CFA-1: the first chiral metal-organic framework
containing Kuratowski-type secondary building unitst

Phillip Schmieder,® Dmytro Denysenko,® Maciej Grzywa,® Benjamin Baumgartner,®
Irena Senkovska,? Stefan Kaskel,”> German Sastre, Leo van Wiillen® and

Dirk Volkmer*?

The novel homochiral

metal-organic framework CFA-1

(Coordination Framework Augsburg-1),

[Zns(OAC)4(bibta)s], containing the achiral linker {H,-bibta = 1H,1'H-5,5"-bibenzol[d][1,2,3]triazole}, has
been synthesised. The reaction of H,-bibta and Zn(OAc),-2H,0 in N-methylformamide (NMF) (90 °C, 3 d)
yields CFA-1 as trigonal prismatic single crystals. CFA-1 serves as a convenient precursor for the synthesis
of isostructural frameworks with redox-active metal centres, which is demonstrated by the postsynthetic
exchange of Zn?* by Co?* ions. The framework is robust to solvent removal and has been structurally
characterized by synchrotron single-crystal X-ray diffraction and solid state NMR measurements ('>C MAS-
and "H MAS-NMR at 10 kHz). Results from MAS-NMR and IR spectroscopy studies are corroborated by
cluster and periodic DFT calculations performed on CFA-1 cluster fragments.

Introduction

Research on metal-organic frameworks (MOFs) has matured
into a well-established field of solid state science, ever since
the first seminal publications appeared in the literature."
MOFs can be applied as materials for gas storage or separa-
tion, catalysis and magnetic or optical applications, as has
been proposed in several review articles.

Chiral metal-organic frameworks, in particular, are inter-
esting for the purpose of enantioselective separation or cata-
lysis. There are currently three different strategies to synthesise
chiral MOFs. The first approach relies on the usage of enantio-
merically pure, chiral organic linkers, the absolute configur-
ation of which is retained during framework self-assembly.
Among the first examples of catalytically active MOFs, Kim
et al. have reported on a zinc based homochiral network
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employing a chiral ligand derived from tartaric acid.”> MOFs
containing chiral binaphthyl linkers were published by the
group of Lin.? Utilisation of enantiomerically pure ligands to
build up homochiral networks is a broadly applicable
approach if the ligand preparation is feasible within a few
steps and no racemisation occurs during framework synthesis.
A second alternative route is to prepare MOFs from achiral
ligands and (inexpensive) chiral auxiliary templates. Ros-
seinsky et al., for instance, made use of enantiomerically pure
1,2-propanediol as a chiral co-ligand.> The 1,2-propanediol
coordinates to the metal center, allowing to control the abso-
lute helicity of the growing polymeric structure and to deter-
mine the nature of interpenetration. The third approach for
obtaining homochiral MOFs is based on the spontaneous self-
resolution of chiral frameworks. As an example, Aoyama et al.
reported on a chiral MOF Cd(apd)(NO3),-H,O-EtOH with Cd>*
ions and 5-(9-anthracenyl)pyrimidine (apd) serving as bridging
ligands.® The metal ion is six-fold coordinated including two
pyrimidine ligands in which the chirality arises from a twist of
the coordinating pyrimidine rings.”

Employing the approach of self-resolution we here report
on the synthesis and the structure of a novel chiral MOF CFA-1 (2)
which forms from the achiral linker bibta®~ (H,-bibta =
1H,1'H-5,5"-bibenzo[d][1,2,3]triazole (1)) (Scheme 1).

A synchrotron single X-ray diffraction study revealed a com-
position of the framework of CFA-1 which is formulated as
[Zns5(OAc),(bibta)s], crystallizing in the chiral space group P321
(no. 150). CFA-1 represents the first example of chiral coordi-
nation frameworks containing the Kuratowski-type® SBU, a
structurally robust pentanuclear coordination unit of the



Scheme 1

(a) Kuratowski-type metal complex [ZnsClu(ta)s], red marked fragments indicating typical bond lengths of the coordination unit;*® (b) symmetry

elements of the Kuratowski unit (T4 point group symmetry); and (c) its corresponding skeletal representation;® (d) frameworks containing Kuratowski-type second-

ary building units.

general formula [M"5X,(L)], which forms spontaneously for a
huge variety of (divalent) metal salts (M"X,) and triazolate
ligands (L) (Scheme 1) (X = Cl7, Br™, I, NO;~, OH", acetate or
acetylacetonate).®’

The first MOFs containing Kuratowski-type secondary build-
ing units, MFU-4 and MFU-41,°"'° were built from linear bis-
triazolate linkers which led to the formation of highly sym-
metric, cubic framework structures (Scheme 1(d), left). The
framework CFA-1 described in the following, in contrast, is built
up from a skewed bis-triazolate ligand featuring a biphenyl-type
backbone, which introduces dissymmetry into the MOF, thus
leading to helical channels that run along the c-direction of the
trigonal crystal lattice (Scheme 1(d), right). Crystalline precipi-
tates of CFA-1 accordingly contain two different enantiomor-
phous crystal forms, which are obtained at equal ratio.

