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Abstract: Rational self-assembly of a
long V-shaped 3,3'.4,4-benzophenone-
tetracarboxylate (bptc) ligand and
metal salts in the presence of linear bi-
dentate ligand yield a series of novel
pillared helical-layer complexes,
namely, [Cuy(bptc)(bpy),] (1), [M;-
(Hbptc),(bpy);(H,0),]2H,0 (M =

Fe(2) and Ni(3)), [Co,(bptc)(bpy)-
(H,0)]-0.5bpy  (4), [Cdy(bptc)(bpy)-
(H,0),] H,O (5), [Mny(bptc)(bpy),s-
(H,0);] (6) and [M,(bptc)(bpy)os-

(H;0);}0.5bpy (M = Mn(7), Mg(8)
and Co(9), bpy=4,4"-bipyridine). Their
structures were determined by single-
crystal X-ray diffraction analyses and
further characterized by elemental
analyses, IR spectra, and thermogravi-
metric (TG) analyses. The structure of
1 consists of two types of chiral layers,
one left-handed and the other right-
handed, which are connected by bpy
pillars to generate a novel 3D open
framework featuring four distinct heli-
cal chains. Compounds 2 and 3 are iso-

structural and feature 3D structures
formed from the interconnection of
arm-shaped helical layers with bpy pil-
lars. Compound 4 is a pillared helical
double-layer complex containing four
different types of helices, among which
the nine-fold interwoven helices con-
structed from triple-stranded helical
motifs are unprecedented. Compound
5 exhibits a novel 3D covalent frame-
work which features nanosized tubular
channels. These channels are built from
helical layers pillared by bptc ligands.
The structure of 6 is constructed from
{Mn(bptc)(H,0)},~ layers, which con-
sist of left- and right-handed helical
chains, pillared by [Mn,(bpy);(H,0),]**
complexes into a 3D framework. To
the best of our knowledge, compounds
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1-6 are the first examples of pillared
helical-layer coordination polymers.
Compounds 7-9 are isostructural and
exhibit interesting 2D helical double-
layer structures, which are constructed
from  {M(bptc)(H,0),},”"~  ribbons
cross-linked by  [My(bpy)(H,0)s]**
complexes. Furthermore, the 3D supra-
molecular structures of 7-9 are similar
to the 3D structure of 6, and the 2D
structure of 7 can be transformed into
the 3D structure of 6 at higher reaction
temperature. By inspection of the
structures of 1-9, it is believed that the
V-shaped bptc ligand and V-shaped
phthalic group of the bptc ligand are
important for the formation of the heli-
cal structures. The magnetic behavior
of compounds 1, 2, 4, 6, and 9 was stud-
ied and indicated the existence of anti-
ferromagnetic interactions. Moreover,
compound 5 shows intense photolumi-
nescence at room temperature.

Introduction

The design and synthesis of porous metal-organic frame-

works (MOFs), which provide pores of well-defined sizes,
shapes, and chemical environments, are of great current in-

terest; not only because of their tremendous potential appli-
cations in gas storage, chemical separations, ion exchange,
microelectronics, nonlinear optics and heterogeneous cataly-
sis, but also owing to their intriguing variety of architectures

and topologies.™ Consequently, a series of open metal—or-

ganic frameworks with various structural motifs, including
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honeycomb, brick wall, bilayer, ladder, herringbone, dia-
mondoid, and rectangular grid, have been deliberately de-
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signed, and discussed in comprehensive reviews by Yaghi,
Kitagawa, Rao, Chen and their co-workers.” Being an im-
portant subclass of porous materials, pillared-layer struc-
tures, which are frequently found in ancient buildings on the
macroscopic scale, such as the Parthenon in Athens, have
proved to be an effective and controllable route to design
three-dimensional (3D) frameworks with large channels.®?
Employing this approach, a variety of pillared-layer struc-
tures including positively and negatively charged or neutral
layers have been synthesized.'” This research area soon
became very attractive because of the merits of pillared-
layer structures, such as control over the porous structures
and the chemical functionality by simple modification of the
pillar module."” These peculiar merits associated with the
pillared-layer structures lead us to this interesting and chal-
lenging field.

Helical structures, which are ubiquitous in nature and are
the foundation of the genetic code, have been attracting in-
creased attention in coordination chemistry and materials
chemistry due to their importance in biological systems, op-
tical devices and asymmetric catalysis."*'7) Many chemists
have made great contributions to this field, and the design
of helical coordination polymers through the self-assembly
of ligands and metal cations has shown significant progress
recently.’>!*) However, the occurrence of pillared-layer com-
plexes with helical character is particularly rare. Having
studied the literature, we noticed that although the helical
layer motif (a layer containing helical chains, usually used in
biology*l) was reported several years ago as a new two-di-
mensional motif"” studies on extending it into 3D open
frameworks remained unexplored. Inspired by the afore-
mentioned considerations, our current synthetic strategy is
to acquire pillared porous MOFs with helical character by
linking the helical layers with pillar modules of changeable
length and/or type. Such a strategy should lead to new com-
pounds combining respective merits of pillared-layer and
helical structures.

In our strategy, 3,3',4,4'-benzophenonetetracarboxylate
(bptc) was chosen as the organic ligand based on the follow-
ing considerations: i) although a few pillared structures are
built upon carboxylate ligands,'®! exploitation for them to
construct pillared 3D frameworks is still in its infancy and,
therefore, further research is necessary to enrich and devel-
op this field; ii) being an asymmetrically V-shaped ligand, it
can induce a dissymmetric unit when coordinating with
metal atoms, which may improve the helicity of polymeric
chains and thus favor the formation of a helical struc-
ture; 131517 i) by possessing three possible conformations
(Scheme S1, Supporting Information) and multiple bridging
moieties, a variety of connection modes with metal centers
are possible and provide abundant structural motifs; there-
fore, bptc may be an excellent candidate for the construc-
tion of multidimensional coordination polymers, especially
3D open frameworks; iv) coordination polymers constructed
from the bptc ligand have rarely been reported,'” and much
work is still necessary to understand the coordination chem-
istry of bptc.
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Because of the low solubility of the ligands used and the
resultant difficulty to grow crystals of coordination poly-
mers, a hydrothermal technique was adopted in this paper
to put the designed strategy into practice. A series of pil-
lared coordination polymers were then synthesized success-
fully, namely [Cuy(bptc)(bpy),] (1), [M;(Hbptc),(bpy)s-
(H,0),]2H,0 (M = Fe(2) and Ni(3)), [Co,(bptc)(bpy)-
(H,0)]-0.5bpy (4), [Cdy(bpte)(bpy)(H,0),] H,O (5), [Mn,-
(bpte)(bpy)is(H:0)]  (6)  and  [Ms(bpte)(bpy)ys-
(H,0)5]:0.5bpy (M = Mn(7), Mg(8) and Co(9), bpy=4,4"-
bipyridine). The syntheses and crystal structures of these
compounds are reported here. This work may provide a
bridge between pillared-layer and helical systems.

