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With bpz and in situ generated fumaric acid ligands, a new polymer of [Ag,(bpz);(fum)], was
synthesized under hydrothermal conditions. It presents a unique twofold interpenetrated 3-D network
with a rare dia-f topology. If the Ag(I)---Ag(l) interaction is included in the simplification of the net,
each Ag(l) is a 4-connected node, thus, a non-interpenetrated 4-connected upd net with a point
symbol of {4.6°.8} is obtained.

A silver(I) coordination polymer with mixed 3,3',5,5'-tetramethyl-4,4'-bipyrazole (bpz) and maleic
acid, [Agy(bpz);(fum)], (1, Hofum = fumaric acid), was synthesized under hydrothermal condition
by in situ isomerization of maleic acid to fumaric acid and characterized by elemental analysis, IR
spectroscopy, powder X-ray diffraction, TGA, and single-crystal X-ray diffraction. The maleic acid
in situ isomerizes to fumaric acid and participates in the formation of 1. Topologically, the structure
of 1 features a rare 3-connected twofold interpenetrated dia-f net with a point symbol of {4.14%}.
Compound 1 exhibits photoluminescence in the solid state with an emission maximum at 470 nm
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upon excitation at 365 nm at room temperature, which is attributed to intraligand or/and interligand
7w — m* transition.

Keywords: Silver; 3,3',5,5'-tetramethyl-4,4'-bipyrazole; Maleic acid

1. Introduction

Recently, coordination polymers (CPs) have attracted attention because of their novel
topologies and applications in luminescence, magnetism, sensors, gas adsorption, ion
exchange, and catalysis [1-14]. However, it is still a challenge to control the structures of
CPs because there are many influencing factors including internal factors such as coordina-
tion geometry of central metal, the nature of organic ligand, the ratio of them, and external
factors such as pH, temperature, solvent, etc. [15-21]. Ag(I)-based CPs represent an inter-
esting family among CPs. Ag(l) ion is a soft acid that favors coordination of soft bases,
such as ligands that contain P, S, and unsaturated nitrogen [22, 23]; its coordination num-
bers vary from two to six, or even seven and eight, with diverse coordination geometries,
including linear, trigonal-planar, tetrahedral, trigonal-pyramidal, square-planar, pyramidal,
and octahedral geometries [24-27]. 3,3',5,5'-tetramethyl-4,4'-bipyrazole (bpz) normally
appears as an exo-bidentate ligand, whereby the connected metal centers adopt distances
between 9.0 and 10.5 A [28—40]. This ligand possesses some flexibility introduced by the
free rotation of the two pyrazolyl rings around the central C—C bond. As indicated by a
Cambridge Structure Database survey with the help of ConQuest, version 1.3 [41, 42], 67
coordination compounds based on bpz were found and their torsional angles between the
two pyrazolyl rings vary from 54.2° to 129.8°, which can lead to very different conforma-
tions (scheme 1). Carboxylic ligands are widely used as the second ligand to diversify the
chemical structure because of their diverse coordination modes and abundant hydrogen
bonding [43]. Several Ag(I)-bpz CPs have been prepared by incorporating different anions,
such as NO3, PO,F;, ClO,, CF;3807, SOi’, etc. For example, 1-D polymeric chain [Ag
(bpz)(NO5)-CH;0H],, with methanol of crystallization is involved in hydrogen bonding
with NH and NO; groups [44], 2-D network [Ag,(bpz);(CF3CO,),], based on inter-
connected helices [45], and twofold interpenetrated 3-D framework [Ag4(bpz)4(SO4), H,0],
with an uncommon (3,5)-connected hms topology [46]. The formations are usually depen-
dent on different small anions. Only a few Ag(I)/bpz/dicarboxylate coordination complexes
are reported. For example, 1-D polymeric chain [Agy(m2CA)(bpz),], (m2CA, isophthalate)
features a rope-ladder motif supported by bivalent acid anions [47].

Based on the above consideration and our previous work, in this paper, we report the
synthesis, crystal structure, thermal stability, and photoluminescence property of a silver(I)/
bipyrazole/dicarboxylate CP, [Agy(bpz);(fum)],, which shows a rare 3-connected twofold
interpenetrated dia-f net with a point symbol of {4.14?} and emission maximum at 470 nm
upon excitation at 365 nm at room temperature.

