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Self-assembly of long V-shaped ligands and d'® metal salts in the presence of a linear bidentate ligand affords two
unprecedented self-penetrating coordination networks {[Zn4(bptc),(bpy)s]+(CsHsN)+4H,0} , (1) and {[Cd,(sdba),-
(bpy)(H20)2]-2H,0} » (2) (bptc = 3,3',4,4'-benzophenonetetracarboxylate, sdba = 4,4'-sulfonyldibenzoate, bpy =
4,4'-bipyridine). Their structures were determined by single-crystal X-ray diffraction analyses and further characterized
by elemental analyses, IR spectra, X-ray powder diffraction, and TG analyses. 1 adopts a novel 3D framework
containing three types of molecular braids, among which the quintuple-stranded molecular braid represents the
highest-stranded molecular braid presently known for entangled systems. 2 is an uncommon self-penetrating 2D
network containing pseudo-Borromean links and double-stranded helices. More interestingly, when the strong hydrogen
bonds between layers are taken into account, the resulting net of 2 becomes an eight-connected 3D self-penetrating
network with an unprecedented (4%1.67) topology, which represents the highest connected topology presently known
in self-penetrating systems. Furthermore, the photoluminescent properties of 1 and 2 were studied.

Introduction delivery vehicles to sensor devicesnterpenetrating net-
works, which have been the most investigated type of
. . . entanglement, can be described as polymeric analogues of
is of great current interest not only because of its tremendous .

: o ) : . “catenanes and rotaxarfeShey have provided a long-
potential applications in gas storage, chemical separations, . N . .

: : . . standing fascination for chemists, and many appealing

microelectronics, nonlinear optics, and heterogeneous ca-
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i i i intringi i J.Chem. Commur2001, 861. (d) Bu, X. H.; Tong, M. L.; Chang, H.
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However, the study of self-penetrating (polyknotting) net-
works considered as polymeric equivalents of molecular

knots remains largely unexplored, as evidenced in a recent

review by Ciani and co-workefé.According to Robson,
Ciani, Champness, and their co-worké&r&self-penetration

is a single net having the peculiarity that the smallest
topological rings are catenated by other smallest rings
belonging to the same net. In contrast to the fruitful
production of interpenetrating networks, the self-penetration
feature is still uncommon within coordination polymers, and
only a few elegant examples belonging to this family have
been reported so farimplying a new challenging issue in
coordination chemistry.

On the other hand, particular attention has recently been
devoted to the finding of frames with novel entanglements,
such as multiple helices, Borromean architectures, and
polyrotaxaneg,that contribute to increasing our knowledge
of the self-assembly process€$.Multiple helices, which
are ubiquitous in nature and are the foundation of genetic
codes, are attracting increased attention in coordination
chemistry and material chemistry originating from their
importance in biological systems, optical devices, and
asymmetric catalysi&:” Driven by the pioneering work of
Lehn and co-workerssome appealing coordination polymers
containing multiple helices have been construételd.

contrast, the occurrence of multiple meso helices (hereafter

referred to as molecular brafilis surprisingly rare, although
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aThree possible conformations ofsbptc. The conformation irl is

meso helices are often found in nature and in everyday use shown in (c)

as known for tendrils of a variety of plants, hair braids, and
telephone wired! To the best of our knowledge, only two

single-stranded meso helicEddowever, no higher-stranded

fascinating triple-stranded molecular braids have been char-molecular braids have been reported hitherto. Therefore, the