Results and Discussion

Description of crystal structures: Single-crystal X-ray struc-
tural analysis shows that the structure of compound 1 is a
pillared helical-layer complex containing four types of heli-
ces, in which the asymmetric unit contains one Cu atom,
one bpy ligand and 0.5 bptc ligand (Figure 1). Each Cu"

Figure 1. ORTEP drawing of 1 with thermal ellipsoids at 50 % probabili-
ty.

atom is primarily coordinated by two oxygen atoms from
two bptc ligands (Cu—O 1.960(5) and 1.966(5) A) and two
nitrogen atoms from two bpy ligands (Cu—N 2.033(6) and
2.057(7) A) to furnish a distorted square-planar coordina-
tion. The remaining carboxylic oxygen atom has weak inter-
action with Cul at the axial site (Cu—O 2.716 A) due to the
Jahn-Teller effect. All the carboxylic groups of the bptc
ligand adopt a monodentate mode to connect with four Cu
atoms (Scheme S2a). Based on this connection mode, the
Cu" atoms are bridged by the V-shaped phthalic groups of
bptc ligands to form the left- and right-handed helical chains
running along a crystallographic 2, axis in the ¢ direction
with a pitch of 11.451 A (Figure 2). As shown in Figure 2,
adjacent same-handed helical chains are further intercon-
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Figure 2. Left: Perspective view of the left-handed layer in 1, showing
rhombic windows with dimensions of 11.45x20.01 A% Right: Space-filling
diagram of the helical chains in the 2D helical layers.

nected by carbonyl groups of bptc to generate a 2D chiral
layer of very large rhombic windows (with dimensions of
11.45%20.01 A). Interestingly, the two types of chiral layers,
one left-handed and the other right-handed (Figure Sla),
are connected by bpy pillars to generate a novel 3D open
framework (Figure 3a) featuring asymmetric cavities with di-
mensions of 14.43x11.45x7.98 A (Figure Slc). From the
topological point of view, this 3D network can be regarded

Figure 3. a) 3D network of 1 viewed along the b axis. b) Schematic illus-
trating the (6°8) topology of the 3D network of 1. One strand of a quad-
ruple helix is highlighted (red).
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as a uninodal four-connected net with (6°8) topology (Fig-
ure 3b), in which the Cu atoms act as four-connecting nodes.
To our knowledge, this four-connected net is completely
new within coordination polymer chemistry and the finding
of this new topology is useful at the basic level in the crystal
engineering of coordination networks. The Schlifli notation
of this net, as we can see, is different but closely related to
that of diamond (6°) (Figure S2).%

The most fascinating structural feature of 1 is that the
four distinct helical chains running along the crystallograph-
ic ¢ axis coexist in the 3D network. This case is rather rare
even though a few elegant coordination networks containing
two types of helices have previously been character-
ized.'®174 Besides the single-helical chains in the 2D helical
layer, there are a quadruple-stranded helix with a period of
45.804 A (Figure 4a), and two types of double-stranded heli-

Figure 4. Space-filling views of the a) quadruple-stranded helices, b) the
first type of double-stranded helix, and c) the second type of double-
stranded helix in 1.

ces with a pitch of 22.902 A (Figure 4b and c) in 1. As de-
picted in Figure 4a, the quadruple-stranded helices are built
from V-shaped O,C-C-C-CO, groups and bpy ligands
bridged between the Cu centers. Compared with a few prec-
edents of double- and triple-stranded helical motifs,'*!*! the
unusual intertwined quadruple-stranded helix is particularly
rare in metal-organic complexes. Noteworthy of mentioning
here is that the helical tube formed by the quadruple-strand-
ed helices is separated by benzophenone groups of bptc
(Figure S1b) to form the asymmetric cavities mentioned
above. Whereas asymmetric cavities are particularly desira-
ble because of their promising applications in asymmetric
catalysis and chiral separations, such cavities enclosed by in-
tertwined quadruple-stranded helices are extremely rare.
The first type of double-stranded helix (Figure 4b) is also
constructed by O,C-C-C-CO, groups and bpy ligands bridg-
ed between the Cu centers. However, the helical tube
formed by this helix is larger than that observed in the
quadruple-stranded helix, whereas the second type of
double-stranded helix is formed by bptc and bpy bridging
the Cu atoms (Figure 4c).

When Fe and Ni, two transition metals with octahedral
geometry, were used instead of Cu, structurally different 3D
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frameworks are formed in 2 and 3 under similar reaction
conditions. Compounds 2 and 3 are isostructural, so only the
structure of 2 will be discussed herein. There are three crys-
tallographically independent Fe centers in the asymmetric
unit of 2 (Figure 5). They all exhibit distorted octahedral ge-

Figure 5. ORTEP diagram showing the coordination environments for
the Fe atoms in 2.

ometries. The Fel and Fe2 centers have identical coordina-
tion environments, both coordinated by two carboxylate
oxygen atoms (Fel-O3 2x2.118(3)A, Fe2-O1 2x
2.093(3) A) from two different bptc ligands, two nitrogen
atoms (Fel-N1 2x2.153(3) A, Fe2-N2 2.224(4) A, Fe2—-N3
2.177(4) A) from two bpy ligands, and two coordinated
water molecules (Fel-OW1 2x2.122(3) A, Fe2-OW2 2x
2.142(3) A). The Fe3 center is defined by four carboxylate
oxygen atoms (Fe3—O02 2x
2.150(3) A,  Fe3-04  2x
2.085(3) A) of two different
bptc ligands and two nitrogen
atoms (Fe3-N4  2.197(4) A,
Fe3—N5 2.206(4) A) of two bpy
ligands. Unlike those in com-
pound 1, only one end of the
carboxylic groups of the bptc
ligand take part in the coordi-
nation with metal atoms, while
the other end of the carboxylic
groups act as the hydrogen-
bond acceptors to link with the
adjacent layers (Scheme S2b).
In addition, the conformation
of bptc in 2 is also different
from that in 1.

