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Two supramolecules of Ag(I), [Ag(NO3)(APZ)]n (1) and {[Ag(APZ)2][CF3COO] �H2O}n
(2) (APZ¼ aminopyrazine) have been prepared by self-assembly of Ag(I) salts with APZ in
MeOH/H2O. EA, IR, and TGA spectra have been recorded and the complexes have been
structurally characterized by X-ray crystallography, confirming that 1 and 2 are 2-D pleated
rectangular grid coordination polymers. The NO�3 in 1 is coordinated to Agþ, bidentate, and
�2,�1-NO�3 , while CF3COO� in 2 is not coordinated. Ag � � �O interactions, hydrogen bonds,
and � � � �� stacking interactions support the supramolecular structures.

Keywords: Silver; Coordination polymer; Aminopyrazine

1. Introduction

Self-assembly of supramolecular structures using metal coordination has become a
focus of interest [1], largely due to the range of potential applications in electrical,
magnetic, and optical devices [2] and porous zeolite mimics [3]. The specific properties
of each coordination network are directly related to its structure, which is a function of
both the ligand and the metal. There has been resurgent interest in extended organic or
organometallic crystals based on hydrogen bonds and metal coordination bonds [4–6].
It is important to understand and control the interplay between coordination
characteristics of the ligands and the metals and the ultimate shape of the self-assembled
suprastructure.

Many studies have centered on the use of supramolecular contacts between suitable
molecules to generate multidimensional arrays or networks. Through ligand design with
various coordination characteristics of metal ion and lengths of the spacer, a variety of
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structural motifs have been created [7]. Many topologically promising architectures

have been constructed for Ag(I) ion with bidentate building blocks containing nitrogen

donors, including 1-D, 2-D, and 3-D network structures [8]. Despite some recent

progress, the ability to predict and control the supramolecular assembly of molecules

remains elusive, and much more work is required to understand the inter- and intra-

molecular forces that determine the patterns of molecular structure and crystal packing

in the solid state. Various bipyridine-type and biphenyl cyanide-type ligands have been

used as supramolecular building blocks [9–11].
Exploitation of the potentially tridentate aminopyrazine (APZ) has been unprece-

dented until recently. In this article, we report two supramolecular Ag(I) complexes,

[Ag(NO3)(APZ)]n (1) and {[Ag(APZ)2][CF3COO] �H2O}n (2).

N

N

NH2

APZ

2. Experimental

2.1. General procedures

All manipulations were carried out under dry, oxygen-free nitrogen by Schlenk

techniques, unless otherwise noted. Solvents were dried and deoxygenated by refluxing

over appropriate reagents before use. IR spectra were recorded on a Jasco FT/IR-460

plus spectrometer. Elemental analyses were conducted with a PE 2400 series II

CHNS/O analyzer.

2.2. Starting materials

AgNO3, AgCF3COO, and APZ were purchased from Aldrich Chemical Co. and used as

received.

2.3. Preparation of [Ag(NO3)(APZ)]n (1)

APZ (0.025 g, 0.10mmol) in 5mL MeOH was layered onto a solution of AgNO3

(0.019 g, 0.10mmol) in 5mL H2O. The resulting solution was slowly diffused for several

weeks to generate colorless crystals. The yield was 0.017 g (65%). The calculated

composition for C4H5AgN4O3 is C, 18.13; H, 1.90; N, 21.14, while the experimentally

found composition is C, 18.03; H, 1.91; N, 21.14. IR(KBr disc, cm�1): 3337(br),

3153(m), 2714(m), 1659(m), 1586(m), 1532(m), 1482(m), 1429(m), 1383(m), 1317(m),

1236(m), 1208(m), 1059(m), 1004(m), 888(m), 825(m), 812(m), 589(m), 546(m).

