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Seven new silver(I) coordination compounds based on dimethylpyrazine (dmpyz), [Ag4(2,5−dmpyz)(ndc)2]n ,
[Ag2(2,5−dmpyz)(pma)0.5]n, [Ag4(2,3−dmpyz)2(mpa)2]n, [Ag2(2,3−dmpyz)(npa)]n, [Ag(2,3−dmpyz)0.5(opa)0.5]n,
[Ag6(2,3−dmpyz)3(mpa)3]n and [Ag6(2,3−dmpyz)2(tma)2 ·5H2O]n, have been synthesized and have been characterized by
elemental analyses, IR spectra and single-crystal X-ray diffraction. In compound 1, two types of Ag4 units are linked by the
organic ligands to three-dimensional supramolecular framework. Compound 2 also shows a 3D network based on a [Ag4O2]
six-membered rings. Compounds 3 and 6 are both 2D 44 − sql nets, in which the Ag4 units and Ag6 units are observed,
respectively. In compound 4, the npa ligand adopts a µ5−η1 : η1 : η1 : η2 mode to link zigzag Ag4 SBUs, giving a 2D network.
Compound 5 shows a 1D infinite silver chain clamped by the opa ligands. In 7, six coordinated Ag(I) ions propagate to an
infinite 1D silver strap and the 2,3-dmpyz and tma ligands link the silver strap into 3D framework. The high structural diversity
of the compounds and the Ag units are highly dependent on the solvent and the coordination mode of carboxylate. The thermal
stabilities and photoluminescence behaviours of the compounds were also discussed.

1 Introduction

There is an immense current interest among the structural and
bioinorganic chemists to explore the coordination chemistry
of coinage metal ions exploiting the semiconductor, lumi-
nescence, medicinal and structural properties.1–10 The closed
shell d10 electronic configuration of Ag(I) results in argen-
tophilic interaction which plays an important role in construct-
ing fascinating structures.11–15 Despite the repulsion expected
between two closed-shell metal cations, there are a number of
examples of Ag(I) coordination compounds (CCs) with short
Ag-Ag interactions that have been structurally characterized,
ranging from dimers to intricate high-nuclearity clusters. The
silver aggregates occur widely in silver-ethynide supramolec-
ular synthon,16–18 which may be due to the diverse coordina-
tion modes of the alkynyl moiety and the tendency to form
argentophilic interaction. However, the silver clusters are rel-
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atively lack in silver-organic coordination polymers except for
the silver-ethynide coordination compounds.

There are large numbers of coordination polymers reported
in recent years with interesting structures and excellent prop-
erties. However, it is not exact science to predict structures
as very many factors can dramatically change the framework
structure and physical properties. At this stage, confidence in
accomplishing this goal is based upon the sophisticated selec-
tion and utilization of suitable organic ligands.

In the previous literatures, many Ag(I) coordination
polymers which rest on pyrazine and its derivatives were
obtained, however the complicated silver units in the co-
ordination polymers were seldom observed .19–26 Based
on above considerations, our interest has been focused
on dimethylpyrazine-carboxylate mixed ligand silver co-
ordination polymers in which various silver units formed
by Ag · · ·Ag interaction exit. Herein we focus on the
self-assembly of silver (I) and pyrazine derivatives (2,3-
dimethylpyrazine (2,3-dmpyz) and 2,5-dimethylpyrazine
(2,5-dmpyz) )combining aromatic carboxylates as aux-
iliary ligands and obtained seven novel CCs, namely,
[Ag4(2,5−dmpyz)(ndc)2]n (1), [Ag2(2,5−dmpyz)(pma)0.5]n
(2), [Ag4(2,3−dmpyz)2(mpa)2]n (3),
[Ag2(2,3−dmpyz)(npa)]n (4), [Ag(2,3−dmpyz)0.5(opa)0.5]n
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(5), [Ag6(2,3−dmpyz)3(mpa)3]n(6) and
[Ag6(2,3−dmpyz)2(tma)2 ·5H2O]n(7) (2,3-dmpyz = 2,3-
dimethylpyrazine, 2,5-dmpyz = 2,5-dimethylpyrazine, H2ndc
= 1,4-naphthalenedicarboxylic acid, H4pma = pyromellitic
acid, H2mpa = m-phthalic acid, H2npa = 3-nitrophthalic acid,
H2opa = o-phthalic acid, H3tma = trimesic acid, DMF =
N,N′-dimethylformamide). Different kinds of silver clusters
formed by Ag · · ·Ag interactions were observed in the seven
coordination compounds.