acterized up to now, both constructed from three interwoven
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J. Am. Chem. S0d.998 120, 9380. (d) Jouaiti, A.; Hosseini, M.W.;
Kyritsakas, NChem. Commur2003 472. (e) Grosshansa, P.; Jouaitia,
A.; Bulacha, V.; Planeixa, J.-M.; Hosseini, M.W.; Nicoudb, JCGRem.
Commun2003 1336. (f) Xiao, D. R.; Wang, E. B.; An, H. Y,; Li, Y.
G.; Su, Z. M,; Sun, C. YChem—Eur. J. 2006 12, 6528.
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construction of higher-stranded molecular braids is still a
formidable challenge for synthetic chemists, and further
research is necessary to enrich and develop this branch.
Herein, during the course of our attempts to synthesize novel
entangled network®,we report two intriguing self-penetrat-
ing nets, namely{[Zn4(bptclk(bpy)]:(CsH3N)-4H,0}, (1)
and{[Cdz(sdba)(bpy)(H:0),]-2H;0} » (2) (bptc= 3,3,4,4-
benzophenonetetracarboxylate (Scheme 1), sdb4,4-
sulfonyldibenzoate (Scheme 2), bpy4,4-bipyridine), both
exhibiting unprecedented topologigsand 2 have several
unusual features: (1) The 3D frameworklofontains three
types of molecular braids, among which the quintuple-
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Olmstead, M. M.; Power, P. Pnorg. Chem.1986 25, 1243.
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Angew. Chem., Int. EQRR004 43, 5036. (b) Wang, X. L.; Qin, C,;
Wang, E. B.; Li, Y. G.; Su, Z. M.; Xu, L.; Carlucci, LAngew. Chem.,
Int. Ed. 2005 44, 5824. (c) Qin, C.; Wang, X. L.; Carlucci, L.; Tong,
M. L.; Wang, E. B.; Hu, C. W.; Xu, LChem. Commur2004 1876.
(d) Wang, X. L.; Qin, C.; Wang, E. B.; Li, Y. G.; Su, Z. MChem.
Commun2005 5450. (e) Xiao, D. R.; Wang, E. B.; An, H. Y.; Su,
Z. M, Li, Y. G.; Gao, L.; Sun, C. Y.; Xu, LChem—Eur. J. 2005
11, 6673. (f) Wang, X. L.; Qin, C.; Wang, E. B.; Su, Z. M.; Xu, L,;
Batten, S. RChem. Commur2005 4789. (g) Wang, X. L.; Qin, C;
Wang, E. B.; Su, Z. MChem—Eur. J.2006 12, 2680. (h) Xiao, D.
R.; Wang, E. B.; An, H. Y,; Li, Y. G.; Xu, LCryst. Growth Des.
2007, 7, 507.
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Chem. Commur2004 380.
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Scheme 2 @ Table 1. Crystal Data and Structure Refinement foand 2
HO, ﬁ O complex 1 2
s formula GroHssNgO22ZN4 CagH32ChN2016S2
” fw 1743.80 1061.58
K i oH T(K) 293(2) 293(2)
2 (A 0.71073 0.71073
a Structure of Hsdba. cryst syst monoclinic monoclinic
space group C2/c C2/c
stranded molecular braid represents the highest-stranded ggég ig;gggg égééi?z(;l)
molecular braid presently known for entangled systems. (2) ¢ (&) 12.803(3) 21.129(4)
The 9-fold interwoven meso helices (foundlinconstructed B (g\eg) 100.02(3) 100.90(3)
from three triple-stranded molecular braids are unprec- \z/( ) 2971'6(14) 43945'9(14)
edented. (3) The structure @fconsists of the exceptional Dc (g/cr) 1.458 1.787
entangled motifs originated from 17 interwoven helices. (4)  « (mm™) 1.273 1.261
2 is an uncommon self-penetrating 2D network containing RI[l = 20()] 0.0767 0.0239
WR2 [I > 20(1)] 0.1413 0.0688

pseudo-Borromean links and double-stranded helices. (5)
When the strong hydrogen bonds between layers are taken
into account, the resulting net & becomes an eight-

connected 3D self-penetrating network with an unprec- in agreement with the simulated pattern from single-crystal analysis,
edented (#.6") topology, which represents the highest- demonstrating the phase purity of the product (Figure S33). Anal.

2R1=3|IFol — [Fcll/XIFol. "WR2 = F[W(Fo? — FcA/ 3 [W(Fo?)TH?

connected topology presently known in self-penetrating
systems.

Experimental Section

General Considerations. All of the chemicals were com-
mercially purchased and used without further purification. Elemental
analyses (C, H, and N) were performed on a Perkin-Elmer 2400
CHN Elemental Analyzer. Zn and Cd were determined by a Leaman
inductively coupled plasma (ICP) spectrometer. IR spectra were
recorded in the range of 46@l000 cnt! on an Alpha Centaurt
FT/IR Spectrophotometer using KBr pellets. TG analyses were
performed on a Perkin-Elmer TGA7 instrument in flowingWith
a heating rate of 18C-min—1. Excitation and emission spectra were
obtained on a SPEX FL-2T2 spectrofluorometer equipped with a
450 W xenon lamp as the excitation source. XRPD data were
recorded on a Siemens D5005 diffractometer using Gudgliation.