As shown in Figure 6a, the
adjacent Fe2 and Fe3 atoms are
linked by the carboxylic groups

of bptc to form Fe-O-C-O-Fe helical layer of 2.
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helical chains (Fe-Fe 5.705(1) A) running along the crystal-
lographic a axis with a pitch of 11.370 A (Figure 6b); the
neighboring Fel and Fe3 atoms are also bridged by the car-
boxylic group of bptc to generate Fe-O-C-O-Fe chains run-
ning along the ¢ axis with the Fe-Fe distance 6.026(1) A.
The two types of chains share Fe3 atoms, and give rise to a
2D sheet in which adjacent Fel atoms are further connected
by bpy into the third type of Fe-bpy-Fe chain. Besides the
helical chains running along a axis, there is another type of
helix (Figure 6b) formed by carboxylic groups and V-shaped
0,C-C-C-CO, groups bridging between the Fe centers along
the [101] direction with a pitch of 24.893 A in the 2D layer.
Interestingly, the one-end coordinated bptc ligands, grafted
on the 2D sheet, are just like open arms protruding from
the both sides of the sheet (Figure S4a).”>'*>"! As far as we
know, such arm-shaped layers with helical characters is still
very rare in systems of metal-organic complexes. As can be
seen from Figure 7, adjacent helical layers are linked by bpy
ligands as molecular pillars to form a novel 3D framework
(Figure S4b) with parallelogrammic tubular channels
(12.05x11.49 A); the one-end coordinated bptc ligands and
free water molecule reside in the channels. From a topologi-
cal perspective, the structure of 2 can be simplified to a
unique (4,6)-connected net with (4*6%)(4%’) topology. In this
simplification the four-connecting nodes are the Fel centers
and the six-connecting ones are the Fe3 centers (see
Figure 7).

Interestingly, when the hydrothermal reactions of bptc,
bpy and metal salts were carried out at about pH 9.0, com-
pounds 4-6 with different structures were obtained. Com-
pound 4 is a pillared helical-double-layer complex contain-
ing four types of helices. There are two crystallographically
independent Co atoms in this structure (Figure 8). The Col
atom is coordinated by one nitrogen atom from a bpy
ligand, and three bridging oxygen atoms from three differ-

Figure 6. a) 2D helical layer in 2 viewed along the b axis. b) Space-filling views of two types of helices in the
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Figure 7. Top: Space-filling view of the 3D structure of 2 along the a axis,
showing the parallelogrammic tubular channels occupied by one-end co-
ordinated bptc ligands. Bottom: A schematic representation of the (4,6)-
connected net of (4'6%)(4%”) topology.

Figure 8. ORTEP drawing of 4 with thermal ellipsoids at 50% probabili-
ty.

ent bptc ligands, to yield a distorted tetrahedral geometry.
The Co2 center is coordinated in a distorted square pyrami-
dal geometry to three carboxylate oxygen atoms from two
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bptc ligands, to one nitrogen atom of a bpy ligand, and to
one aqua ligand.?¥ The four carboxylic groups of the bptc
ligand exhibit two kinds of coordination modes with the Co
atoms, as shown in Scheme S2c. That is, two of them adopt
a bidentate mode, while the other two exhibit a monoden-
tate mode. Based on these connection modes, four Co" ions
are bridged by two pairs of bptc p-carboxylate ends to give
tetranuclear units that are further extended by bptc bridging
ligands into 2D double layers (Figure 9a and Figure S5a).
As shown in Figure 9b, the Col and Co2 atoms are linked
by carboxylic groups and O,C-C-C-CO, groups of bptc li-
gands to form the left- and right-handed helical chains run-
ning along a crystallographic 2, axis in the b direction with a
pitch of 14.993 A. To the best of our knowledge, such a
double layer containing helices has not been reported in the
system of metal carboxylates. Interestingly, adjacent helical
double layers are connected by bpy pillars to generate a
novel 3D open framework featuring large cavities with di-
mensions of 12.59x7.01x11.00 A3, which are populated by
the uncoordinated bpy molecules (Figure 9c and S5b). As
shown in Figure 9d, these cavities are connected to each
other via a small window of approximately 4.0 A to from a
1D zigzag channel along the [100] direction (Figure S5d).!
Such a 3D open framework can also be viewed as a unique
molecular “double-floor”, directly linked by pillars through
covalent bonds (Figure 10a and S5c). As far as we know,
few examples of pillared double-layer structures have been
reported previously.*) More interestingly, if the [Co,-
(CO,),] tetranuclear unit is regarded as an eight-connecting
node (Figure S6), the structure of 4 can be simplified as an
eight-connected net with CsCl (4*6%) topology (Fig-
ure 10b).!

Similar to 1, four different types of helical chains running
along the b axis in the 3D framework of 4 also exist. Apart
from the single helical chains in the 2D helical double layer,
there are two types of triple-stranded helices with a pitch of
44979 A (Figure 11a and c) and another single-stranded
helix formed by bpy bridges between the Co centers with a
pitch of 14.993 A (Figure 11d) in 4. As depicted in Fig-
ure 11a, the first type of triple-stranded helix is built from
bptc and bpy bridge between the Co centers, and each
triple-stranded helix is entangled by two neighboring triple-
stranded helices to give an unprecedented nine-fold interwo-
ven helix (Figure 11b). The second type of triple-stranded
helix (Figure 11c) is also constructed by bptc and bpy
bridged between the Co centers. However, the helical tube
formed by this type of triple-stranded helix is smaller than
that observed in the former.

