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ABSTRACT: The ligand benzene-1,3,5-triyltriisonicotinate (1) was
shown to form topological equivalent organic and metal—organic
networks upon treatment with trimesic acid (H;TMA) and Ag(I) salt,
respectively. Both exhibit interpenetrated (10,3)-b networks,
signifying the tecton equivalency between Ag(I) and H;TMA. The
metal—organic network is doubly interpenetrated, while the organic
network is 8-fold interpenetrated which highlights the size differences
between Ag(I) and H;TMA. Despite interpenetration, both the
networks were found to incorporate solvents MeOH and CHCI; in
their channels. Further, the repeat of reaction of Ag(I) with 1 in the
presence of a pyrene guest was found to produce crystals of open
honeycomb (6,3) network with inclusion of pyrene molecules in the

Honeycomb network

channels.

Prediction of the crystal structure for a given molecular
structure is accepted to be one of the difficult tasks in the
crystal engineering, as several factors govern the crystallization
reaction outcome.' The failure of such predictions was
provocatively referred to as “one of the continuing scandals”
by Maddox in 1988.> The tecton approach that is purely based
on molecular symmetry and the placement of functional groups
on the molecule and the supramolecular synthon approach
which deals with the robustness of the functional group
interactions serve the purpose of structural prediction to some
extent in cases of highly symmetrical molecules/supramolecular
architectures.>™> In short, in the tecton approach, molecular
building blocks are highlighted, while in the synthon approach,
interactions are given importance; however, the same under-
lying principle of molecular programming is there in both of
them. Even in the case of symmetrical molecules, several other
possible structures exist which differ significantly from
predictable ones. For example, a 3-fold molecule can exhibit a
honeycomb network as well as (10,3)-a or -b networks;
similarly, a S,-symmetrical molecule can exhibit a diamondoid
or 2D-layer structures.>” The generation of crystal structures of
single organic components by using two or multi organic
components, cocrystals or salts, is also one of the current
challenges in crystal engineering. In this regard, the honeycomb
network that was formed by trimesic acid (H;TMA) via
synthon-I was shown to be formed by H;TMA (node) and
4,4'-bipy or other spacers using synthon-Il (Scheme 1).*’
Similarly, the formation of extended diamondoid networks via
synthon-II using two components was also shown very
recently.”'® Further, the 3-fold symmetric molecules when
linked (two-connected) through metal nodes were known to
form (10,3)-a and (10,3)-b networks for a long while."!
However, only recently the organic counterpart of (10,3)-a
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Scheme 1. (a) Synthon I and (b) synthon II
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network was reported, but to date no (10,3)-b network was
reported to the best of our knowledge."”

On the other hand, the generation of topologically equivalent
purely organic and metal—organic networks is also one of the
challenging tasks of crystal engineering.'®> Herein, we report
one such example using the molecule, benzene-1,3,5-
triyltriisonicotinate (1), which was linked to form topologically
equivalent networks via 3-connected organic (H;TMA) or
inorganic nodes/tectons [Ag(I)]. In the case of H;TMA and 1,
the networks are propagated through synthon-IIL, whereas in
the case of Ag(I) and 1, the networks are propagated by
coordination bonds. Recently, it was shown by us that the
molecule 1 forms two-dimensional iso-structural CPs that
exhibit remarkable ability of exchanging cations/anions in
single-crystal-to-single-crystal manner and also exhibit breath-
ing behavior in N, sorption.'*"* In continuation of our studies
on CPs of 1, the molecule 1 was reacted with Ag(I) salts using
the layering technique.

Layering of methanolic solution of AgPF¢ over the
chloroform solution of 1 afforded needle-shaped crystals of
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cocrystal 2, {[Ag(1)(PF,)]-(CH,0H)-(H,0)-(CHCL,)}, (Fig-
ure 1). The single crystal X-ray analysis reveals that complex 2

CHCl,;—MeOH (Figure 2). The crystal structure analysis of 3
reveals that it is crystallized in P2,/c space group, and it is a

