-4H,O.
However, the attempts to synthesize a putative isostructural
Co™ compound using CoSO47H,O by the solvothermal
method under similar conditions (140 °C, 24 h) resulted in
[Co(H,-BBIM)(SO4)/(DMSO), 5] (2), which has a com-
pletely different framework topology compared to 1. Both
compounds are stable in air under ambient conditions.
They are insoluble in water and common organic solvents
including N,N’-dimethylformamide (DMF) and DMSO.
The syntheses of 1 and 2 are summarized in Scheme 1.

DMSO [Zn(Hy-BBIM)(SO,)-DMSO (1) + 7 H,0
MSO,-7H,0 + Hy-BBIM o—<::
Mi=zn 1 Coz 07019 Ns[Co(H,BBIM)SO,)DMSO)os] (2) + 7 H0

Scheme 1. Reaction scheme for the preparations of the two com-
pounds demonstrated in this work.

The FTIR spectra of 1 and 2 (Figures S1 and S2 in the
Supporting Information) display strong absorption bands
at approximately 1120 cm!, which are attributed to the
asymmetric stretching vibration (vs;) of the coordinating
sulfate anions.*®! The absorption bands for the S—O stretch-
ing vibration of DMSO molecules are probably overlapping
with the v; vibration of the sulfate anion in the region
1030-1120 cm 1.7

The solid-state UV/Vis spectrum of 2 (Figure 1) exhibits
two strong absorption bands due to the spin-allowed d—d
transitions of tetrahedrally coordinated Co™ ions.*¥! The
relatively stronger absorption band at 580 nm is attributed
to the transition from *A,, to *“T;, (P) (v3), whereas the
strong, broad absorption band in the region of 880-
1100 nm is assigned to the transition from *A,, to *T;, (F)
(v). The absorption shoulder at 480 nm is indicative of the
fact that the expectedly much weaker absorption bands of
square-pyramidally coordinated Co'' ions are overlapped
with the much stronger absorption bands of tetrahedrally
coordinated Co'" ions.
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Figure 1. (a) UV/Vis diffuse reflectance spectrum of 2.

Structural Description

As depicted in Scheme 2, the two coordination polymers
1 and 2 have been constructed using {MN,O,} (M = Zn,
Co; “N” and “O” represent the coordinating nitrogen and
oxygen atoms of the H,-BBIM ligands and sulfate anions,
respectively) building units that resemble the tetrahedral
units commonly found in zeolite frameworks. Although
both of them are generated under similar solvothermal re-
action conditions using DMSO as template, their crystal
structures exhibit two different network types, each of
which contains p,-benzobisimidazole and p,-sulfate brid-
ges. Among the several edge-transitive!!'*!° nets with tetra-
hedral vertices, the cubic diamondoid (dia)!**! network of 1



is the most regular and predominant,?! and thus the de-
fault net for tetrahedral coordination. The structure of 2,
which is based on a tetragonal net often referred to as
CrB,[''271 (crb), the basis for the aluminosilicate frame-
work in the monoclinic form of CaAl,Si,Og,*! is a non-
default structure for tetrahedral building blocks and has ra-
rely beenl?30:231:231.24¢.272.29] ghserved in metal-organic and
inorganic polymers. The formation of two different network
types obtained by varying the metal(II) ions is attributed to
the DMSO molecules (non-coordinating in 1, but coordi-
nating in 2), which create different metal coordination envi-
ronments (only tetracoordination in 1, whereas both tetra-
and pentacoordination exist in 2 in 1:1 proportions) and
crystal-packing arrangements.

Scheme 2. Construction principles of the (¢) diamondoid and (d)
CrB, frameworks of 1 and 2, respectively, comprising tetrahedral
{MN,0,} (M = Zn or Co) units (a), linked by (b) benzobisimida-
zole linkers and sulfate anions. Color codes are M, S: black; C, O:
gray; N: white.

