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’ INTRODUCTION

The design and synthesis of coordination polymers with
special structures and properties are of great interest because
of their widely potential applications in functional materials.1�4

However, it is difficult to predict their exact structures because
many factors may influence the resulting structures.5,6 Entangled
systems, including discrete and polymeric ones, are among the
most complicated structures and have become a vital theme of
supramolecular coordination chemistry, owing to their applica-
tions in molecular devices,7 photochemical and photophysical
properties8 and gas adsorption,3,4 as well as their aesthetic archi-
tectures and topologies.9�12 In contrast to the conventional
strategy of using long and exomultidentate ligands9a,b,10a to
construct multi-interpenetrated networks, recently, a handful of
new protocols, such as templating13a and the “liquid-phase
epitaxy”method,13b have been applied to manipulate the catena-
tion manner and interpenetration degree of entangled coordination
polymers and thus improve their properties, such as density,14

gas uptake,6e,13a and luminescence.8b

Among other entangled systems, the phenomenon of self-
catenation (also known as self-penetration, self-entanglement,
and polyknotting) is rare and unpredicted.9,11,12 The term of self-
catenation proposed by Proserpio et al.15 describes a special single

network in which the smallest topological rings are penetrated by
the rods belonging to the same net.9a�c,15 Recently, more and
more self-catenated complexes have been reported,9�12 but it is
still a formidable task for chemists to synthesize self-catenated
coordination polymers by judiciously selecting appropriate ligands
and metals. Interestingly, a small number of self-catenated net-
works are built through the cross-linking of different types
of interpenetrated networks connected by bridging ligands or
supramolecular interactions.9a,b,10b,10c,11a,11b,12 For example,
Schr€oder et al. showed a typical 6-connected self-catenated network
constructed from 5-fold interpenetrated diamond networks
cross-linked via water molecules,10b and Lin et al. reported an
evenmore interesting case of crystal transformation of 3-D 2-fold
interpenetrated coordination polymers to self-catenated coordi-
nation polymers.12 These prompt us to explore a general strategy
of constructing self-catenated systems through the cross-linking
of multifold interpenetrated frameworks via appropriate linear
connectors, as shown in Scheme 1. In this work, we focus on
extending our previous work on a pair of self-catenated
isomers,11a based on our continuous investigation of the copper(I)
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ABSTRACT: By systematically varying the geometric length and electro-
nic properties of the second ligating ligands of halogen (Cl�, Br�, and I�)
and pseudohalogen (CN�, SCN�, and N3

�) anions, we synthesized
11 isomeric/isostructural copper(I) complexes: [Cu2(L3-3)I]n (1),
[Cu2(L4-4)Br]n (2-Br), [Cu2(L4-4)Cl]n (2-Cl), [Cu2(L3-4)(CN)]n
(3), [Cu2(L3-3)(CN)]n (4), [Cu3(L4-4)(CN)2]n (5), {[Cu2(L4-4)-
Br]2 3CuBr}n (6-Br), {[Cu2(L4-4)Cl]2 3CuCl}n (6-Cl), [Cu2(L4-4)-
(SCN)]n (7r-SCN), [Cu2(L4-4)(SCN)]n (7β-SCN), and [Cu2(L4-4)-
(N3)]n (7r-N3). These structures are based on a series of isomeric
pyridylpyrazole ligands, namely, 3,5-bis(3-pyridyl)-1H-pyrazole (HL3-3), 3-(3-pyridyl)-5-(4-pyridyl)-1H-pyrazole (HL3-4), and
3,5-bis(4-pyridyl)-1H-pyrazole (HL4-4), and their structural features range from 1-D (1), 2-D (2), and 3-D noninterpenetration
(3), to 3-D 2-fold interpenetration (4 and 5), to 3-D self-catenation (6 and 7), exhibiting a trend from simple to complex with
dimension expansion and an interpenetrating degree increase. The five most complex structures (6 and 7) with self-catenated
networks are based on 2-fold interpenetrated networks linked via appropriate second ligating spacers (Cl�, Br�, SCN�, and N3

�),
representing a strategy to construct self-catenated coordination polymers through cross-linking interpenetrated frameworks.
Moreover, these complexes exhibit strong photoluminescence, which is mainly ascribed to CuI-related charge transfers (MLCT,
MC, and MMLCT) regulated by the electronic properties of halogen or pseudohalogen. The topological evolution and
luminescence variation presented in this work open an avenue to understanding the luminescence origin and the structure�
property relationship of luminescent coordination polymers.
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pyridylpyrazolate system, and systematically examining the effect
of the second ligating spacers of halogen (Cl�, Br�, and I�) and
pseudohalogen (CN�, SCN�, and N3

�) anions.
On the other hand, such a systematic structural and topolo-

gical investigation will facilitate research on the structure�prop-
erty relationship of coordination materials, which aims at tuning
the properties by tailoring the structures (including their electro-
nic properties, steric effects, and space groups).16�18 A rational
strategy to explore the structure�property relationship is to
design and synthesize a series of analogous materials such as
isomers and isostructures. The work of Ford et al.19 on the
luminescence origin of Cu4X4L4 (X =Cl�, Br�, and I�; L =N- or
P-based ligands) through investigation of a series of isostructures
is a supreme example of studying the structure�property rela-
tionship of luminescent copper(I) clusters. In this work, the
luminescence properties of the prepared copper(I) pyridylpyr-
azolate coordination polymers with closely related structures and
topologies are measured and discussed.

Herein, we report our research on the synthesis, structure, and
luminescence of a copper(I) pyridylpyrazolate system tuned via
second ligating spacers. The 11 targeted coordination polymers
are based on a series of isomeric, long-shaped, and multidentate
ligands, namely, 3,5-bis(3-pyridyl)-1H-pyrazole (HL3-3),20a,b 3-(3-
pyridyl)-5-(4-pyridyl)-1H-pyrazole (HL3-4), and 3,5-bis(4-pyridyl)-
1H-pyrazole (HL4-4)11a,20c (Chart 1). These ligands all have

side-armed N-pyridyl atoms (with distances ranging from 8 to
11 Å) to construct extended 2-D or 3-D networks, preferably
with a certain degree of entanglement. The pyrazolate groups can
act as 1,2-dihapto exobidentate ligands to bind two coinagemetal
ions, which may exhibit metal-based luminescence due to metal�
metal interaction.11a,20c,21�23 Halides (Cl�, Br�, and I�) and
pseudohalides (CN�, SCN�, and N3

�) are selected as second
ligating spacers and balance charges.11a�d,19b,22b,23�26With little
steric hindrance, such kinds of small anions are perfect candidates
as linear connectors to cross-link multifold interpenetrated
frameworks.11a According to the literature,11a,20c,24,27 the lumi-
nescence origin of this ternary system [copper(I), pyridylpyr-
azolate and halides/pseudohalides] can be tentatively assigned to
various charge transfers related to the CuI center, such as metal-
to-ligand charge transfer (MLCT), ligand-to-metal charge trans-
fer (LMCT), halide/pseudohalide-to-metal charge transfer
(XMCT), cluster-centered (CC) or metal-centered (MC), and
even halide-to-ligand charge transfer (XLCT).17,19 These will
also be discussed along with the presented results.