2 Experimental

2.1 Materials and methods

All chemicals and solvents used in the syntheses were of ana-
lytical grade and used without further purification. IR spectra
were measured on a Nicolet Avatar 330 FTIR Spectrometer at
the range of 4000 - 500 cm−1. Elemental analyses were carried
out on a CE instruments EA 1110 elemental analyzer. Pho-
toluminescence spectra were measured on a Hitachi F-7000
Fluorescence Spectrophotometer (slit width: 5 nm; sensitivi-
ty: high). TG curves were measured from 25 to 800 ◦C on a
SDT Q600 instrument at a heating rate 10 ◦C min−1 under the
N2 atmosphere (100 mL min−1). X-ray powder diffraction-
s were measured on a Rigaku Ultima IV diffractometer with
Cu-Kα radiation.

2.2 Syntheses

2.2.1 [Ag4(2,5−dmpyz)(ndc)2]n (1). Ag2O (23.1 mg,
0.1 mmol), H2ndc (21.6 mg, 0.1 mmol) and 2,5-dmpyz (10.2
mg, 0.1 mmol) were dissolved in ethanol-DMF mixed solvent
(6 mL, v/v: 3/3) under stirring. Then aqueous NH3 solution
(25%, 1 mL) was dropped into the mixture to give a clear so-
lution under ultrasonic treatment. The resultant solution was
allowed to evaporate slowly in darkness at room temperature
for several days to give colourless crystals of 1. (Yield: 75%,
based on silver). Anal. Calc. (found) for Ag4C30H20N2O8:
C, 37.23 (37.15); H, 2.08 (2.01); N, 2.89 (2.91)%. IR (KBr):
ν(cm−1) = 3417 (s), 1560 (s), 1461 (w), 1410 (s), 1367 (s),
1260 (w), 1211 (w), 1158 (w), 1120 (w), 1031 (w), 970 (w),
865 (w), 820 (m), 797 (m), 666 (w).

2.2.2 [Ag2(2,5−dmpyz)(pma)0.5]n (2). The synthesis of
2 was similar to that of 1, but with H4pma (25.4 mg, 0.1 mmol)
in place of H2ndc and using methanol-ethanol (6 mL, v/v: 3/3)
as solvent. The resultant solution was allowed to evaporate
slowly in darkness at room temperature for several days to
give the yellow crystals of 2. (Yield: 65%, based on silver).
Anal. Calc. (found) for Ag2C11H9N2O4: C, 29.43 (29.34); H,
2.02(2.10); N, 6.24 (6.27)%. IR (KBr):ν (cm−1) =3388 (m),
1569 (s), 1485 (m), 1452 (w), 1420 (w), 1377 (s), 1325 (m),

1292 (m), 1159 (m), 1136 (m), 1058 (m), 1032 (m), 925 (m),
860 (m), 800 (m), 758 (m), 660 (m).

2.2.3 [Ag4(2,3−dmpyz)2(mpa)2]n (3). The synthesis of
3 was similar to that of 1, but with H2mpa (16.6 mg, 0.1 m-
mol) in place of H2ndc and with 2,3-dmpyz in place of 2,5-
dmpyz. The resultant solution was allowed to evaporate slow-
ly in darkness at room temperature for several days to give the
yellow crystals of 3. (Yield: 78%, based on silver). Anal.
Calc. (found) for Ag4C28H24N4O8: C, 34.46 (34.55); H,
2.48(2.44); N, 5.74 (5.71)%. IR (KBr):ν (cm−1) =3419 (w),
1592 (m), 1540 (s), 1363 (s), 1170 (m), 1078 (w), 997 (w),
971 (w), 935 (w), 844 (w), 815 (w), 740 (s), 709 (s), 657 (m).