X-ray crystallographic analyses reveal that 1 crystallizes
in the monoclinic space group P2,/n, whereas 2 crystallizes
in the orthorhombic space group P2,2,2,. The crystal struc-
tures of 1 and 2 are shown in Figures 2 and 3, respectively.

Figure 2. (a) Ball-and-stick representation showing the coordina-
tion environment around Zn'' ions in 1 (only the major part of
the disordered SO, tetrahedron is shown). (b) Wire representation
(except the Zn atoms, which are displayed as pink spheres) of the
3D framework of 1 viewed along the b axis. (c¢) Simplified represen-
tation of the 3D diamondoid topological net (point symbol: 6°) of
1 obtained by replacing the H,-BBIM ligands and sulfate anions
with magenta sticks. The portion of the net (highlighted in red)
represents the natural tiling of the diamondoid net. For clarity,
hydrogen atoms and occluded DMSO molecules are omitted from
all structural plots.

Figure 3. (a) Ball-and-stick representation displaying the square-
pyramidal coordination environment around the Co'! ion in 2. (b)
Wire representation (except the Co atoms, which are displayed as
blue spheres) of the 3D framework of 2 projected along the ¢ axis;
(c) Simplified representation of the CrB,4 net (point symbol: 4:6°)
of 2 obtained by replacing the H,-BBIM ligands and sulfate anions
with magenta sticks. Hydrogen atoms are omitted from all the
structural drawings for clarity. For the same reason, the coordinat-
ing DMSO molecules that point towards the octagonal spindle-like
cavities are also omitted from the plot (b).

The local coordination geometry around the Zn" ions in
1 can be described as a distorted tetrahedron (Figure 2, a).
Each Zn'" ion is coordinated by two different H,-BBIM li-
gands through their N-donor atoms, and two dissimilar
sulfate anions by means of their O-donor atoms. The O
atoms of the crystallographically unique sulfate anion are
disordered over two sets of sites in a 0.718(6):0.282(6) ratio.
Similarly, each distorted-tetrahedral sulfate anion is coordi-
nated by two Zn'! ions. Thus, each Zn' ion is connected by
four adjacent Zn'' ions through p,-benzobisimidazole and
Hr-sulfate bridges to result in a 3D polymeric framework
structure (Figure 2, b). The 3D framework of 1 can be
represented as a non-interpenetrating cubic diamondoid net
(Figure 2, ¢) (with a point symbol of 6°), in which the 4-
connected, tetrahedral {ZnN,O,} building units reside at
the vertices, and the edges are occupied by both H,-BBIM
ligands and sulfate anions. The packing of 1 along the crys-
tallographic b axis displays irregular edge-sharing hexago-
nal cavities. The smaller (5.50 A) and the larger (8.59—
8.92 A) edges (i.e., intermetallic distances) of the hexagons
are created owing to the cross-linking of the adjacent Zn'!
ion by the sulfate anions and H,-BBIM ligands, respec-
tively. Void estimation with the PLATON program{**! using
the single-crystal X-ray diffraction data of 1 reveals that the
total potentially accessible void volume is 552 A3 if the
guest DMSO molecules are not considered. This amounts
to 36% of the unit-cell volume (1516.5 A3). Under ambient
conditions, these void regions of the framework are filled
with one ordered DMSO molecule per formula unit, in ac-
cordance with the thermogravimetric analysis (TGA) and
elemental analysis. If the H,-BBIM ligands and sulfate
anions are not considered, the Zn-Zn-Zn angles in 1 range
from 74.08 to 139.74° and deviate significantly from 109.45°
expected for an idealized diamondoid network. The two
types of Zn—N distances [1.975(4) and 1.997(4) A] (Table 1)
observed in 1 are in the range (1.98-2.08 A) of distances
reported previously for a huge variety of ZIFs that contain
tetrahedrally coordinated Zn'' ions.[?3]

It is worth mentioning that the linking of tetrahedral
nodes with linear spacers is expected to generate one of
the two equienergetic 3D nets, namely, cubic and hexagonal



