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The Friedel−Crafts reaction of cyameluric chloride with toluene
and subsequent oxidation have resulted in the synthesis of a
benzoic acid functionalized tri-s-triazine derivative, s-heptazine
tribenzoate (HTB). Photoluminescence and mass spectroscopy data
indicate that, in solution, HTB molecules interact by face-to-face
π−π stacking, forming dimers (the “Piedfort unit”). A porous metal−
organic framework (MOF) with a (10,3)-a chiral network has been
synthesized with these dimers at the three-connected nodes linking
trinuclear zinc clusters. Within the network, the dimer can exist in
either of two enantiomeric forms because of an angular offset in
the stacking. The resulting MOF is neutral and noninterpenetrated
and exhibits a high solvent-accessible volume (calculated 84%).

Porous solids with chiral structure attract special research
interest because of their potential applications in asymmetric
catalysis, chiral separation, and nonlinear optics.1 The chiral
(10,3)-a network is of great importance in the field of porous
metal-organic frameworks (MOFs); this network can be
predictably synthesized from three-connected organic bridg-
ing ligands and inorganic nodes. In the past decade, some
(10,3)-a networks based on oxygen and nitrogen donors have
been investigated.2 Specifically, a rare example of a (10,3)-a
network MOF with homochiral permanent microporosity,
which showed enantioselective sorption, was reported re-
cently.3

A number of factors determine the overall stability,
porosity, and network configuration of an MOF. Increasing
the size of the ligand can allow the formation of larger pores;

with larger ligands, there is also an increased likelihood of
forming an interpenetrated network. Interpenetration can
stabilize the structure of an MOF against decomposition due
to solvent loss or heating but can drastically reduce the size
of the pores.4 Another method of stabilization of the network,
which sacrifices less pore space, can come from increased
interaction between ligands in the form ofπ-π stacking.

While investigating new bridging ligands for porous MOFs
in order to address the above considerations, we became
interested in the derivatives of tri-s-triazine (1,3,4,6,7,9,9b-
heptaazaphenalene, also calleds-heptazine); such derivatives
possess an ideal trigonal geometry for three-connected
networks. Compounds based on tri-s-triazine can also be
expected to have a number of intriguing properties. First,
the tri-s-triazine ring has excellent thermal stability.5-7

Second, all reported tri-s-triazine derivatives exhibit interest-
ing optical properties.5-11 Third, recent theoretical calcula-
tions have shown that tri-s-triazine derivatives should have
interesting electronic structures,12 including strongπ-π
interaction between the heterocyclic tri-s-triazine rings, each
of which contains 14 delocalizedπ electrons. In the related,
more thoroughly investigated smallers-triazine system,
examples of ligand pairing with face-to-faceπ-π stacking,
nicknamed the “Piedfort unit”, have been reported.13,14
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Herein, we report the synthesis of a novel triangular ligand
based on tri-s-triazine, which we have designated as HTB
(for s-heptazine tribenzoate). This ligand was designed with
the above considerations in mind in order to take advantage
of ligand dimerization; it was expected that HTB would
exhibit Piedfort ligand pairs in solution and that these dimers
would be incorporated into any MOF constructed using this
ligand. As proof-of-concept, an MOF containing HTB is also
reported. As expected, in contrast to frameworks built
containing the common trifunctional carboxylate ligand 1,3,5-
benzenetricarboxylic acid (BTC), the use of the HTB ligand
resulted in a noninterpenetrated network; additionally, the
resulting MOF was found to possess several desirable
properties, namely, a (10,3)-a chiral network stabilized by
ligandπ-π stacking and exhibiting a high solvent-accessible
volume.

The synthesis of HTB is based on the Friedel-Crafts
reaction of cyameluric chloride with toluene, yielding 2,5,8-
tris(p-methylbenzene)-1,3,4,6,7,9,9b-heptaazaphenalene (1).15

By selective oxidation of the methyl group into carboxylate,
the benzoic acid functionalized ligand HTB was obtained
[2,5,8-tris(p-benzoate)-1,3,4,6,7,9,9b-heptaazaphenalenic acid
(2)].