2.2.4 [Ag2(2,3−dmpyz)(npa)]n (4). The synthesis of 4
was similar to that of 3, but with H2npa (21.1 mg, 0.1 m-
mol) in place of H2mpa and using DMF-H2O (6 mL, v/v: 3/3)
as solvent. The resultant solution was allowed to evaporate
slowly in darkness at room temperature for several days to
give the colorless crystals of 4. (Yield: 62%, based on silver).
Anal. Calc. (found) for Ag2C14H11N3O6: C, 31.55 (31.51);
H, 2.08(2.11); N, 7.88 (7.93)%. IR (KBr):ν (cm−1) =3334
(m), 3151 (m), 1569 (s), 1533 (s), 1432 (m), 1384 (s), 1209
(w), 1089 (w), 1000 (w), 866 (w), 827 (m), 775 (w), 715 (w),
649 (w).

2.2.5 [Ag(2,3−dmpyz)0.5(opa)0.5]n (5). The synthesis of
5 was similar to that of 3, but with H2opa (16.6 mg, 0.1 mmol)
in place of H2mpa and using acetonitrile-methanol (6 mL, v/v:
3/3) as solvent. The resultant solution was allowed to evapo-
rate slowly in darkness at room temperature for several days to
give the colorless crystals of 5. (Yield: 68%, based on silver).
Anal. Calc. (found) for AgC7H6NO2: C, 34.46 (34.44); H,
2.48(2.51); N, 5.74 (5.69)%. IR (KBr):ν (cm−1) =3396 (m),
3079 (w), 1569 (s), 1403 (s), 1261 (w), 1170 (m), 1083 (m),
998 (w), 854 (w), 831 (w), 761 (m), 730 (m), 692 (m), 651
(m).

2.2.6 [Ag6(2,3−dmpyz)3(mpa)3]n (6). The synthesis of
6 was similar to that of 3, but using methanol-DMF (6 mL,
v/v: 3/3) as solvent. The resultant solution was allowed to
evaporate slowly in darkness at room temperature for several
days to give the colorless crystals of 6. (Yield: 74%, based on
silver). Anal. Calc. (found) for Ag6C42H36N6O12: C, 34.46
(34.51); H, 2.48(2.44); N, 5.74 (5.71)%. IR (KBr):ν (cm−1)
=3373 (m), 1600 (m), 1546 (s), 1365 (s), 1261 (w), 1174 (m),
1076 (w), 997 (w), 973 (w), 935 (w), 904 (w), 844 (w), 815
(m), 740 (s), 709 (s), 655 (m).

2.2.7 [Ag6(2,3−dmpyz)2(tma)2 ·5H2O]n (7). The syn-
thesis of 7 was similar to that of 3, but with H3tma (21.0 mg,
0.1 mmol) in place of H2mpa and using DMF-H2O (6 mL,
v/v: 3/3) as solvent. The resultant solution was allowed to e-
vaporate slowly in darkness at room temperature for several
days to give the colorless crystals of 7. (Yield: 79%, based on
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silver). Anal. Calc. (found) for Ag6C30H32N4O17: C, 26.34
(26.38); H, 2.36 (2.44); N, 4.10 (4.14)%. IR (KBr):ν (cm−1)
=3276 (m), 1610 (s), 1564 (s), 1427 (s), 1351 (s), 1170 (w),
1103 (w), 1006 (w), 983 (w), 931 (w), 767 (w), 723 (m).

