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ABSTRACT: Two new interpenetrated ThSi, networks,
{[Ags(bipy),4(0ox)]-20H-16H,0}, (1) and [NGNE
{[Ag,(dpb),(ox)]-10H,0}, (2) (bipy = 4,4"-bipyridine, dpb \N O-C 2 OO0
= 1,4-di(pyridin-4-yl)benzene and Na,ox = sodium oxalate), T\
were constructed from bidentate pyridyl-based organic tectons
incorporating ox auxiliary ligand. Interestingly, both 1 and 2
are 3D frameworks with the same ThSi, topology but with
substantial changes in the interpenetration degrees, which are well controlled by employing the pyridyl-based ligands with

different lengths. The thermal stabilities and photoluminescence behaviors of them were also discussed.

B INTRODUCTION

Current interest in polymeric coordination networks, or metal—
organic frameworks (MOFs) composed of inorganic and
organic building units is rapidly expanding for their intriguing
topologies and potential applications in selective molecular
recognition and separation, physical gas storage, chemical
absorption, luminescence, molecular magnet, ion-exchange,
heterogeneous catalysis, and so on.' Among the family of
MOFs, interpenetration phenomenon has been widely
investigated,” and more superiorities of the interpenetrating
network have been revealed.’> The origin of interpenetration
can be ascribed to the presence of large free spaces in a single
network, such as a series of pillared frameworks* and IRMOFs.”
Although the investigation on interpenetrated networks
advanced rapidly, predicting and control of interpenetration
remains a long-standing challenge. As we know, controlling the
interpenetrated form and its noninterpenetrated counterpart by
modulating the synthetic conditions,® liquid phase epitaxy,”
using a well designed organic building block® and sophisticated
rod-shaped SBUs,” has been gradually recognized. Recently, an
elegant example is temperature and concentration control over
interpenetrated and noninterpenetrated primitive cubic (pcu)
networks in two isomeric Cd(II) mixed-ligand MOFs reported
by the Zaworotko and co-workers.® Very recently, using the
solvent molecule as a template to control the degree of
interpenetration of pcu network from 2-fold to 3-fold has been
reported by Kitagawa group.'® However, accurately controlling
the interpenetration degree of the same topology by length of
organic tecton is still in their infancy, even though many
interpenetrated frameworks have been widely reported.

We are interested in constructing MOFs with novel
topologies and interesting properties from multidentate
ligands.'" Recently, by employment of an organic ligand with
large steric-hindrance groups, we successfully controlled
interpenetration in lanthanide-organic frameworks."> As our
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continuous work, we attempted to synthesize d'° transitional
metal MOFs and adopted the tecton elongation methodology
to fine-tune the interpenetrated degree of the resulting MOFs.
Herein, we present an unprecedented example of control over
the degree of the interpenetrated frameworks by the length of
organic tectons (Scheme 1) in which 3-fold interpenetrated,

Scheme 1. Modulation of Degree of Interpenetration Using
Tecton-Elongation Strategy
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{[Ag,(bipy),(0x)]-20H-16H,0}, (1) and 8-fold interpene-
trated {[Ag,(dpb),(0x)]-10H,0}, (2) (bipy = 4,4-bipyridine,
dpb = 1,4-di(pyridin-4-yl)benzene and H,ox = oxalic acid) with
the same ThSi, topology were achieved.

B EXPERIMENTAL SECTION

Materials and General Methods. Chemicals and solvents used in
the syntheses were of analytical grade and used without further
purification. 1,4-Di(pyridin-4-yl)benzene ligand was prepared by
Pd(PPh,), catalyzed Suzuki coupling reaction between arylboronic
ester and 1,4-dibromobenzene under anaerobic condition. IR spectra
were measured on a Nicolet 330 FTIR Spectrometer at the range of
4000—400 cm™'. Elemental analyses were carried out on a CE
instruments EA 1110 elemental analyzer. Photoluminescence spectra
were measured on a Hitachi F-7000 Fluorescence Spectrophotometer
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(slit width: S nm; sensitivity: high). X-ray powder diffractions were
measured on a Panalytical X-Pert pro diffractometer with Cu—Ka
radiation. Thermogravimetic analyses were performed on a
NETZSCH TG 209 F1 Iris Thermogravimetric Analyzer from 30 to
800 °C at a heating rate 10 °C/min under the N, atmosphere (20 mL/
min).