’EXPERIMENTAL SECTION

Materials and Physical Measurements. Commercially avail-
able chemicals were purchased and used without further purification. IR
spectra were obtained in KBr disks on a Nicolet Avatar 360 FTIR
spectrometer in the range of 4000�400 cm�1. 1H NMR spectroscopy
measurements were performed on a Bruker DPX 400 spectrometer
using tetramethylsilane as the internal standard. All chemical shift values
(δ) are given in ppm. Elemental analyses of C,H, andNwere determined
with a Perkin-Elmer 2400C elemental analyzer. Thermogravimetric
analyses (TGA) were performed on a Perkin-Elmer TGA7 instrument
in flowing N2 with a heating rate of 10 �C/min. Power X-ray diffraction
(PXRD) experiments were performed on a D8 Advance X-ray diffract-
ometer. Excitation and emission spectra were obtained on an Edinburg
FLS920 spectrometer equipped with a continuous Xe900 xenon lamp.
In all cases, purified single crystalline samples were used for the photo-
luminescence measurements.
Syntheses. Ligands. 3,5-Bis(4-pyridyl)-1H-pyrazole (HL4-4) and

3,5-Bis(3-pyridyl)-1H-pyrazole (HL3-3). The preparations were reported
in our previous works.11a,20a,c

3-(3-Pyridyl)-5-(4-pyridyl)-1H-pyrazole (HL3-4). Step 1: 1-(3-
Pyridyl)-3-(4-pyridyl)-l,3-propanedione. To a suspension of NaH
(80% in oil, 1.5 g, 0.05 mol) in 50 mL of anhydrous tetrahydrofuran
(THF) was added 3.5 mL (3.5 g, 0.025 mol) of methyl nicotinate. The
mixture was stirred at room temperature for 10 min, and then 3.5 mL
(3.5 g, 0.025 mol) of 4-acetylpyridine was slowly added to the mixture.
After the addition of 4-acetylpyridine was completed, the mixture was
allowed to stir for about 5 h. The mixture was filtered. A yellow solid was
obtained and washed twice with 20 mL of THF and then dissolved in
50 mL of a diluted acetic acid solution (3 mol/L). The mixture was
stirred for 30 min and then filtered. A yellow solid was obtained and
dried in vacuum to give 4.3 g of the primary product, 1-(3-pyridyl)-3-(4-
pyridyl)-l,3-propanedione. Yield: 63.9%. Mp: 198�200 �C. IR (ν/
cm�1): 3100 m, 3032 m, 2935 m, 1590 vs, 1540 vs, 1460 s, 1253 m,
1110m, 1016m, 796 s. 1HNMR (400MHz, CDCl3, 298 K):δ 9.21 (d, J=
1.6 Hz, 1H, CHpy), 8.87 � 8.77 (m, 3H, CHpy), 8.29 (ddd, J = 8.4,
5.3, and 3.2 Hz, 1H, CHpy), 7.80 (dd, J = 4.5 and 1.7 Hz, 2H, CHpy),
7.48 (ddd, J = 8.0, 4.8, and 0.7 Hz, 1H, CHpy), 6.89 (s, 1H, CdCH).

Step 2: 3-(3-Pyridyl)-5-(4-pyridyl)-1H-pyrazole (HL3-4). A total of
2.3 g (0.01 mol) of 1-(3-pyridyl)-3-(4-pyridyl)-l,3-propanedione was
added in ethanol (50 mL), and the mixture was treated with an excess of
hydrazine (80%, 3 mL) and then refluxed for 10 h. The solution was
allowed to stand in air to evaporate the ethanol solvent. Several days later

Scheme 1. Schematic Representation of the Formation of a
Self-Catenated System Constructed from the Cross-Linking
of Interpenetrated Frameworks via Linear Connectors

Chart 1. Illustration of the Ligands
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colorless microcrystals were obtained to give 1.4 g of HL3-4. Yield:
62.5%. Mp: 230�232 �C. IR(ν/cm�1): 3402 s, 3121 m, 3019 m, 1603
vs, 1425 s, 1221 m, 1000 m, 963 m, 824 s, 694 s. 1H NMR (400 MHz,
CD3OD, 298K):δ 8.99 (s, 1H, CHpy), 8.56 (d, J= 20.7Hz, 3H, CHpy),
8.22 (d, J = 4.0 Hz, 1H, CHpy), 7.85 (d, J = 28.7 Hz, 2H, CHpy), 7.53
(s, 1H, CHpy), 7.35 (s, 1H, CHPz).
Complexes. [Cu2(L3-3)I]n (1). A mixture of HL3-3 (44.4 mg,

0.2 mmol), CuI (76.2 mg, 0.4 mmol), C2H5OH (10 mL), and aqueous
NH3 (0.5 mL) was sealed in a 15-mL Teflon-lined reactor, heated in an
oven at 160 �C for 72 h, and slowly cooled to room temperature at a rate
of 3 �C/30 min. Yellow block crystals were obtained (yield: 38%
based on HL3-3). Anal. Calcd for C13H9N4ICu2: C, 32.86; H, 1.91;
N, 11.79. Found: C, 32.65; H, 1.99; N, 11.49. IR data (KBr, cm�1):
3109 m, 3056 w, 2921 w, 1610 s, 1569 m, 1467 vs, 1413 m, 1111 m,
997 m, 796 s, 698 s.
[Cu2(L4-4)Br]n (2-Br). A mixture of HL4-4 3 3H2O (55.2 mg,

0.2 mmol), CuBr (57.6 mg, 0.4 mmol), C2H5OH (10 mL), and aqueous
NH3 (0.5 mL) was sealed in a 15-mL Teflon-lined reactor, heated in an
oven at 140 �C for 72 h, and slowly cooled to room temperature at a rate
of 3 �C/30 min. Light-yellow block crystals were obtained (yield: 45%
based on HL4-4). Sometimes red block crystals could also be separated
as complex 6-Br. Anal. Calcd forC13H9N4BrCu2:C, 36.46;H, 2.12;N, 13.08.
Found: C, 36.35; H, 1.97; N, 12.81. IR data (KBr, cm�1): 3096 w, 3044 w,
2921 w, 1606 vs, 1466 s, 1421 m, 1209 m, 1102 m, 996 m, 804 s, 698 m.
[Cu2(L4-4)Cl]n (2-Cl). A mixture of HL4-4 3 3H2O (55.2 mg,

0.2 mmol), CuCl2 3 2H2O (68.4 mg, 0.4 mmol), C2H5OH (10 mL),
and aqueous NH3 (0.5 mL) was sealed in a 15-mL Teflon-lined reactor,
heated in an oven at 140 �C for 72 h, and slowly cooled to room
temperature at a rate of 3 �C/30 min. Light-yellow block crystals
were obtained (yield: 38% based on HL4-4). Sometimes red block
crystals could also be separated as complex 6-Cl. Anal. Calcd for
C13H9N4ClCu2: C, 40.68; H, 2.36; N, 14.60. Found: C, 40.42; H,
2.08; N, 14.35. IR data (KBr, cm�1): 3056 w, 3021 w, 2930 w, 1604 vs,
1469 s, 1417 m, 1214 m, 1102 m, 998 m, 800 s, 698 m.
[Cu2(L3-4)(CN)]n (3).Method 1: A mixture of HL3-4 (44.4 mg, 0.2

mmol), Cu(BF4)2 3 6H2O (173 mg, 0.5 mmol), CH3OH (10 mL), and
aqueous NH3 (0.5 mL) was sealed in a 15-mL Teflon-lined reactor,
heated in an oven at 140 or 160 �C for 72 h, and slowly cooled to room
temperature at a rate of 3 �C/30 min. Yellow block crystals were
obtained (yield: 35% based on HL3-4). Note: The in situ formation
of CN� frommethanol and aqueous NH3 triggered by copper salt under
solvothermal conditions was reported by us in ref 20c.