Figure 1. Illustrations for the crystal structure of 2: (a) T-shape
coordination geometry of Ag(I), (b) the shortest circuit formed by five
each of Ag(I) atoms and molecules of 1, (c) 3D-network with (10,3)-b
topology, (d) 2-fold interpenetrated network, Ag(I) and 1 are
represented as nodes, and (e) interpenetration of networks through
-7 and dipolar interactions between the central phenyl rings and the
keto groups of ester, respectively.

is crystallized in the C2/c space group. The asymmetric unit is
constituted by one unit each of 1, Ag(I), and PF, anion. The
Ag(I) ion adopts a distorted trigonal pyramid geometry: the
three pyridyl groups occupy the trigonal plane (N—Ag: 2.375,
2210, and 2.209 A; N—Ag—N: 99, 114, and 146°) and the
disordered PF anion is coordinated at the apical position. The
Ag(I) ion is elevated from the Nj plane by 0.128 A, and the
pyridyl rings make angles of 47°, 28° and 36° with the N,
plane. In the crystal structure, both Ag(I) and 1 act as 3-
connected nodes and propagate the (10,3)-b framework. The
shortest circuit is composed of five units each of Ag(I) and 1. It
is interesting to note here that within the (10,3)-b network, the
coordinated PF; ions point in one-direction such that the
chirality of the network is maintained. The remaining space of
the cavities of network was filled by self-interpenetration of the
network which has the opposite sense and solvent molecules
which occupy 15.6% of the crystal volume. The inter-
penetration of the networks is assisted by the 7—x interactions
between the central phenyl rings (3.979 A) and dipole—dipole
interactions between the C=O groups of ester (3.079; 3.207
A) (Figure le). It is interesting to note that the C=0 that
exhibits shorter dipole—dipole interaction has longer C—-O
distance (1.174 vs 1.257 A), although the IR spectra shows only
one peak at 1751 cm™.

As the Ag(I) serves as the 3-connected node in the structure,
it was thought that H;TMA as a probable tecton to produce
organic cocrystal of 1 and H;TMA containing (10,3)-b network
via synthon-IL Crystals of cocrystal 3, {[1-H;TMA]-(CH,OH)-
2(CHCL,)},, suitable for single crystal X-ray diffraction were
obtained by dissolving 1:1 equivalents of 1 and H;TMA in
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Figure 2. Illustrations for the crystal structure of 3: (a) the shortest
circuit formed by five molecules of 1 and five H;TMA molecules, (b)
organic network with (10,3)-b topology, (c) 8-fold interpenetrated
network, and (d) interpenetration of networks through 77
interactions between the C4 rings, between the pyridyl arms, and
H;TMA and pyridyl arms of 1.

cocrystal. The C—O and C=O0O bond lengths of —COOH of
H;TMA in 3 are 1.303 and 1.207; 1.304 and 1.216; and 1.304
and 1.214 A, which clearly indicates that the —COOH groups
are not deprotonated. The molecules assemble through
synthon-II (3.273, 2.6771; 2.694, 3.295; 3.226, 2.632 A) to
form a (10,3)-b network containing two organic components.
The ligand geometry in the cocrystal deviates from the 3-fold
symmetry similar to the one observed in complex 1. The
interplanar angles between the central phenyl plane and the
pyridyl planes are 31.38°, 35.38°, and 39.45°. In 3, the shortest
circuit is composed of five each of H;TMA and 1. We note here
that the both nodes in 3 show trigonal planar environment with
angles close to 120°, whereas in 2, Ag(I) severely deviates from
trigonal planar geometry (150.15° 113.25° and 93.42°),
although 1 has nearly 120° angles. In 3, the (10,3)-b networks
are 8-fold interpenetrated in contrast to 2-fold interpenetration
of 1. The increase in interpenetration could be the consequence
of longer arm length of the H;TMA tecton compared to the
Ag(I) ion. The interpenetration occurs through the plethora of
7r---7 interactions as follows: The units of 1 stack on each other
in a staggered fashion such that central Cg units interact with
each other (3.837 A). In between the pyridyl arms of the stacks,
the adjacent pyridyl arms (3.768 A) and H;TMA interdigitate
(3.754 A) in a 4:2 ratio via 77 interactions (Figure 2e).
With the production of the topological equivalent (10,3)-b
networks of 1 with 3-connected tectons, the possibility of
eschewing the interpenetration of these networks in favor of
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guest inclusion was explored by carrying these reactions in the
presence of aromatic guest molecules.'® The layering of
methanolic solution of AgPF4 over the chloroform solution of
1 and pyrene afforded colorless, block-shaped crystals of
complex 4, {[Ag,(1),]-2(PF4)-3(pyrene)-2(CHCl;)},. The
single crystal X-ray analysis reveals that the complex 4
crystallized in P1, and the asymmetric unit is constituted by
one each of 1, Ag(I) and the PF, anion, and 1.5 units of pyrene.
In 4, Ag(I) exhibits planar coordination geometry, unlike the
trigonal pyramid geometry in 2. However, similar to 2, both
Ag(I) ion and 1 act as a three-connected node but forms an
open honeycomb network with an arm length of 9.8 A (Figure
3). As anticipated, the interpenetration was eschewed in favor