2.3 X-ray crystallography

Single crystals of the compounds 1-7 with appropriate di-
mensions were chosen under an optical microscope and
quickly coated with high vacuum grease (Dow Corning
Corporation) before being mounted on glass fibres for da-
ta collections. Data for 1-7 were collected on a Rigaku
R-AXIS RAPID Image Plate single-crystal diffractometer
with graphite-monochromated Mo Kα radiation source (λ=
0.71073 Å) operating at 50 kV and 90 mA in ω scan mode.
A total of 44× 5.00◦ oscillation images were collected, each
being exposed for 20 s. The cell refinements and data reduc-
tions for 1-7 were accomplished with the PROCESS-AUTO
processing program.27 Absorption correction was applied by
correction of symmetry-equivalent reflections using the AB-
SCOR program.28

Cell parameters were retrieved using SMART software and
refined with SAINT on all observed reflections. Data reduc-
tion was performed with the SAINT software and corrected
for Lorentz and polarization effects. Absorption corrections
were applied with the program SADABS .29 In all cases, the
highest possible space group was chosen. All structures were
solved by direct methods using SHELXS-9730 and refined
on F2 by full-matrix least-squares procedures with SHELXL-
9731 in Olex2.32 Atoms were located from iterative examina-
tion of difference F-maps following least squares refinements
of the earlier models. Hydrogen atoms were placed in calcu-
lated positions and included as riding atoms with isotropic dis-
placement parameters 1.2-1.5 times Ueq of the attached C or N
atoms. The hydrogen atoms attached to oxygen were refined
with O-H = 0.85 Å, and Uiso (H) = 1.2Ueq (O). All structures
were examined using the Addsym subroutine of PLATON33

to assure that no additional symmetry could be applied to the
models. Pertinent crystallographic data collections and refine-
ment parameters are collated in Table 1. The bond lengths and
angles of Ag · · ·Ag interaction for 1-7 are collated in Table 2.
The parameters of π · · ·π interactions in 1, 2 and 4 are shown
in Table S1, ESI.†Selected bond lengths and angles for 1-7 are
collated in Table S2. ESI.†

3 Results and discussions

3.1 General characterization

Powder X-ray diffraction (PXRD) has been used to check the
phase purity of the bulk samples in the solid state. For com-
plexes 1-7, the measured PXRD patterns closely match the

simulated patterns generated from the results of single-crystal
diffraction data (Fig. S1, ESI.†), indicative of pure product-
s. The IR spectra (Fig. S2, ESI.†) of complexes 1-7 also
show characteristic absorption bands mainly attributed to the
asymmetric (νas : ca. 1600 cm−1) and symmetric (νs : ca.1385
cm−1) stretching vibrations of the carboxylic groups. No band
in the region 1690− 1730 cm−1 indicates complete deproto-
nation of the carboxylic groups,34 which is consistent with the
result of the X-ray diffraction analysis.

3.2 Structure descriptions

3.2.1 [Ag4(2,5−dmpyz)(ndc)2]n (1). Single crystal X-
ray diffraction analysis reveals that complex 1 crystallized in
the triclinic space group P-1. The asymmetric unit of complex
1 contains four crystallographically independent Ag(I) ion, t-
wo ndc and one dmpyz ligands. A view of the local coordi-
nation geometries around Ag(I) ions is shown in Fig. 1a. The
Ag1 and Ag4, both coordinated by two O atoms from two ndc
ligands, respectively, are located in approximately linear envi-
ronments with angles of 171.38(15)◦ and 173.59(16)◦, which
slightly deviate from the ideal 180◦ due to Ag · · ·Ag interac-
tion. Ag2 is bound to three O atoms and one N atom resulting
in a distorted tetrahedral geometry, the distortion of the tetra-
hedron can be indicated by the calculated value of the τ4 pa-
rameter introduced by Houser35 to describe the geometry of a
four-coordinated metal system, which is 0.67 for Ag2 (for per-
fect tetrahedral geometry, τ4=1). The coordination environ-
ment of Ag3 can be described as a Y-shaped geometry which
is constructed by one N atom (N2) and two O atoms from two
carboxyl groups with the largest angle of 151.15(16)◦. The
Ag-N and Ag-O bond lengths fall in the expected range. The
ndc anion acts as a bridging ligand with two bridging modes
of µ4−η1 : η1 : η1 : η1 and µ5−η2 : η1 : η1 : η1. Notably,
the distance between the silver atoms varies from 2.8383(8)
to 3.3696 Å, being shorter than twice the van der Waals ra-
dius of silver ions (3.44 Å)36 and suggesting the presence of
significant argentophilic interactions.