Method 2: A mixture of HL3-4 (44.4 mg, 0.2 mmol), CuCN (36 mg,
0.4mmol), C2H5OH (10mL), and aqueous NH3 (0.5 mL) was sealed in
a 15-mL Teflon-lined reactor, heated in an oven at 140 or 160 �C for
72 h, and slowly cooled to room temperature at a rate of 3 �C/30 min.
Yellow microcrystals were obtained (yield: 22% based on HL3-4).
PXRD experiments showed that they were identical with those prepared
from method 1. Anal. Calcd for C14H9N5Cu2: C, 44.92; H, 2.42; N,
18.71. Found: C, 44.71; H, 2.38; N, 18.52. IR data (KBr, cm�1): 3068 w,
3011 w, 2112 vs, 1606 vs, 1466 m, 1225 m, 996 m, 833 s, 776 m, 694 m.
[Cu2(L3-3)(CN)]n (4). A mixture of HL3-3 (44.4 mg, 0.2 mmol),

CuCN (36 mg, 0.4 mmol), CH3OH (10 mL), and aqueous NH3

(0.5 mL) was sealed in a 15-mL Teflon-lined reactor, heated in an oven
at 160 �C for 72 h, and slowly cooled to room temperature at a rate of
3 �C/30 min. Near-colorless block crystals were obtained (yield: 35%
based on HL3-3). Anal. Calcd for C14H9N5Cu2: C, 44.92; H, 2.42; N,
18.71. Found: C, 44.95; H, 2.46; N, 18.55. IR data (KBr, cm�1): 3060 w,
3015 w, 2112 vs, 1601 vs, 1466 m, 1405 m, 1123 m, 996 m, 776 s, 694 s.
[Cu3(L4-4)(CN)2]n (5). A mixture of HL4-4 3 3H2O (55.2 mg, 0.2

mmol), CuCN (36mg, 0.4mmol), CH3OH (10mL), and aqueous NH3

(0.5 mL) was sealed in a 15-mL Teflon-lined reactor, heated in an oven
at 160 �C for 72 h, and slowly cooled to room temperature at a rate of
3 �C/30 min. Light-yellow block crystals were obtained (yield: 35%

based onHL4-4). Anal. Calcd for C15H9N6Cu3: C, 38.84;H, 1.96;N, 18.12.
Found: C, 38.54; H, 1.75; N, 18.00. IR data (KBr, cm�1): 3117 w, 3060 w,
2128 vs, 1605 vs, 1470 m, 1217 m, 1172 m, 1004 m, 830 s, 771 m, 722 m.

{[Cu2(L4-4)Br]2 3 CuBr}n (6-Br). A mixture of HL4-4 3 3H2O (55.2
mg, 0.2 mmol), CuBr2 (89.4 mg, 0.4 mmol), C2H5OH (10 mL), and
aqueous NH3 (0.5 mL) was sealed in a 15-mL Teflon-lined reactor,
heated in an oven at 160 �C for 72 h, and slowly cooled to room
temperature at a rate of 3 �C/30 min. Red block crystals were obtained
(yield: 25% based on HL4-4). Anal. Calcd for C26H18N8Br3Cu5: C,
31.23; H, 1.81; N, 11.21. Found: C, 31.15; H, 1.68; N, 11.15. IR data
(KBr, cm�1): 3117 w, 3051 w, 1609 vs, 1470 m, 1213 m, 1107 w, 1001
m, 845 s, 800 m, 727 m. Also complex 2-Br could be separated as light-
yellow microcrystals characterized by PXRD.

{[Cu2(L4-4)Cl]2 3 CuCl}n (6-Cl). A mixture of HL4-4 3 3H2O (55.2
mg, 0.2 mmol), CuCl2 3 2H2O (68.4 mg, 0.4 mmol) C2H5OH (10 mL),
and aqueous NH3 (0.5 mL) was sealed in a 15-mL Teflon-lined reactor,
heated in an oven at 160 �C for 72 h, and slowly cooled to room
temperature at a rate of 3 �C/30 min. Red block crystals were obtained
(yield: 41% based on HL4-4). Anal. Calcd for C26H18N8Cl3Cu5: C,
36.04; H, 2.09; N, 12.93. Found: C, 36.10; H, 2.15; N, 12.81. IR data
(KBr, cm�1): 3109 w, 3043 w, 1605 vs, 1474 m, 1217 m, 1005 m, 837 m,
804 m, 730 m. Also complex 2-Cl could be separated as light-yellow
microcrystals characterized by PXRD.

[Cu2(L4-4)(SCN)]n (7r-SCN) and [Cu2(L4-4)(SCN)]n (7β-SCN).
Refer to our previous communication.11a

[Cu2(L4-4)(N3)]n (7r-N3). Amixture of HL4-4 3 3H2O (55.2 mg, 0.2
mmol), Cu(BF4)2 3 6H2O (173 mg, 0.5 mmol), NaN3 (32.5 mg, 0.5
mmol), H2O (10 mL), and aqueous NH3 (0.5 mL) was sealed in a 15-
mLTeflon-lined reactor, heated in an oven at 160 �C for 72 h, and slowly
cooled to room temperature at a rate of 3 �C/30 min. Yellow column
crystals were obtained (yield: 48% based on HL4-4). Anal. Calcd for
C13H9N7Cu2: C, 40.00; H, 2.32; N, 25.12. Found: C, 39.92; H, 2.35; N,
25.05. IR data (KBr, cm�1): 3097 w, 3026 w, 2055 vs, 2038 vs, 1605 vs,
1470 w, 1213 m, 1004 m, 833 m, 804 m.
Crystal Structure Determination. Suitable crystals were

mounted with glue at the end of a glass fiber. Diffraction data were
collected at 293(2) K with a Bruker-AXS SMART CCD area detector
diffractometer using ω rotation scans with a scan width of 0.3 and Mo
KR radiation (λ = 0.710 73 Å). Multiscan absorptions were applied. The
structure of 2-Cl was solved by Patterson method and other structures
were solved by direct method. All the structures were refined by full-
matrix least-squares refinements based on F2. The C/N atoms of CN� in
complexes 3�5 were undistinguishable and were refined with a 50%
probability of being C or N and assigned randomly as C or N atoms. All
non-H atoms were refined with anisotropic thermal parameters, and all
H atoms were included in calculated positions and refined with isotropic
thermal parameters riding on those of the parent atoms. Structure
solutions and refinements were performed with the SHELXL-97
package.28 Crystal data and structure refinement details for these
complexes are summarized in Table 1. Selected bond lengths and angles
are given in Table S1 in the Supporting Information.
Structural and Topological Analysis. Structural and topologi-

cal diagrams are exported through the computer programs of OLEX.29

The point symbol and vertex symbol are computed using TOPOS.30

’RESULTS AND DISCUSSION

Crystal Structures Description. Complex 1. In complex 1,
each CuI atom is three-coordinated in a T-shaped geometry com-
pletedbyoneN-pyrazolate atom, oneN-pyridyl atom, andone I atom
(Figure 1a). The deprotonated L3-3, as a tetradentate ligand in a
syn�syn conformation, is connected by CuI atoms nearly linearly
through the N1B and N2 atoms [the N2�Cu1�N1B angle is
153.47(10)�], resulting in an infinite chain along the b axis
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(Figure 1c). Cu1 and its symmetry-related Cu1A are doubly bridged
by the pyrazolate and I atoms in the usual mode of a μ2 bridge,
resulting in a familiar five-membered ring (I1�Cu1�N2�N2A�
Cu1A). I atoms, hampered by the 3-pyridyl group, deviate severely
from the Cu1�Cu1A�Pz plane, and the dihedral angle between the
I1�Cu1�Cu1A andN2�N2A�Cu1A�Cu1 planes is about 50.2�.

The distance of Cu1�Cu1A is 3.0565(8) Å, longer than 2.83 Å (the
sumof the vanderWaals radii).31These chains are piled together into
the whole crystal through two different π�π weak interactions
between adjacent pyridyl rings, with center-to-center distances of
3.6376(2) Å (d1) and 4.1371(3) Å (d2) along the c axis, respectively
(Figure 1b).