Compound 5 exhibits a novel 3D covalent framework fea-
turing nanosized tubular channels that are built from helical
layers pillared by bptc ligands. There are two unique Cd
atoms in the asymmetric unit of 5 (Figure 12). The Cdl
atom is coordinated by one nitrogen atom from a bpy
ligand, three oxygen atoms from two carboxylic groups of
two bptc ligands, and two aqua ligands, and shows a distort-
ed octahedral geometry. The Cd2 atom is seven-coordinated
by three pairs of chelating oxygen atoms from three differ-
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Figure 9. a) View of the 2D helical double layer in 4. b) Space-filling diagram of the helical chains in the 2D
helical double layer. ¢) 3D network of 4 viewed along the b axis. d) Perspective view of the 3D network in 4,
highlighting the zigzag channels occupied by the uncoordinated bpy molecules.

ent bptc ligands, and a bridging oxygen atom from the
fourth bptc ligand. Its coordination geometry can be descri-
bed as a distorted pentagonal bipyramid. Unlike in com-
pounds 1-4, the bptc ligand in 5 acts as a decadentate
ligand; two carboxylic groups adopt a bidentate chelating
mode, while the other two exhibit a tridentate chelating/
bridging mode (Scheme S2d).

A striking feature of 5 is the alternating arrangement of
two types of helices along the b axis to form a 2D chiral
layer (Figure 13a and Figure S7). One helix is formed by
carboxylic oxygen atoms bridging Cd atoms, which is gener-
ated around the crystallographic 2, axis with a pitch of
13.699 A (Figure 13b). As far as we know, such an inorganic
helix is still very rare in metal-organic complexes.'’" The
other type of helix is built from V-shaped O,C-C-C-CO,
bridges between the Cd centers with a pitch of 13.699 A
(Figure 13b), displaying an opposite helical orientation to
the former helix. As shown in Figure 13a, the one-end coor-
dinated bpy groups, grafted on the 2D chiral layer, are just
like open arms (with length of ca. 9.3 A) protruding from
the both sides of the sheet (Figure S8).*!*2*! To the best of
our knowledge no chiral arm-shaped layers have been docu-
mented to date. Moreover, a careful examination shows that
the inorganic helices in layer A (Figure 13c) are exclusively

Chem. Eur. J. 2006, 12, 6528 - 6541
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right-handed, whereas those in
the neighboring layer B are ex-
clusively left-handed (Figure
S9). In other words, the helices
in adjacent layers A and B are
pairs of enantiomers, thus lead-
ing to a mesomeric network.
More interestingly, adjacent
chiral layers are pillared by
bptc ligands to form a 3D mi-
croporous framework  (Fig-
ure 13c) with nanosized tubular
channels (17.33x12.26 A). The
monodentate bpy ligands and
free water molecules reside in
the channels. The bpy mole-
cules, acting as ancillary ligands,
are labile®™ and can be re-
moved at 350°C to form a
stable phase formulated as
[Cd,(bptc)] (Figure 13d), as
confirmed by the TG analysis
and elemental analysis. The TG
curve of 5 (Figure S26) exhibits
two weight-loss stages in the
temperature ranges 135-240
(6.79%) and 265-350°C
(19.43 %), corresponding to the
release of water molecules and
bpy groups, respectively. Ac-
cording to the TG analysis, §
was heated in air at 350°C for
12 h to remove the bpy ligands
and water molecules (defined as 5a). Elemental analysis of
5a (C 3547, H 1.16, Cd 38.61%) agrees well with the ex-
pected formula for the opened [Cd,(bptc)] network (calcd:
C 35.26, H 1.04, Cd 38.83%).

X-ray crystallographic analysis reveals that the structure
of 6 is constructed from {Mn(bptc)(H,0)},>"" layers, which
consist of left- and right-handed helical chains pillared by
[Mn,(bpy);(H,0),]** complexes into a 3D framework. The
fundamental unit of 6 is shown in Figure 14. There are two
crystallographically independent Mn centers, each displaying
a distorted octahedral coordination geometry. The Mnl
center is coordinated by two carboxylate oxygen atoms of a
bptc ligand, two nitrogen atoms of two bpy ligands, and two
aqua ligands. The Mn2 center is defined by five carboxylate
oxygen atoms of four different bptc ligands and one aqua
ligand. Unlike in compounds 1-5, the bptc ligand in 6 acts
as a heptadentate ligand; three carboxylic groups adopt a bi-
dentate mode, while the other one exhibits a monodentate
mode (Scheme S2e). On the basis of this connection mode,
all Mn1 centers are linked by four bridging bptc ligands to
form a 2D layer lying the (110) plane (see Figure 15a). As
depicted in Figure 15b, the Mn1 atoms are bridged by the V-
shaped bptc ligands to form the left- and right-handed heli-
ces running along the ¢ axis with a pitch of 13.880 A. Of par-
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Figure 10. a) Schematic illustration of the pillared helical-double-layer
structure of 4. b) Schematic view of the CsCl (4*6*) topology of 4.

d)

Figure 11. Space-filling views of the first type of a) triple-stranded helices
and b) nine-fold interwoven helices in 4. Perspective views of the second
type of c) triple-stranded helices and d) single-stranded helices in 4.

ticular interest is that adjacent helical layers are connected
by [Mny(bpy);(H,0),]** complexes as molecular pillars to
form a novel 3D framework featuring large channels along
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Figure 12. ORTEP drawing of 5 with thermal ellipsoids at 50 % probabili-
ty. The lattice water molecule has been omitted for clarity.

Figure 13. a) Perspective view of the chiral arm-shaped layers in 5.
b) Space-filling views of two types of helices in the chiral layer. ¢) 3D
network of 5 viewed along the a axis. d) Space-filling view of 5 (bpy and
water molecules are omitted for clarity).

the [001] direction occupied by the monodentate bpy ligands
(Figure 16). So far, the examples of pillared coordination
polymer involving metal-organic complexes as pillars are
still very rare. As illustrated in Figure 17, the 3D network of
6 also contains elliptically shaped channels running along
the a axis (Figure S11).

When the reaction time was reduced to 72 h and the reac-
tion temperature was decreased to 110°C, compounds 7, 8
and 9 with layered structures were isolated. Compounds 7-9
are isostructural and the structure of 7 will be discussed in
detail as a representative example. The asymmetric unit of 7
has two crystallographically independent Mn atoms; both

Chem. Eur. J. 2006, 12, 6528 - 6541
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Figure 14. ORTEP drawing of 6 with thermal ellipsoids at 50 % probabili-
ty.

Figure 15. a) 2D helical layer in 6 viewed along [110] direction. b) Space-
filling diagram of the helical chains in the 2D helical layer.

