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Two silver(I) compounds, [Ag(H,mbpz)(Hchda)], (1) and [Ag,(H,mbpz),(oba)], (2) (where
H,mbpz = 3,3',5,5'-tetramethyl-4,4'-bipyrazole, H,chda = trans-cyclohexane-dicarboxylic acid and
Hjoba = 4,4'-oxy-bis-benzoic acid), have been synthesized and characterized by single-crystal X-ray
diffraction analyses. In both cases, the Ag(I) centers are linked by Hombpz ligands to form 1-D Ag
(I)-Hombpz chains; then, the Ag(I)-H,mbpz chains connect with two neighboring congeners through
Ag:--Ag interactions, forming 2-D supramolecular layers. In 1, the dicarboxylate is monodeproto-
nated and linked to form an anion chain through strong hydrogen bonding interaction. Such anion
chains attach on two sides of the supramolecular layers via Ag—O bonds to form a neutral sandwich-
like layered network. In 2, the dicarboxylate is fully deprotonated and adopts a u,-#1:71 mode to
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link two adjacent supramolecular layers to form a twofold interpenetrating 3-D supramolecular
network. The thermal stability and luminescence of 1 were also studied.

Keywords: Coordination polymer; Silver(I); Bipyrazole; Dicarboxylate

1. Introduction

Synthesis of coordination polymers (CPs) is an active area of investigation owing to their
potential as functional materials [1]. To predict the trend of assembly is a great challenge
because assembly is influenced not only by the coordination bonds between the metal ions
and ligands, but also by hydrogen bonding, 7---7 stacking and/or other weak supramolecu-
lar interactions [2]. Additionally, the assembly process is also affected by experimental fac-
tors, including temperature, pH, solvent, metal-to-ligand ratio, etc. [3]. There have been
many attempts to probe the effects of experimental parameters on assembly of CPs [3], per-
forming a series of reactions in similar conditions with only one factor varied, in which
diversity among the assembly can be exclusively attributed to the change of this factor [4].
Some in situ studies of the assembly process for CPs on the molecular level shed light on
the details of the CPs’ crystal growth and nucleation mechanism [5]. However, fundamental
information for the formation of CPs is still lacking because of the complex interplay of all
these factors during the assembly process, which makes it difficult to predict and control
the resulting structure [6]. Therefore, much more systematic work is required to understand
how these factors relate to each other and affect the assembly process in the crystal
engineering field.

Silver(I) ion has a closed shell d'® electronic configuration and can adopt diverse
coordination numbers from 2 to 8, with no strong energetic preference for any particular
geometry [7, 8]. Furthermore, the weak nature of the silver-ligand bond suggests that vari-
ous supramolecular interactions, besides the experimental factors, may have influences on
the structural formation of the final assemblies [8]. The geometrical flexibility of silver(I)
coordination polyhedra may provide unique opportunities to construct architectures with
desirable characteristics, and also offers a chance to explore the effects of a variety of
factors on the formation of the resulting supramolecular assemblies.

Recently, we reported the syntheses and structures of four silver(I) CPs constructed
from Ag(I)- 4,4'-bipyridine chains and chda’ anions [9]. These studies show that the
final structures are greatly affected by reaction factors, and such results are consistent
with the various supramolecular interactions between the host and guest molecules
within these compounds. As an expansion of our previous work on the structural chem-
istry of ternary silver(I) CPs consisting of dicarboxylate and bi-N-heterocyclic ligands,
in this article, Hymbpz was chosen as N-heterocyclic ligand, and H,chda and H,oba
were selected as starting dicarboxylic acids. H,mbpz has a variety of coordinated
modes, such as bridging by using both pyrazole ends to bridge metal ions [10, 11]. Fur-
thermore, the pyrazole can also be involved in hydrogen bond interactions, which might
have a profound impact on the final structures of silver(I) CPs. Additionally, the obvi-
ously different configuration between the two dicarboxylic acids can also provide some
clues on the supramolecular assemble through subsequent structural comparison. Herein,
two new Ag(l) CPs, [Ag(H,mbpz)(Hchda)], (1) and [Agy(H,mbpz),(oba)], (2) were
synthesized and their structures were determined by single-crystal X-ray diffraction
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analyses. Additionally, 1 was characterized by elemental analysis, IR spectroscopy, and
PXRD patterns. Thermogravimetric analysis (TG) and the luminescent properties of 1
have also been studied.