Results and discussion
Syntheses and characterisation

The achiral H,-bibta ligand was synthesised in one step from
commercially available 3,3',4,4'-tetraaminobiphenyl
(Scheme 2). Light brown trigonal prisms of CFA-1 were
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Scheme 2 Synthesis of Hy-bibta (1); synthesis of metal-organic framework (2)
and synthesis of hetero-metallic framework (3).

obtained from zinc acetate dihydrate and H,-bibta in
N-methylformamide at 90 °C (Scheme 2).

Crystal structure analysis

A synchrotron single X-ray diffraction study reveals that CFA-1
crystallises in the trigonal crystal system in the chiral space



b)
Fig. 1 SEM micrographs of CFA-1; (a) a low magnification image; (b) to (d)

typical shape of the trigonal prismatic enantiomorphous crystals as viewed
along the c-axis (b, ¢), as viewed along the <110> direction (d).

Fig. 2 Simulated morphology of the two enantiomorphous forms of CFA-1
crystals (2). Miller indices of symmetry equivalent crystal faces are given in brack-
ets. (Simulated with WinXMorph.'")

group P321 (no. 150). The crystalline sample of the metal-
organic framework is a racemic mixture of two enantiomor-
phous forms of CFA-1 crystals. It is thus not possible to bring
the two existing mirror-symmetric crystal forms into congru-
ence (Fig. 1 and 2). The asymmetric unit consists of three zinc,
sixteen carbon, six nitrogen, six oxygen and sixteen hydrogen
atoms. An Ortep-style plot of the asymmetric unit with atom
labels is shown in Fig. 3.

CFA-1 is constructed from {Zn;(OAc),}°" secondary building
units interconnected by achiral bibta®~ linkers. The central
Zn>" ion (Zn1), placed at a site of 3 symmetry, is octahedrally
coordinated (Fig. 4). The four peripheral Zn>" ions (Zn2 and
three times Zn3, positioned at sites of 3 and 1 symmetry,
respectively), are five-fold-coordinated. The different local
coordination environments of Zn2 and Zn3 are shown in
Fig. 5.
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Fig. 3 Ortep-style diagram of the asymmetric unit of CFA-1 (2) (atoms dis-
played as 50% probability ellipsoids). (Disordered and symmetry-generated
oxygen atoms indicated by white globes.)

Fig. 4 Crystal packing diagrams of CFA-1. Top: ball-and-stick representation of
two Kuratowksi-type SBUs (as viewed along the c-axis); bottom: the same frag-
ment (as viewed along the [110] direction). (Some C atoms belonging to
bibta®~ linkers are shown as white globes in order to indicate the position of
the appended benzene moieties.)

Each {Zn;} unit is connected to six bibta®~ ligands by 18
Zn-N bonds, with each ligand coordinating to one central and
two peripheral Zn ions. The zinc-nitrogen bond distances
span a range of 2.191(3)-2.203(3) A for the octahedrally co-
ordinated Zn1 and 2.037(3)-2.043(3) A for Zn2 and Zn3. These
values are in good agreement with those found in structurally
related Zn triazolate compounds.®>"® Two different positions of



Fig. 5 Coordination environments of Zn2 and Zn3 in the Kuratowski-type
secondary building units of CFA-1 (2). (Acetate ligands are omitted for clarity.
Benzotriazolate ligands which bind to the labeled zinc atoms are drawn as
CPK models.)

distorted acetate ligands are observed in the structure of
CFA-1. One of these, coordinated to the Zn2 ion, is placed on
an axis of 3-fold symmetry leading to a threefold positional
disorder around this axis. The second acetate ligand, coordi-
nating to the Zn3 atom, shows a two-fold disorder (nearly
equal probabilities) which has no relation to crystallographic
symmetry. The two benzotriazolate moieties of the bibta*~
ligand are twisted with respect to each other. The two least-
squares planes running through atoms assigned as {N1-N3,
C5-C10} and {N4-N6, C11-C16}, enclose angles of 42.1(2)° and
36.4(2)°, respectively. CFA-1 features a 3-D microporous struc-
ture constructed from Kuratowski-type SBUs. The packing
diagram of CFA-1, depicted in Fig. 6 and 7, shows 3-D inter-
connected hydrophobic channels running along the a- and
c-directions of the crystal lattice. The trigonal prismatic voids
with a maximal width of 14.35 A (the closest distance between
C-atoms of phenyl rings, taking into account van der Waals
radii of C-atoms (1.7 A)) are connected to each other through
two different types of windows: narrow ones extending in the
[100] and [010] directions with a diameter of 3.43 A (the dis-
tance between C-atoms of CH;-groups, taking into account van
der Waals radii of C-atoms (1.7 A)) and wide ones running in
the [001] direction with a diameter of 6.18 A (the distance
between H-atoms of phenyl rings, taking into account van der
Waals radii of H-atoms (1.2 A)). The channels are occupied by
disordered solvent molecules the positions of which were
impossible to resolve and refine from electron density distri-
bution. The SQUEEZE procedure'” gives an electron count of
615 per unit cell which corresponds to about 19
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Fig. 6 Schematic representation showing the open channels in the crystal
structure of CFA-1 (view along the c-direction).
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Fig. 7 Packing models of CFA-1. (a) Top: channels running along the c-direc-
tion of the trigonal crystal system. Framework atoms are represented by colour-
coded electron density isosurfaces (light yellow/blue = 0.1 e~ A=")." Bottom:
view onto different cuts through the framework as defined by the intercepted