Figure 3. Illustrations for the crystal structure of 4: (a) honeycomb
network formed by Ag(I) and 1 with pyrene dimers inside the
hexagonal cavities; packing of layers (b) top view and (e) side view,
channeled pyrenes were shown in parrot green and cylinder mode, the
pyrenes between the bilayers were shown in dark green and a space
filling mode; (d) column of pyrene dimers; and (e) intercalation of
pyrene between the bilayers via 7---7 and C=O---7 interactions.

of the inclusion of the pyrene guest molecule. The honeycomb
layers form double layers via Ag-7 (4.507 A) and O=C-x
(3.460 A) interactions. These double layers pack in slipped
manner such that there exits continuous channels which are
occupied by a column of pyrene dimers and PF ions. Between
the double layers, one of the pyrene molecules is sandwiched by
7m—n interactions between pyrene and Py-CO- moieties of 1
(4.659 A). We note here that recently reported structures of 1
with Ag(I) salts have honeycomb networks which have offset
packing unlike the ones reported here. In those examples,
solvent molecules were found to act as guest molecules and
form unstable crystals.'”

Efforts to obtain cocrystal of H;TMA with 1 in the presence
of pyrene or other aromatic guest molecules were not
successful. We note here that complex 4 bears striking
structural resemblance with that of [TMA-tpt]-2pyrene, as
both are honeycomb networks, and the channels are occupied
by pyrene molecules.'® However, the differences between the
present structure and that of [TMA-tpt]-2pyrene is that in
[TMA-tpt]-2pyrene the channels are filled by four molecules of
pyrene. In contrast in the present structure, those are filled by
two pyrene and two PFy anions. Longer length of H;TMA and
the absence of anions may be reason of inclusion of two extra
pyrene molecules in that structure.

Solid state diffuse reflectance spectra (DRS) of 2 and 3 were
recorded at room temperature and compared with those of
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H,;TMA and 1 (Figure 4). The bands of 2 and 3 varied
considerably from those of 1 and H;TMA. 1 and H;TMA
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Figure 4. Diffuse reflectance spectra of 1 (red line), H;TMA (purple
line), 2 (blue line), and 3 (green line).

showed peaks at 268 and 298 nm, respectively. However, both
2 and 3 were found to exhibit three absorption peaks; for 2 the
absorption peaks were observed at 211, 256, and 330 nm, while
those of 3 are located at 213, 260, and 294 nm.

In conclusion, it was demonstrated that H;TMA is an
equivalent tecton to Ag(I) to produce topologically equivalent
(10,3)-b networks upon self-assembling with 1. The size of the
tecton altered the degree of interpenetration, smaller Ag(I)
produced doubly interpenetrated and the bigger tecton
H;TMA produced an 8-fold interpenetrated network. The
ligand—ligand interactions and Ag(I)—ligand interactions
played a significant role in the interpenetration of networks.
The cocrystal 3 is the first of its kind as there is no report on
cocrystal of 1 to date, and also it represents the first example of
the organic two component (10,3)-b network. The presence of
the guest such as pyrene was found to influence the network
geometry and interpenetration in the case of Ag(I) and 1 but
not in case of H;TMA and 1. Smaller aromatic guests than
pyrene failed to produce single crystals, even in case of the
reaction of Ag(I) and 1.
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