2. Experimental

2.1. Materials and measurements

All reagents were commercially available and used as received. AgNO3; and Ag,O were
provided by Aladdin-reagent Inc. Hychda was purchased from Acros-reagent Inc. and
Hyoba and H,mbpz were from Jinan Camolai Trading Company. The water used in all
experiments was ultrapure. Elemental analyses of C, H, and N were carried out with a
Vario EL III elemental analyzer. FT-IR spectra were recorded as KBr pellets from 4000
to 400 cm™' on a Perkin-Elmer Spectrum 2000 FT-IR spectrometer. The fluorescence
spectra were recorded on an Edinburgh Instrument F920 fluorescent spectrometer using
an Xe lamp. Thermal analyses were performed on a Perkin—Elmer TGA7 instrument
from room temperature to 700 °C with a heating rate of 10 °C min~' under flowing
nitrogen. Powder X-ray diffraction (PXRD) patterns were recorded with a MiniFlex—II
X-ray diffractometer with Cu K, radiation (1 =1.54178 A) at a scanning rate of 0.02°
with 26 ranging from 5 to 55°.

2.2. Syntheses

2.2.1. Preparation of [Ag(H,mbpz)(Hchda)], (1). A mixture of AgNO; (0.0169 g,
0.10 mM), Hombpz (0.0190 g, 0.10 mM), and Hychda (0.0172 g, 0.10 mM) was stirred in
5 mL water, and then the resultant solution was heated in a 23 mL Teflon reactor at 140 °C
for three days. After slow cooling to room temperature over a period of 24 h, pale yellow
prism crystals of 1 in 58% yield (0.027 g) were obtained. Elemental analysis (%) calcd for
CisHy5AgN4Oy4: C, 46.07; H, 5.37; N, 11.94. Found: C, 46.41; H, 5.19; N, 11.79. IR (KBr
pellet, cmfl): 3396w, 3202s, 3166s, 3074s, 3012s, 2938vs, 2863s, 2820s, 1671s, 1627s,
1580m, 1552s, 1450m, 1421s, 1385m, 1358w, 1320m, 1311m, 1283m, 1260m, 1186m,
1137w, 1110w, 1071m, 1038m, 1016w, 911m, 903m, 793w, 779w, 731m, 709w, 689w,
634w, 543w, 516s.

2.2.2. Preparation of [Ag,(H,mbpz),(oba)], (2). Compound 2 was synthesized in a simi-
lar way as for 1, except that Hychda is replaced by H,oba (0.0258 g, 0.10 mM) and AgNO;
replaced by Ag,O (0.0116 g, 0.05 mM). Colorless block crystals were obtained; however,
most of the crystalline products of 2 are contaminated by a black powder (mainly Ag, figure
S6). Our limited attempts, including the optimization of reaction condition and several
purification methods, for pure mass products of 2 were unsuccessful. The X-ray measure-
ments of ten single crystals gained randomly from the mass products confirmed that the
crystalline products are 2 exclusively.
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Table 1.  Crystallographic data and structural refinements for 1 and 2.