Preparation of Complexes 1 and 2.
{[Ag,(bipy),(0x)]-20H-16H,0}, (1). A mixture of Ag,O (167 mg, 0.5
mmol), bipy-2H,0 (194 mg, 1 mmol) and Najox (134 mg, 1 mmol)
was treated in CH;CH,0OH-H,0 mixed solvent (1S mL, v/v: 1/2)
under ultrasonic irradiation at ambient temperature. Then aqueous
NHj solution (25%) was dropped into the mixture to give a clear
solution. The resultant solution was allowed to evaporate slowly in
darkness at ambient temperature for several days to give pale-yellow
crystals of 1 (yield: 82%, based on Ag). They were washed with a small
volume of cold CH;OH and diethyl ether. Anal. Calcd for
Cy HyAgN,O,: C 3440, H 4.54, N 7.64%. Found: C 3422, H.
4.12, N 7.31%. Selected IR peaks (cm™): 3418 (s), 3042 (w), 2925
(w), 2852 (w), 1599 (s), 1410 (m), 1385 (s), 1312 (s), 1217 (m),
1070 (w), 990 (w), 803 (m), 617 (w), 506 (w).

{[Ag,(dpb),(ox)]-10H,0}, (2). Synthesis of 2 was similar to that of 1
but using dpb (232 mg, 1 mmol) instead of bipy-2H,O in
CH;CH,0H-H,0 mixed solvent (15 mL, v/v: 4/1). Pale-yellow
crystals of 2 were obtained in 76% yield based on Ag Elemental
analysis: Anal. Calcd For CgH3,Ag,N,O ,: C 29.05, H 4.33, N 7.52%.
Found: C 28.79, H. 4.51, N 7.23%. Selected IR peaks (cm™): 3429
(s), 3123 (w), 2928 (w), 2867 (w), 1571 (s), 1425 (s), 1385 (s), 1302
(w), 1241 (w), 1095 (m), 997 (w), 936 (w), 667 (m).

X-ray Crystallography. Single crystals of the complexes 1 and 2
with appropriate dimensions were chosen under an optical microscope
and quickly coated with high vacuum grease (Dow Corning
Corporation) before being mounted on a glass fiber for data
collection. Data for them were collected on a Bruker Apex II CCD
diffractometer with graphite-monochromated Mo Ka radiation source
(4 = 071073 A). A preliminary orientation matrix and unit cell
parameters were determined from 3 runs of 12 frames each, each
frame corresponds to a 0.5° scan in S s, followed by spot integration
and least-squares refinement. For 1 and 2, data were measured using @
scans of 0.5° per frame for 10 s until a complete hemisphere had been
collected. Cell parameters were retrieved using SMART software and
refined with SAINT on all observed reflections.'* Data reduction was
performed with the SAINT software and corrected for Lorentz and
polarization effects. Absorption corrections were applied with the
program SADABS." In all cases, the highest possible space group was
chosen. All structures were solved by direct methods using SHELXS-
97'* and refined on F* by full-matrix least-squares procedures with
SHELXL-97."° Atoms were located from iterative examination of
difference F-maps following least-squares refinements of the earlier
models. Hydrogen atoms were placed in calculated positions and
included as riding atoms with isotropic displacement parameters 1.2—
L5 times U, of the attached C atoms. All structures were examined
using the Addsym subroutine of PLATON'® to ensure that no
additional symmetry could be applied to the models. There are large
solvent accessible void volumes in the crystals of both 1 and 2 which
are occupied by highly disordered anions and water molecules. No
satisfactory disorder model could be achieved, and therefore the
SQUEEZE program implemented in PLATON was used to remove
these electron densities. Pertinent crystallographic data collection and
refinement parameters are collated in Table 1. Selected bond lengths
and angles are collated in Table 2.