Figure 16. Perspective view of the 3D structure of 6 along the ¢ axis, high-
lighting the channels occupied by one-end coordinated bpy ligands.

exhibit distorted octahedral geometries (Figure 18). Mnl is
coordinated by two carboxylate oxygen atoms, one nitrogen
atoms, and three aqua ligands; Mn2 is ligated to four differ-
ent carboxylate oxygen atoms and two aqua ligands. Differ-
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Figure 17. Perspective view of the 3D structure of 6 along the a axis,
highlighting the elliptic-shaped channels occupied by one-end coordinat-
ed bpy ligands.

Figure 18. ORTEP drawing of 7 with thermal ellipsoids at 50 % probabili-
ty.

ent from that in compounds 1-6, the bptc ligand in 7 adopts
a hexadentate bridging coordination mode; two carboxylic
groups bridge four Mn" ions bidentately, and the other two
adopt a monodentate coordination mode and connect with
two metal ions (Scheme S2f). As shown in Figure S14, two
Mn2 centers are bridged by a pair of bptc u-carboxylate
ends into a dimer unit. Neighboring dimer units are further
linked by bptc ligands alternatively along two different di-
rections to form a double-chain-like ribbon (Figure S14).
The most interesting structural feature of 7 is that the adja-
cent {Mn(bptc)(H,0),},** ribbons are covalently connected
by the [Mn,(bpy)(H,0)¢]** complex moieties to form a 2D
sheet (Figure 19). Interestingly, the Mn atoms distributed in
the sheet are not coplanar. Rather, half fall in one plane
and half in an adjacent plane, resulting in the generation of
a distinct 2D double-layer architecture with a distance of
4.8 A between the two single layers (Figure S15). It is note-
worthy that the double layer consists of left- and right-
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Figure 19. 2D double layer in 7 viewed along the a axis.

handed helices, which are constructed by bptc and bpy
bridged between the Mn centers along the b axis with a
pitch of 10.819 A (Figure S16). These helical double layers
are further connected by means of OW—H--O hydrogen
bonds (OW5--02 2.793 A, OW2--02 2.786 A and OW3--O1
2.768 A) to generate a 3D supramolecular network featuring
large cavities with dimensions of 9.96x10.81x11.39 A’

Figure 20. 3D supramolecular network of 7 viewed along the a axis, high-
lighting the uncoordinated bpy molecules occupying the cavities.

(Figure 20). As shown in Figures21, 22 and Figure S18,
these cavities are connected to each other by small windows
to form multidirectional intersecting zigzag channels.??
Free bpy molecules are located in the channels and form
multipoint hydrogen bonds with coordinated water mole-
cules and carboxylate oxygen atoms (OW4--N2 2.827 A and
C6--05 3353 A).

Strikingly, when viewed along the [111] direction, the 3D
supramolecular structure of 7 (Figure 21) is similar to the
3D structure of 6 (Figure S21). Therefore, the 3D structure
of 7 can also be considered as being constructed from 2D
hydrogen-bonded layers (Figure S19a), which consist of
{Mn(bptc)(H,0),},>"~ ribbons, pillared by [Mny(bpy)-
(H,0)4]** complexes. Furthermore, a careful comparison of
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Figure 21. Perspective view of the 3D supramolecular network in 7, high-
lighting the zigzag channels along the [111] direction.

Figure 22. Perspective view of the 3D supramolecular network in 7, high-
lighting the zigzag channels along the c¢ axis.

7 with 6 shows that the {Mn(bptc)(H,0),},”~ hydrogen-
bonded layer can be converted into the {Mn(bptc)(H,0)},>"~
layers in 6 by the replacement of the aqua ligands (OWS5)
by carboxylate oxygens (O2) (Figure S19 and Figure S20).
The [Mn,(bpy)(H,O)s]** pillars in 7 can also be converted
into the [Mn,(bpy);(H,0),]** pillars in 6 by the replacement
of the aqua ligands (OW3) by free bpy ligands (Figure S21).
This comparison may suggest the possible transformation of
7 into 6 through the replacement of aqua ligands by carbox-
ylate oxygen atoms and bpy.'™? So far, we have not
achieved the chemical interconversion between 6 and 7.
However, compound 6 can be prepared by a modification in
the reaction used to synthesize 7.

In a comparison of the structures of 1-9, it was found that
coordination modes and conformations of the bptc ligand
and coordination geometry of the central metal ion may
have a very significant effect on the final structure. As dem-
onstrated by the comparison of compounds 1 and 5 with 6-
9, the change in coordination geometry of the central metal
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ion causes the distinctness of the linking fashion of the sub-
units and finally results in the formation of different struc-
tures, even though the conformation of the bptc ligand is
the same. In addition, the steric conformation of the bptc
ligand also plays a crucial role in the formation of the result-
ing structure, as evidenced by the comparison of compounds
2 and 3 with 6-9. Due to the conformation of bptc in 2 and
3 being different from that in 6-9, the coordination modes
of bptc are obviously different (Scheme S2), which may thus
lead to the formation of different structures in 2 and 3 and
6-9. Furthermore, by inspection of the structures of 1-9, it is
believed that the V-shaped bptc ligand and the V-shaped
phthalic group of the bptc ligand are important for the for-
mation of the helical structures, which further confirms that
the employment of V-shaped organic bridges could improve
the helicity of polymeric chains.!**'5!

It should also be noted that the other structure-influenc-
ing factors, such as pH value and reaction temperature,
could affect the overall structure obtained.?! Due to the ex-
istence of protonated and/or deprotonated carboxyl groups,
the bptc ligand can exist in protonated and partially and/or
fully deprotonated forms in solution, depending on the pH.
Furthermore, the connecting pattern of the bptc ligand also
depends on the pH. In a comparison of compounds 1-3 with
49 it was found that the increase in pH resulted in a
higher connectivity level of bptc ligands, which in turn af-
fects the formation of the final structure. In addition, the
comparison of compound 6 with 7 also shows that reaction
temperature may play a key role in determining the dimen-
sion of the resulting structure. At higher reaction tempera-
tures, part of the aqua ligands was replaced by carboxylate
oxygens and bpy, which is a critical factor for the transfor-
mation of a 2D structure in 7 into a 3D structure in 6.