Table 1. Selected bond lengths [A] and angles [°] of 1.[%

Zn(1)-N(1) 1.9974)  Zn(1)-O(1B) 2.001(10)
Zn(1) NQ3) 19754)  Zn(1) O@dA#1 1.880(5)
Zn(1)-O(1A) 20085  Zn(1)-O@4B)#1 2.063(8)
N@3)-Zn(1)-N(1) 106.40(15)  O(1B) Zn(1) O@4A#1  126.8(3)
N(3)-Zn(1)-O(1B) 89.1(3) O(1A) Zn(1)-O@A)#1  84.0(3)
N(1)Zn(1)-O(1B)  92.2(3) N(3)-Zn(1)-O@B)#1 107.3(3)
NG)-Zn(1)-O(1A)  106.71(19) N(1)-Zn(1) O@B#1  99.53)
N(1)-Zn(1)-O(1A)  12246(16) O(1B) Zn(1) O@B)#1  155.9(4)
NG)-Zn(1) O@A)#1  118.58(17) O(1A) Zn(1) O@B)#1  113.53)
N(1)-Zn(1) O@A)#1  117.8(2)

[a] Symmetry operator used to create equivalent atoms: #1: —x +
1/2, y — 1/2, —z + 1/2. A and B refer to the disordered parts of the
sulfate tetrahedra.

diamondoid or lonsdaleite (lon) architectures. Metal coor-
dination structures with hexagonal diamondoid topology
are rare.[*) However, the cubic diamondoid topology is pre-
dominant with tetrahedral nodes. Since the pioneering work
of Ermer et al. on hydrogen-bonded networks of adamant-
ane-1,3,5,7-tetracarboxylic acid and methane tetraacetic
acid,™!l a variety of compounds with interpenetrating and
non-interpenetrating organic, metal-organic, and inorganic
cubic diamondoid-like structures have been successfully
prepared by connecting the tetrahedral nodes.?®!

Despite having a significant amount of pore volume as
revealed from the void analysis, our repeated attempts to
prove the permanent porosity of 1 have remained as yet
unsuccessful. It was impossible to remove the solvent
DMSO molecules completely from the pores of the as-syn-
thesized samples of 1, even after several solvent-exchange
experiments (description of the guest-exchange studies are
given in the Supporting Information) followed by heat
treatment (at 323 K for 24 h under high vacuum). More-
over, the framework of 1 collapses after the exchange stud-
ies, as evident from the XRPD patterns (Figure S10 in the
Supporting Information) of the corresponding samples. The
destruction of the coordination network after removal of
the guest molecules from its cavities has been previously
observed in a wide variety of coordination frameworks that
comprise single metal ions at the vertices and 4.,4'-bipyr-
idine at the links.?°¢42! The relative lack of directionality of
a single Zn" ion situated at the vertex of the net as well as
the flexibility of the sulfate ions (which are less rigid than
the H,BBIM linkers) probably account for the structural
collapse of the framework of 1.

The structure of compound 2 adopts a completely dif-
ferent framework type than that of 1. The network of 2
contains both tetra- and pentacoordinate Co'! ions, which
are present in 1:1 proportions. The tetracoordinated Co™
ions reside in a distorted-tetrahedral environment; they are
coordinated by two different H,-BBIM ligands through
their N-donor atoms and two distinct sulfate anions
through their O-donor atoms. Therefore, the tetrahedrally
coordinated metal(II) ions in both 1 and 2 have similar co-
ordination geometries. The pentacoordinate Co'! ions in 2
are located in a square-pyramidal coordination environ-
ment (Figure 3, a) and are additionally connected by the O
atom of a DMSO molecule. Each of the distorted sulfate