Silver coordination polymer 2659
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2.4. Preparation of {[Ag(APZ)2][CF3COO] .H2O}n (2)

APZ (0.025 g, 0.10mmol) in 5mL MeOH was layered onto a solution of Ag[CF3COO]
(0.022 g, 0.10mmol) in 5mL H2O. The resulting solution was slowly diffused for several
weeks to generate colorless crystals. The yield was 0.049 g (76%). The calculated
composition for C12H12Ag2F6N6O5 is C, 22.15; H, 1.84; N, 12.92, while the
experimentally found composition is C, 22.05; H, 1.83; N, 12.95. IR (KBr disc,
cm�1): 3330(m), 3168(m), 2974(m), 2359(m), 1652(m), 1602(m), 1541(m), 1450(m),
1429(m), 1359(m), 1326(m), 1190(m), 1134(m), 1069(m), 1020(m), 893(m), 839(m),
821(m), 797(m), 667(m).

2.5. X-ray crystallography

Diffraction data for 1 and 2 were collected at 25�C on a Siemens P4 diffractometer
equipped with graphite-monochromated Mo-Ka (�a¼ 0.71073 Å) radiation. Data
reduction was carried out by standard methods using well-established computational
procedures [12]. The structure factors were obtained after Lorentz and polarization
correction. The positions of some heavier atoms, including silver atom, were measured
by the direct method. The remaining atoms were found in a series of alternating
difference Fourier maps and least-square refinements [13]. The residuals of the final
refinement were R1¼ 0.0692, wR2¼ 0.1376 for 1. The crystallographic procedures for 2
were similar to those for 1 and the residuals of the final refinement were R1¼ 0.0288,
wR2¼ 0.0913 for 2. Basic information pertaining to crystal parameters and structure
refinement is summarized in table 1.

3. Results and discussion

3.1. Syntheses

[Ag(NO3)(APZ)]n (1) and {[Ag(APZ)2][CF3COO] �H2O}n (2) were prepared by reacting
AgX (X¼NO�3 , 1 and CF3COO�, 2) with APZ in MeOH/H2O. These complexes were
structurally characterized by X-ray crystallography. Complexes 1 and 2 were insoluble
in most organic solvents; suitable crystals for X-ray diffraction were obtained from
layering APZ in methanol solution onto a solution of AgX (X¼NO�3 , 1 and
CF3COO�, 2) in H2O.

3.2. Structure of complexes

The crystal structure of 1 belongs to the space group P2. Representative asymmetric
units and ORTEP diagrams showing the geometry of Ag in 1 are depicted in figure 1(a).
Table 2 lists the bond distances and angles around Ag (1) and Ag (2) for 1. Ag (1) is
coordinated with two nitrogens [Ag–N¼ 2.187(8) Å] from two different APZ ligands
and two oxygens [Ag–O¼ 2.482(12) Å] from two different NO�3 anions to generate a
distorted tetrahedral geometry. Ag (2) is coordinated with two pyridyl nitrogens
[Ag–N¼ 2.227(9) Å] of different APZ ligands and two oxygens [Ag–O¼ 2.583(9) Å] of
NO�3 . Adjacent Ag’s are bridged with APZ and NO�3 to form 24-membered macrocyclic

2660 H.-A. Tsai et al.
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building units. The 22-membered {Ag6N8O2C8} metallocycles in 1 have the size
3.633� 13.642 Å2. The nitrates have �2,�1-NO�3 coordination mode with Ag (1) and

bidentate coordination with Ag (2), interlinking the metallocycles into 2-D pleated
rectangular grids that are formed between adjacent chains, as shown in figure 1(b). The

nitrates in Ag2(2,3-diphenylquinoxaline)(NO3)2(X)2 (X¼DMF, H2O and CH3CN)
show several bonding modes, including unidentate, �2,�1-NO�3 , bidentate and

�2,�1,�1-NO�3 coordination mode [14]. The formation of different bonding modes for
NO�3 is presumably due to the different coordination abilities of the solvents, resulting
in different structural types. The Ag distances are 3.63 and 7.12 Å in the macrocyclic

building units. Complex 1 forms 3-D supramolecular structures that are interlinked
by NO�3 through Ag � � �O [Ag � � �O¼ 3.522 Å] interaction and C–H � � �O

[H � � �O¼ 2.354 Å and 2.560 Å, ffC–H � � �O¼ 138.0� and 128.5�] hydrogen bonds, as
shown in figure 1(c). The phenyls in the macrocyclic building units interact through �–�
stacking [15], and the distance between the centers of the rings is 3.633 Å for 1, as shown
in figure 1(d).