Compound 1 2

Empirical formula CigHy5AgN, Oy C34H36AgoNgO5
Formula weight 469.29 852.45
Temperature (K) 293(2) 293(2)

Crystal system Monoclinic Monoclinic
Space group C2/c C2/c

a(A) 9.416(2) 11.189(2)

b (A) 18.735(5) 19.153(4)

c(A) 22.799(6) 16.631(4)

a(°) 90 90

Q) 96.832(3) 95.118(3)

y(° 90 90

7 (A%) 3993.6(17) 3549.6(13)

V4 8 4

D, (g* em™) 1.561 1.595

u (mm™) 1.040 1.155

F(©000) 1920 1720

Crystal size (mm) 0.27 x 0.10 x 0.08 0.41 x 0.22 x 0.11
Theta range for data collection (°) 3.18-25.02 3.37-25.03
Reflections collected 13,878 12,280
Independent reflections 3523 [R;, = 0.0480] 3124 [R;, = 0.0281]
GOF on F* 1.075 1.025

Ry, wR, [I>25(1)] 0.0479, 0.1019 0.0303, 0.0743
Ry, WR; [all data] 0.0524, 0.1044 0.0319, 0.0753
Largest diff. peak and hole (e A™%) 0.640 and —0.380 0.512 and —0.296
CCDC number 949561 949562

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

Compound 1

Ag(1)-N(1) 2.108(4) Ag(1)-N(#)#1 2.097(4)
Ag(1)-0(1) 2.598(3) Ag(1)---Ag(1)#2 2.9806(10)
C(17)-0(1) 1.249(5) C(17)-0(2) 1.266(6)
C(18)-0(3) 1.296(6) C(18)-0(4) 1.224(6)
N(@4)#1-Ag(1)-N(1) 171.20(15) N(4)#1-Ag(1)-O(1) 102.54(13)
N(1)-Ag(1)-0O(1) 85.90(13)

Symmetry codes: (#1) —x+1/2, y — 1/2, —z+1/2; (#2) —x, y, —z+1/2

Compound 2

Ag(1)-N(1)#1 2.144(2) Ag(1)-N@3) 2.133(2)
Ag(1)-0(1) 2.556(2) Ag(1)--Ag(1)#2 3.0716(8)
C(17)-0(1) 1.260(4) C(17)-0(2) 1.243(4)
N(@3)-Ag(1)-N(1)#1 169.51(9) N(3)-Ag(1)-0O(1) 99.23(8)
N(1)#1-Ag(1)-0O(1) 90.57(8)

Symmetry codes: (#1) —x+1/2, y—1/2, —z+3/2; (#2) —x+1, y, —z+3/2

2.3. X-ray crystallography

Suitable single crystals of 1 and 2 were mounted on glass fibers for X-ray measurement.
Reflection data were collected at 293 K on a Rigaku Mercury CCD Saturn 724 diffractome-
ter using graphite monochromated Mo K, radiation (1= 0.71073 A). The data-sets were
corrected for Lorentz and polarization factors, as well as by a numeric absorption correction
method. All structures were solved by direct methods and refined by full matrix
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Figure 1. (a) View of the coordination environment of the Ag(I) ions with partial atom labeling in 1 and thermal
ellipsoids at 30% probability. (b) View of the [Ag(H,mbpz)], supramolecular layer of 1 with Ag---Ag interactions.
(c) Local structure of 1 showing the hydrogen bonded and Ag---Ag interactions. (d) Perspective view of 1 along
the a-axis. Hydrogens bound to carbon are omitted for clarity. Symmetry codes: (a) 0.5 —x, —0.5 +y, 0.5 —z; (b)
05-x,054+y,05-z()—x,» 05—z () —05+x,-05+y,z (¢) -l +x,, z

least-squares fitting on F using the SHELX-97 program. All non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogens attached to C or N were positioned
geometrically and treated as riding. The carboxylic hydrogen of 1 was located from differ-
ence Fourier maps and then restrained at fixed positions. All hydrogens were included in
the structure factor calculation and refined isotropically. Crystal data and details of the data
collection and the structure refinement are given in table 1. Selected bond lengths and
angles are listed in table 2.