To determine whether HTB molecules are paired in
solution, preliminary studies on1 and2 were performed prior
to their incorporation into the MOF Zn3(HTB)2(H2O)2‚
3DMA‚5H2O (3). Because stacking and the formation of
dimers is known to quench photoluminescence, the excitation
spectra of1 and2 were examined. Mass spectroscopy was
also employed on solutions of1 and2.

The photoluminescence spectrum of2 in a dimethylfor-
mamide (DMF) solution at varying concentrations was
measured. A red shift in the emission was observed with
increasing concentration, from 516 nm at a concentration of
2 × 10-6 M to 532 nm at 2× 10-4 M. The features of the
excitation spectrum are also dependent on the concentration.
As shown in Figure 1a, below 1× 10-5 M, there are two
absorption peaks at about 315 and 330 nm. The intensity of
these peaks increases with increasing concentration, with the
maximum intensity at a concentration of 1× 10-5 M; the

intensity of these peaks then decreases with increasing
concentration above this point. However, increasing the
concentration above 2× 10-5 M increases the intensity of
two new peaks, at about 270 and 355 nm. At the same time,
the intensity of the absorption band around 460 nm continues
to increase with increasing concentration (Figure 1b). The
concentration-dependent photoluminescence of2 may be
explained by considering the concentration-dependent forma-
tion of the π-π-stacked dimer in solution. The excitation
band between 400 and 500 nm may be ascribed to absorption
by a ligand pair. With increasing concentration, the concen-
tration of the ligand pair increases, while the concentration
of the ligand monomer decreases, with the stacked ligand
pair as the predominant species at concentrations greater than
about 2× 10-5 M. The same phenomenon is apparent in
the photoluminescence of1, the precursor to2, but to a lesser
degree.

Further evidence for the existence of the ligand pair in
solution comes from mass spectroscopy of2, shown in Figure
2. The two peaks visible in Figure 2a atm/z1065.7 and 533.3
correspond to those of the ligand dimer (calculatedm/z1065)
and monomer (calculatedm/z532.5), respectively. The peak
of the dimer is verified by MS/MS spectroscopy, shown in
Figure 2b, with the signal of the monomer atm/z532.2. The
mass spectroscopy of1 in an acetone solution also shows
the peak of the dimer, indicating that the ligand pair exists
not only in the solid state but also within the solution of
starting materials.

The pairing of ligands in the solid state is evident from
the crystal structure of3. As expected from previous studies
of s-triazine and tri-s-triazine found in the literature (vide
supra), the structure of HTB in3 is nearly planar, with
prominentπ-π-stacking effects evident. The crystal structure
of 3 shows that the dihedral angle between the phenyl ring
and the tri-s-triazine plane is only 6.1°. Two ligands are also
found stacked together to form aD3 symmetric ligand pair
due to the strongπ-π interaction between the ligands, as
shown in Figure 3; this structure is also found in several
s-triazine derivatives and named theD3-Piedfort unit (D3-
PU).13 The rings are aligned through the central nitrogen
atoms and rotationally skewed 22.8° about this axis. The
distance between the tri-s-triazine planes is 3.328 Å, which
indicates rather strong face-to-faceπ-π interaction. Similar
stacking has also been found in another tri-s-triazine deriva-
tive, potassium melonate.5
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Figure 1. Photoluminescence excitation spectra of2 at varying concentra-
tions in DMF.

Figure 2. (a) Mass spectroscopy of2 in a DMF solution: m/z533.3 (M-,
calcdm/z532.5), 1065.7 (2M-), 1108 [2M- + N(CH3)2]. (b) MS/MS spectra
of the m/z 1065 fragment;m/z 532.2 (M-, calcdm/z 532.5).
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The ligand pairs connect through a linear trinuclear zinc
cluster to form a three-dimensional framework (Figure 4a).
Three zinc atoms are chelated by six carboxylate groups from
threeD3-PU ligand pairs (Figure 4b). The central zinc atom
is octahedrally coordinated, while the other two are tetra-
hedrally coordinated by an oxygen atom from each of the
three HTB carboxylate groups and a water molecule.