Synthesis of{ [Zn 4(bptc)(bpy)4] - (CsH3N)-4H,0}, (1). A mix-
ture of Zn(NQ),*6H,0 (0.5 mmol), Hbptc (0.25 mmol), bpy (0.75
mmol), and water (8 mL) was stirred for 30 min in air, then
transferred and sealed in an 18 mL Teflon-lined autoclave, which
was heated at 15%C for 3 d (Scheme S3). After slow cooling to
room temperature, colorless block crystalslofvere filtered off,
washed with distilled water, and dried in air (yield: 42% based on
Zn). The powder X-ray diffraction pattern of the bulk product was
in agreement with the simulated pattern from single-crystal analysis,
demonstrating the phase purity of the product (Figure S32). Anal.
Calcd for GgHssNgO22Zns: C, 54.41; H, 3.18; N, 7.23; Zn, 15.00.
Found: C, 54.07; H, 3.39; N, 7.52; Zn, 14.74. IR (KBr, Th
3346 (brm), 3115(w), 3067(w), 1658(w), 1609(s), 1590(s), 1574-
(s), 1487(s), 1407(s), 1368(s), 1304(m), 1261(w), 1247(m), 1224-
(w), 1177(w), 1135(w), 1063(s), 1041 (w), 1015(w), 988(w), 925(w),
913(w), 849(s), 813(m), 799(m), 770(w), 759(m), 721(m), 709-
(w), 667(w), 638(m), 613(w), 587(w), 569(w), 528(m), 460(w),
409(w).

Synthesis off [Cd(sdba)(bpy)(H20),]-2H,0} » (2). A mixture
of Cd(NG;),:4H,O (0.5 mmol), Hsdba (0.5 mmol), bpy (0.25
mmol), and water (8 mL) was stirred for 30 min in air, then
transferred and sealed in an 18 mL Teflon-lined autoclave, which
was heated at 158C for 3 d (Scheme S3). After slow cooling to
the room temperature, yellow block crystals2oivere filtered off,
washed with distilled water, and dried in air (yield: 66% based on
Cd). The powder X-ray diffraction pattern of the bulk product was
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Calcd for GgH3,.ChN2016S,: C, 42.99; H, 3.04; Cd, 21.18; N,
2.64. Found: C, 43.31; H, 3.27; Cd, 20.96; N, 2.88. IR (KBr; &m
3541 (s), 3386 (brm), 3100(w), 1825(w), 1612(s), 1592(s), 1539-

(s), 1490(m), 1405(s), 1323(s), 1296(s), 1221(m), 1166(s), 1133(m),
1102(s), 1068(m), 1016(m), 871(m), 858(s), 815(m), 782(m), 750-
(s), 729(m), 694(m), 667(w), 637(w), 621(s), 584(m), 521(m), 491-
(m), 462(m), 426(w).

X-ray Crystallography. Suitable single crystals with dimensions
of 0.51x 0.42x 0.38 mn# for 1 and 0.54x 0.51x 0.47 mn? for
2 were glued on a glass fiber. Diffraction intensity data were
collected on a Rigaku R-AXIS RAPID IP diffractometer with Mo
Ko monochromated radiatio & 0.71073 A) at 293 K. Empirical
absorption correction was applied. The structures were solved by
the direct method and refined by the full-matrix least-squares
method orF2 using the SHELXL-97 softwar¥ All non-hydrogen
atoms were refined anisotropically. The organic hydrogen atoms
were generated geometrically. Inthe aqua hydrogen atoms were
not located. In2, exact positions of the hydrogen atoms attached
to OW1 and OW?2 were located from the difference Fourier maps.
The crystal data and structure refinement ahd2 are summarized
in Table 1. Selected bond lengths and angleslfand?2 are listed
in Table 2.

The CCDC reference numbers are 618580 ¥aand 618579
for 2.

Results and Discussion

SynthesesOur strategy of employing two long V-shaped
ligands, such as bptc and sdba, was based on the following
considerations: (i) employment of V-shaped bridging ligands
could improve the helicity of the polymeric chains, which
may thus favor the formation of helical and meso helical
structure’"1 (ii) Long flexible ligands have shown the ability
to produce unique interwoven motifs because of their varied
conformations (Scheme 1) and geomettfes (iii) Coordi-
nation polymers constructed from the bptc ligand are
comparatively unexplored. To date, only a few MOFs
containing bptc ligand have been characterized. Examples

(14) (a) Sheldrick, G. M.SHELXS 97, Program for Crystal Structure
Solution; University of Gdtingen: Gidtingen, Germany, 1997. (b)
Sheldrick, G. M.SHELXL 97, Program for Crystal Structure Refine-
ment; University of Gdtingen: Gitingen, Germany, 1997.
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Table 2. Selected Bond Lengths (angstroms) and Angles (deg] for
and22