anions is coordinated to a pair of Co' ions. Analogous to
the framework of 1, each Co™ ion is connected with four
neighboring Co™! ions through p,-benzobisimidazole and
po-sulfate bridges to result in a 3D polymeric network struc-
ture (Figure 3, b). The framework of 2 resembles the struc-
ture of the aluminosilicate CaAl,Si,Og3 with a CrB, to-
pology (Figure 3, ¢) in which the 4-connected {CoN,O,}
nodes reside at the vertices, and the edges are occupied by
both H,-BBIM ligands and sulfate anions. If the coordinat-
ing DMSO molecules are not considered, an inspection of
the framework along the crystallographic ¢ axis reveals the
presence of tetragonal and octagonal spindle-shaped cavi-
ties, with both of the resulting polygons being irregular. The
DMSO molecules project towards the spindle-like cavities.
Each of the octagons shares its smaller (5.56-5.66 A) and
larger (8.77-9.12 A) edges with four other octagons and
four tetragons, respectively. Similarly, every tetragon is con-
nected by four octagons through the longer edges of the
latter. The two pairs of opposite vertices of the octagons
are connected in a twisted manner with the four vertices of
the tetragons, thereby creating irregular edge-sharing boat-
shaped hexagons between them. The 4-connected CrB, net
of 2 has the point symbol (Figure S3 in the Supporting In-
formation) of 4:6°. Void estimation with the PLATON pro-
gramP using the single-crystal X-ray diffraction data of 2
shows that the total potentially accessible void volume is
972 A3, which is 17% of the unit-cell volume (5744.0 A3).
These values indicate that 2 possesses an almost nonporous
framework, which is further confirmed by the N, sorption
studies that exhibit no significant uptake of N, at 77 K by
a heat-treated (at 373 K for 24 h under high vacuum) sam-
ple of 2. The Co—N distances (Table 2) for the tetrahedrally

Table 2. Selected bond lengths [A] and angles [°] of 2.1

Co(1)-N(11) 2.088(10)  Co(3)-N(7)#2 1.953(11)
Co(1)-N(1) 2.1049)  Co(3)-N(15) 1.955(10)
Co(1)-O(1) 2039(7)  Co(3)-0(9) 1.916(9)
Co(1)-O(14)#1 2.046(7)  Co(3)-0(6) 1.982(7)
Co(1)-O(17) 2.0878)  Co(4)-O(13) 1.922(8)
Co(2)-N(5) 2.06309)  Co(4)-0(10) 1.959(7)
Co(2)-N(3) 2.089(11)  Co(4)-N(9) 2.003(9)
Co(2)-0(2) 2.058(8)  Co(4)-N(13) 2.011(11)
Co(2)-0(18) 2.058(8)

Co(2)-0(5) 2.129(8)

N(11)-Co(1)-N(1) 102.8(4)  OQ2)-Co2-N@3)  95.9(4)
O(1)-Co(1)-O(14y#1  1654(4)  0O(2)-Co(2)-0(18)  90.1(3)
O(1)-Co(1)-O(17) 88.03)  O(2)-Co(2)-N(5) 86.1(4)
O(14)#1-Co(1)-O(17) 874(3)  O(18)-Co(2)-N(5)  162.8(4)
O(1)-Co(1)-N(11) 92.33)  O(18)-Co(2)-N(3)  96.3(4)
O(14)#1-Co(1)-N(11)  102.14)  O(2)-Co(2)-0(5) 168.7(3)
O(17)-Co(1)-N(I11)  98.5(4)  O(18)-Co(2)-0(5)  86.2(3)
O(1)-Co(1)-N(1) 9493)  N(5)-Co(2-0(5)  94.3(3)
O(14#1-Co(1)-N(1)  844(3)  N@3)-Co(2-0(5)  95.1(3)
O(17)-Co(1)-N(1) 158.33)

0(9)-Co(B3)-N(#2  110.7¢4)  O(13)-Co()-O(10)  109.7(4)
0(9)-Co(3)-N(15) 117.84)  O(13)-Co@)-N(©9)  111.3(4)
0(9)-Co(3)-0(6) 117.94)  O(10)-Co@)-N(©9)  117.6(4)
N(T#2-Co(3)-0(6)  103.8(4)  O(13)-Co(4)-N(13)  99.4(4)
N(15)-Co(3)-0(6) 94.6(4)  O(10)-Co(d)-N(13)  108.7(4)