The connection betweenD3-PU ligand pairs and trinuclear
nodes forms a chiral (10,3)-a network. The chiral structure
of 3 can be explained by consideration of the assembly of
theD3-PU pair. The two ligand molecules can stack together
in either a clockwise or counterclockwise manner; these two
stacking modes are enantiomers. Because all of the ligand
pairs in the framework of3 are clockwise, a chiral network
results.

Neutral and noninterpenetrating (10,3)-a networks are
highly desired for obtaining chiral high-porosity materials;
3 is a rare example of such a network. Because of the lack
of interpenetration and the large ligand size, high porosity
can be expected in this MOF: the solvent-accessible volume
is 84.4%.16 This high porosity makes the framework unstable
to guest removal: the framework collapses quickly once
crystals are removed from the mother liquor, likely because
of both the loss of solvent and loss of terminally coordinated
water molecules. Thermogravimetric analysis shows that3
has a weight loss of 24.29% from 30 to 140°C, correspond-
ing to the loss of free solvent molecules and two coordinated
water molecules.

Like other reported tri-s-triazine derivatives,1-3 also
have interesting photoluminescence properties. Photolumi-
nescent emission of1 and 2 was detected at 517 and
532 nm, respectively. A significant shift in the maximum
emission is observed when compared to other derivatives of
tri-s-triazine, for example,λem

max(C6N7Cl3) ) 466 nm,7

λem
max[C6N7(NH2)3] ) 366 nm,8 λem

max[C6N7(N3)3] ) 430 nm,10

andλem
max(C6N7H3) ) 517 nm.11 This result is not surprising

because HTB has a considerably larger conjugation system
because of the addition of the benzoic acid rings. The solid-
state emission spectrum of3 exhibits a maximum at 391
nm, with a blue shift of about 140 nm from that of the ligand.
This can be ascribed to ligand-to-metal charge transfer.

Although a single crystal of3 is chiral, the bulk sample is
a racemic mixture because each of the two enantiomers has
an equal chance to crystallize. It may be possible to affect
the packing mode of the ligand pair at the beginning of the
reaction by adding a chiral structure-directing agent, to favor
one enantiomeric dimer over the other, resulting in a
crystalline solid that is homochiral in the bulk. Although we
do not know the exact packing mode of the dimer in solution,
density functional theory calculations can be done to explore
various possibilities. Templating studies with this ligand are
ongoing in our laboratory, and these results will be reported
in future publications.17

In conclusion, we have synthesized a tricarboxylate-
functionalized ligand based on tri-s-triazine and used it to
assemble an MOF containing trinuclear zinc clusters. As
expected based on the design of the ligand, this MOF was
found to be very porous and to possess a noninterpenetrated
chiral (10,3)-a network.π-π interaction leading to a Piedfort
pair of planar HTB ligands was found to be responsible for
the formation of the chiral structure. Photoluminescence
measurements indicate the existence of the ligand dimer in
solution prior to network assembly, and mass spectroscopy
corroborates these findings. The existence of the ligand dimer
in solution is hoped to provide an exciting opportunity to
manipulate, prior to the introduction of the metal center,
exactly that piece of the framework that most directly and
profoundly affects porosity and stability.
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Figure 3. Two ligands stacked face-to-face to form aD3 ligand pair-
Piedford unit (D3-PU). Nitrogen atoms are indicated in blue, carbon atoms
in gray, oxygen atoms in red, and zinc atoms in aqua.

Figure 4. (a) Three-dimensional network structure of3 along the [001]
direction. (b) Coordination motif betweenD3-PU ligand pairs and the
trinuclear zinc cluster. (c) (10,3)-a network topology of3.
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