1

Zn(1)-0(1) 1.922(14)  Zn(IyN(1) 2.058(5)
Zn(1-O(4)#1 1.984(6) Zn(10(2) 2.285(14)
Zn(1)-N(2) 2.037(6)
O(1)-Zn(1)-O(4)#1 128.5(5)  N(2yZn(1)—-N(1) 102.1(2)
O(1)-Zn(1)—-N(2) 85.9(4) O(1yZn(1)-0(2) 54.8(4)
O(4)#1-Zn(1)-N(2) 105.6(2) O(4)#*tzZn(1)-0O(2) 96.8(4)
O(1)-Zn(1)—-N(1) 108.3(4)  N(2rZn(1)-0O(2) 140.4(3)
O(@)#1-Zn(1)-N(1) 117.3(3)  N(1yZn(1)-0O(2) 95.9(4)
2
Cd(1)-N(1) 2.2617(16) Cd(tyow1 2.3502(15)
Cd(1y-0(2) 2.2783(16) Cd(H0O(1) 2.4692(15)
Cd(1y-0(4)#1 2.2824(16) Cd(HO(3)#2 2.5368(17)
OW1---OW2 2.713(39) OwW2-04 2.851(10)
N(1)—Cd(1)-0(2) 153.49(6) O(4)#1Cd(1}-O(1)  136.52(6)
N(1)-Cd(1)-O(4)#1  119.41(6) OWCd(1)-O(1) 79.58(6) Figure 1. (a) View of the 1D tubular channel ify highlighting the poly-
O(2)-Cd(1-O(4)#1  86.90(6) N(LyCd(1)-O(3)#2 77.83(6) (4,4-bpy) chain is well matched with the channel. (b) A schematic
N(1)—Cd(1)-Ow1 87.51(6) O(2)y Cd(1)-O(3)#2 88.73(6) illustration of the unusual poly(pseudo-rotaxane) arrag.in

O(2)-Cd(1-OW1  98.08(6) O(4)#:Cd(1)-O@B)#2 114.24(6)
O(4)#1-Cd(1-OW1 86.51(6) OWZECd(1)-O3)#2 158.58(5)
N(1)-Cd(1}-O(1)  101.04(6) O(BCd(1)-O(3)#2  87.91(6)
0(2)-Cd(1-0(1)  55.21(5)

aSymmetry transformations used to generate equivalent atoms for 1:
HIX, —y+ 1,2+ Yy for2: #1—x,y—1,—z+ 3 #2x, -y + 2,2 —
Ya.

of such compounds include the 1D chain comple{es-

(H20)el[Zn(bptc)H0]-4H,0} 1,192 [M »(cfH)o(bptc) (H:O0)2] -

8H,O (M = Mn and Cd)!?¢ the 2D layer complexes

[Cd,Cu(Hbptcy(uz-4,4-bpy)(4,4-bpy)a(H20)s]n, 1% [M -

(bptc)(bpy) s(H20)s]-0.5bpy (M= Mn, Mg, and Co} [Zn,-

(cfH)2(bptc)]4H,0 2" and the 3D pillared-layer complexes

[M3(Hbptckh(bpy)s(H20)4]-2H,O (M = Fe and Ni), [Cy-

(bptc)(bpy}], [Coz(bptc)(bpy)(HO)]-0.5bpy, [Cd(bptc)-

(bpy)(H:0)2]‘H-0, [Mny(bptc)(bpy) (H20)s],* [Cos(Hbptc)-

(u2-4,4-bpy)(Hz0)]n2nH,0,** and [Ca(bptc)(pyz)(HO]-

H,O.°¢ The coordination modes of bptc in structurally

characterized coordination polymers observed up to now are

summarized in Scheme S1. As can be seen, the bptc ligand

possesses three possible conformations and multiple bridgingrigure 2. Perspective view of the 3D open frameworkIof

moieties, which may lead to a variety of coordination modes

with metal centers and provide abundant structural motifs, 979 x 11.68 &) of composition [Za(bpdc)] running along

thereby offering new opportunities to construct uncommon thec axis (Figures 1 and S1). As depicted in Figure 2, each

types of entangled frames. (iv) The coordination chemistry tubular channel is connected to six others through bpy ligands

of the sdba ligand has not been previously investigated.  to generate a novel 3D framework (Figure S3), which can
Descriptions of Crystal Structures. Single-crystal X-ray ~ also be considered as being constructed from 2D neutral

diffraction analysis reveals thatis a binodal four-connected ~ 1ayers of composition [Zfbpdc)(bpy)] (Figure S2) linked