2. Experimental

2.1. Materials and methods

All reagents and solvents employed were commercially available and used as received.
Infrared spectra were recorded on a Nicolet AVATAT FT-IR330 spectrometer with KBr
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pellets in the frequency range 4000-400 cm™'. Elemental analyses (C, H and N) were

determined on a CE instrument EA 1110 analyzer. Photoluminescence measurements were
performed on a Hitachi F-7000 fluorescence spectrophotometer with solid powder on a
1 cm quartz round plate. Thermogravimetric (TG) curves were measured from 30 to 800 °C
on a NETZSCH TG 209 F1 Iris® TG Analyzer at a heating rate of 10 °C min™' under N,
(20 mL min~"). Powder X-ray diffraction (PXRD) measurements were recorded on a
D/Max-2500 X-ray diffractometer using Cu—Ka radiation.

2.2. Synthesis of [Ag:(bpz);(fum)],, (1)

A mixture of Ag,O (11.6 mg, 0.05 mmol), bpz (19 mg, 0.1 mmol), maleic acid (11.6 mg,
0.1 mmol), 5 mL H,O, and 0.15 mL pyridine was heated to 90 °C for 8 h in a 25 mL
Teflon-lined reaction vessel, kept at 90 °C for 50 h, then slowly cooled to 30 °C in 10 h.
The pH values of the system were 6.06 and 6.10 before and after the hydrothermal reaction,
respectively. Colorless block crystals of 1 were isolated by filtration, washed with H,O, and
dried in air. Anal. Caled (found) for C;;H,,AgNgO,: C, 45.35 (45.79); H, 4.92 (4.88); N,
18.66 (18.59)%. IR (KBr): v(cm™ ') = 3144(w), 2920(w), 2799(w), 1578(s), 1416(w), 1364
(), 1299(w), 1160(w), 1026(w), 972(w), 863(W), 778(w), 662(W), 526(w), 497(W), 432(w).

When the synthesis was done with fumaric acid, abundant precipitate was obtained. After
the precipitate was washed with ethanol, most precipitate dissolved and there were very few
crystals left at the bottom. Cell parameters of them determined by X-ray diffraction were
the same as those of 1. But the crystal obtained using fumaric acid was very small and the
yield was much lower than using maleic acid.

2.3. X-ray crystallography

Single crystals of 1 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
Il CCD diffractometer with graphite-monochromated Mo—Ka radiation (1 =0.71073 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 5 s, followed by spot integration and
least-squares refinement. For 1, data were measured using w 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 [48]. Data reduction
was performed with the SAINT software and corrected for Lorentz and polarization effects.
Absorption corrections were applied with SADABS [48]. The highest possible space group
was chosen. The structure was solved by direct methods using SHELXS-97 [49] and refined
on F? by full-matrix least-squares procedure with SHELXL-97 [50]. Atoms were located
from iterative examination of difference F-maps following least-squares refinements of the
earlier models. Hydrogens were placed in calculated positions and included as riding with
isotropic displacement parameters 1.2—1.5 times Ueq of the attached C or N. All structures
were examined using the Addsym subroutine of PLATON [51] to assure that no additional
symmetry could be applied to the models. The fum ion was disordered in two slightly dif-
ferent orientations with a major orientation of 70%. To assist refinement of the disordered
moieties in 1, SIMU was applied to restrain the similar thermal parameters on adjacent
atoms in disordered moieties. The very small void volume of 51 A’ in one unit cell
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Table 1.  Crystallographic data and details of diffraction experiments of 1 and 2.

Empirical formula C7H2,AgNgO,

Formula weight 450.28

Temperature/K 298(2)

Crystal system Tetragonal

Space group 14,/acd

a/A 23.3823(14)

c/A 28.1857(17)

Volume/A® 15410.0(13)

VA 32

Pcalca glem® 1.553

w/mm™! 1.070

F(000) 7328.0

Crystal size/mm® 0.15 x 0.06 x 0.06

20 range for data collection 3.48-50°

Index ranges —20<h<27,-27<k<25 -33<[<32
Reflections collected 36,353

Independent reflections 3397[R(int) = 0.0523]
Data/restraints/parameters 3397/6/268
Goodness-of-fit on F* 0.970

Final R indexes [/220 (])] R; =0.0338, wR, = 0.0782
Final R indexes [all data] R, =0.0537, wR, = 0.0897
Largest diff. peak/hole/e A3 0.43/-0.32

compared to the total cell unit volume of 15410.0(13) A® indicates that nothing could be
assigned in such a high symmetry crystal. Small residual voids in a structure may go unde-
tected when smeared since peak search programs are not designed to locate maxima on den-
sity ridges. Voids of 40 A* may accommodate one H,O, but 51 A* in one unit cell (Z = 32)
corresponds to 1/32 H,O molecule per formula of 1, which does not make sense in this
structure. Topological analysis of the complex was performed with the program package
TOPOS [52]. Pertinent crystallographic data collection and refinement parameters are in
table 1. Selected bond lengths and angles are presented in table 2. The hydrogen bond
parameters are in table 3.