lines running through (001), representing the traces of the crystal planes ||(100)

and [|(170). (b) 3-d perspective space-filling model of CFA-1."°

N-methylformamide (NMF) molecules in the unit cell of CFA-1.
The calculation of solvent content using single crystal analysis
suggests [Zns(OAc),(bibta);]-9.5NMF for the composition of
CFA-1. A calculation with PLATON/SQUEEZE'? reveals that the
initial solvent accessible void volume of CFA-1 is 3163.2 A®
(0.753 ecm® g™'), which is 60.4% of the unit cell volume
(5236.6 A%) for a probe radius of 1.68 A, corresponding to the
approximate van der Waals radius of Ar."> An estimation with
the program PLATON/SQUEEZE'> for NMF molecules with an
approximate van der Waals radius of 2.58 A reveals that the
initial solvent accessible void volume is 2577.3 A* (0.613 cm®
¢™"), which is 49.2% of the unit cell volume (5236.6 A%).
Assuming that the density of NMF in the pores is equal to the
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Fig. 8 Topological representation of CFA-1 showing the acs-type net. Distorted
acetate groups are omitted for clarity.

density of bulk NMF (1.00 g cm™), the unit cell must contain
23 NMF molecules (or 38 wt%), which is slightly higher than
the solvent content suggested by crystallographic data.

The CFA-1 coordination network can be schematized by
representing Kuratowski-type SBUs as 6-connected nodes and
the bibta-ligands as spacer of length 13.67(2)-14.42(2) A. The
network topology type is acs (see Fig. 8).'°

Selected bond lengths for CFA-1 are presented in Table 1.
The atomic coordinates and isotropic thermal parameters and
the list of bond distances and angles are presented in Tables
S1-83.f

Thermal analysis and VIXRPD studies

Thermal and structural stability of CFA-1 (2) and Co-CFA-1 (3)
was confirmed by TGA and VIXRPD measurements. In the
TGA curves of 2 and 3 (Fig. 9) the gradual weight loss of about
45% in the range of 25-300 °C is attributed to the removal of
all solvent molecules (calc. 38%). Prior to measurement, both
samples were treated several times with fresh N-methylform-
amide and stored over fresh NMF in order to saturate the pores
with solvent molecules. However, the solvent content is higher
than calculated using the crystal structure data, indicating that
presumably a considerable amount of solvent is adsorbed on
the external surface or within intercrystalline voids.

The experimental XRPD pattern is consistent with the simu-
lated XRPD from the single-crystal X-ray diffraction data

Table 1 Selected bond lengths of CFA-1

Atoms Bond lengths (A)
Zn(1)-N(5) 2.191(3)
Zn(1)-N(2) 2.203(3)
Zn(2)-0(4) 1.936(10)
Zn(2)-N(6) 2.038(3)
Zn(2)-0(3) 2.345(11)
Zn(2)-C(3) 2.493(15)
Zn(3)-0(2A) 1.943(6)
Zn(3)-O(1B) 2.013(6)
Zn(3)-N(4) 2.037(3)
Zn(3)-N(3) 2.038(3)
Zn(3)-N(1)#1 2.043(3)
Zn(3)-0(2B) 2.259(7)
Zn(3)-0(1A) 2.339(7)
Zn(3)-C(1) 2.455(6)

Symmetry transformations used to generate equivalent atoms: #1 —x +y,
—x+1,z;#2—-y+1,x—-y+1,z
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Fig. 9 Thermogravimetric analysis of 2 (black curve) and 3 (blue graph) under
a nitrogen atmosphere.
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Fig. 10 VTXRPD patterns of 2 in the range of 50-400 °C. The first XRPD
pattern is simulated from the single crystal structure of 2 (*peaks belong to
Zn0).

(Fig. 10). Variable temperature X-ray powder diffraction studies
of 2 (Fig. 10) and 3 (Fig. 11) show that both frameworks are
stable up to 350 °C and crystallinity is retained upon loss of
N-methylformamide molecules. At 400 °C, zinc oxide (PDF no.
36-1451) appears as a new crystal phase (Fig. 10).

The decomposition of the frameworks starts between 350
and 400 °C (Fig. 9), which is in good agreement with VIXRPD
data (Fig. 10 and 11).

Moreover, it is possible to obtain a heterometallic derivative
of 2 by postsynthetic metal exchange, as described previously
for MFU-41."7 Heating up 2 with a solution of Co(OAc),-4H,0
in NMF leads to replacement of Zn** by Co®" ions (Scheme 2).
As proved by elemental analysis for compound 3 and Ar sorp-
tion isotherms, the modified framework does not contain
residual cobalt acetate, since the pore volume does not change
after metal exchange (Fig. 16). Depending on the Co/Zn molar
ratio of the initial suspension, different numbers of zinc
centres can be replaced by Co>" ions (Fig. 12). Similarly to
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Fig. 11 VTXRPD plots of 3 in the range of 25-400 °C.
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Fig. 12 Total number x of Co’* ions per {Co,Zns_x(OAC)4}°* unit as a function
of the (Co/Zn) molar ratio after metal ion exchange reaction in NMF at 60 °C,
determined by energy-dispersive X-ray spectroscopy (EDX). The green marked
data point corresponds to the experimental conditions applied in the synthesis
of Co-CFA-1 (3).