Table 1. Crystal Data and Structure Refinement Details for Complexes 1�7

parameter 1 2-Br 2-Cl 3 4

formula C13H9N4Cu2I C13H9N4Cu2Br C13H9N4Cu2Cl C14H9N5Cu2 C14H9N5Cu2
Mr 475.22 428.23 383.77 374.34 374.34

cryst syst monoclinic monoclinic triclinic monoclinic tetragonal

space group P21/m C2c P1 P21/n I41/acd

a (Å) 5.5325(7) 16.6627(19) 8.8528(18) 10.1968(9) 15.7482(9)

b (Å) 15.434(2) 9.7028(11) 9.3074(19) 8.8717(8) 15.7482(9)

c (Å) 7.7007(10) 10.1856(12) 9.786(2) 14.6262(14) 21.281(2)

R (deg) 90 90 62.417(3) 90 90

β (deg) 91.425(2) 125.461(2) 76.962(3) 90.062(2) 90

γ (deg) 90 90 66.016(3) 90 90

V (Å3) 657.34(15) 1341.3(3) 652.3(2) 1323.1(2) 5277.8(7)

Z 2 4 2 4 16

Dcalcd (g/cm
3) 2.401 2.121 1.954 1.879 1.884

μ (mm�1) 5.575 6.141 3.456 3.212 3.221

collected reflns 2563 4383 4598 7152 13573

unique reflns 1118 1593 2270 2338 1172

Rint 0.0125 0.0236 0.0158 0.0214 0.0335

R1a [I > 2σ(I)] 0.0201 0.0574 0.0357 0.0279 0.0217

wR2b [I > 2σ(I)] 0.0517 0.1794 0.0955 0.0714 0.0569

R1a (all reflns) 0.0213 0.0641 0.0394 0.0309 0.0234

wR2b (all reflns) 0.0525 0.1822 0.0982 0.0728 0.0577

GOF on F2 1.072 1.275 1.093 1.059 1.057

parameter 5 6-Br 6-Cl 7r-N3

formula C15H9N6Cu3 C26H18N8Cu5Br3 C26H18N8Cu5Cl C13H9N7Cu2
Mr 463.90 999.91 866.53 390.35

cryst syst monoclinic monoclinic monoclinic orthorhombic

space group P21/n C2/c C2/c Pbca

a (Å) 5.6874(3) 15.1822(16) 15.2169(16) 11.398(3)

b (Å) 13.2637(7) 12.9042(14) 12.7604(14) 7.758(2)

c (Å) 20.5449(11) 14.4740(16) 14.1543(15) 29.507(8)

R (deg) 90 90 90 90

β (deg) 95.5100(10) 95.845(2) 95.614(2) 90

γ (deg) 90 90 90 90

V (Å3) 1542.66(14) 2820.9(5) 2735.2(5) 2609.2(12)

Z 4 4 4 8

Dcalcd (g/cm
3) 1.997 2.354 2.104 1.987

μ (mm�1) 4.106 7.993 4.153 3.266

collected reflns 8209 9674 9255 15284

unique reflns 2711 3459 3116 3126

Rint 0.0230 0.0281 0.0335 0.0403

R1a [I > 2σ(I)] 0.0258 0.0271 0.0331 0.0937

wR2b [I > 2σ(I)] 0.0643 0.0642 0.0792 0.1731

R1a (all reflns) 0.0293 0.0349 0.0401 0.0983

wR2b (all reflns) 0.0660 0.0665 0.0819 0.1788

GOF on F2 1.046 1.059 1.095 1.400
aR1 = ∑(||Fo| � |Fc||)/∑|Fo|.

bwR2 = [∑w(|Fo|
2| � |Fc|

2)2/∑w(Fo
2)2]1/2.
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Complex 2-Br. In complex 2-Br, each CuI atom is three-
coordinated in a T-shaped geometry completed by one N-
pyrazolate atom, one N-pyridyl atom, and one Br atom
(Figure 2a). Both the Br1 atom and pyrazolate doubly bridge
symmetry-related CuI atoms (Cu1 and Cu1A) on one plane in a
μ2 mode, and the distance of the two Cu

I atoms is 3.2746(1) Å,
much longer than 2.83 Å (the sum of the van der Waals radii).31

Furthermore, the two CuI atoms are coordinated by N-pyridyl
atoms from two other L4-4 ligands, resulting in a 2-D sheet
(Figure 2b) paralleling the [�1, 0, 2] crystallographic plane, in
which almost all CuI atoms, Br atoms, and pyrazole rings are
positioned on one plane, and the pyridyl rings are disordered
along the C5�N1 bond [the dihedral angles between the
disordered pyridyl ring and the plane of the 2-D layer are
37.66(2)� and 41.08(2)�]. These 2-D structures are piled alter-
nately in opposite orientations (Br atoms of the two adjacent

layers are positioned to opposite orientations) in the whole single
crystal layer by layer (Figure 2c), and the distance between
adjacent planes is equal [d = 4.008(1) Å]. It is clear that each
sheet shows 2-D sql (4,4) topology32 (Figure 2d).
Complex 2-Cl. Complex 2-Cl is very similar to complex 2-Br

in coordination environment and packing structure. However, it
is crystallized in a triclinic system (P1 space group), with lower
symmetry than that of 2-Br. The asymmetric unit contains one
Cl atom, two Cu atoms (Cu1 and Cu2), and one whole L4-4
ligand, in which two pyridyl rings are located at exact space
positions (Figure 3a). The dihedral angles between the pyridyl
and pyrazole rings are 26.49(5)� and 49.31(5)�, different from
that of complex 2-Br, and the Cl atoms are almost positioned on
the Cu1�Cu2�pyrazole ring plane [the distance from Cl atoms
to the plane is 0.089(7) Å]. The distance of the two CuI atoms
bridged by pyrazole is 3.2312(2) Å, slightly shorter than that in 2-
Br and much longer than 2.83 Å (the sum of the van der Waals
radii).31 These 2-D sheets are piled layer by layer (Figure 3b)
paralleling the [1, 0, 0] crystallographic plane, but the distances
between these adjacent layers are slightly different [d1 = 4.026(1)
and d2 = 4.052(1) Å], which may be related to its lower
symmetry.
Complex 3. 3 is a 3-D polymer constructed from asymmetrical

ligand L3-4 and CuCN and contains two crystallographically
independent CuI centers, one L3-4 ligand, and one cyanide
ligand (Figure 4a). As shown in Figure 4, the two CuI atoms are
nearly coplanar with the pyrazolate ring bridging them, and the
distance of the two CuI atoms is 3.0392(5) Å, longer than 2.83 Å
(the sum of the van der Waals radii).31 The two pyridyl groups
are coordinated to two CuI atoms (3-pyridyl for Cu1 and
4-pyridyl for Cu2) from one side of the plane, and the other
side is occupied by two cyanide ligands binding the two CuI

atoms. As a whole, the tetradentate ligands L3-4 are connected
by CuI atoms to form a 2-D undulated layer structure (Figure 4b)
with sql (4,4) grid topology parallel to the [1, 0, 1] plane. The
layer contains two kinds of four-membered rings (Cu atoms as
the corner of rings): one is formed by two whole L3-4 ligands
connecting two pairs of CuI atoms bridged by two pyrazolates
from fourN-pyridyl atoms (green shadow in Figure 4b); another
is formed by four CuI atoms connected by four halves of L3-4
ligands from oneN-pyridyl atom and its closeN-pyrazole atom of
a L3-4 ligand (red shadow in Figure 4b). Cyanide anions
(green stick in Figure 4c) connect these parallel 2-D layers to
form a 3-D structure with an unfamiliar uniform 5-connected
topology (Figure 4d) with point symbol 44 3 6

6-nov,33 in which
two cyanide anions act as one linker to doubly bridge two
[Cu2(Pz)] nodes.

Figure 1. Structural diagrams of complex 1: (a) ORTEP drawing of
coordination environments with a 50% thermal ellipsoid; (b) packing
diagram from the view along the b axis; (c) chain diagram. Symmetry
codes: A, x, �y + 1/2, z; B, �x + 2, �y + 1, �z + 1.