B RESULTS AND DISCUSSION

Synthesis and General Characterization. The growth of
single crystals of 1 and 2 was carried out in the darkness to
avoid photodecomposition. As is well-known, the reactions of
Ag(I) with carboxylates in aqueous solution often result in the
formation of microcrystalline or amorphous insoluble silver
salts, presumably due to the fast coordination of the
carboxylates to Ag(I) ions to form polymers.'” Hence, properly
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Table 1. Crystal Data for 1 and 2

complex 1 2
formula CiH;3A8,N,04, CisHypAgN,Oy4
M, 73324 744.20
cryst syst orthorhombic orthorhombic
space group Fddd Pcca
a (&) 12.580(2) 26.397(2)

b (A) 24.563(5) 8.3246(7)

¢ (A) 33.566(7) 18.7008(15)

vV (A% 10372(3) 4109.4(6)

T (K) 298(2) 298(2)

Z, Deyea (g/cm®) 16, 1.466 8, 1.242

F(000) 4480 1528

u (mm™) 1.530 0.986

reflns collected/unique 11236/2286 19254/3626

R 0.0755 0.0393

params 132 23S

final R indices[I > 26(I)] R, = 0.0566" R, = 0.0318%
wR, = 0.1545° wR, = 0.0828°

R indices (all data) R, = 0.0631“ R, = 0.0415%
wR, = 0.1638” wR, = 0.0866"

GOF on P 1.093 1.037

“R, = I IE| — IFJ I/ ZIE,. *wR, = [Ew(F> — F2)*]/ Zw(F2)*]"2

Table 2. Selected Bond Lengths (A) and Angles (°) for 1 and
2ﬂ

Complex 1
Agl—N2! 2.118 (4) Agl—O1 2.500 (S)
Agl—N1 2.131 (4)
N2'—Agl—N1 166.43 (18) N1—Agl—Ol 95.52 (17)
N2'—Agl—Ol 97.05 (18)

Complex 2
Agl—N1 2.160 (2) Agl—02 2.727 (2)
Agl—N2! 2.161 (2)
N1—Agl—N2! 163.24 (9) N2'—Agl—O02 102.23 (8)
N1—Agl—Ol 98.06 (8) 01—Agl—02 47.85 (7)

“Symmetry codes: (i) x — 2/, y + /4 —z + 1; (ii) —x + 3/, —y + %/,
z; (iii) —x + /4, y, =z + °/, Symmetry codes: (i) x + '/, y + 1, —z;
(i) —x+ Ly —z+ '/,

lowering the reaction speed, such as using ammoniacal
conditions to form [Ag(NH;),]* species may favor to the
formation of crystalline products.”” Ag,O was used instead of
AgNO; or other common Ag(I) salts to promote the
carboxylates instead of small anions to coordinate to the
Ag(I) centers. Ultrasonic method has found an important niche
in the preparation of inorganic materials.'”” The high local
temperatures and pressures, combined with extraordinarily
rapid cooling, provide a unique means for driving chemical
reactions under extreme conditions. In this system, ultrasound
technique also realizes the rapid (10 min) and efficient (max.
Thirty different experiments in one batch) preparation of CCs.

Powder X-ray diffraction (PXRD) has been used to check the
phase purity of the bulk samples in the solid state. For
complexes 1 and 2, the measured PXRD patterns closely match
the simulated patterns generated from the results of single-
crystal diffraction data (Figure S1 of the Supporting
Information), indicative of pure products. In the IR spectra
(Figure S2 of the Supporting Information) of complexes 1 and
2, the broad peaks at ca. 3400 cm™' indicate the presence of
water molecules. The IR spectra also show characteristic

dx.doi.org/10.1021/cg300085f | Cryst. Growth Des. 2012, 12, 2902—2907



Crystal Growth & Design

absorption bands mainly attributed to the asymmetric (v, ca
1600 cm™') and symmetric (v, ca. 1385 cm™) stretching
vibrations of the carboxylic groups. No band in the region
1690—1730 cm™' indicates complete deprotonation of the
carboxylic groups,*® which is consistent with the result of the X-
ray diffraction analysis.