MFU-4/, the exchange curve shows that only 4 of the 5 Zn
centres in each {Zns(OAc),}*" unit can be exchanged, indicat-
ing that octahedrally coordinated zinc centres cannot be
replaced under the applied experimental conditions. The com-
plete exchange of all four peripheral zinc ions requires a huge
excess of cobalt ions in solution. These cobalt-containing
frameworks are of potential interest for catalytic applications.
Adjusting a (Co/Zn) molar ratio of 0.40 in the ion exchange
experiment for instance (see Fig. 12, green marked data point),
a novel CFA-1 derivative termed Co-CFA-1 (3) is obtained,
in which on average one Zn>" is replaced by a Co*" ion per
Kuratowski unit.

UV-vis-NIR spectroscopy

The diffuse reflectance UV-vis-NIR spectrum of 3 displays five
absorption bands at 567, 741, 1027, 1413 and 1708 nm
(Fig. 13). To obtain the positions of the last four absorption
bands, a component analysis of the spectrum was performed
employing Gauss-type fit functions of Origin 8.5 program.'®
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Fig. 13 Solid-state UV-vis-NIR spectrum of Co-CFA-1 (3) (black curve); fitted
Gauss-functions (green curves) and the resulting graph of four different Gauss
fits (red curve).

The positions of the band maximums are in good agreement
with typical spectra of five-fold coordinated Co>" complexes as
described in the literature.’® Thus, the Co(NP;)Br" complex
with C,, point group symmetry, which is applicable to Co**
centres with disordered acetate ligands in Co-CFA-1 (3), shows
absorption bands at 5700, 9000, 10000, 13300, and
17 500 cm™".*°

NMR spectroscopy

The >C CPMAS NMR spectrum of 2 is shown in Fig. 14. Five
different sets of resonances with 16 different signal positions
can be identified in the spectrum.

The signals around 19 ppm and 183 ppm can be assigned
to the methyl “*C-resonance (18.0 and 18.9 ppm, C2 and C4)
and the carboxylic >C-resonance (182.0 and 183.5 ppm, C1
and C3) of the acetate ligands. From this, the presence of two
different types of acetate ligands in the structure of 2 may be
deduced. The remaining 12 different discernible signals are all
located within the aromatic region of the spectrum (114.8,

C5, C6, C9, C11, C12,C14 C8,C15

L —
10 128 126 ppm
C7,C10,C13,C16

C2,c4

——————————
148 146 144 142 140 138 ppm

(—.
3 30 25 20 ppm

180 160 140 120 100 80 60 40 20 0 ppm

Fig. 14 '3C CPMAS spectrum of CFA-1. Signal numbering according to the lab-
elling scheme in Fig. 3.



116.2, 116.9 and 117.7 ppm; 125.8 and 125.8 ppm; 140.0,
141.1, 142.0, 142.2, 142.8, 143.0 ppm), hence confirming the
existence of the two different arrangements of the bibta®~
ligand. An assignment of all identified signals (¢f. Fig. S1t) is
possible by a comparison of the experimental chemical shift
values to the results of quantum chemical calculations as
shown below. In order to obtain reasonable fits of the spec-
trum (DMFIT?!), we had to incorporate a rather broad signal
for each set of resonances (see ESI, Fig. S17).

Computational studies

First-principles calculations were performed in order to study
the infrared spectrum of CFA-1. Vibrational frequencies were
analytically computed by determining the second derivatives
of the energy with respect to the Cartesian nuclear coordinates
and then transforming to mass-weighted coordinates. Given
that the P321 unit cell contains 154 atoms (Zn;(N3¢C5,Hse),
without counting the acetate groups, the periodic system calcu-
lation of vibrational frequencies was unattainable owing to
limited computing capabilities. On the other hand, with the
exception of very low frequency soft modes, we expect to study
with reasonable accuracy most of the infrared spectrum with
the use of clusters to model CFA-1.

Gaussian09>> was one of the software codes used through-
out. DFT was used for geometry optimisations and vibrational
analysis with HCTH?® functional chosen as it gave good
balanced accuracy vs. computational cost. The Def2-basis set>*
TZVP from Ahlrich’s group was selected. Geometries of all
structural models were optimised obeying full symmetry
constraints.

We also employed the FHI-aims code®® which is an all-elec-
tron electronic structure code based on numeric atom-centered
orbitals. The localized basis allows for performing the calcu-
lations both for finite clusters and infinite systems employing
periodic boundary conditions. For the calculations we used
the GGA-PBE functional.”® As this lacks dispersive corrections,
we included them through the DFT-D scheme suggested by
Tkatchenko and Scheffler.”” The calculations were carried out
with the so-called light basis set at ‘tierl’ level. The smallest
unit cell used for geometry optimization in periodic calcu-
lations was the primitive unit cell (@ = b = 17.90 A, ¢ = 19.34 A,
a =/ =90° y=60°) and the Brillouin zone was sampled in the
k-space using the Monkhorst-Pack scheme within 1 x 1 x 1
mesh points. From the periodic-DFT geometry optimisation,
we subsequently extracted a cluster in order to make the
vibrational analysis. Using a similar approach, Denysenko
et al.’’ obtained vibrational frequencies in very good agree-
ment with the experimental ones.