3D self-penetrating network with an unprecedented topology PY bpy ligands. Itis surprising that the in situ hydrothermal

whose structure contains two types of helices and three typesSynthesis of poly(4,4bpy) by dehydrogenative polymeriza-

of molecular braids. The crystallographically independent zn tion of uncoordinated 4,4py molecules occurs in the

atom adopts a distorted square-pyramidal geometry (Figuretubular channels df (Figure 1). The in situ dehydrogenative

5a), being coordinated with two nitrogen atoms from two coupling of bipyridine-like ligands under hydrothermal

bpy ligands and three oxygen atoms from two bptc ligands. conditions has been previously reported by us and offiefs.

The bptc ligand adopts a hexadentate chelating and bridgingAS evidenced in a recent reviewhydrothermal reactions,

coordination mode; two carboxylate groups chelate with two compared with routine synthetic methods, create more chance

Zn'" ions bidentately, whereas the other two adopt a mono- for in situ ligand synthesis owing to their relatively critical

dentate coordination mode connecting two other metal ions ) - _

(Scheme S1)). This coordination mode has not been (15) &?;J{ '%%MHoﬁa\?S\Na};%uEHBZ:E&T JC?_Tnngo%lﬁmHéb)c

observed in other metal-bptc compleXe€e"190n the basis W. Inorg. Chem. Commur2004 7, 437. (c) Zhang, J.-P.; Lin, Y.-Y;

o this connection more, he Zn atoms are bridged by bptc ) S5, C1e X3 A Chm, Soacgs 1o et

ligands to form a 1D tubular channel (with dimensions of therein.
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Figure 3. Space-filling views of the quadruple-stranded molecular braid.
(a) The first type of triple-stranded molecular braid, (b) the 9-fold interwoven
meso helix, (c) and the second type of triple-stranded molecular braid (e)
in 1. (d) Side view of the 9-fold interwoven meso helix along thaxis.

Figure 4. Schematic views of the entangled motifs originated from 17
interwoven A-type helices (a) and 9 interwoven B-type helices (b).

Xiao et al.

Figure 5. (a) Perspective views of the four-connected (Zn atom and bptc
ligand) nodes inl. Purple dashed lines illustrate the four-connected
circumstances of Zn and bptc, respectively. (b) Schematic representation
of the binodal four-connected self-penetrating 3D net 0f{(83(42.62.8?)
topology (color code: Zn light-blue, C purple). The self-penetrating shortest
circuits are highlighted.
facilitate new organic reactions and stabilize unstable spe-
cies!>6 Furthermore, a careful examination of the crystal
structure ofl reveals that the poly(4;4py) chain and tubular
channel are well matched with each other (Figure 1a),
implying that a molecular recognition between them occurs
through very strongr—z stacking interactions (interplanar
distance 3.17 A). We believed that the very strongm
stacking interactions play an important role in stabilizing the
poly(4,4-bpy) chains and tubular channels. Moreover, as
illustrated in Figure 1b, the poly(4:4py) chain threads into
the large rings of the tubular channel, thus resulting in an
unusual poly(pseudo-rotaxane) array.

The most fascinating and peculiar structural featuré of
is that a quintuple-stranded molecular braid and two types
of triple-stranded molecular braids (Figure 3) coexist in the

reaction conditions. Therefore, the high temperature and 3D network of1. This case is unprecedented even though
pressure and long-time reactions, as well as the presence ofwo elegant coordination networks containing triple-stranded

Zn" ions, may facilitate the in situ synthesis of poly(4,4
bpy) (Scheme S4). It is worth noting that the MOFs, which

molecular braids have previously been repotteds de-
picted in Figure 3a, the Zn atoms are bridged by the bpy

are based on in situ generated ligands, especially on ligandsand benzophenone-4,dicarboxylate groups of bptc ligands
unreachable by conventional methods, are of great interestto form the quintuple-stranded molecular braid running along

in both coordination and organic chemistry because they
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the crystallographic axis with a pitch of 64.015 A (Figure