Photoluminescence properties: Taking the excellent lumi-
nescent properties of polynuclear d'° metal complexes into
account, the luminescence of 5 was investigated. Compound
5 exhibits an intense emission maximum at =514 nm upon
excitation at A =368 nm (Figure 23). In order to understand
the nature of the emission band, the photoluminescence
properties of the H,bptc ligand was analyzed. It was found

Ex Em

Intensity [a.u.]

200 250 300 350 400 450 500

T T T T T 7 T T | — T T —T T T —T
200 250 300 350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 23. Solid-state emission spectra of compound 5 at room tempera-
ture.
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that a weakly similar emission (4,,,,=520 nm) could be ob-
served for the free H,bptc ligand (Figure S22). Therefore,
the emission of § may be assigned to intraligand fluorescent
emission. The enhancement of luminescence may be attrib-
uted to ligand chelation to the metal center, which effective-
ly increases the rigidity and asymmetry of the ligand and re-
duces the loss of energy by radiationless decay. This obser-
vation indicates that compound 5 may be an excellent candi-
date for potential photoactive materials, since this con-
densed material is thermally stable and insoluble in
common polar and nonpolar solvents.

Magnetic properties: The magnetic properties of 1, 2, 4, 6,
and 9 were investigated over the temperature range 2.0-
300.0 K (Figure 24). For 1, the yy7T value at 300K is
1.232 cm®*Kmol ™! (3.139 pg), which is much higher than the
expected value (0.750 cm®*Kmol™, 2.449 pg) of two isolated
spin-only Cu" ions (S='/,, g=2.0; Figure 24a). As T is low-
ered, yxuT decreases continuously to a value of
0.355 cm®*Kmol ' at 2 K. This behavior indicates a dominant
antiferromagnetic interaction between the Cu" ions in the
structures. As the shortest Cu--Cu distance across the bpy
bridge is 11.204 A in 1, the magnetic exchange coupling
through the bpy bridge is expected to be very weak.” The
observed antiferromagnetic interaction, therefore, should
mainly arise from the magnetic superexchange through the
0,C-C-C-CO, bridge. The 1/yy versus T plot of 1 is in corre-
spondence with the Curie-Weiss law in the range of 16—
300 K, with C=1.255 cm*Kmol™! and 6= —14.000 K.

For 2, the yuT value at 300K is 11.564 cm®Kmol !
(9.618 ug), which is higher than the expected value
(9.000 cm® K mol™!, 8.485 pg) of three isolated spin-only Fe
ions (S=2, g=2.0; Figure 24b). The y\T value of 2 remains
almost constant from 300 to 175 K, and then decreases on
further cooling, reaching a value of 4.327 cm*Kmol™" at 2 K.
This behavior indicates a dominant antiferromagnetic inter-
action between the Fe ions in the structures. As the short-
est Fe--Fe distance across the bpy bridge is 11.370 A in 2,
the magnetic exchange coupling through the bpy bridge is
expected to be very weak.”! Therefore, the antiferromag-
netic interaction between Fe centers is expected to be
through the carboxylate bridge. The 1/yy versus T plot of 2
is in correspondence with the Curie-Weiss law in the range
of 2-300 K with C=11.769 cm*Kmol ' and 6 =—3.868 K.

For 4, the yy,T value at 300K is 5.654 cm®Kmol !
(6.725 ug), which is much higher than the expected value
(3.750 cm®* Kmol ™!, 5.477 pg) of two isolated spin-only Co"
ions (S=1/2, g=2.0; Figure 24c). As T is lowered, yyT de-
creases continuously to a value of 1.019 cm*Kmol ™" at 2 K.
This behavior indicates a dominant antiferromagnetic inter-
action between the Co' ions in the structures. In 4, the
Co--Co distance through the bpy bridge is 11.116 A, and is
6.652 A through the bptc bridge. The long Co--Co distances
exclude an efficient direct exchange between the Co"
ions.”! Therefore, the overall antiferromagnetic interaction
should be mainly attributed to the magnetic exchange cou-
pling within the [Co,(CO,),] tetranuclear unit. The 1/yy
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versus 7T plot of 4 is in correspondence with the Curie—-Weiss
law in the range of 18-300 K with C=6.018 cm®’Kmol! and
6=-16.396 K.

For 6, the y,T value at 300K is 8.281 cm*Kmol™
(8.139 pg), which is slightly smaller than the expected value
(8.750 cm*Kmol ™, 8.367 ug) of two isolated spin-only Mn"
ions (S=7%, g=2.0; Figure 24d). The yyT value of 6 remains
almost constant from 300 to 162 K, and then decreases on
further cooling, reaching a value of 1.560 cm®Kmol ™' at 2 K.
This behavior indicates a dominant antiferromagnetic inter-

6538 ——

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

) - — - 12
2.0
254
o
410
. _20]
1.5 PN ‘FE =
— a® S kel
T 154 o
T = £
g ‘f £ 18 x
“ , K 10 e
§ 1.0 EI 3 E‘
= =
< o i 3
e 5 =
051®
L J
0.0
T T T T T T T
0 50 100 150 200 250 300
TIK]
d) ————
0.8-% ....00‘0....0.00...0_8
o oooo
o o0
o o
061 o _ <)O° _
= aé T 00° 16 T
© Eﬁ' G 20 o<>° €
£ ° o® ~
T 049 § £ 151 o a
€ a iz £
= 2 s 107 S,
s ® 3 14 =
< . 5] p
P =
027 e 0 . . . . . .
. 0 50 100 150 200 250 300
0oa TIK] 15
. <« 000000 cooooooooog
0.04
T T T T T T T T T T T v
50 100 150 200 250 300

TIK]

Figure 24. a) Thermal variation of yy and yy7T for compound 1. Insert:
Plot of thermal variation of yy ' for compound 1. b) Thermal variation
of yy and yyT for compound 2. Insert: Plot of thermal variation of y; '
for compound 2. ¢) Thermal variation of yy and yy7 for compound 4.
Insert: Plot of thermal variation of yy ' for compound 4. d) Thermal var-
iation of yy and yyT for compound 6. Insert: Plot of thermal variation of
ym  for compound 6. e) Thermal variation of yy and yyT for compound
9. Insert: Plot of thermal variation of ' for compound 9.