Small clusters may not be representative of the vibrations of
the full solid with the only exception of localised vibrational
modes such as for example those associated with CH and CO
stretching or CH; bending. In order to have a realistic picture,
instead of considering a representative large cluster, we have
considered a set of increasingly larger clusters with the aim of
comparing how different vibrations can be affected by the
long-range coupling typical in an extended solid or framework.

First, the main models used were cluster-1 and cluster-2
(ESI, Fig. S27), which contain the main secondary building
unit present in CFA-1. Cluster-1 describes better the environ-
ment of an octahedral Zn atom as it contains 6 BTA (1,2,3-
benzotriazolate) ligands around, whilst cluster-2 describes
better the interactions between acetate ligands present in
CFA-1. Two possibilities of acetate binding to the tetrahedral
Zn atoms have been found: in cluster-1, the acetate ligand
retains its characteristic difference between the carbonyl-type
and ester-type oxygens, binding only the latter to the Zn atom,
while in cluster-2 both oxygen donors of the acetate ligand are
equidistant to the Zn. We will focus later on how this affects
the infrared peaks observed. Secondly, a larger cluster will be
proposed in order to check if the results are size-converged. All
clusters are shown in the ESL.T

Finally, periodic-DFT and cluster-DFT models were set up
in order to calculate the ">*C NMR peaks of the CFA-1 structure
using the XRD data. The periodic-DFT calculations were per-
formed with the CASTEP code?® using the PBE functional, and
a plane-waves basis set cutoff of 300 eV. Convergence
thresholds were set to 0.2 x 107> eV per atom for the total
energy. The NMR calculations were performed using the
Gauge Including Projector Augmented Wave approach
(GIPAW). The simulation cell consisted of the full unit cell of
CFA-1 containing 210 atoms. In the cluster-DFT calculations,
the HCTH functional and the Def2-TZVP basis set were
employed, both for the geometry optimisation and the NMR
calculation, using the largest cluster (ESI, cluster-3, Fig. S87) in
order to mimic the chemical environments of the carbon
atoms as accurately as possible.

FT-IR spectra

The results of the calculated HCTH-TZVP vibrational frequen-
cies and infrared spectra of cluster-1 and cluster-2 and the
comparison with the CFA-1 experimental are available as ESI
(Fig. S2 and S57), showing that only cluster-2 reproduces the
experimental spectrum. Further, an even larger cluster, con-
taining 221 atoms, was considered in order to check if the
results are size-converged. The choice of this new cluster,
which we call ‘cluster-3’ (ESI, Fig. S8t1), is based on the top-
ology and symmetry of CFA-1 and contains structural and topo-
logical features not included in clusters 1 and 2. An overall
comparison with the experimental results is shown in Fig. 15
and Table 2.

It can be seen that the calculated spectra (Fig. 15) reproduce
the experimental ones quite well. Frequencies at low wave
numbers (experimental 205, 256 and 277 cm™" and calculated
207, 248, 261, 285 cm™ ') agree well and they correspond to the
bending and rotating modes involving both Zn and BTA
linkers. Also the peaks calculated at 1189 and 1192 cm™*
belong to the BTA ligand with some contribution of the Zn-
BTA bonds.

The calculated frequency of 310 (320 cm™" in experiments)
corresponds to the acetate bending mode, with some contri-
bution from the Zn atom.
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Fig. 15 GGA-PBE calculated infrared spectrum of cluster-3 (top) and HCTH/
TZVP calculated infrared spectrum of cluster-2 (middle) and experimental
(bottom). Clusters are shown in ESI, Fig. S4 and S8.t1 Assignments are given in
Table 2.

Table 2 DFT calculated active normal vibrational modes in the infrared spec-
trum of cluster-2 (Fig. S2), cluster-3 (Fig. S8), and comparison with the experi-
mental infrared spectrum of CFA-1. See also ESI, Fig. S5

CFA-1 (exp) Cluster-2 (calc)  Cluster-3 (calc)
(em™) Assignment (em™) (em™)

204, 257, (Zn-BTA) bending/  210-260 207, 248, 261,
278 rotation 285

320 Zn-acetate 295 310

559 BTA 560 560

608 Acetate — 603

692 Acetate 689 679

796 BTA 800 797

1011 BTA 1019 1004, 1027
1190, 1203 Zn-BTA 1220-1230 1189, 1192
1446 Acetate 1414-1426 1365, 1397
1570 Acetate 1590 1558

The peaks calculated at 560, 797, 1004 and 1027 cm™"

belong to the BTA (1,2,3-benzotriazolate) modes and the
experimental equivalents are 559, 796 and 1011 cm™".