9-Fold Meso Helices and 17-Fold Interveen Helices

S4a). To the best of our knowledge represents the first
and only example of a polymeric coordination network
containing a quintuple-stranded molecular braid. The unusual
quintuple-stranded molecular braid represents the highest-
stranded molecular braid known in the field of coordination
polymers and inorganic compounds. The first type of triple-
stranded molecular braid (Figure 3b) is constructed by bpy
and benzophenone-3.8@icarboxylate groups of bptc ligands
bridged between the Zn centers, which is extended along
the ¢ axis with a period of 38.409 A (Figures S4b and S5).
Each triple-stranded molecular braid further intertwines with
two neighboring triple-stranded molecular braids to give an Figure 6. Schematic illustration of the 5-fold interpenetrating (10,3)-b
unprecedented 9-fold interwoven meso helix (Figure 3c,d). frame isolated by removing 3:8arboxylate groups fror.
To our knowledge, the 9-fold meso helix exhibits the highest by other equivalent 8-membered rings within the same
degree of entanglement ever found in a self-penetrating network (Figures 5b and S13), illustrating that this net is an
systent. The second type of triple-stranded molecular braid unusual self-penetrating one, noting that only a limited
(Figure 3e), which runs along the [1 Q direction with a number of self-penetrated nets have been reported td date.
pitch of 73.517 A, is formed by bpy, benzophenone-3,4 A better insight into the nature of this intricate architecture
dicarboxylate groups, and benzophenoné-didarboxylate  can be achieved if one can imagine removing one of the
groups of bptc ligands bridging the Zn atoms (Figure S4c). two types of carboxylate groups of bptc ligands at a time
In addition, 1 also contains a single-stranded meso helix (Figure 5af9 On removing the 3/3carboxylate groups, the
(Figure S6) that is built from bpy and benzophenoné-3,3 remainder is an intriguing 5-fold interpenetrating 3D three-
dicarboxylate groups of bptc ligands that bridge between the connected framework with (10,3)-b topology (Figures 6 and
Zn centers running along the [1 @ direction with a pitch  S14)20To our knowledge, the 5-fold interpenetrating (10,3)-b
of 24.506 A. Up to now, the meso helical molecules are still net has not been identified until ndWwOn the other hand,
quite uncommon, and only a few meso helical coordination elimination of 4,4-carboxylate groups leaves a 3-fold
polymers have been characteriZéd! interpenetrating (10,3)-b subnet (Figures S16 and S17).
Apart from the intrinsic interest of three types of molecular Generally, if n-fold interpenetrating networks are joined
braids, another notable feature bfs the existence of two  together through extra connections, a single self-penetrating
types of helical chains running along a crystallographic 2 net with higher connectivity will be obtainéd Therefore,
axis in theb direction with a pitch of 16.768 A. The first  the overall framework ofl is clearly a self-penetrating net
type of helix (code A) is built from bpy and benzophenone- and can be considered as derived from 5-fold or 3-fold
4,4-dicarboxylate groups of bptc ligands that bridge between interpenetrating (10,3)-b subnets that are crosslinked by extra
the Zn centers (Figure S7), whereas the second type of helixconnections (Figures S&21).
(code B) is formed by bpy and benzophenoné-8j8ar- When dicarboxylate ligand sdba is used instead of bptc,
boxylate groups of bptc ligands bridging the Zn atoms an uncommon 2D self-penetrating network with an unprec-
(Figure S8). The helical tube formed by the A-type helix is edented topology is produced. The crystallographically
larger than that observed in the B-type helix. Most exciting, independent Cd atom is coordinated by one nitrogen atom
however, is the fact that each A-type helix is further from a bpy ligand, four oxygen atoms from one chelating
intertwined with 16 A-type helices (8 same handedness andand twou,-bridging carboxylate groups coming from three
8 opposite) in all directions to produce an exceptional sdba ligands, and one aqua ligand to furnish a distorted
entangled motif originated from 17 interwoven helices octahedral geometry. Two Cd atoms are bridged by a pair
(Figures 4 and S9). Similarly, an entangled array originating of u,-carboxylate ends to give dinuclear units that are farther
from 9 interwoven B-type helices (Figures 4 and S10) is extended by sdba bridging ligands into a 2D layer that
also formed inl. As far as we know, such entangled motifs exhibits very large octagonal windows (19:0 20.6 A,
originating fromn-fold interwoven helices are still very rare  Figure S22a). When the Cd and S atoms of sdba ligands are
in the system of metal-organic complexes. Only two known regarded as nodes, the 2D layer can be simplified to a three-
entangled arrays containing 9-fold helices were reported by connected net with (4%8topology (Figure S22b). The 2D

our group very recentl{?24in which 9 independent helices

layers are highly undulated as a consequence of the bent

interweave in a manner similar to that observed in a rather geometry of the sdba ligands and the twisting of its phenyl

remarkable example reported by Lin’s grotap.
From the topological point of view,the 3D structure of

rings. The large octagonal windows and the corrugation of
the single sheets allow one identical @.&etwork to