The structure of 2 was solved in the space group C2/c. Representative asymmetric
units and ORTEP diagrams showing the geometry of Ag in 2 are depicted in figure 2(a).

Table 2 lists the bond distances and angles around Ag for 2. The structure shows a
coordination polymer consisting of silver ions, APZ ligands, CF3COO� and H2O.

Figure 2(b) shows that 2 is a coordination polymer of Ag APZð Þ½ �
þ
n , forming 2-D sheets.

The Ag coordinated with the two nitrogens [Ag–N¼ 2.200(2) and 2.216(2) Å] from two

Table 1. Crystal data for 1 and 2.

1 2

Empirical formula C4H5AgN4O3 C12H12Ag2F6N6O5

Formula weight 264.99 650.02
Crystal system Monoclinic Monoclinic
Space group P2 C2/c

Unit cell dimensions (Å, �)
a 3.6333(6) 19.5083(18)
b 7.7301(10) 6.9148(7)
c 12.7965(16) 14.0530(14)
� 95.651(12) 101.784(2)
Volume (Å3), Z 357.65(9), 2 1855.7(3), 4
Calculated density (Mg cm�3) 2.461 2.327
F(000) 256 1256
Absorption coefficient (Mo-Ka) (mm�1) 2.788 2.210
Radiation monochromated in incident

beam (�(Mo-Ka), Å)
0.71073 0.71073

2� range for data collection (�) 3.20� 2�� 60.00 5.92� 2�� 52.04
Limiting indices �5� h� 5; �10� k� 10;

�17� l� 17
�17� h� 24; �8� k� 7;
�17� l� 16

Reflections collected 2483 4940
Independent reflections 2067 [R(int)¼ 0.0362] 1830 [R(int)¼ 0.0198]
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 2067/1/112 1830/0/172
Quality-of-fit indicatora 1.127 1.127
Final R indices [I4 2�(I )]b,c R1¼ 0.0692, wR2¼ 0.1376 R1¼ 0.0288, wR2¼ 0.0913
R indices (all data) R1¼ 0.0899, wR2¼ 0.1469 R1¼ 0.0297, wR2¼ 0.0928
Largest difference peak and hole (e Å�3) 1.958 and –0.863 0.408 and –1.220

aQuality-of-fit¼ [�w(|F2
o|� |F2

c |)
2/Nobserved�Nparameters]

1/2. bR1¼�||Fo|� |Fc||/�|Fo|.
cwR2¼ [�w(F2

o�F2
c )
2/�w(F2

o)
2]1/2.

w¼ 1/[�2(F2
o)þ (ap)2þ (bp)], p¼ [max(F2

o or 0)þ 2(F2
c )]/3. a¼ 0.0000, b¼ 4.2565 for 1; a¼ 0.0750, b¼ 0.0000 for 2.

Silver coordination polymer 2661
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Figure 1. (a) An ORTEP showing the coordination geometry of silver for 1. (b) The 2-D pleated rectangular
grids by the APZ, Ag(I) and NO�3 . (c) Packing diagram for 1 showing interactions between the layers.
(d) The macrocyclic building units for 1 showing � � � �� interactions between layers.

2662 H.-A. Tsai et al.
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different APZ ligands and the silver from adjacent chains generate a distorted planar
triangular geometry. The Ag � � �Ag separation of 3.288 Å is comparable to those
[2.970–3.312 Å] found in other silver coordination polymers with pyridyl donors [16],
indicating weak Ag � � �Ag interaction. Adjacent chains are bridged with Ag forming
22-membered macrocyclic building units, which interlink the 1-D metallocycles into
2-D pleated rectangular grids formed between adjacent chains. The 22-membered
{Ag6N8C8} metallocycles in 2 are 3.288� 14.053 Å2. The 2-D pleated rectangular grids
are further linked by Ag � � �O interactions, N–H � � �F, N–H � � �O and C–H � � �O
hydrogen bonds to form 3-D supramolecular structures (H � � �F¼ 2.474 Å, ffN–H � � �F¼
123.8�; H � � �O¼ 2.254 Å, ffN–H � � �O¼ 152.4�; H � � �O¼ 2.471 Å, ffC–H � � �O¼ 141.8�;
Ag � � �O¼ 2.642, 2.726 Å), as shown in figure 2(c). The phenyls in the macrocyclic
building units interact through �–� stacking [15], and the distance between the centers
of the rings is 3.769 Å for 2, as shown in figure 2(d).