As a result, two types of Ag4 baskets are formed by the sil-
vers atoms (Fig. 1c). One type of the Ag4 baskets are linked
by the ndc ligands with a µ4−η1 : η1 : η1 : η1 bridging mode
to generate a infinite 1D chain, however, the other type of the
Ag4 baskets form a 2D net with the assistance of ndc which
adopts a µ5−η2 : η1 : η1 : η1 bridging mode (Fig. 1b). Then
the dmpyz ligands connect the 1D chains with the 2D net-
s extending the 2D sheet into 3D supramolecular framework
(Fig. 1d ). Weak aromatic π · · ·π stacking interactions ex-
ist between the adjacent phenyl rings and pyrazines (Fig. S5,
ESI.†).

3.2.2 [Ag2(2,5−dmpyz)(pma)0.5]n (2). When H2ndc is
replaced by H4pma, we obtain a 3D coordination polymer
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which crystallizes in the triclinic space group P-1. Each asym-
metric unit is comprised of two Ag(I) ions, one dmpyz ligand
and a half of pma anion. As shown in Fig. 2a, both Ag1 and
Ag2 display square-pyramidal coordination geometry, com-
pleted by one N atoms from dmpyz ligand and four O atoms
belonging to three pma anions, respectively. Addison has de-
fined a geometric parameter τ5

37 (τ5 = [(θ −ϕ)/60], where
θ and ϕ are the angles between the donor atoms forming the
basal plane in square-pyramidal geometry) to five-coordinate
metal system as an index of the degree of distortion. The τ5 pa-
rameters for Ag1 and Ag2 are 0.55 and 0.36, respectively (for
ideal square-pyramidal geometry, τ5 = 0). And the pma an-
ions clamp Ag(I) ions to give a [Ag4O2] six-membered rings.
The distance of the Ag · · ·Ag interaction in the intrasubunit is
3.1697(9) Å.

As shown in Fig. 2b, the [Ag4O2] rings are linked by pma
anions with a µ12 − (η1,η3) : (η2,η2) : (η3,η1) : (η2,η2)
bridging mode to form a 2D net. Consequently, the dmpyz
ligands link the adjacent 2D polymeric sheets into a 3D
supramolecular structure (Fig. 2c). The columns of π · · ·π s-
tacking between the alternating pyrazines and phenyl rings are
formed along a-axis, which make a significant contribution to
consolidate the 3D structure (Fig. S6, ESI.†).

3.2.3 [Ag4(2,3−dmpyz)2(mpa)2]n (3). Complex 3 crys-
tallizes in the orthorhombic crystal system with space group of
Pca21. There are four crystallographically independent Ag(I)
ions, two 2,3-dmpyz and two mpa in the asymmetric unit of 3
(Fig. 3a). The Ag1, Ag2 and Ag4 ions are similarly located
in T-shaped geometries, completed by two O atoms belonging
to two different mpa ligands and one N atom from 2,3-dmpyz
ligand, respectively. Ag3 locates in the four-coordinated ge-
ometry, in detail, the Ag3 is coordinated by one N atom from
2,3-dmpyz and three O atoms from three different mpa lig-
ands. The distortion of the tetrahedron can be indicated by the
calculated value of the τ4 parameter introduced by Houser35 to
describe the geometry of a four-coordinate metal system. And
the τ4 parameter is 0.66 for Ag3. The Ag-O and Ag-N bond
lengths fall in the ranges of 2.194(8) - 2.579(7) and 2.394(9)
- 2.421(9) Å, respectively. Notably, the distance between the
silver atoms varies from 2.9507(12) to 3.1532(12) Å, being
shorter than twice the van der Waals radius of silver ions (3.44
Å)36. Then, the versatile Ag-Ag weak interactions assemble
these adjacent Ag atoms into Ag4 units.