The peaks corresponding to the acetate anions are calcu-
lated at 603, 679, 1365, 1397 and 1558 cm™', which experi-
mentally appear at 608, 692, 1446 and 1570 cm™'. The
calculated value of 1365 cm™" belongs to the combined CHj
umbrella and C-C stretching mode of one acetate, and the
1397 cm™" corresponds to the same mode of another acetate.
The peak at 1570 cm™" corresponds to the Zn-O stretching
mode of one acetate ligand, and the one at 1591 ecm™" to the
same mode of another acetate. In the experimental spectra
both peaks are quite broadened, especially the one at
1446 cm™', since the acetate ligands are not completely equi-
valent and they are quite sensitive to the geometry and
environment, much more than the other acetate vibrational
modes, because they involve a stretching type of motion. Also,
modes that include CH; umbrella motion of the acetate ligand
start at around 1320 cm™". More details are given as ESLT

The experimentally observed frequencies at 1190 and
1203 cm ™" belong to the BTA ligand mode. Similar to some of
the acetate modes, these two modes belong to the same
stretching mode but for the two different BTA types (see ESI,
Fig. S6 and S7f). Since there is the same amount of the two
linkers in the structure, they are expected to have peaks with
the same intensities, and since differences are small, the posi-
tions of the two peaks are close to each other. In the calculated
spectra, peaks are at 1189 and 1192 cm ™. Due to the less con-
straints and symmetry in the cluster, the two modes do not
have the same intensity; they have closer values and in the
broadened spectra, where they appear as one peak.

As expected, two BTAs and especially two types of acetate
ligands give two different values for the vibrational stretching
modes. Vibrational modes that involve ligand bending or
slight rotation are mostly the same for the two ligand types
(modes below 900 cm™). Also, values of the experimental and
calculated frequencies overlap quite well. Only larger differ-
ences are for the broadened peak at 1446 cm™". This is not a
surprise because the same stretching mode calculated for the
cluster is reduced approximately by 30 cm™ compared to the
periodic case. Other modes are not sensitive to the type of cal-
culation, either being cluster- or periodic-type.

3C NMR calculated spectrum of CFA-1

Results of cluster- and periodic-DFT calculations of the '*C
chemical shifts are indicated in Table 3, where a comparison
with the experimental results is provided.

First, it can be seen that, overall, cluster-DFT are more accu-
rate than periodic-DFT results, and this is due to two factors.
On the one hand, the large size of cluster-3 has allowed to
reproduce accurately the local carbon-environment which
influences the chemical shifts. On the other hand, the fact

Table 3 '3C NMR chemical shifts (ppm) of CFA-1 as calculated and from

experiment

Carbon Periodic-DFT Cluster-DFT

label” calculated” calculated Experimental

C1(6) 164.3 181.6, 184.3 179.6, 182.0, 183.5

c3(2) 164.3 180.2

c2 (6) 23.2 19.9,21.1 18.0, 18.9, 21.7

c4(2) 22.8 21.2

C5 (6) 152.4 141.4 140.0, 142.0,
142.2,142.8

C6 (6) 151.2 141.0

C11 (6) 150.9 141.2

C12 (6) 152.1 141.5

Cc7 (6) 124.9 117.0 114.8,116.2,
116.9,117.7

C10 (6) 126.2 116.0

C13 (6) 123.6 116.3

C16 (6) 125.4 116.7

c8 (6) 135.3 128.2 125.8, 126.3

C15 (6) 135.5 128.2

C9 (6) 151.9 141.1 141.0, 143.3

C14 (6) 149.8 143.0

“See Fig. 3. The number of atoms in the unit cell in parentheses. ? For
all equivalent carbons (except C1-C4) all values are similar. Values are
averaged. Carbons C1-C4 are discussed in a different section.
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Fig. 16 Representative argon adsorption isotherms at 77 K on a semilogarith-
mic scale for a desolvated samples of 2 (red) and 3 (blue).

that the cluster is a smaller system has allowed to employ a
more accurate methodology. In particular, the chemical shifts
are sensitive to the quality of the basis set and the basis set
employed in the cluster (Def2-TZVP) is clearly outperforming
the plane wave cutoff of 300 eV employed in the periodic calcu-
lation. A comparison of the cluster-DFT NMR results with
experiment shows excellent agreement (Table 3). A graphic
comparison of the experimental and calculated results (ESI,
Fig. S10T) shows an average absolute difference below 2 ppm,
which can be considered very accurate.*”

Gas sorption measurements

Both compounds, 2 and 3, exhibit permanent porosity, which
was confirmed by argon gas sorption. Adsorption isotherms
obtained with Ar gas at 77 K are very similar for both samples
and reveal a type-I sorption behaviour, which is characteristic
of microporous solids (Fig. 16). Pore volumes obtained from
the sorption isotherms by using an NLDFT method are
0.756 cm® g* for 2 and 0.762 cm® g~ for 3. These values are
close to the values expected from the crystallographic data
(0.784 cm® g™* for the solvent free crystal and 1.68 A probe
radius, calculated by using PLATON/SQUEEZE'? program),
indicating that the pore structure remains stable upon solvent
removal. Fitting the adsorption data to the BET equation gives
as well nearly the same surface area values of 1965 m* g~* for
2 and 2003 m” g~* for 3.

To evaluate the pore size distribution of both compounds,
the argon sorption isotherms sampled at 77 K were analysed
using non-local density functional theory (NLDFT)*° imple-
menting a carbon equilibrium transition kernel for argon
adsorption at 77 K based on a slit-pore model.*" The distri-
butions calculated by fitting the adsorption data (Fig. 17)
reveal the pores mainly in the range of 9-12 A with a
maximum located at 10.3 A, reflecting an average pore width
calculated from crystallographic data (6.18-14.35 A).

Conclusion

In conclusion, we have synthesised and structurally character-
ized a chiral metal-organic framework (CFA-1) containing
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Fig. 17 Pore size distributions for 2 (red) and 3 (blue) calculated by fitting
NLDFT models to the argon adsorption data.