Structure Descriptions. {[Ag,(bipy),(ox)]-20H-16H,0},
(1). X-ray single-crystal diffraction analysis reveals that 1 is a
unique 3-fold interpenetrated ThSi, network. It crystallizes in
the orthorhombic crystal system with space group of Fddd. The
asymmetric unit contains one Ag(I) ion, one bipy ligand and a
quarter of ox dianion, and counteranion OH™ as well as the
lattice water molecules in a severely disordered fashion. Two
perpendicular 2-fold axes pass through the C11-C11" bond
and the midpoint of C11—C11" bond, respectively. As depicted
in Figure la, the Agl is located in a T-shaped geomtry,
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Figure 1. (a) Coordination environment of Ag(I) ion in 1 with the
thermal ellipsoids at S0% probability level. (b) Presentation of 1D
double-chain incorporating 7--7 and argentophilic interactions. (c)
Ball-and-stick view of single 3D network. (d) 3-fold interpenetrated
3D network. (e) Simplified single ThSi, network (red pillar: ox, blue
stick: bipy). (f) View of simplified 3-fold interpenetrated ThSi,
network. (Symmetry codes: (i) x — 3/, y + '/, —z + 1, (ii) —x +
5/4’ vt 5/41 z; (i) —x + 5/4’ »—z+ 5/4! (iv) —x, —y + 5/4! —z+ 5/4)~

completed by two N atoms belonging to two different bipy
ligands and one O atoms of ox ligand (Agl—N1 = 2.131(4),
Agl—-N2'=2.118(4), and Agl—O1 = 2.500(5) A). Both Ag—N
and Ag—O bond lengths are well—matched to those observed
in similar complexes The pyridyl rings of bipy ligand are
approximately coplanar with a very small dihedral angle of 3.4°.
(Symmetry codes: (i) x — */4, y + /4 —z + 1, (iv) —x, —y +
5/4, —z+ 5/4~)

The Ag(I) ions are bridged by bipy ligands to form a 1D
infinite polymeric chain structure, which is generated a double-
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chain structure by Ag--Ag interaction. The shortest Agl---Agl"
separation of 3.2009(10) A in 1 is comparable to that
(3.2146(5) A) found in previously reported
[Ag,(bipy),(adip)-6H,0], (H,adip = adipic acid)** indicating
the argentophilic interactions.” The double-chains rotate by
78.4° about the normal axis on passing from one sheet to the
adjacent one and then turn back to the previous direction on
further passing to the successive layer (in a ABAB sequence).
Two kinds of face-to-face 7+--7 interactions not only reinforce
the 1D double-chains (Cgl--Cg2" = 3.565(4) A, Figure 1b) but
also extend the 1D double-chains to the 2D sheets (Cgl---Cg2"
=3.723(4) A, Cgl and Cg2 are the centroids of aromatic ring
N1/C1—CS and N2/C6—C10), which are further joined by -
n'':':' ox ligands along the axis normal to the sheets to
form the resulting cationic 3D framework (Figure lc and d).
(Symmetry codes: (ii) —x + 3/, =y + /4 z; (v) —x +2, =y +
L—z+1; (V) —x+%/, —y+3/42

The topological analysis of 1 by TOPOS software™* reveals
that the 3D network of 1 belongs to a ThSi, network (part e of
Figure 1) with the vertex symbol of {10,-10,-10,}. If the Ag(I)
ions are considered as 3-connected nodes, bipy and ox ligands
are both considered as the same kind of linkers, then, each node
has three angles and each of the angles forms part of a 10-
membered shortest circuit and hence the 3D network has the
Wells point symbol/Schlifli symbol of 10>.** To explain the
vertex symbol further, in the ThSi, network one angle is
associated with two 10-membered fundamental rings and the
other two angles are associated with four 10-membered
fundamental rings. The single 3D network consists of large
rectangular windows with the size of 22.55 X 15.93 A, which
are filled via mutual interpenetration of three independent
equivalent networks, generating a 3-fold interpenetrated 3D
network (Figure 1f). An ana1y31s of the interpenetration
according to a recent classification®® reveals that 1 belongs to
Class Ia (all the interpenetrated nets are generated only by
translation and the translating vector is crystallographic a axis
(12.580(2) A). Despite the 3-fold interpenetrated 3D network,
complex 1 still shows an unusual open framework containing
solvent-accessible voids. Guest OH™ anions and lattice water
molecules reside in the voids. The PLATON' reveals that the
voids in complex 1 occupy 35.0% of the crystal volume (after
the removal of the guest molecules and anions).