3. Results and discussion

3.1. Crystal structures

Single crystal X-ray diffraction reveals that 1 crystallizes in the monoclinic space group C2/c
and the asymmetric unit contains one Ag(I), one neutral Hymbpz ligand, and one Hchda™
ligand. All atoms locate in general position. As shown in figure 1(a), Ag(l) is coordinated by
two nitrogens from two H,mbpz and one oxygen from Hchda , resulting in a near 7-shaped
geometry. The Ag-N bond lengths (2.097(4) and 2.108(4) A) and the Ag-O bond length
(2.598(3) A) are well-matched to that of many similar compounds [7, 8]. However, the Ag-O
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bond length is obviously longer than some reported Ag(I) carboxylates, implying a weak
Ag—0 interaction. The dihedral angle between the ring planes of the pyrazole groups of
H,ombpz is 62.34(15)°. The Hymbpz ligands bridge the Ag(]) ions alternately into an infinite
[Ag(H,mbpz)], right-handed helical chain extending along the b axis. Such right-handed
helixes further link with two adjacent helixes with identical handedness through Ag---Ag
interactions, forming a chiral 2-D supramolecular [Ag(H,mbpz)], network lying on crystallo-
graphic ab plane [figure 1(b)]. The Ag---Ag separation of 2.9806(10) A is shorter than the
van der Waals contact distance (3.44 A) for Ag—Ag, indicating the argentophilic interactions.
There are strong hydrogen-bonded interactions between the Hchda™ anions [see table S1
for details (see online supplemental material at http://dx.doi.org/10.1080/00958972.2015.
1022165)], forming an anion chain propagating along the a-axis [figure 1(c)]. The O(3e)---O
(2) distance of 2.483(5) A indicates the existence of an anion association between two
adjacent carboxylic groups. As shown in figure 1(d), these Hchda anion chains attach on
two sides of the 2-D [Ag(H,mbpz)], layer via Ag—O bonds involving O(1) from the
deprotonated carboxylic groups, resulting in a neutral sandwich-like 2-D layered network.
These layers further stack alternately in an ---ABAB--- fashion with inverse relation, giving
the centrosymmetric structure of 1. Furthermore, H-bonding interactions are observed
between the pyrazole groups as H-donors and the carboxylic O as acceptors within the sand-
wich-like layer (N(2)-H(2 N)---O(4) and N(3)-H(3 N)---O(1), see table S1 for details). No
7 stacking interaction or inter-layered H-bonding contact is found in the structure of 1.
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Figure 2. (a) View of the coordination environment of the Ag(I) ions with partial atom labeling in 2 and thermal
ellipsoids at 30% probability. (b) View of the [Ag(H,mbpz)], supramolecular layer of 2 through Ag:--Ag interac-
tions. (c) Local structure of 2 showing the hydrogen bond and Ag:--Ag interactions. (d) Perspective view of 2
along the a-axis. Hydrogens bound to carbon and partial methyl groups are omitted for clarity. Symmetry codes:
(@ 05-x,—05+y, 15—z (b)05-x,05+y, 1.5-z(c) 1 —x, 5, 05—z (d) 0.5+x, =0.5+y, z; (¢) | —x, ,
1.5—z.
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From the viewpoint of topology, each dimeric Ag—Ag unit can be considered as a six-
connected node, which connects with four adjacent nodes through Hombpz ligands and two
other nodes via double Hchda ™ anionic chains up and down. Thus, the 2-D layered network
can be described as a hexagonal lattice, i.e. a uninodal six-connected Ax/ topology with a
Schlafli symbol of 3° (figure S3).

Compound 2 also crystallizes in the monoclinic space group C2/c and its asymmetric unit
contains one Ag(I), one Hymbpz ligand, and a half of oba>". The O(3) of the oba”~ lies on
a crystallographic twofold rotation axis and other atoms locate in general positions. As
shown in figure 2(a), both Ag(I) and Hymbpz adopt identical coordination mode to 1, i.e. a
near 7T-shaped geometry for Ag(l) ion, and u,-71:#1 connected mode for Hymbpz, to form a
similar [Ag(H,mbpz)], right-handed helical chain extending along the b axis. The Ag-N
bond lengths (2.133(2) and 2.144(2) A) are somewhat longer than that of 1, while the
Ag-O bond (2.556(2) A) is a little shorter than its analog in 1. The torsion angle of Hymbpz
(65.23(10)°) is compared with that of 1. Similar to 1, the Ag-H,mbpz right-handed helices
of 2 also link with two adjacent right-handed helices through Ag:--Ag interactions to form
a chiral 2-D supramolecular layer parallel to the crystallographic ab plane [figure 2(b)]. The
Ag---Ag separation of 3.0716(8) A is longer than that in 1, however, is still shorter than the
van der Waals contact distance for Ag—Ag, implying the presence of argentophilic
interactions.