action between the Mn! ions in the structures. In 6, the
Mn--Mn distance through the bpy bridge is 11.727 A, and is
12.570 A through the bptc bridge. The long Mn-+Mn distan-
ces exclude an efficient direct exchange between the Mn"
ions.™ Therefore, the magnetic behavior of 6 can be ex-
plained by the magnetic exchange coupling through the car-
boxylate bridge. The fit of the curve for 1/yy versus T plot
of 6 to the Curie-Weiss law gives a good result in the tem-
perature range of 2-300 K with C=8.501 cm*Kmol™' and
0=-6.553 K.
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For 9, the yy,T value at 300K is 4.367 cm’Kmol™!
(5.911 pg), which is slightly higher than the expected value
(3.750 cm®*Kmol ™!, 5.477 pg) of two isolated spin-only Co
ions (S=3/, g=2.0; Figure 24e). As T is lowered, yuT con-
tinuously decreases and reaches a local minimum of
3.237 cm®’Kmol™"' at about 13K, and then increases to a
value 3.319 cm*Kmol™ at 7 K, before dropping quickly to
2.641 cm®*Kmol ™ at 2 K. The magnetic behavior of 9 is un-
usual and interesting, indicative of a strong antiferromagnet-
ic interaction admixture with a very weak ferromagnetic in-
teraction.’® The fit of the curve for 1/xy versus T plot of 6
to the Curie—-Weiss law gives a good result in the tempera-
ture range of 5-300 K with C=4.467 cm’Kmol™"' and 6=
—6.465 K.

Conclusion

In summary, we have developed a rational synthetic strategy
that successfully provided the first pillared helical-layer co-
ordination polymers by appropriate choice of building units
for the helical layers and pillars. These pillared helical-layer
complexes combined the respective merits of pillared-layer
and helical structures. The successful isolation of these solid
materials provides not only new types of pillared-layer struc-
tures, but also a bridge between pillared-layer and helical
systems. The new design idea depicted in this paper may be
a promising technique for the construction of many other
pillared-layer structures with helical or chiral characters,
thus opening a new avenue in the exploration of pillared
porous MOFs.

Experimental Section

Materials and physical measurements: All chemicals were commercially
purchased and used without further purification. Elemental analyses (C,
H and N) were performed on a Perkin-Elmer 2400 CHN Elemental Ana-
lyzer. Cu, Fe, Ni, Co, Mn, and Mg were determined by a Leaman induc-
tively coupled plasma (ICP) spectrometer. IR spectra were recorded in
the range 400-4000 cm ™' on an Alpha Centaurt FT/IR Spectrophotome-
ter using KBr pellets. TG analyses were performed on a Perkin-Elmer
TGA7 instrument in flowing N, with a heating rate of 10°C-min~". Exci-
tation and emission spectra were obtained on a SPEX FL-2T2 spectro-
fluorometer equipped with a 450 W xenon lamp as the excitation source.
Variable-temperature magnetic susceptibility data were obtained on a
SQUID magnetometer (Quantum Design, MPMS-7) in the temperature
range of 2-300 K with an applied field of 10 KG. XRPD data were re-
corded on a Siemens D5005 diffractometer using Cuy, radiation.
Preparation

[Cuy(bptc)(bpy),] (1): A mixture of Cu(OAc),H,O (0.5 mmol), H,bptc
(0.25 mmol), bpy (0.5 mmol), and water (7 mL) was stirred for 30 min in
air, then transferred and sealed in an 18 mL Teflon-lined autoclave,
which was heated at 130°C for 96 h. After slow cooling to room tempera-
ture, blue block-like crystals of 1 were filtered off, washed with distilled
water, and dried at ambient temperature (76 % based on Cu). Elemental
analysis caled (%) for C3;Hp,Cu,N,O, (793.67): C 55.99, H 2.79, Cu 16.01,
N 7.06; found: C 56.21, H 2.87, Cu 15.96, N 6.95; selected IR (KBr): 7=
16305, 1613s, 1489 m, 1415s, 13865, 1367s, 1276 m, 12425, 1225m, 1084w,
1071 m, 912w, 850 m, 833s, 806 m, 765m, 666w, 642m, 515mem™".
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[M;(Hbptc),(bpy);(H,0),]-2H,0 (M=Fe(2) and Ni(3)): A mixture of
FeSO,-7H,0 (0.5 mmol), H,bptc (0.25 mmol), bpy (0.5 mmol), and water
(7 mL) was stirred for 30 min in air, then transferred and sealed in an
18 mL Teflon-lined autoclave, which was heated at 130°C for 96 h. After
slow cooling to the room temperature, red block-like crystals of 2 were
filtered off, washed with distilled water, and dried at ambient tempera-
ture (55% based on Fe). Elemental analysis caled (%) for
CeHsoFesNgO,y (1454.65): C 52.84, H 3.46, Fe 11.52, N 5.78; found: C
52.70, H 3.57, Fe 11.29, N 5.91, selected IR (KBr): #=3535m, 3425m,
1649s, 1607s, 1575s, 1490s, 1413s, 1368s, 1301s, 1247m, 1219m, 1181w,
1067m, 983w, 896m, 851w, 839m, 815s, 789m, 759m, 721m, 660 m,
631m, 614mem .

The preparation of 3 was similar to that of 2 except that NiCl,-6 H,O was
used instead of FeSO,7H,0. Green block-like crystals were obtained in
47 % yield. Elemental analysis calcd (%) for CgHsoNeNi;O,, (1463.23): C
52.53, H 3.44, N 5.74, Ni 12.03; found: C 52.31, H 3.51, N 5.83, Ni 12.09;
selected IR (KBr): #=3526m, 3390m, 1650s, 1607s, 15725, 14905, 14165,
1368s, 13025, 1248 m, 1219m, 1181w, 1078 m, 1068 m, 984 m, 896 m, 850w,
838m, 8165, 788m, 759m, 721s, 659m, 634m, 615mcm™".
[Co,(bptc)(bpy)(H,0)]-0.5bpy (4): A mixture of Co(OAc),4H,0
(0.5 mmol), H,bpte (0.25 mmol), bpy (0.5 mmol), and water (7 mL) was
stirred and adjusted to pH 9.0 with a 2.5mM NaOH solution, then transfer-
red and sealed in an 18 mL Teflon-lined autoclave, which was heated at
150°C for 96 h. After slow cooling to the room temperature, purple
block-like crystals of 4 were filtered off, washed with distilled water, and
dried at ambient temperature (yield: 68 % based on Co). Elemental anal-
ysis caled (%) for C3,H,Co,N;0,, (724.37): C 53.06, H 2.78, Co 16.27, N
5.80; found: C 52.95, H 2.86, Co 16.04, N 5.69; selected IR (KBr): 7=
3362br, 1670m, 16125, 1597s, 1567s, 14925, 1413s, 1363s, 1300s, 1244s,
1220m, 1082s, 1070s, 1046w, 996w, 852s, 804s, 754s, 726s, 673 m, 642s,
521scm™.