{[Ag,(dpb),(ox)]-10H,0},, (2). When using longer pyridyl-
based organic tecton, we obtained complex 2 as a 8-fold
interpenetrated ThSi, network. Complex 2 crystallizes in the
orthorhombic crystal system with space group of Pcca. The
asymmetric unit of 2 contains one Ag(I) ion, one dpb ligand, a
half of ox dianion, and the lattice water molecules in a severely
disordered fashion. One 2-fold axis passes through the
midpoint of C17—C17" bond. As shown in Figure a, the Agl
is located in a T-shaped geomtry, completed by two N atoms
belonging to two different dpb ligands and one O atoms of ox
ligand (Agl—N1 = 2.160(2), Agl—-N2' = 2.161(2), and Agl—
01 =2.702(3) A). The central phenyl ring is noncoplanar with
respect to two terminal pyridyl rings giving two dihedral angles
of 16.4 and 16.2°, respectively. (Symmetry codes: (i) x + '/,, y
+1, -z (i) —x + 1,9, —z+ '/5.)

The Ag(I) ions are bridged by dpb ligands to form a 1D
infinite polymeric chain structure without Ag---Ag interaction.
The adjacent single chains rotate by 74.8° about the normal
axis. The 77 interactions (3.749 (4) and 3.813(4) A) extend
the 1D single chains to the 2D sheets which are further joined
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by the puy-n":n°n'n° ox ligands along the axis normal to the
sheets to form the resulting neutral 3D framework.
Interestingly, TOPOS analysis of the 3D framework of 2
gives the same topology to that of 1 but with different
interpenetration degree and type. The single 3D network of 2
consists of much larger rectangular windows compared to that
in 1 with the dimension of 31.21 X 16.94 A (Figure 2a and b).
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Figure 2. (a) Coordination environment of Ag(I) ion in 2 with the
thermal ellipsoids at 50% probability level. (b) Ball-and-stick view of
single 3D network. (c) 8-fold interpenetrated 3D network. (d)
Simplified single ThSi, network (red pillar: ox, blue stick: dpb). (e)
View of simplified 8-fold interpenetrated ThSi, network.

As a consequence of Mother Nature’s horror vacui, complex 2
adopts 8-fold interpenetration to avoid extremely large voids
(Figure 2c and e). However, in spite of interpenetration, 2 still
possesses free void space estimated to be about 1423.0 A%, that
is, 34.6% of the unit cell. The disordered water molecules
occupied the free void. Interestingly, complex 2 belongs to rare
Class IIla interpenetration, that is, the overall interpenetration
is generated both by pure translations and by space group
symmetry elements. In details, the translationally related four
ThSi, nets are observed showing the only one translational
interpenetrating vector of [010] (also known as crystallographic
b axis), then, the presence of a nontranslational interpenetrating
symmetry element (inversion center) generates the overall 8-
fold interpenetration, which is completely different from the
Class Ia interpenetration observed in 1. As we know, the 2-, 3-,
4-, 6-, and highest 9-fold interpenetrated ThSi, nets have been
documented in the literatures,”” however, 8-fold interpene-
trated ThSi, net, especially Class IIla interpenetrated ThSi, net,
has not been observed yet.
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Effect of the Tecton Length on the Interpenetration
Degree. Complexes 1 and 2 are 3D networks with ThSi,
topology but with different interpenetration degree based on
Ag(I) 3-connected node linked by mixed rodlike tectons, bipy
or dpb and ox. The structural analysis indicates that the length
of tecton has little effect on the formation of the ThSi,-type
MOFs, but can obviously adjust the degree of interpenetration
of MOFs. To the best of our knowledge, interpenetration can
be sensitively affected by interactions between the neighboring
networks, steric-hindrance group, chemical functionality and
van der Waals surface areas of the organic tections.”® However,
this has not yet been elucidated to date, although several
strategies have been shown to influence interpenetration.*
Surprisingly and fortunately, the tecton elongation show
negligible influence on the main structures in this system,
which facilitates us to investigate the correlation of degree of
interpenetration with length of tecton. In 1 and 2, auxiliary ox
ligand has a fixed length and Ag(I) ion keeps its nature of 3-
connected node, but bipy and dpb tectons have obviously
different lengths of 7.1 and 11.4 A, respectively (Scheme 2), as