As shown in Fig. 3b, Ag1 and Ag4 atoms are bridged by µ2-
2,3-dmpyz ligands and µ4−η1 : η1 : η1 : η1-mpa ligands to
form a 2D infinite undulated sheet. At the same time, Ag2 and
Ag3 atoms are also linked by µ2-2,3-dmpyz ligands and µ4−
η1 : η1 : η1 : η1-mpa ligands to a 2D sheet which is parallel
with the above one (Fig. 3c). Then the Ag1-Ag2 and Ag1-
Ag3 interactions link the two kinds of 2D sheets into double
layer (Fig. 3d).

3.2.4 [Ag2(2,3−dmpyz)(npa)]n (4). Complex 4 is a 2D
coordination polymer and crystallizes in space group P21/c.
In the structure of 4, as shown in Fig. 4a, there are two
crystallographically independent Ag(I) ions, one 2,3-dmpyz
and one npa ligand. Ag1 and Ag2 adopt tetrahedral and T-
shaped geometries, respectively. The distortion of the tetrahe-
dral geometry can be indicated by the calculated value of the
τ4 parameter35 to describe the geometry of a four-coordinate
metal system. The τ4 parameter is 0.65 for Ag1. The max-
imum bond angle and sum of bond angles around Ag2 are
154.64(14) and 359.8(14)◦, respectively. The Ag-N and Ag-
O bond lengths fall in the ranges of 2.262(4)-2.277(4) and
2.133(4)-2.603(4)Å, respectively.

It is noteworthy that two different Ag-Ag interactions in
4 fall into the range of 3.0051(7)-3.1628(10)Å, which are
not exceptional and agree with the previously reported val-
ues.38–40 The 2,3-dmpyz ligands coordinate the Ag4 units into
chains along the a axis (Fig. 4b). And also the npa ligand
adopts a µ5−η1 : η1 : η1 : η2 mode to link zigzag Ag4 SBUs,
giving a 2D network. As a result, the Ag atoms are linked by
the 2,3-dmpyz and npa ligands to the resultant 2D coordina-
tion compound. Weak aromatic π · · ·π stacking interactions
exist between the adjacent phenyl rings and pyrazines rein-
forcing the resulting network (Fig. S7, ESI.†).

3.2.5 [Ag(2,3−dmpyz)0.5(opa)0.5]n (5). Complex 5 ex-
hibits a 2D net containing an infinite silver wire. It crystallizes
in the monoclinic crystal system with space group of C2/c. As
shown in Fig. 5a, in the asymmetric unit of 5, there exist one
Ag(I) ion, a half of 2,3-dmpyz and opa ligand. The Ag1 adopt-
s a T-shaped coordination configuration with two O atoms of
opa in the horizontal direction. The coordination environmen-
t is completed by one N atom of 2,3-dmpyz in the axial di-
rection forming a T-shaped unit. The Ag-N and Ag-O bond
lengths fall in the ranges of 2.416(2) and 2.1891(18) -2.218(2)
Å, respectively.

It is noteworthy that two different Ag-Ag interactions in 5
fall into the range of 2.9366(9)-3.2448(9) Å, which are not ex-
ceptional and agree with the previously reported values.41–43

If neglecting all the ligands, the Ag(I) ions aggregate along the
a axis into a chain (Fig. 5b). Then the carboxyl groups of the
µ4−η1 : η1 : η1 : η1-opa ligands clamp the Ag ions to make
the silver chain more stable. The silver wires are connected to
the 2D network by the 2,3-dmpyz ligands.