[Cd,(bptc)(bpy)(H,0),]-H,O0 (5): A mixture of Cd(NO;),4H,0
(0.5 mmol), H,bptc (0.25 mmol), bpy (0.5 mmol), and water (7 mL) was
stirred and adjusted to pH 9.0 with a 2.5M NaOH solution, then transfer-
red and sealed in an 18 mL Teflon-lined autoclave, which was heated at
130°C for 96 h. After slow cooling to the room temperature, colorless
platelet crystals of 5 were filtered off, washed with distilled water, and
dried at ambient temperature (76% based on Cd). Elemental analysis
caled (%) for CH,Cd,N,0;, (789.25): C 41.09, H 2.55, Cd 28.49, N
3.55; found: C 41.21, H 2.62, Cd 28.58, N 3.78; selected IR (KBr): 7=
3223brm, 1659s, 1593s, 1551s, 1532s, 1492s, 1378s, 1278m, 1251m,
1088m, 857s, 8135, 799 m, 760s, 710m, 666 m, 621 m, 485mem .

[Mn,(bptc) (bpy),s(H,0);] (6): A mixture of MnCl-4H,0O (0.5 mmol),
H,bptc (0.25 mmol), bpy (0.5 mmol), and water (7 mL) was stirred and
adjusted to pH 9.0 with a 2.5mM NaOH solution, then transferred and
sealed in an 18 mL Teflon-lined autoclave, which was heated at 150°C for
96 h. After slow cooling to room temperature, colorless block-like crys-
tals of 6 were filtered off, washed with distilled water, and dried at ambi-
ent temperature (84 % based on Mn). Interestingly when the above-men-
tioned reaction was carried out at 110°C for 72 h and then at 150°C for
another 48 h, compound 6 was also isolated (55%). Elemental analysis
caled (%) for Cy,H,,Mn,N;0,, (752.42): C 51.08, H 3.21, Mn 14.60, N
5.58; found: C 50.96, H 3.24, Mn 14.48, N 5.81; selected IR (KBr): 7=
3294brm, 1658s, 15765, 1484s, 1407s, 13525, 1302s, 1273 m, 12365, 1085m,
1064 m, 906w, 853s, 812, 768m, 619scm™".

[M,(bptc) (bpy)os(H,0)s]-0.5bpy [M =Mn(7), Mg(8) and Co(9)]: A mix-
ture of MnCl,-4H,0 (0.5 mmol), H,bptc (0.25 mmol), bpy (0.5 mmol),
and water (7 mL) was stirred and adjusted to pH 9.0 with a 2.5M NaOH
solution, then transferred and sealed in an 18 mL Teflon-lined autoclave,
which was heated at 110°C for 72 h. After slow cooling to room tempera-
ture, yellow block-like crystals of 7 were filtered off, washed with distilled
water, and dried at ambient temperature (32 % based on Mn). Elemental
analysis caled (%) for C,H,,Mn,N,0,, (710.36): C 45.65, H 3.41, Mn
15.47, N 3.94; found: C 45.90, H 3.34, Mn 15.36, N 4.08; selected IR
(KBr): 7=3422s, 3281s, 1649s, 16065, 1489s, 1448 m, 1410s, 1302s, 1280s,
1240s, 1088m, 1066m, 1007w, 843m, 814s, 721m, 700m, 665m,

473mem".
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Table 1. Crystal data and structure refinement for 1-9.

1 2 3 4 5 6 7 8 9
formula CyHy,Cu,- CgyHsoFe;- CosHsNi;- C3,Hy,Co,- CyHyCd,- C3,HyyMn,- C;H,4Mn,- CyH Mg~ Cy;H,4Cos-
N,Oy NeOy4 NeOyy N;Oy N,Oy, N;Oy, N,Oy4 N,Oy4 N,Oy4
F, 793.67 1454.65 1463.23 724.37 789.25 752.42 710.36 649.10 718.34
crystal system orthorhombic ~ monoclinic  monoclinic  monoclinic ~ monoclinic  triclinic triclinic triclinic triclinic
space group Fdd2 P2/c P2/c P2,/n P2,/n P1 P1 P1 P1
a[A] 23.243(5) 11.370(2) 11.254(2) 10.999(2) 7.1108(14) 10.402(2) 9.965(2) 9.777(2) 9.783(2)
b [A] 27.437(6) 11.490(2) 11.312(2) 14.993(3) 13.699(3) 11.850(2) 10.819(2) 10.669(2) 10.661(2)
c[A] 11.451(2) 22.933(5) 22.898(5) 16.700(3) 27.255(6) 13.880(3) 15.607(3) 15.434(3) 15.452(3)
a[°] 90 90 90 90 90 107.41(3) 109.39(3) 109.52(3) 109.26(3)
A 1°] 90 93.91(3) 93.29(3) 95.57(3) 94.34(3) 94.88(3) 97.90(3) 97.14(3) 98.00(3)
v [°] 90 90 90 90 90 111.22(3) 105.99(3) 106.21(3) 105.84(3)
vV [AY] 7303(3) 2989.3(10) 2910.0(10) 2741.0(10) 2647.3(9) 1485.3(5) 1476.5(5) 1414.2(5) 1416.8(5)
V4 8 2 2 4 4 2 2 2 2
Peatea [gEm™] 1.444 1.616 1.670 1.755 1.980 1.682 1.598 1.524 1.684
w [mm™] 1.224 0.812 1.057 1.282 1.679 0.925 0.929 0.163 1.248
R, [I>20(D)]™ 0.0688 0.0563 0.0487 0.0301 0.0357 0.0467 0.0406 0.0487 0.0430
wR, (all data)®”  0.1145 0.1668 0.1305 0.0953 0.0796 0.1491 0.1272 0.1637 0.1375
[a] R, = S||Fo| — |Fc|[/S|Fy|. [b] wRy = S[w(FZ — F2PVS[w(F2)°]*.
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