[a] Symmetry operators used to create equivalent atoms: #1: x, y,
z—1; #2: x + 1/2, -y + 3/2, —=.



and square-pyramidally coordinated Co' ions in 2 are in
the ranges of 1.95-2.01 and 2.06-2.10 A, respectively. The
average Co—N distance for the tetrahedrally coordinated
(1.98 A) Co™ ions, which is significantly shorter than that
for the square-pyramidally coordinated (2.09 A) Co' ions,
are in the range of distances (1.94-2.05 A) documented pre-

viously for a large variety of ZIFs that bear tetrahedral Co'!
ions, [23d.231.230.23.23n,24]

TGA and XRPD

Phase purity of 1 and 2 was confirmed by elemental
analysis and X-ray powder diffraction (XRPD) patterns re-
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Figure 4. (a) Thermogravimetric analysis of 1 under nitrogen atmo-
sphere. (b) VIXRPD plots of 1 in the range of 30-500 °C.

corded at ambient temperature. The experimental XRPD
patterns (Figures S4 and S5 in the Supporting Information)
are consistent with the simulated ones on the basis of the
single-crystal X-ray diffraction data. Moreover, TGA and
variable-temperature XRPD (VT-XRPD) experiments were
performed to examine the thermal stability of both com-
pounds. Compound 1 decomposes above 90 °C, whereas 2
possesses slightly higher thermal stability up to 140 °C.

In the TG curve of 1 (Figure 4, a), four mass loss steps
are observed. The first mass loss is 10.9% from 90 to
270 °C, and the second step is 5.6% from 270 to 420 °C,
both assigned to the loss of one non-coordinating DMSO
molecule per formula unit (calcd. 19.6%). The framework
collapses with the gradual liberation of occluded DMSO
molecules from its cavities, as evidenced from the VT-
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Figure 5. (a) Thermogravimetric analysis of 2 under nitrogen atmo-
sphere. (b) VIXRPD plots of 2 in the range of 30-500 °C.



XRPD patterns (Figure 4, b). The third (22.1%) and fourth
(51.5%) mass-loss steps are also due to the decomposition
of this compound.

VT-XRPD studies (Figure 4, b) show that 1 is stable only
up to 90 °C and crystallinity is lost upon the removal of
free DMSO molecules. After that, the compound gradually
loses its crystallinity and is completely amorphous at
450 °C. At 500 °C, ZnO appears as a new crystalline phase.

The TG trace of 2 (Figure 5, a) exhibits a five-step mass-
loss process. The first mass loss of 10.6 % in the temperature
range 90-285 °C is attributed to the removal of 0.5 molecule
of coordinating DMSO per formula unit (calcd. 11.1%).
The second (6.4%), third (8.3 %), fourth (10.5%), and fifth
(24.4%) mass-loss steps are assigned to the decomposition
of this compound.

From the VT-XRPD patterns (Figure 5, b), it becomes
clear that 2 is stable up to 140 °C. At 150 °C, a new, un-
identified crystalline phase appears along with the original
phase of 2. The new crystalline phase becomes predominant
and retains its crystallinity in the temperature range 150-
350 °C. This new phase loses its crystallinity completely at
400 °C and Co30, starts to appear at 500 °C.

Conclusion

We have prepared and fully characterized two com-
pounds with different coordination framework structures
(cubic diamondoid, 1; tetragonal CrB,, 2), constructed
from {MN,O,} building units located at the vertices and
H,-benzobisimidazole ligands and p,-sulfate anions situated
at the edges. The formation of two different network types
obtained by the variation of metal(II) ions under similar
solvothermal reaction conditions in the same solvent
(DMSO) demonstrates that the metal coordination geome-
try as well as the solvent (occluded or coordinating) used
as template play crucial roles during the synthesis of crystal-
line phases of coordination polymers of similar composi-
tion. We believe that it will be possible to erect several other
coordination framework structures by employing other
first-row transition-metal ions. The existence of the two
types of coordination environments (tetrahedral and square
pyramidal) for the Co! ions in 2 has been verified by elec-
tronic spectroscopy. IR spectra of both compounds are in
accordance with coordinating sulfate anions based on the
existence of their asymmetric stretching vibrations (v3). VT-
XRPD experiments performed on 1 and 2 indicate that the
frameworks are stable up to 90 and 140 °C, respectively. Al-
though the present coordination polymers appear to be
nonporous with low thermal stability, it might be feasible
to construct truly porous frameworks that will be useful
in gas storage and catalytic applications by using extended
benzobisimidazole linkers. Moreover, the choice of amide
solvents, which are known to deprotonate imidazole and its
derivatives, might be helpful in designing ZIF-type materi-
als that contain benzobisimidazole linkers.