Figure 2. Structural diagrams of complex 2-Br: (a) ORTEP drawing of
coordination environments with a 50% thermal ellipsoid; (b) 2-D layer
(one of the dangled pyridyl rings is omitted for clarity); (c) packing
diagram showing the opposite directions of neighboring layers (Cu�Br
bond: red); (d) (4,4) grid topology of a single layer. Symmetry codes:
A,�x + 1, y,�z + 5/2; B,�x + 1/2, y� 1/2,�z + 3/2; C, x +

1/2, y� 1/2,
z + 1.

Figure 3. Structural diagrams of complex 2-Cl: (a) ORTEP drawing of
coordination environments with a 50% thermal ellipsoid; (b) packing
diagram showing the opposite directions of neighboring layers (Cu�Cl
bond: green) and interlayer distances. Symmetry codes: A, x, y, z� 1; B,
x, y � 1, z + 1.
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Complex 4. The complex is a 3-D 2-fold interpenetrating
polymer crystallized in the I41/acd space group and contains one
crystallographically independent CuI atom, half of a deproto-
nated L3-3 ligand, and half of a site of one cyanide anion
(Figure 5a). The CuI atom, adopting a distorted trigonal
geometry, is coordinated by oneN-pyrazole atom, oneN-pyridyl
atom, and one C/N atom of the cyanide anion. The deproto-
nated L3-3 ligands coordinate to four symmetry-related CuI

atoms, with the dihedral angle between the pyridyl and pyrazole
rings being 32.47(1)� in the syn�syn conformation and the
distance of the two CuI atoms bridged by the pyrazole being
3.7089(2) Å, much longer than 2.83 Å (the sum of the van der
Waals radii).31 The combination of C4 (x + 1/2, y +

1/4) and
mirror (z + 1/8) operations (4/m) extends the asymmetry unit to
a very slightly distorted tetrahedron [Figure 5b; the distances
between the two CuI atoms connected by the cyanide anion and
half of the L3-3 ligand are 4.8983(3) and 4.8973(3) Å, re-
spectively], in which four Cu atoms act as vertexes and two
cyanide anions as well as four halves of L3-3 ligands act as six
bridges, and the C4 axis passes through the middle point of the
two cyanide anions. These tetrahedral units are connected by μ2-
pyrazolate as linkers to form a 3-D framework with dia-a
topology, in which the centers of every tetrahedron are arranged
into dia topology or an adamantanoid cage34 (Figure 5c,d). The
large void among these tetrahedral units allows interpenetration
of two equivalent frameworks. An analysis of the topology of
interpenetration according to a recent classification33b reveals
that 4 belongs to class IIa (Z = 2; the two interpenetrated
networks are generated by center symmetry). It is noteworthy
that the cyanide anions play a role of linear linkers in the
intraframework instead of the interframework of the 2-fold
interpenetrated network (Figure 5e).

In order to maintain the consistency of topological simplifica-
tion in thiswork, the [Cu2(Pz)] unit in4 is simplified as a 6-connected
node to form a new 2-fold interpenetrated 6-connected crs (also
known as dia-e) network (Figure 5e; point symbol 36 3 6

6
3 7

3;
vertex symbol 3 3 3 3 3 3 3 3 3 3 3 3 6 3 6 3 6 3 6 3 6 3 6 3 * 3 * 3 *),

32,34,35

which is composed of tetrahedral units with a common vertex.
It is the first example of an interpenetrated crs network
(Figure 5f) according to the latest database in the TOPOS
program.30 As a uniform 6-connected network, the crs net is
derived from the familiar planar 4-connected lvt net34,36 (point
symbol 42 3 8

4) through a linear linker such as the cyanide anion
passing through an array of planar 4-connected nodes along the a
and b axes (Figure 5e). In other words, the framework shows lvt
topology if the cyanide anions are ignored. In fact, the crs net can
be formed by fusing the linkers between the tetrahedra in the
above dia-a network.
Complex 5. 5 is a 3-D 2-fold interpenetrated polymer con-

structed of the deprotonated L4-4 ligand and CuCN. Its
asymmetry unit contains one L4-4 ligand, two cyanide anions,
and three CuI atoms (Figure 6a). In the tetradentate deproto-
nated L4-4 ligand, the two N-pyrazolate (N2 and N3) atoms
edge-bridge Cu1 and Cu2 atoms, and the twoN-pyridyl (N1 and
N4) atoms coordinate to Cu1 and Cu3 atoms, respectively. The
distance between Cu1 and Cu2 is 2.9764(5) Å, slightly longer
than 2.83 Å (the sum of the van der Waals radii).31 For the three
symmetry-independent CuI atoms, the Cu1 atom is surrounded
by one N-pyridyl (N1) atom, one N-pyrazole (N2) atom, and
one cyanide anion (N6/C15) with planar trigonal geometry; the
Cu3 atom is similarly surrounded by one N-pyridyl (N4B) atom
and two cyanide anions (C15/N6 and C14C/N5C), while the
Cu2 atom is linearly connected by one N-pyrazole (N3) atom
and one cyanide anion (N5/C14). Two kinds of cyanide anions,
as linear connectors, play different roles in the construction of the

Figure 4. Structural diagrams of complex 3: (a) ORTEP drawing of coordination environments with a 50% thermal ellipsoid; (b) layer motif of
[Cu2(L3-4)]n showing two kinds of four-membered rings (green and red); (c) packing diagram showing CN� (green) connecting two 2-D layers (blue
and red); (d) simplified network showing 5-connected nov topology; green sticks represent CN� linkers. Symmetry codes: A,�x + 1/2, y +

1/2,�z +
1/2; B, x � 1/2, �y + 1/2, z +

1/2; C, �x, �y, �z.
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3-D structures (Figure 6b,c). The first kind, N5C14, connects two
L4-4 ligands through four Cu2 and Cu3 atoms, resulting in a
tetragonal unit (green shadow in Figure 6b) of [Cu4(L4-4)2(CN)2]
with four Cu atoms (two Cu2 and two Cu3 atoms) as vertexes and
the cyanide anions as well as two half-parts of L4-4 as edges. These
tetragonal units are united by the third kind of Cu atoms (Cu1) to
form a 2-D layer cationic subnet of [Cu3(L4-4)(CN)]n, in which
the third coordination bonds of Cu1 and Cu3 atoms stay vacant
(Figure 6b). The second kind of cyanide anions, N6C15, connects
such adjacent layer subnets from two sides via the third vacant
coordination site of the Cu1 and Cu3 atoms to form a 3-D frame-
work (Figure 6c). The large void supported by the long linearL4-4
ligands allows two identical networks to interpenetrate with each
other, and the resulting 2-fold interpenetrating network belongs to

class Ia33b (all of the interpenetrated nets are generated only by
translationm and the translation vector is [100] 5.69 Å). By
assigning the [Cu2(Pz)] units as 5-connected nodes, the 2-fold
interpenetrating framework shows a 3,5-connected binodal topol-
ogy (Figure 6d) with point symbol (4 3 6

2)(4 3 6
7
3 8

2) and vertex
symbol (4 3 62 3 62)(4 3 6 3 6 3 6 3 6 3 6 3 6 3 62 3 82 3 83),

33,34,36 known
to TOPOS30 and called seh-3,5-P21/c arising from two works
on the generation of uninodal and binodal nets.37

Complexes 6-Br and 6-Cl. Isostructural complexes 6-Br and
6-Cl were obtained by reacting HL4-4 and corresponding
bivalent copper salts (CuBr2/CuCl2), which were reduced to
monovalent CuI in solvothermal conditions.24,38 The asym-
metric unit contains one deprotonated L4-4 ligand, one halide
anion Br1/Cl1, twoCuI atoms (Cu1 andCu2) doubly bridged by

Figure 5. Structural diagrams of complex 4: (a) ORTEP drawing of coordination environments with a 50% thermal ellipsoid; (b) tetrahedral units of
four Cu atoms supported by four halves of L3-3 ligands and two CN� anions; (c) an adamantanoid cage (blue) constructed by tetrahedral units showing
dia-a topology (green denoted as the dia network); (d) perspective of a single framework (CN� anions represented by green bonds); (e) single
framework showing dia-e topology; green sticks represent CN� linkers. (f) 3-D interpenetrated topology network. Symmetry codes: (a) A, �x + 1/2,
y,�z; B,�y + 3/4, x� 1/4,�z + 1/4; C, y� 1/4, x� 1/4, z� 1/4; D,�x + 1,�y + 1/2, z; E, x� 1/2,�y + 1/2,�z; (b) A, y + 1/4,�x + 3/4,�z + 1/4;
B, �x + 1, �y + 1/2, z; C, �y + 3/4, x � 1/4, �z + 1/4.
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pyrazolate and a Br1/Cl1 anion, as well as a neutral CuX
(Cu3Br2/Cu3Cl2) fragment with 1/2 site occupancy (Figure 7a).