1 can be simplified to a unique binodal four-connected net interpenetrate the octagonal windows in a parallel mode, thus

with an unprecedented (4.6%),(4%.62.8?) topology (Figure
5b) 20 In this simplification, the Zn atom acts as one kind of
the four-connected node (4.8%), and the C17 atom of the
bptc ligand acts as the otherr(@.8%) (Figure 5a). We note

giving a 2-fold interpenetrating array containing double-
stranded helices (Figure 7c¢). Interpenetration of layers with
(4.8) topology is rare if compared with layers that show
the more common (% or (6%) topologies, and only few

that some of the 8-membered shortest rings are catenate@xamples are known that include sheets that are interpen-
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Figure 7. (a) Perspective and (b) schematic views of the (3,4)-connected
self-penetrating 2D net of (4.6.8)(4.8%) topology of 2. (c) Perspective
view of the double-stranded helicesan(d) A schematic representation of
the six-connected self-penetrating 2D net &t@ topology of2. The self-
penetrating shortest circuits are highlighted.

etrated in a parallel 2-fold and 3-fold manrteMore
interestingly, the bpy ligands, acting as the extra bridging
molecules, connect two identical (&etworks together

Xiao et al.

Figure 8. (a) Perspective and (b) schematic views of the pseudo-
Borromean links of three 6-membered ringinThe elemental entangle-
ment between the two sets of non-catenated layers is equivalent to the
nontrivial linkage (c), which can be transformed into Borromean links (d).

different adjacent layers that are entangled as the three
pseudo-Borromean rings (Figure 8b). The nature of the
entanglement between the two sets of non-catenated layers
can be clearly seen in Figure 8c,d: the catenation of the blue
and green rings prevents the disentanglement of the (non-
catenated) red one (c); this entanglement can also be
transformed into Borromean links (&3® This kind of
entanglement is still quite uncommé&hand a remarkable
example is [Ag(H2L)3](NO3), (H2L = N,N'-bis(salicylidene)-

to generate a unique (3,4)-connected 2D self-penetratingl,4-di-aminobutan€lfin which the overall structure can be

network (Figure 7a,b) with an unprecedented (4.6.8}(&)6
topology (the first symbol for S atom of sdba ligand, the
second one for Cd atomdj. Catenations of the eight-

described as a four-connected self-penetrating net. However,
if the Ag---Ag interactions are ignored, the structure is a
3D Borromean arra$2 Another noteworthy aspect of the 2D

membered shortest circuits by other eight-membered shortestelf-penetrating net i@ is the fact that the (3,4)-connected

circuits are observed i@d. So far, the 2D self-penetrating

net can also be simplified to a six-connected self-penetrating

networks are extremely rare, as evidenced in a recentnet with an unprecedented®4?) topology by considering

review?2 To our knowledge, only two 2D self-penetrated
networks have been reported up to ngw.

Similar to 1, further insight into the nature of the
topologically complex layer can be obtained if one can
imagine removing one of the four types of links of different

the dinuclear units as six-connected nodes (Figures 7d
and S23b,d). The self-catenation of the four-membered
shortest rings by other four-membered rings is illustrated in
Figure 7d.

In the packing arrangement @f the adjacent layers are

lengths at a time (Figure S23a). On removing type | (11.525 interconnected by strong hydrogen bonding interactions

A), the remainder is the 2-fold interpenetrating & r8twork
described above. However, elimination of type Il (7.595 A,
corresponding to the removal of the longest-@a bond)
leaves a 2D three-connected frame witt¥) (6opology,

(OW1---OW2 = 2.713 A and OW2:04 = 2.851 A) to
generate a 3D supramolecular network (Figure S26a). When
these hydrogen bonds are taken into accéuft the
resulting structure can be simplified to a (3,5)-connected 3D

exhibiting an unusual 4-fold entanglement (Figure S24a). At self-penetrating network with an unprecedented (4.6.8)-
first glance, the subnet seems like a parallel 4-fold inter- (4.6%.7°.8%) topology (Figures 9a and S27a,b). The catenated
penetrating (§ network. However, a careful examination eight-membered shortest rings are observed in Figure 9a. It
shows that the entanglement consists of two sets of inter-is noteworthy here to mention that the 3D self-penetrating