The structural difference between 1 and 2 is that NO�3 in 1 are bonded to silver
through their unidentate oxygens in the macrocyclic building unit, while the CF3COO�

in 2 is not coordinated with the metal center. The 2-D pleated rectangular grids
3.633� 13.642 Å2 in 1 are shorter than the grids 3.288� 14.053 Å2 in 2. The nitrogens of
APZ bonded to the Ag(I) are not linear and the N–Ag–N angle is 151.1(5)� for 1 and
166.71(9)� for 2. The average Ag–N distances are similar in 1 and 2 (Table 2).

4. Conclusions

Coordination chemistry of AgX (X¼NO�3 and CF3COO�) with APZ was investigated.
The synthesis and structural characterization for [Ag(NO3)(APZ)]n (1) and
{[Ag(APZ)2][CF3COO] �H2O}n (2) are reported. Complexes 1 and 2 show 2-D pleated
rectangular grids, in which Ag(I) and APZ form 24-member and 22-member rings,
respectively. The nitrates show �2,�1-NO�3 and bidentate coordination in 1. The results
indicate that the coordination chemistry of APZ is versatile. The 2-D pleated
rectangular grids and � � � �� stacking interactions in 1 and 2 are also shown. Ag � � �O
interaction and hydrogen bonds are found to support the supramolecular structures.

Table 2. Selected bond distances (Å) and angles (�) for 1 and 2.

Complex 1

Ag(1)–N(1A) 2.187(8) Ag(1)–N(1) 2.187(8)
Ag(1)–O(1B) 2.482(12) Ag(1)–O(1) 2.482(12)
Ag(2)–N(2C) 2.227(9) Ag(2)–N(2) 2.227(9)
Ag(2)–O(3C) 2.583(9) Ag(2)–O(3) 2.583(8)
N(1A)–Ag(1)–N(1) 148.1(5) N(1A)–Ag(1)–O(1B) 93.6(3)
N(1)–Ag(1)–O(1B) 108.1(3) N(1A)–Ag(1)–O(1) 108.1(3)
N(1)–Ag(1)–O(1) 93.6(3) O(1B)–Ag(1)–O(1) 94.1(6)
N(2C)–Ag(2)–N(2) 151.1(5) N(2C)–Ag(2)–O(3C) 115.4(3)
N(2)–Ag(2)–O(3C) 91.4(3) N(2C)–Ag(2)–O(3) 91.4(3)
N(2)–Ag(2)–O(3) 115.4(3) O(3C)–Ag(2)–O(3) 49.5(3)

Complex 2

Ag–N(1) 2.200(2) Ag–N(2A) 2.216(2)
Ag–Ag(A) 3.2879(6)
N(1)–Ag–N(2A) 166.71(9) N(1)–Ag–Ag(B) 105.51(6)
N(2A)–Ag–Ag(B) 84.65(6)

Symmetry transformations used to generate equivalent atoms: (A) �xþ 1, y,�z (B) xþ 1, y, z (C) �x, y,�zþ 1 for 1;
(A) x,�y, z� 1/2 (B) �xþ 1/2,�yþ 1/2,�zþ 2 (C) x,�y, zþ 1/2 for 2.

Silver coordination polymer 2663
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Supplementary material

Crystallographic data (excluding structure factors) for the structures in this article have

been deposited with the Cambridge Crystallographic Data Centre with supplementary

publication numbers CCDC 746694 and 746695. These data can be obtained free

Figure 2. (a) The asymmetric unit of 2. (b) The 2-D pleated rectangular grids by APZ ligands and Ag(I).
(c) The macrocyclic building units for 2 showing � � � �� interactions between layers. (d) A diagram showing
interactions among the pleated rectangular grids of 2 and CF3COO�.

2664 H.-A. Tsai et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

22
 1

3 
O

ct
ob

er
 2

01
3 



of charge from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
[Fax: þ44(0)-1223-336033 or E-mail: deposit@ccdc.cam.ac.uk].
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