Table 2. Selected bond lengths (A) and angles (°) for 1.

Agl-N1 2.265(3) Agl-N5 2.246(3) Agl-N4* 2.388(3)
N5-Agl — N1 139.75(11) NI1-Agl — N4* 106.91(11) N5-Agl — N4* 98.24(11)

Symmetry codes: *—y + 5/4, x + 1/4, —z + 3/4.

Table 3. The hydrogen bond geometry for 1.

D-H-A D-H HA DA D-H-+A
N2-H2--02° 0.86 2.23 2.963 (8) 142.5
N2-H2--01° 0.86 2.24 3.058 (12) 157.8
N3-H3--01¢ 0.86 1.90 2741 (14) 163.9
N6-H6+-02" 0.86 1.91 2.683 (11) 149.2

Symmetry codes: *—x + 1, =y + 1, =z + 1; %y — 1/4, —x + 5/4, —z + 3/4.
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3. Results and discussion

3.1. Structure description of [Ag,(bpz);(fum)],

Single-crystal X-ray diffraction analysis reveals that 1 crystallizes in the tetragonal space
group /4;/acd and the asymmetric unit contains one crystallographically independent Ag(I),
one and a half bpz, and a half of uncoordinated fum anion. The coordination environment
of 1 is shown in figure 1(a). Ag(I) is 3-coordinated by three nitrogens from three different
bpz ligands in triangular coordination geometry with the maximum bond angle of 139.75
(11)°. The Ag-N bond lengths range from 2.246(3) to 2.388(3) A (Agl-N1 =2.265(3),
Agl-N5=2246(3), and Agl-N4'=2388(3). Symmetry code: (i) —y+5/4, x+ 1/4,

(a) ® @
o\ & ')
@ —Q.\'z el
> ®
Q‘N, '\"‘i‘ggg .q,\;z;
QQ?% e T
B30 0% o
’ &
Ol"@ .02..

Figure 1. (a) Coordination environment around the central Ag(I) in 1 with only Ag(I) coordination environment
labeled and 30% thermal ellipsoid. (b) Ball-and-stick representation of the 3-D framework (purple ball: Ag; blue
ball: N; and gray ball: C). (c) Ball-and-stick view of simplified single dia-f net. (d) Schematic view of the simpli-
fied twofold interpenetrated network (networks individually colored) (see http://dx.doi.org/10.1080/00958972.2015.
1028380 for color version).
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—z + 3/4), which are comparable with the reported values such as in [Ag(OAc)(bpz),],'5.4
H,O in which the Ag—N bond lengths range from 2.214(2) to 2.226(2) A [47]. One bpz has
a C2 axis along the midpoint of C13—C13" bond (symmetry code: (iv) —x + 1.5, y, —z + 1).
The inter-pyrazole dihedral angles for two different bpz ligands are 82.18(19) and 73.64
(2)°, respectively. The shortest Ag(I)---Ag(I) separation is 3.0608(6) A, which is shorter
than the sum of Ag(l) van der Waals radii (3.44 A), indicating the presence of ligand-
unsupported argentophilicity. This distance is comparable to the 3.095(1) A in [Ag(PCys;)
(0,CCF5)], and 2.938(1) A in [Agy(u-depm),](PFg), (depm = bis(dicyclohexylphosphino)
methane) [53-57]. The bpz ligands with an exo-bidentate mode extend the Ag(I) centers
into a 3-D framework [figure 1(b)] in which the fum did not participate in the resultant net-
work and only acted as a counter-anion connected with the Ag(I) network by N-H:--O
hydrogen bonds (N---O: 2.683(11) —3.058(12) A; table 3). Comparing with the similar com-
plexes but using aromatic dicarboxylate [47], for example, [Ag(Hp2CA)(bpz)], (Hp2CA,
terephthalic acid monoanion) and [Ag,(m2CA)(bpz),], (m2CA, isophthalate) have 2-D and
1-D networks, respectively. This structure shows a higher dimensionality though the fum
did not coordinate with Ag(I).

In order to understand the complicated 3-D framework, topology of 1 was analyzed
using TOPOS software. The bpz bridging ligands are omitted because of their linear
linkage and each Ag linked by three bpz ligands is treated as a 3-connecting node, so
the 3-D framework can be simplified to a rare 3-connected {4.14%} net, which is
assigned to a dia-f topology, as displayed in figure 1(c). To avoid the large space within
the crystal packing, two equivalent dia-f nets are twofold interpenetrated [figure 1(d)]
and interlocked with each other through Ag(I)---Ag(I) interaction. The interpenetration
can be classified as Class Ila, which means that two identical interpenetrated nets are
generated by means of space group interpenetration symmetry element, here an inversion
center, and no other interpenetrating translations are allowed in this kind of interpenetra-
tion. The present net is different from the regular dia-f net, whose symmetrical config-
uration is normally /4;/amd of the tetragonal cell [58]. Alternatively, if the Ag(I)---Ag(l)
interaction is included in the simplification of the net, each Ag(I) becomes a 4-connected
node, thus a non-interpenetrated 4-connected upd net with a point symbol of {4.6°.8%}
is produced.