Kuratowski-type pentanuclear coordination units. Exchanging
peripheral zinc atoms of these units by redox-active metal
centres, a host of functional microporous networks should
thus become available. The fact that the ligand is synthesised
within a single reaction step, starting from an inexpensive
commercial precursor, should render this novel material par-
ticularly attractive for applications requiring large quantities
(e.g. in separation or adsorption applications). Employing
chiral solvents (or co-ligands, respectively) in the synthesis of
CFA-1 should lead to homochiral samples of CFA-1 samples,
which could then be employed in asymmetric (catalytic) reac-
tions. These efforts will require (laboratory) analytical charac-
terisation techniques in order to evaluate the relative ratio of
both enantiomorphous crystal forms obtained from the reac-
tion. However, at present, appropriate chiral detection
methods devoted to insoluble crystalline samples are consider-
ably less developed in comparison to the well-established
approaches frequently applied in the production and analysis
of chiral molecular compounds (i.e. (V)CD spectroscopy, or
NMR spectroscopy employing chiral shift reagents), and they
will require major adaptations.

Experimental section
Materials and methods

All starting materials were of reagent grade and used as
received from the commercial supplier. Thermogravimetric
analysis (TGA) was performed with a TGA Q500 analyser in the
temperature range of 25-800 °C in flowing nitrogen at a
heating rate of 10 K min~". Argon gas sorption isotherms were
measured with a Quantachrome Autosorb-I ASI-CP-8 instru-
ment. Prior to measurements, the samples were heated at
250 °C for 20 h in high vacuum to remove occluded solvent
molecules. Argon sorption experiments were performed at
77 K in the range of 1.0 x 107 < P/P, < 0.99 with argon gas.
Fourier transform infrared (FT-IR) spectra were recorded with
ATR in the range 4000-180 cm™" on a Bruker Equinox 55 FT-IR
spectrometer. Diffuse reflectance UV/Vis/NIR spectra were
recorded in the range 2000-250 nm on a Perkin Elmer 4 750 s
spectrometer. Energy-dispersive X-Ray spectroscopy (EDX) was



performed with a Philips XL 30 scanning electron microscope.
Solid-state CPMAS NMR experiments were performed employ-
ing a 7 T Bruker Avance III solid state NMR spectrometer oper-
ating at resonance frequencies of 75.4 MHz and 300.13 MHz
for *C and 'H, respectively. Magic Angle Spinning (MAS) NMR
experiments were performed using a Bruker 4 mm WVT MAS
probe at spinning speeds of 10000 Hz, using cross polariz-
ation (CP) techniques and high power TPPM** decoupling to
detect the "*C signal. 4096 scans were accumulated with a rep-
etition delay of 5 s and the spectrum was referenced relative to
the *C signal of TMS.

Synthesis of 1H,1'H-5,5"-bibenzo[d][1,2,3]triazole (1)

The achiral H,-bibta ligand was synthesised in one step from
commercially available 3,3',4,4"-tetraaminobiphenyl. To a
cooled suspension of 3,3',4,4-tetraaminobiphenyl (1 g,
4.67 mmol) in CH3;COOH (13 mL) and H,O (1 mL), NaNO,
(0.71 g, 10.23 mmol) in 1.1 mL H,O was added dropwise
under good stirring, maintaining a temperature of 0 °C. The
formed precipitate was filtered off and washed with H,0 and
MeOH.

Yield: 1.05 g (95%). Mp = 342.6 °C; '"H NMR (400 MHz,
DMSO, & (ppm)): 15.83 (s, 2H, NH), 8.24 (s, 2H, ArH), 8.02 (d,
J = 8 Hz, 2H, ArH), 7.84 (d, /] = 8 Hz, 2H, ArH). *C NMR
(100 MHz, DMSO, § (ppm)): 145.20, 139.20, 136.50, 130.10,
127.90, 127.40. IR (v (cm™")): 3070.53, 2982.48, 2894.79,
2763.99, 1512.90, 1414.05, 1248.85, 1198.44, 1024.59, 861.15,
796.40, 546.01, 422.26. Elemental analysis caled (%): C 61.01,
H 3.41, N 35.58; found: C 61.24, H 3.20, N 35.30.

Synthesis of [Zn;(0Ac)4(bibta);] (2)

A mixture of zinc acetate dihydrate (37.17 mg, 0.17 mmol) and
H,-bibta (10 mg, 0.04 mmol) was dissolved in 4 mL N-methyl-
formamide (NMF) and the solution was placed in a glass tube
(10 mL). The tube was sealed and heated at 90 °C for 3 days
and then cooled to room temperature. The precipitate was fil-
tered, washed with NMF (3 x 1 mL) and MeOH (3 x 3 mL) and
dried at 250 °C under vacuum.

Yield: 51 mg (89%). IR (v (cm™)): 2982.48, 2763.99,
1632.82, 1414.05, 1271.94, 1248.85, 1198.44, 1024.59, 796.40,
546.01, 422.26. Elemental analysis caled (%): C 41.75, H 2.39,
N 19.92; found: C 40.85, H 2.20, N 19.56.