The neutral CuX fragment is located at the 2-fold symmetry axis
paralleling the b axis, playing the role of linker connecting two

Figure 6. Structural diagrams of complex 5: (a) ORTEP drawing of coordination environments with a 50% thermal ellipsoid; (b) 2-D layer cationic
subnet; (c) 3-D single framework constructed of CN� (N6C15, green) linking a 2-D layer cationic subnet; (d) topology network of a single framework.
Symmetry codes: A, �x + 3/2, y +

1/2, �z + 1/2; B, x +
3/2, �y + 3/2, z +

1/2; C, �x + 7/2, y � 1/2, �z + 1/2.

Figure 7. Structural diagrams of complexes 6-Br and 6-Cl: (a) ORTEP drawing of coordination environments with a 50% thermal ellipsoid; (b)
perspective of self-catenated frameworks constructed by [CuX3] units (green) cross-linking two interpenetrated frameworks (red and blue); (c) stick
and (d) filling diagrams of self-catenated fragments; (e) schematic view of a 42 3 6

7
3 8 self-catenated topological network constructed by linkers (green)

cross-linking interpenetrated cds networks (red and blue). Symmetry codes: A, x + 1/2, �y + 1/2, z +
1/2; B, x � 1/2, y +

1/2, z; C, �x, y, �z + 3/2.
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symmetry-related [Cu2(μ2-X)(L4-4)] units through the coordi-
nation bond of Cu3�Br1/Cu3�Cl1 with a distance of
2.3931(5)/2.2831(8) Å (Figure 7a). In the two complexes, all
Cu atoms adopt distorted triangular geometry. Cu1 and Cu2 are
coordinated by one N-pyrazolate atom, one N-pyridyl atom, and
the same Br/Cl atom, while Cu3 is coordinated by three Br/Cl
atoms, one of which acts as a terminal ligand (Br2/Cl2), and the
other two are symmetry-related Br1/Cl1 and Br1C/Cl1C.
Additionally, the distances between these Cu atoms range from
2.8319(5) to 3.5531(1) Å, indicating different Cu 3 3 3Cu weak
interactions. Compared to complex 6-Br, the distances of
Cu�Cu, Cu�X, and Cu�N in complex 6-Cl are slightly shorter
(Table S1 in the Supporting Information), perhaps because of
the smaller radius of the Cl� anion.
Through the symmetry operations, the two fragments,

[Cu2(μ2-Br)(L4-4)]/[Cu2(μ2-Cl)(L4-4)], in 6-Br and 6-Cl
connected by Cu3Br2/Cu3Cl2 are extended to two identical
3-D 2-fold interpenetrated infinite frameworks, which are, in fact,
symmetrical about the only C2 axis (parallel to the b axis) in a
monoclinic crystal system (Figure 7b). The generation of inter-
penetration can obviously be ascribed to the long linear ligands
supporting large voids. Topological analysis of the interpenetra-
tion reveals that they belong to class IIa33b (Z = 2; the two
interpenetrated networks are generated by center symmetry),
similar to that of complex 4. Each 3-D infinite framework can be
rationally collapsed to a familiar cds (CdSO4) topological net-
work (point symbol 65 3 8)

34,39 by viewing the center of every
[Cu2(μ2-Br)(μ2-Pz)]/[Cu2(μ2-Cl)(μ2-Pz)] unit as a planar
4-connected node. The Cu3Br2/Cu3Cl2 fragments, acting as
bridges, connect two interpenetrated 3-D networks to form an
inseparable whole. The whole network is a uniform 5-connected
self-catenated network with point symbol 42 3 6

7
3 8 (vertex sym-

bol 4 3 4 3 62 3 63 3 63 3 63 3 63 3 64 3 64 3 *)
34,35 (Figure 7e), which is a

known uninodal 5-connected net called “hxg-d-5-C2/c” by
TOPOS,30 meaning that it is derived from the 10-coordinated
hxg-d net.37

We can clearly see that two interpenetrated six-membered
rings are connected by three Cu3Br2/Cu3Cl2 fragments as
linkers (Figure 7c,d), and one of the shortest circuits (six-
membered, red or blue) is threaded by a connection (blue or
red), which is from the same network containing the shortest

circuits. Therefore, 6-Br and 6-Cl represent classical 3-D self-
catenated nets constructed by coordination bonds.9,34,35

Complexes 7r-SCN and 7β-SCN. As previously com-
municated,11a 7r-SCN and 7β-SCN are rarely observed topo-
logical self-catenated isomers constructed by deprotonated L4-4
and CuSCN, wherein the L4-4 ligands and Cu atoms construct
the two interpenetrated frameworks and the thiocyanate anions
act as connectors in the cross-linking of these two interpene-
trated frameworks to form an inseparable whole, therefore gener-
ating self-catenated complexes (Figure 8). The main difference
between them is the linkagemodes of the thiocyanate anions: zia-
zag mode for 7r-SCN and linear mode for 7β-SCN. It is such
different linkage modes that lead to generation of the novel self-
catenated isomers of 7r-SCN and 7β-SCN.
In our previous communication,11a we described the two

complexes as 3,5-binodal polyknotted isomers based on 2-fold
interpenetrated srs-(103-a) and ths-(103-b) nets by assigning
the pyrazolate ring and two doubly bridged Cu centers as 3- and
5-connected nodes, respectively. In order to keep consistency
with the above topological assignments, herein we assign the
center of [Cu2(μ2-S)(μ2-Pz)] to a node, and hence the two
isomers are simplified to different uniform 6-connected self-
catenated networks with the same point symbol 48 3 6

7 but with
different vertex symbols.34,35 The vertex symbol of 7r-SCN is
4 3 4 3 4 3 4 3 4 3 4 3 4 3 4 3 63 3 63 3 64 3 64 3 68 3 69 3 69, which is a known
uninodal 6-connected net called “cco-6-Pbcm” by TOPOS,30

meaning that it is derived from the familiar 10-coordinated
cco net,37 while the vertex symbol of 7β-SCN is 4 3 4 3 4 3 4 3
4 3 4 3 4 3 4 3 62 3 62 3 64 3 68 3 68 3 68 3 68, a known net called msw.36c

The two nets are based on two interpenetrated dia (diamond)
frameworks cross-linked by thiocyanate anions in different
modes. Topological analysis33b of the interpenetration reveals
that they belong to class IIa (Z = 2; the two interpenetrated
networks are generated by center symmetry), similar to com-
plexes 4 and 6. This assignment is rational because 3-connected
srs-(103-a) and ths-(103-b) networks can be converted to a
4-connected dia network by fusing two 3-connected nodes to a
single 4-connected node,9a and therefore the two 3,5-binodal
self-catenated networks can also be converted to 6-connected
polyknotted networks by fusing the 3- and 5-connected nodes
together to a single 6-connected node. To the best of our
knowledge, complexes 7r-SCN and 7β-SCN represent a new
polyknotted isomerism. The analogues of a 6-connected 48 3 6

7

topological self-catenated network based on multifold interpe-
netrated dia networks were reported earlier,10c but 7r-SCN and
7β-SCN exhibit two new 6-connected uniform polyknotted
topology networks when the vertex symbol is taken for con-
sideration.
Complex 7r-N3. The complex is an isostructure of complex

7r-SCN. In complex 7r-N3, N3
� adopts the frequently ob-

served (μ-1,1,3) modes connecting three CuI atoms, replacing
the position of SCN� in 7r-SCN, and acting as linkers to cross-
link two interpenetrated networks to form a self-catenated net-
work. In the complex, the N3

� anion retains its delocalized
electronic configuration and the triple bonds among the three N
atoms because the distances of N5�N6 and N6�N7 are about
1.15 Å, very similar to that in solid inorganic salt NaN3.