There are great differences of the connect modes between the dicarboxylate and [Ag
(Hmbpz)], layers of 1 and 2. As shown in figure 2(c) and (d), oba®~ adopts ur-n1:771 to
link two 2-D Ag-H,mbpz layers into a 3-D supramolecular framework. Such 3-D frame-
work is chiral and its empty space is filled by another central symmetry relative analog.
Thus, the structure of 2 can be described as a twofold interpenetrated supramolecular pcu
network (figure S4), where the dimeric Ag—Ag unit is simplified as a six-connected node.
Again, there are only intra-framework H-bonding interactions between the pyrazole groups
and the carboxylic group, (N(2)-H(2 N)---O(1) and N(4)-H(4 N)---O(2), see table S1 for
details). And no == stacking interaction or inter-framework H-bonding contacts can be
observed in 2.

3.2. Structural comparison

Although H,mbpz had been widely employed to construct the CPs or metal-organic frame-
works, only a few silver(I) CPs consisting of Hymbpz ligand have been reported [11]. For
example, Zhang et al. reported several porous silver(I) CPs with trigonal {Ag;(mbpz);}
clusters, in which the mbpz ligand is full-deprotonated and adopts u4-#1:71:71:71 mode to
connect four silver(I) centers [11a, b]. Domasevitch ef al. reported a series of silver(I) CPs
showing a variety of helical architectures with double helicates Ag(H,mbpz). All Hymbpz
ligands in such double helicates are bridging neutral group, connecting two silver(I) ions.
The counterions, such as NO3, ClO,, CF3SO;, and C,FsCO;, act as bridge ligands
supporting the double helices or as terminal ligands suspending Ag(H,mbpz) chains [11c]. In
this study, as detailed above, the Hymbpz ligands uniformly are bidentate spacers to connect
the Ag(I) centers into [Ag(H,mbpz)], helices of 1 and 2, and thus, their structural discrep-
ancy should be mainly attributed to the choice of the different dicarboxylates. Although the
structure of the [Ag(H,mbpz)], supramolecular layer of 1 is similar to that of 2, there is obvi-
ous difference between the distance interval of the medial axis of the [Ag(H,mbpz)], helices
(about 4.708 and 5.595 A for 1 for 2, respectively, half the length of the g-axis) (figure 3).
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9416(2)A

Figure 3. (a) The sandwich-like layered network view of 1 along the b-axis, showing the Hchda™ anion chains
connected by O-H:--O strong hydrogen bonds. The distance of the repeated unit of the Hchda™ anion chain is
marked. (b) The sandwich-like layered network view of 1 along the c-axis. (c) Packing diagram of 2 viewed along
the b-axis. (d) 3-D supramolecular framework of 2 viewed along the c-axis.

Such structural distinction indicates that the [Ag(H,mbpz)], helices can readily modulate
their inter-chain distance through changing the Ag—O bonds, Ag---Ag interaction, and
hydrogen bonds for different dicarboxylate anions [figures 1(c), 2(c) and table 2]. As shown
in figure 3(a), the a-axis length of 1 depends on the distance of the repeat unit of the Hchda™
anion chain. Because of the obvious geometrical difference between Hchda™ and oba®~ ions,
a distinct connection mode between the [Ag(H,mbpz)], chains and oba®~ ions is adopted in
2, resulting in the 3-D supramolecular framework [figure 2(d)]. The longer a-axis length of 2
gives its larger 1-D channel to accommodate another supramolecular framework
[figure 3(d)].