3.2. Synthesis and IR spectrum discussion

Complex 1 was prepared by the reaction of Ag,O with bpz and maleic acid under
hydrothermal conditions. However, after heating at 90 °C for about 50 h, maleic acid iso-
merized to fumaric acid based on single-crystal X-ray diffraction analysis. The maleic acid
in situ isomerized to fumaric acid may be catalyzed by acid [59]. When fumaric acid was
used, 1 was also obtained but with very low yield. IR spectra of 1 show characteristic
absorptions mainly attributed to the asymmetric (va: 1578 cm™') and symmetric (v ca.
1364 cm™") stretching vibrations of the carboxylic groups which correspond to the
Nay(fum) [60]; this also shows the isomerization of maleic acid. Separation between the
antisymmetric and symmetric carboxylate stretching in the IR spectrum is 214 cm ™', which
is a little large, and may be “pseudo-unidentate” coordination of fum ions because of the
hydrogen bridges [61]. No band at 1690—1730 cm™' indicates complete deprotonation of
the carboxylic groups, consistent with charge balance.
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10 20 30 40 50
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Figure 2. PXRD patterns for 1 (upper line: calculated from single-crystal X-ray diffraction data; bottom line: as
synthesized solids).

3.3. PXRD and thermal analysis

PXRD has been used to check the phase purity of the bulk samples in the solid state. For 1,
the measured PXRD patterns closely match the simulated patterns generated from the
results of single-crystal diffraction data (figure 2), indicating pure products. The differences
in intensity may be due to the preferred orientation of the crystalline powder samples.

The TG analysis was performed in N, (100 mL min~') on 1. The temperature was
ramped at a rate of 10 °C min~' from 30 to 800 °C. The TG curves are shown in figure 3.
The first weight loss of 12.92% in the temperature range of 30-234 °C indicates the loss of
one fum acid per formula (Calcd: 12.89%), then the second weight loss of 64.01% at about
350 °C indicates the loss of three bpz ligands (Calcd: 63.29%) with accompanying collapse
of the host framework.

100 4

20

100 200 300 400 500 600 700 800
Temperature/"C

Figure 3. TGA curve for 1.
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Figure 4. Emission spectra of free bpz and 1 at 298 K.

3.4. Photoluminescence properties

The solid-state photoluminescence spectrum for 1 at room temperature is shown in figure 4.
The free bpz displays photoluminescence with emission maximum at 331 nm. These peaks
originate from the 7z* — n or 7* — = transitions [62, 63]. Complex 1 exhibits photolumi-
nescence with an emission maximum at 470 nm, upon excitation at 365 nm at room tem-
perature. The observed emission of 1 is assigned to intraligand or/and interligand = — 7*
transitions because a similar emission is observed for the free bpz and 1. From the
literature, the emission of dicarboxylate belongs to z* — n transition which is very weak
compared to that of the z* — & transition of bpz, so the dicarboxylate almost has no
contribution to the fluorescent emission of 1 [64]. The enhanced emission intensity of 1
compared to bpz was attributed to ligand coordination to the metal center, which effectively
increases the rigidity of the ligand and reduces the loss of energy by radiationless
decay [65].

HOOC COOH HOOC H
90 °C

| itu iso rizati
n situ 1somerization

Scheme 1. The organic ligand used in the construction of 1.
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4. Conclusion

A new silver(I) CP was constructed from bpz and in situ generated maleic acid ligands
under hydrothermal conditions. It presents a unique twofold interpenetrated 3-D network
with a rare dia-f topology. Including the Ag(I)---Ag(l) interaction in the simplification of
the net, each Ag(I) becomes a 4-connected node, thus a non-interpenetrated 4-connected
upd net with a point symbol of {4.6>.8%} is obtained. Its photoluminescence at room
temperature and thermal stability were also investigated.

Supplementary material

For 1, further details on the crystal structure investigations can be obtained from the
Cambridge Crystallographic Data Center, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK. Copies of the data can be obtained free of charge on quoting the depository numbers
CCDC-987588 (Fax: +44 1223 336 033; E-mail: deposit@ccdc.cam.ac.uk, http://www.
ccdc.cam.ac.uk).
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