40 Perhaps
there are only subtle differences between the two N�N bonds
caused by the perturbation of the chemical environments of the
two terminal N atoms (N5 and N7), which is further supported
by IR spectra splitting into two parts (2055 and 2038 cm�1) in
the N3

� anion characteristic absorption region. Additionally,

Figure 8. Schematic views of polyknotted topology networks con-
structed by linkers (green) cross-linking interpenetrated dia networks
(red and blue) with different linkage modes for 7r-SCN: 7r-N3 (a) and
7β-SCN (b).
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such an electronic configuration makes the length of the N3
�

anion (about 2.34 Å) a little shorter than that of SCN� (2.78 Å),
which reduces the a axis lengths and the cell volumes (from
12.365 Å and 2802 Å3 in 7r-SCN to 11.398 Å and 2609 Å3 in
7r-N3; see Figure 9) and increases the packing density.
Second Ligating Spacers. Complexes 1�7 show structural

evolution from 1-D to 3-D self-catenated isostructural/isomeric
systems. Except for 5, these complexes exhibit very similar
coordination environments of CuI atoms and pyridylpyrazolate
ligands: two CuI atoms edge-bridged by the deprotonated
pyrazolate ring are further coordinated by the side-armed pyridyl
ring to construct 1-D, 2-D, and 3-D interpenetrated (but not self-
catenated) frameworks based on the [Cu2(μ2-Pz)] units as
4-connected nodes (Figure 10 and Table 2). The 4-connected
networks vary from 2-D regular and irregular 44 3 6

2 layers to 3-D
noninterpenetrated and interpenetrated lvt, cds, and dia topol-
ogy because of various auxiliary anionic ligands and variation of
the pyridylpyrazolate ligands. The generation of interpenetration
is related closely to the length of these ligands, which is consistent
not only with our anticipation but also with previous conclu-
sions.9a�c Ligated by halide and pseudohalide anion spacers,
these compounds show a transition from 1-D to 3-D and from
nonentanglements to self-catenated isostructures/isomers. Their
chemical composition, catenations, point symbol, and other
information are summarized in Table 2. Besides variation of
the L3-3, L3-4, and L4-4 ligands, the auxiliary anionic ligands
play key roles for construction of these catenated systems. They
act not only as charge balances but also as ligating spacer inter- or
intralinking [Cu2(μ2-Pz)] units. The various coordination
modes (electronic conformation) and ionic shape of these
auxiliary anionic ligands lead to their various functions. Impor-
tantly, the distinct characteristics of these analogous self-cate-
nated complexes compared with those reported are that they are
based on interpenetration networks; in other words, they are
generated through the cross-linking of two interpenetrated
frameworks via bridging connector fragments to form insepar-
able wholes, the so-called self-catenation.
Halide, SCN�, and N3

� anions can further bridge the two CuI

atoms in the Cu2-pyrazolated units (observed in 1, 2-Br, 2-Cl, 6-
Br, 6-Cl, 7r-SCN, 7β-SCN, and 7r-N3) because the coordinat-
ing atoms in these anions contain at least two pairs of σ electrons,
which results in the distance between the two atoms bridged by
them coinciding with that by pyrazolate. However, this is not the
case for the CN� anion. Though theμ2-N or μ2-C bridgingmode
for CN� is very common, the distance between the two Cu
atoms (usually less than 2.6 Å) bridged by CN� is much shorter

than that in [Cu2(μ2-Pz)] unit (usually more than 2.8 Å). This
may be due to there being only one pair of σ electrons in the C/N
atom of CN�, which leads to the inconsistency for the formation
of the doubly bridgingmodes by pyrazolate andμ2-N/C from the
CN� anion. In fact, in complexes 3�5, the CN� anion connects
two distinct CuI atoms via the μ2-(C,N) linear mode.
Halide anions are a kind of monatomic auxiliary anionic ligand

with small size (or small steric crowd) and more donor electrons
for coordination.25 In 1, 2-Br, and 3-Cl, I�, Br�, and Cl� anions
act only as μ2 bridges to construct the doubly bridged binuclear
units [Cu2(Pz)X]. The excess lone-pair electrons provide the
possibility of coordinating to more Cu atoms via μ3 and μ4
modes. Therefore, it is reasonable that the Br1 and Cl1 atoms
coordinate to the third Cu atoms of the CuBr and CuCl
fragments in complexes 6-Br and 6-Cl. It is the third coordina-
tion bonds of the halides cross-linking two interpenetrating cds
networks that result in the unusual self-catenated structures of
6-Br and 6-Cl.
The analogous self-catenated structures are well represented

by 7r-SCN, 7β-SCN, and 7r-N3. Compared with halide anions
and CN�, SCN� and N3

� anions exhibit longer shape and
various coordination modes. Their shape and electronic config-
uration are suitable for bridging two CuI atoms in the [Cu2(μ2-
Pz)] unit via the μ2-S atom and further bridging two [Cu2(μ2-
Pz)] units by a linear bidentate μ2-(S,N) mode. In 7r-SCN and
7β-SCN, SCN� anions act as bridges cross-linking two inter-
penetrated structures, giving rise to self-catenated structures
based on 2-fold interpenetrated dia networks. Interestingly,
two different linkage modes result in two unprecedented self-
catenated topological isomers, 7r-SCN and 7β-SCN. The N3

�

anion is introduced because of its analogous space and electronic
configuration compared with those of SCN�. In 7r-N3, an
isostructure of 7r-SCN, the N3

� anions show the same co-
ordination mode and play the same role as SCN� in 7r-SCN.
Unfortunately, attempts to obtain 7β-N3, the isostructure of 7β-
SCN, have not been successful so far.
CN� is a good linear ligating spacer. In complexes 3�5, all of

the CN� anions show the μ2-(C,N) bridging modes, but their
roles are diverse in the construction of these 3-D structures. In
complex 3, a pair of CN� anions act as linkers connecting two
[Cu2(μ2-Pz)] units in the 2-D sheets, extending to a 3-D
structure. In complex 4, each CN� anion acts as a linker
connecting two [Cu2(μ2-Pz)] units within one single net, instead
of interlinking the two interpenetrated frameworks, resulting in
2-fold interpenetration instead of self-catenation. In complex 5, two
kinds of CN� anions play two roles, namely, intra- and interlinking
modes, resulting in two 3-D interpenetrated frameworks but not a
self-catenated net. Great efforts were paid to pursue self-catenated
structures based on interpenetrated networks cross-linked by CN�

anions, without success so far. Perhaps the length and electronic
configuration of CN� are not suitable for the cross-linking of two
interpenetrating networks into one whole.

Figure 9. ORTEP drawing of coordination environments with a 50%
thermal ellipsoid for 7r-N3. Symmetry codes: A, x +

1/2, �y + 5/2, �z
+ 1; B, �x + 2, y + 1/2, �z + 1/2; C, �x + 5/2, y �1/2, z.