penetrating chiral layers, one left-handed (yellow and red) network can also be considered as constructed from the
and the other right-handed (blue and green). Strikingly, the unusual 4-fold (2+ 2) interpenetrating diamond nets (Figure

adjacent layers belonging to different sets are neither
interpenetrated nor catenated (Figure S24) but are entanglecﬁw)
via pseudo-Borromean link8 This becomes apparent when

considering three six-membered rings (Figure 8a) from three
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Ed. 1999 38, 2237.
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Figure 9. (a) Schematic view of the (3,5)-connected self-penetrating 3D
net of (4.6.8)(4.87°.8%) topology of2. (b) Schematic representation of the
eight-connected self-penetrating 3D net 8t.& topology of2. The self-
penetrating shortest circuits are highlighted.
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Figure 11. Solid-state emission spectra of complexes at room tempera-
80 - ture: (a)1, (b) 2.
s knowledge2 also represents the highest connected topology
580 4 at present known for self-penetrating systems.
= Thermal Stability Analysis. To examine the thermal
g stability of the two compounds, thermal gravimetric (TG)
404 analyses were carried out farand2 (Figure 10). The TG
curve ofl exhibits four weight loss stages in the temperature
20 ranges of 186295 (3.95%), 295520 (48.40%), 526820
i (8.01%), and 8261060 °C (20.65%) (Figure 10a), corre-
T T T T T T " T " T sponding to the release of water molecules, poly{dpy),
0 00 4°T°mmm3%qc) 800 1000 bpy, and bptc ligands. The residue is ZnO. The whole weight
®) loss (81.01%) is in good agreement with the calculated value

(81.33%).

The TG curve oR is shown in Figure 10b. It gives a total
S28b)a which are crosslinked by the extra connections weight loss of 75.04% in the range of #565 °C, which
(namely type Il, Figure S29). More interestingly, if the f£d  agrees with the calculated value of 75.81%. The first weight
(COy) ] dinuclear unit is regarded as an eight-connected nodeloss is 6.43% in the temperature range of 120°C, which
(Figure S27c,d), the 3D structured€tan also be rationalized  corresponds to the loss of all non-coordinated and coordi-
as an eight-connected self-penetrating net symbolized asnated water molecules (calcd 6.79%), and then the sample
(4%%.6") (Figure 9b), which is unprecedented. The eight- keeps relatively stable in the temperature range of-120
connected self-penetrating coordination polymers are, at270°C, probably suggesting the formation of a stable phase
present, rare. Only two eight-connected self-penetrating formulated as [Cglsdba)(bpy)]. The second weight loss is
coordination networks were reported by our group very 1.77% at 276-340°C; the third step is 13.90% from 340 to
recently?"9in which the topologies (4.5.6* and 4°.6°) are 400°C, and the last step is 52.94% in the temperature range
significantly different from that of2. Therefore, to our  of 400-565 °C, all assigned to the decomposition of bpy

Figure 10. TG curves ofl (a) and2 (b), respectively.
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and sdba ligands (calcd 69.02%). The remaining weight Conclusions

(24.96%) indicates that the final residue was CdO (calcd |n summary, we have prepared and characterized two
24.19%). unprecedented self-penetrating coordination networks with
uncommon entangled motifs, such as the quintuple-stranded
X _ _ molecular braid, the 9-fold meso helices, and the 17-fold
properties of & metal complexes into account, the lumi- 10 \voven helices, which fill the lacunas in the realm of
nescence ofl and2 was investigated. It can be observed gnianglement. The isolation of both compounds not only
that intense blue fluorescent emissions occur at 475 NMyrovides unprecedented examples of chemical topology but
(Figure 11a/ex = 398 nm) forl and 459 nm (Figure 11b,  aiso confirms the aesthetic diversity of coordinative network
Aex=320 nm) for2. To understand the nature of the emission chemistry. Topological analyses of two complexes have

Photoluminescence PropertiesTaking the luminescent

band, the photoluminescence properties gibppic and H- revealed the relationships between the self-penetrating nets
sdba ligand were analyzed. Two weak emissions at 476 andand related interpenetrating nets, which may provide new
329 nm were observed for fregbptc and Hsdba ligands,  insights into the analysis and design of self-penetrating

respectively (Figure S31). Therefore, the emissiof wfay networks.

be assigned to the intraligand fluorescent emission, whereas Acknowledgment. The authors thank the National Natu-
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charge transfe2 The enhancement of luminescence may be financial support.
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