General procedure for Co/Zn exchange in [Zns(OAc),(bibta);] (2)

CFA-1 (10 mg, 0.008 mmol) was heated with the solution of
cobalt(n) acetate tetrahydrate in NMF (4 mL, concentration
range: 0.001 mol L™'-0.300 mol L") for 24 h at 60 °C. The
violet precipitate was filtered off, washed first with hot NMF,
until the filtrate was completely colourless, and subsequently
with MeOH (3 x 3 mL), after which it was dried at 250 °C in
vacuum. The Co/Zn molar ratio of the product was determined
by energy-dispersive X-Ray spectroscopy (EDX).

Synthesis of [Zn(CoZn;)(0Ac),(bibta);] (3)

Cobalt(u) acetate tetrahydrate (3.0 mg, 0.012 mmol) was dis-
solved in NMF (4 mL) and CFA-1 (10 mg, 0.008 mmol) was

added to the solution. The reaction mixture was stirred for
24 h at 60 °C. The violet precipitate was filtered off and
washed with NMF (3 x 1 mL) and MeOH (3 x 3 mL) and dried
at 250 °C in vacuum. Elemental analysis calcd (%): C 41.96,
H 2.40, N 20.02; found: C 41.85, H 2.42, N 19.86.

Single-crystal X-ray crystallography

The crystal was transferred to Paratone-N oil and mounted on
a CryoLoop (both Hampton Research Corp.). The data were col-
lected at 100 K using synchrotron radiation on beamline
BL14.2 of the Joint Berlin-MX Laboratory at BESSY-II (Berlin,
Germany) with a MX-225 CCD detector (Rayonics, Illinois). The
data were integrated and scaled with the XDS software
package.?® The structure was solved using direct methods with
the help of SHELXS-97** and refined by full-matrix least
squares techniques using SHELXL-97. Non-hydrogen atoms
were refined with anisotropic temperature parameters. The
hydrogen atoms were positioned geometrically and refined
using a riding model (Table 4).

Powder X-ray diffraction measurements and crystal structure
determination of Co-CFA-1, [Zn(CoZn;)(OAc),(bibta);] (3)

Crystalline samples were ground using an agate mortar and
pestle, and were deposited in the hollow of a zero-background
sample holder. Diffraction data were collected in the 26 range
of 4-90° with 0.02° steps, with an interval of 6 s per step, using
a Seifert XRD 3003 TT diffractometer equipped with a Meteor
1D detector. For the thermal stability characterization, the
samples were ground using an agate mortar and pestle and
were loaded into a glass capillary (Hilgenberg, diameter
0.5 mm). The variable temperature XRPD experiment data
were collected in the 26 range of 4-60° with 0.02° steps, with
an interval of 0.5 s per step using a Bruker A8 Advance

Table 4 Crystal data and structure refinement for 2

Empirical formula C44H30N;g0gZn5
Formula weight 1265.71
Temperature 100(2) K
Wavelength 0.88561 A

Crystal system, space group, no.
Unit cell dimensions

Trigonal, P321, no. 150
a=17.750(3) A
€=19.192(4) A

Volume

Z, calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected/unique
Completeness to theta = 33.98
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 20(1)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

5236.7(15) A

2,0.803 g cm™

2.097 mm™"

1268

0.06 x 0.04 x 0.04 mm

1.65° to 33.98°

—22 <h<21,-22 <k<22,
—24<1<10

17 630/7177 [R(int) = 0.0556]
97.4%

None

Full-matrix least-squares on F>
7177/7/257

1.044

Ry =0.0450

WR, = 0.1131

0.033(9)

1.041 and —0.426 e A™*
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Fig. 18 The Rietveld refinement plots for 3. Dotted and solid lines represent
observed and calculated patterns, respectively, with peak markers and the differ-
ence plot shown at the bottom. For clarity, the insert shows an expanded view
in the range of 11-70° 26.

diffractometer equipped with a Lynxeye linear position-sensi-
tive detector, an MRI TCPU1 oven, in transmission geometry.
The samples were heated from room temperature to 50, 150,
250, 350, and 400 °C, and once the corresponding temperature
was reached, the sample was kept at this temperature for
10 min before starting to measure. For compound 3, a Rietveld
refinement process was directly carried out starting from the
structural model of 2 from the single crystal data. The sample
was heated for 24 h at 250 °C in vacuum to remove the solvent
molecules. Many attempts were made to refine the structure
based on a measurement from the flat specimen. Unfortu-
nately, the refinement process was unstable; R-values were in
the range of 18-22%. A strong preferred orientation in the
[001] direction was detected. For Rietveld refinement we used
a long measurement in a capillary (4-70° 20, 0.02°, 8 s per
step), collected in transmission geometry. The Rietveld refine-
ment was carried out using Jana2006 program.*> Weak geo-
metric restraints on bond distances were used during the
refinement. Hydrogen atoms were placed at idealized positions
using SHELXL program. The final Rietveld refinement plots
for 3 are presented in Fig. 18. The crystal data and structure
refinement summary for [Zn(CoZn;)(OAc),(bibta);] are pre-
sented in ESI, Table S4.f Atom coordinates and selected dis-
tances and angles are presented in ESI, Tables S5-S7.1

Complete crystallographic data for the structures 2, CFA-1
and 3, Co-CFA-1 reported in this paper have been deposited in
the CIF format with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC 930634 and
930635.
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