Figure 10. Coordination environments of the pyridylpyrazolate ligands
(a) and a related simplified 4-connected node (b).
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Luminescence Properties. Complexes 1�7 show strong
photoluminescence properties from yellow to red upon excita-
tion by UV light in the solid state at room temperature
(Figure 11). The emission maxima (λem

max) and corresponding
excitation maxima (λex

max) are listed in Table 3. Figure 11 shows
their emission spectra categorized according to the second
ligating spacers. The coordination environments of CuI centers
in these complexes are similar, which warrants the similar
luminescence origins of charge transfers between metals and
ligands. The variations of their luminescence properties are
mainly caused by the second ligating ligands, which is important
for the structure luminescence investigation and comparison of
coordination polymer systems.
According to previous literature,19,26,41 we tentatively assigned

all of the emissions to mainly originate from 3[MLCT] excited
states because of their broad and structureless emission spectra.
This attribution is also supported by a luminescence investiga-
tion on nonaromatic-group-substituted pyrazolate-based copper-
(I) complexes.22 In comparison, the pyridyl-substituted pyrazolate
ligands in this work are a series of large π systems with lower
energy of the π* orbital, which are more favorable for MLCT.
Although all Cu 3 3 3Cu distances bridged by pyrazolate are
longer than the sum of the van der Waals radii,31 they all fall

within the possible range of cuprophilic interaction.5d,41 There-
fore, the Cu 3 3 3Cu weak interactions may more or less con-
tribute to the emissions.
Complexes 1, 2-Br, 2-Cl, 6-Br, and 6-Cl, all containing halide

anions as second ligating spacers, exhibit orange to red emission
bands with maxima larger than 580 nm. Such low-energy
emission may be assigned to MLCT mixed with XMCT but

Table 2. Brief Summary of the Structural Features of Complexes 1�7

point symbola

complex composition ligand anion dimension catenation a b

1 Cu2(L3-3)I L3-3 I� 1-D no

2-Br Cu2(L4-4)Br L4-4 Br� 2-D no 44-sql 44-sql

2-Cl Cu2(L4-4)Cl L4-4 Cl� 2-D no 44-sql 44-sql

3 Cu2(L3-4)(CN) L3-4 CN� 3-D no 44-sql 44 3 6
6-nov

4 Cu2(L3-3)(CN) L3-3 CN� 3-D 2-fold 42 3 8
4-lvt 36 3 6

6
3 7

3-crs

5 Cu3(L4-4)(CN)2 L4-4 CN� 3-D 2-fold (4 3 6
2)(4 3 6

7
3 8

2)

6-Br [Cu2(L4-4)]2(CuBr3) L4-4 Br� 3-D self-catenated 65 3 8-cds 42 3 6
7
3 8

6-Cl [Cu2(L4-4)]2(CuCl3) L4-4 Cl� 3-D self-catenated 65 3 8-cds 42 3 6
7
3 8

7r-SCN Cu2(L4-4)(SCN) L4-4 SCN� 3-D self-catenated 66-dia 48 3 6
7 b

7β-SCN Cu2(L4-4)(SCN) L4-4 SCN� 3-D self-catenated 66-dia 48 3 6
7 c

7r-N3 Cu2(L4-4)(N3) L4-4 N3
� 3-D self-catenated 66-dia 48 3 6

7 c

a (a) Simplified networks of the [Cu2L]n frameworks (not including second ligating spacers); (b) simplified networks of the overall complexes. bVertex
symbol 4 3 4 3 4 3 4 3 4 3 4 3 4 3 4 3 63 3 63 3 64 3 64 3 68 3 69 3 69.

cVertex symbol 4 3 4 3 4 3 4 3 4 3 4 3 4 3 4 3 62 3 62 3 64 3 68 3 68 3 68 3 68.

Figure 11. Solid-state luminescence spectra of complexes 1�7 at room temperature.

Table 3. Luminescence Data of Complexes 1�7

complex λex
max (nm) λem

max (nm) possible origins

1 370 593 MLCT, XMCT

2-Br 427 591 MLCT, XMCT

2-Cl 368 580 MLCT, XMCT

3 422 592 MLCT, MMLCT

4 372 562 MLCT

5 367 580 MLCT, MMLCT

6-Br 375 620 MLCT, MC, XMCT

6-Cl 372 640 MLCT, MC, XMCT

7r-SCN 440 598 MLCT, XMCT

7β-SCN 398 537 MLCT, XMCT

7r-N3 480 627 MLCT
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without XLCT.19c,26a The coordination environments of 1, 2-Br,
and 2-Cl are similar, but their emission maxima are 593, 591, and
580 nm, respectively, following the electronegativity order of I <
Br < Cl. The slight blue shift may be caused by the electron-
withdrawing effects of the halide atoms: the stronger the
electronegativites, the more disfavorable the CuI f L electron
donation. Compared to 1, 2-Br, and 2-Cl, the red shifts (larger
than 30 nm) of 6-Br and 6-Cl are perhaps related closely to the
shorter Cu 3 3 3Cu distance (about 2.83 Å, comparable to the sum
of the van der Waals radii31). Also, the lower emission of 6-Cl
(λex

max = 640 nm) may be related to its much shorter Cu 3 3 3Cu
distance in 6-Cl compared to 6-Br. Therefore, the excited states
of MC or metal�metal-to-ligand charge transfer (MMLCT)
should be taken into consideration for the luminescence origins
of 6-Br and 6-Cl.19c,26a Also, the possibility of XMCT cannot be
excluded.
The emission peaks of complexes 3�5with cyanide anions are

more or less higher energy than others. Such a tendency is
reasonable because the CN� anion is an electron acceptor
instead of a donor, compared with halide and SCN�. The lower
emission energy of 3 and 5 than that of 4may originate from the
shorter Cu 3 3 3Cu distances. So, MMLCT should not be ex-
cluded. Themuch weaker emission intensity and higher emission
energy of 4 compared to those of 3 and 5 (the intensity is
normalized in Figure 11) may be ascribed to the largest dihedral
angles between the pyridyl and pyrazolate planes in 4 (Table S1
in the Supporting Information and Figure 5), which makes
conjugation of the ligand severely disrupted.
In our previous communication,11a the emissions of 7r-SCN

and 7β-SCNwere assigned to a mixture of XMCT (SfCu) and
MC modified by Cu 3 3 3Cu weak interactions. Herein, by com-
paring with the emission spectra of other complexes, MLCTmay
also be involved. However, 7r-N3 exhibits much lower energy
excitation and emission bands (λex

max = 480 nm, λem
max =

627 nm, red emission) than its isostructure 7r-SCN (λex
max =

440 nm, λem
max = 598 nm, yellow emission). Taking into con-

sideration the π conjugation of the N3
� anion, another MLCT

from the d electron of the CuI centers to the π* orbitals of the
N3

� anion may be responsible for such a red shift. Further
investigation is needed to clarify the luminescence origins in this
system.

’CONCLUSION

In summary, these complexes show a topological evolution
from a 1-D to 3-D increase, especially from interpenetration to
self-catenation for the 3-D isomers/isostructures. Most of these
complexes are based on 4-connected networks constructed by
the [Cu2(Pz)] units. The introduction of appropriate linear
second ligating spacers, halides, and pseudohalides, acting as
bridges to the inter- or intralinking interpenetrating framework,
generates highly sophisticated structures such as self-catenated
nets and even self-catenated isomers. Though generation of these
self-catenated structures, especially for the self-catenated iso-
mers, is unpredictable, the results provide some clues to ration-
ally design and synthesize novel self-catenated architectures
including self-catenated isomers.

Moreover, photoluminescence studies indicate that the emis-
sions of these complexes mainly originate from 3[MLCT] excited
states modified by weak cuprophilic interactions and also are
affected by the electron effects of the second ligating ligands of
halides and pseudohalides. These results establish a strategy for

understanding the structure�property relationship, especially
for the luminescence variation and origin, by systematically
investigating the subtle structural differences in isomeric and
isostructural luminescent coordination polymers.
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