Scheme 2. Schematic Representation of the Assembly of
Metal Ions and Mixed Organic Tectons (Purple Ball: Ag(I)
Ion, Red Rod: ox, Blue Rod: bipy or dpb) to Yield ThSi,
Topology

o+|+

a consequence, similar 3D networks with the identical 3-
connected ThSi, topology but incorporating different size of
void space were obtained. The larger void space can
accommodate much more equivalent networks resulting higher
degree of interpenetration. Although 1 and 2 contain singly-
and doubly stranded chains respectively, the topology of
network and degree of interpenetration, at least in this system,
are not sensitive to the kind of chain. To prove this viewpoint,
we introduced our previously reported complex 3
([Agz(bipy)z(ox)~7H20]n)22 into this work. This complex is
also a 3-fold interpenetrated ThSi, network similar to 1 but
incorporating singly strand chain. By structural comparison of
1, 2, and 3 shown in Table 3, we can conclude that different
types of chains have little effect on the resultant interpenetrated
networks, which are mainly controlled by the length of the
ligand. At present, although the influences of the tecton length
on interpenetration degree are only observed in two closely

Table 3. Structural Comparison of 1, 2, and 3

complex 1 (this work) 2 (this work) 3 (ref 22)
type of chain doubly stranded  singly stranded  singly stranded
N-donor (length/A)  bipy (7.1) dpb (11.4) bipy (7.1)
O-donor ox ox ox
interpenetration 3-fold ThSi, 8-fold ThSi, 3-fold ThSi,
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related examples, the results described herein provide an
indication that simple but efficient ways to control inter-
penetration degree of the same topology in MOFs are at hand.
Thermal Analysis. The thermogravimetric (TG) measure-
ments were performed in N, atmosphere on polycrystalline
samples of complexes 1 and 2 and the TG curves are shown in
Figure S3 of the Supporting Information. The TGA curve of 1
displays a weight loss of 21.02% (Calcd 19.66%) at 30—146 °C
corresponds to complete loss of lattice water molecules. Then,
the framework starts to collapse. Complex 2 shows a first
weight loss of 11.67% at 30—118 °C corresponding to the loss
of lattice water molecule (Calcd 12.10%). The dehydrated
framework is stable to 180 °C and then the framework begins
to collapse accompanying the release of organic ligands.
Photoluminescence Properties. Recently, inorganic—
organic hybrid complexes, especially comprising the d'°
closed-shell metal center and aromatic-containing system,
have been intensively investigated for attractive fluorescence
properties and potential applications, such as chemical sensors,
white light-emitting diodes (LEDs), and electroluminescent
materials (OLEDs) for displays.® Figure 3 shows the

1

- 2
= bipy
3 dpb
z
2
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3
=
=
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X
=
£
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—_———
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Figure 3. Photoluminescences of free ligands and complexes 1 and 2.

photoluminescence spectra of the free ligands and complexes
1 and 2. The free ligands bipy and dpb display photo-
luminescence with emission maxima at 436 and 367 nm (A, =
300 nm), respectively. It can be presumed that these peaks
originate from the #*—n or m#*—7x transitions. Upon
complexation of these ligands with Ag(I) ion, intense emissions
are observed at 385 nm (A, = 330 nm) for 1 and 358 nm (4., =
330 nm) for 2, respectively. The resemblance between the
emissions of 1 and 2 and those of the free bipy and dpb
indicates that the emissions of 1 and 2 are probably attribute to
the intraligand (IL) z—z* transitions modified by metal
coordination.”" In comparison with 1, a blue shift of 27 nm has
been observed in 2 which are probably attributable to the
differences of ligands and the absence of Ag:--Ag interaction in
1.>> These observation indicates that both 1 and 2 may be
excellent candidate for potential photoluminescent materials.

Bl CONCLUSIONS

In conclusion, two new MOFs based on 3-connected Ag(I)
node with two structurally related rodlike pyridyl-based tectons
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incorporating auxiliary oxalate, have been synthesized and
characterized and provide new examples of interpenetrated
systems. The tecton elongation strategy was successfully used
to fine-tune the degree of interpenetration. Two ThSi,
networks with different degrees of interpenetration, 3-fold for
1 and 8-fold for 2, were obtained simply and cleanly by
modulating the length of pyridyl-based organic tectons, that is,
longer tecton favored the higher interpenetration degree and
vice versa. The extension of this strategy to other tectons and
metal centers is currently under investigation.
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Crystallographic data in CIF format, powder X-ray diffraction
(PXRD) patterns, TGA and IR spectra for 1 and 2, '"H NMR
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