The deprotonation degree and coordination mode of dicarboxylate ligand within 1 is
different from 2. We speculate that the pH value of the solution plays an important role on
their structure. However, our limited attempts for the syntheses of more ternary Ag(l)/
H,mbpz CPs, such as that with chda®” or Hoba~ anions, under various pH values (within
about 2—7 through adding NaOH or HNOj; solution) and Ag(I) resource (AgNO; or Ag,0)
as starting materials were unsuccessful. These experiments also indicate that there are intrin-
sic structural factors impacting the formation of 1 and 2, and an appropriate reaction condi-
tion is needed for the assembly process. Thus, structural and experimental results show that
there might be a two-step route during the assembly processes in each case, i.e. the [Ag
(Hoymbpz)],, helices are created first, and then the helices link with each other through
ligand-unsupported Ag---Ag interactions, hydrogen bonds and weak Ag—O bonds with
dicarboxylate anions to form the final architectures of 1 and 2.
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Figure 4. Photoluminescence curve of 1. The Gaussian fit curve showing three emission peaks.

3.3. Properties

3.3.1. Powder XRD studies. PXRD has been used to verify the phase purity of the syn-
thesized samples in the solid state (figure S1). The experimental PXRD patterns correspond
well with the simulated patterns generated from the results of the single crystal data, indica-
tive of pure products. The dissimilarities in intensity may be due to preferred orientation of
the powder samples during the collection of the experimental PXRD data.

3.3.2. Thermogravimetric analysis. The TG analysis of 1 was performed under N, and
the TG curve and is shown in figure S5. The TG curve of 1 shows that the first weight loss
of 17.1% at 200265 °C corresponds to loss of cyclohexane fragment from Hchda (Caled:
17.1%). The second weight loss of 38.3% from 265 to 360 °C is attributed to loss of
Hombpz (calcd: 41.0%). The succeeding weight loss of 19.4% from 360 to 540 °C
accompanies the release of the carboxyl fragment decomposing from Hchda (calcd: 19.2%).
The residual weight of 23.8% is consistent with that of 24.7% calculated for Ag,O.

3.3.3. Photoluminescence. Photoluminescence of 1 was performed at room temperature in
the solid state (figure 4). The broad emission with maximum at 468 nm and a shoulder at
402 nm was observed upon excitation by 340 nm. However, the Gaussian fit curve shows
that such photoluminescence curve contains three emission peaks at 395, 450, and 525 nm.
Obviously, these emission bands with emission maxima at 395 and 450 nm can be ascribed
to ligand centered 7 — 7* transitions for Hchda and H,mbpz, respectively [13]. The low-
energy emission peaks at 525 nm should come from the p—z* to Ag-4d charge transfer
(MLCT) [9]. The luminescent decay profile of 1 can be fitted with a double-exponential
decay function with 7; = 0.56 us (37%), 7, = 8.54 ns (63%). The long emission lifetimes
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could be assigned to ligand-to-metal charge-transfer triplet excited states C[MLCT])
mentioned above.

4. Conclusion

Two silver(I) CPs based on bipyrazole and different dicarboxylates have been synthesized
and characterized. The two compounds display versatile coordination features with 2-D and
3-D supramolecular networks. The structural and experimental results show that there might
be a two-step route during assembly of the ternary Ag(I)/H,mbpz/dicarboxylate system.
The Ag(I)-H,mbpz helical chain is produced in the first assembly step and the formed [Ag
(Hombpz)],, helices can readily modulate their inter-chain distance through changing the
Ag—O bonds, Ag---Ag interaction, and hydrogen bonds involving the dicarboxylate anions
in the second assembly step to form the final architectures of 1 and 2. In addition, 1
displays modest thermal stability and interesting solid-state fluorescent emission.

Supplementary material

X-ray crystallographic data in cif format; figures S1-S6 for the simulated and experimental
PXRD patterns, and infrared spectrum of 1, and the topology pictures for 1 and 2, TG curve
for 1; table S1 for hydrogen bond geometries for 1 and 2.
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