Experimental Section

Materials and General Methods: The H,-BBIM ligand was synthe-
sized as described previously.[*3] All starting materials were of rea-
gent grade and used as received from commercial suppliers. FTIR
spectra were recorded from KBr pellets in the range 4000400 cm !
with a Bruker IFS FTIR spectrometer. The following indications
are used to characterize absorption bands: very strong (vs), strong
(s), medium (m), weak (w), shoulder (sh), and broad (br). UV/Vis
diffuse reflectance spectra (DRS) were recorded with an Analytik
Jena Specord 50 UV/Vis spectrometer in the range of 3001100 nm
and converted into normal absorption spectra with the Kubelka—
Munk function.*¥ The lamps change wavelength at 320 nm, and
the mirrors change at 370, 400, 700 and 900 nm. Elemental analyses
(C, H, N) were carried out with a Perkin—Elmer 2400 elemental
analyzer. TGA was performed with a TGA/SDTA851 Mettler To-
ledo analyzer in a temperature range of 25-1100 °C in flowing ni-
trogen at a heating rate of 10 °Cmin'. Ambient temperature X-ray
powder diffraction (XRPD) patterns were measured with a Philips
X'Pert PRO powder diffractometer operated at 40 kV, 40 mA for
Cu target (A = 1.5406 A) with a scan speed of 30's per step and a
step size of 0.008°. Temperature-dependent X-ray powder diffrac-
tion measurements were performed in air with the same dif-
fractometer equipped with an Anton Paar HTK 1200N reaction
chamber. The heating rate between two temperatures was
5°Cmin!, and once the corresponding temperature was reached,
the sample was held at this temperature for 1 h before measuring
the pattern. The simulated powder patterns were calculated on the
basis of single-crystal X-ray diffraction data.

[Zn(H,-BBIM)(SO4)]'DMSO (1). Method A: A mixture of
ZnSO47H,O (18 mg, 0.06 mmol) and H,-BBIM (10 mg,
0.06 mmol) was dissolved in DMSO (4 mL) and the solution was
placed in a glass tube (10 mL). The tube was sealed and heated at
140 °C for 24 h, then cooled to room temperature. The supernatant
was removed and the remaining colorless block-shaped crystals
were successively washed with DMSO (3 X1 mL) and methanol
(3X2mL), and dried in air to yield 1 (16 mg, 0.04 mmol, 64%).
An X-ray diffraction study was performed on single crystals ob-
tained from Method B. Crystals precipitated in both methods
showed the same analytical results. C;oH;2N405S,Zn
(397.74 mol™!): C 30.19, H 3.04, N 14.08; found C 29.99, H 3.05,
N 14.30. IR (KBr): ¥ = 3102 (br), 2913 (br), 2847 (w), 1723 (w),
1635 (m), 1511 (s), 1440 (m), 1377 (s), 1332 (w), 1270 (w), 1107
(vs), 1030 (vs), 968 (m), 954 (sh), 843 (m), 791 (w), 748 (w), 728
(W), 640 (w), 598 (s), 495 (w), 458 (m) cm .

Method B: A mixture of Zn(NO;),4H,0 (99 mg, 0.38 mmol) and
H,-BBIM (20 mg, 0.13 mmol) was dissolved in DMSO (4 mL) and
the solution was placed in a glass tube (10 mL). The tube was
sealed and heated at 120 °C for 72 h, then cooled to room tempera-
ture. The resulting colorless block-shaped crystals of 1 were col-
lected by filtration, washed consecutively with DMSO (3 X 1 mL)
and methanol (3 X2mL), and dried under vacuum to yield 1
(57 mg, 0.14 mmol, 38%).

[Co(H,-BBIM)(SO4)(DMSO0), 5] (2): A mixture of CoSO,7H,0
(18 mg, 0.06 mmol) and H,-BBIM (10 mg, 0.06 mmol) was dis-
solved in DMSO (4 mL) and the solution was placed in a glass
tube (10 mL). The tube was sealed and heated at 140 °C for 24 h,
then cooled to room temperature. The supernatant was removed
and the remaining purple block-shaped crystals were successively
washed with DMSO (3 X1 mL) and methanol (3X2mL), and
dried under vacuum to yield 2 (17mg, 0.04 mmol, 68%).
CoHoCoN4O45sS; 5 (352.22 gmol !): C 30.69, H 2.58, N 15.90;
found C 30.45, H 2.53, N 15.89. IR (KBr): ¥ = 3098 (br), 2951



(br), 2843 (w), 1726 (w), 1655 (w), 1536 (sh), 1507 (s), 1412 (m),
1374 (s), 1267 (s), 1188 (sh), 1115 (vs), 1057 (m), 1027 (m) 946 (m),
845 (m), 795 (m), 627 (sh), 604 (s), 481 (m), 414 (w) cm .

X-ray Crystallography: Structures of 1 and 2 were determined from
single-crystal X-ray diffraction data. The intensity data of 1 were
collected with a Bruker APEXII CCD diffractometer by employing
monochromated Mo-K,, radiation (4 = 0.71073 A) at 7 = 100 K.
For 2, the data were recorded with a STOE IPDS diffractometer
using Mo-K, radiation with graphite monochromatization (1 =
0.71073 A) at T = 223 K. The structures of both compounds were
solved by direct methods and refined by full-matrix least-squares
techniques based on F? using the SHELXL-97 program.*3 Details
of single-crystal data collection and refinement of 1 and 2 are sum-
marized in Table 3. All structural plots were drawn using DIA-
MOND. 0]

Table 3. Single-crystal data and refinement summary for 1 and 2.

1 2

Formula C0H,N4055,Zn CoHoCoN,Oy 5S; 5
M, 397.74 352.22

T [K] 100(2) 223(2)

A TA] 0.71073 0.71073
Crystal dimensions [mm]  0.08 X 0.08 X 0.30 0.19%x0.15%0.15
Crystal system monoclinic orthorhombic
Space group P2,/n P2,2,2,

a[A] 11.318(3) 16.842(3)
bTA] 9.601(3) 16.835(3)
c[A] 13.965(4) 20.258(4)
a[°] 90.00 90.00

M| 92.063(14) 90.00

y [°] 90.00 90.00

V(A3 1516.4(7) 5743.9(18)

Z 4 16

Dyicq. [gem ] 1.742 1.629

4 [mm] 1.922 1.432

F(000) 808 2848

0 range [°] 2.36-25.00 1.98-25.88
Measured reflections 17693 44799
Independent reflections 2662 11030
Data/restraints/parameters 2662/0/229 11030/438/722
Ry [I>2a(D]¥ 0.0405 0.0640

WR; (all data)®! 0.1033 0.1804

GoF on F? 1.062 1.019
ADmassmin, [€A 7] 1.32/-0.99 1.41/-0.93

[a] R1 = Z||Fo| — |[FVZIF|. [b] wRy = {X[w(F5 — FPVZW(FR) T},

CCDC-1008224 (for 1) and -1008225 (for 2) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): IR spectra, derivation of the point symbol for the network of
2, XRPD patterns, optical micrographs, view of the asymmetric
units, description of the solvent-exchange studies for 1, and crystal-
lographic information files (CIFs) for 1 and 2.
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