3.2.6 [Ag6(2,3−dmpyz)3(mpa)3]n (6). Single-crystal X-
ray diffraction analysis reveals that complex 6 crystallizes in
the monoclinic space group P21/c and is a 2D wavy 44−sql
net. The asymmetric unit of 6 was comprised of six silver ion-
s, three 2,3-dmpyz ligands and three mpa ligands. As shown
in Fig. 6a, Ag1, Ag2, Ag5 and Ag6 all lie in nearly T-shaped
geometry completed by two O atoms from two different m-
pa and one N atom from 2,3-dmpyz ligand. Ag3 is four-
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coordinated by one N atom from 2,3-dmpyz ligand and three
O atoms from three different mpa ligands to furnish a distort-
ed tetrahedron geometry. The maximum and minimum bond
angles for Ag3 are 159.3(3) and 91.5(3)◦, respectively. The
distortion of the tetrahedron can be indicated by the calculat-
ed value of the τ4 parameter introduced by Yang et al.35 to de-
scribe the geometry of a four-coordinate metal system, which
is 0.67 (for ideal tetrahedron τ4 = 1). The Ag4 is also locat-
ed in a tetrahedral geometry and coordinated by one N atom
from 2,3-dmpyz ligand and three O atoms from three mpa lig-
ands, which the value of τ4 is 0.68. The Ag-N and Ag-O bond
lengths fall in the range 2.399(10) to 2.444(11) and 2.190(8) to
2.694(8) Å, respectively, which are comparable to the related
coordination compounds.44,45 The argentophilic Ag-Ag dis-
tances vary from 2.9297(19) to 3.3885(14) Å. Such distances
are clearly indicative of the presence of d10−d10 interaction-
s. Furthermore, such Ag-Ag interactions form two types of
Ag6 fragments. In type 1 Ag6 unit, the Ag5-Ag5i interaction
links the two Ag3-triangles (Ag3-Ag4-Ag5). Type 2 Ag6 u-
nit shows a chair-form structure which contains two coplanar
Ag3-triangles (Fig. 6b).

As shown in Fig. 6c, three crystallographic independent
mpa ligands adopt the µ6−η1 : η1 : η2 : η2 and µ4−η1 : η1 :
η1 : η1 modes to link the Ag6 SBUs to form the 44−sql net.
And also the Ag6 SBUs in the above 2D net are connected by
the 2,3-dmpyz to form another 44−sql net (Fig. 6d), giving
the resulting structure (Fig. 6e).

3.2.7 [Ag6(2,3−dmpyz)2(tma)2 ·5H2O]n (7). Com-
pound 7 exhibits a 1D infinite silver strap in the 3D frame-
work. It crystallizes in the monoclinic crystal system with
space group of P21/c. There are six crystallographically inde-
pendent Ag(I) ions, two tma, two 2,3-dmpyz ligands and five
lattice water molecules in the asymmetric unit of 7 (Fig. 7a).
The Ag1 is located in a nearly linear geometry at the largest
angle of 162.41(12)◦ and coordinated by one N atom from 2,3-
dmpyz and one O atom from tma ligand. The Ag2 ion adopts
a nearly T-shaped geometry completed by three O atoms from
three different tma ligands. Ag3, Ag4 and Ag5 display dis-
torted tetrahedral coordination geometries which τ4 parame-
ters are 0.76 for Ag3, 0.59 for Ag4 and 0.71 for Ag5. The
Ag3 and Ag5 are both surrounded by one N atom from 2,3-
dmpyz and three O atoms from three distinct tma. The Ag4 is
surrounded by four O atoms from three different tma and one
water molecule. The coordination environment of Ag6 can be
described as a Y-shaped geometry which is constructed by two
O atoms from one tma and one N atom with the largest bond
angle of 163.79(11)◦. The Ag-N and Ag-O bond distances are
within the expected ranges, which arrange from 2.125(3) to
2.375(3) and 2.102(3) to 2.693(3) Å. The argentophilic Ag-Ag
distances vary from 2.8531(5) to 3.3519(10) Å. Interestingly,
all neighboring six coordinated Ag(I) ions propagate to an in-

finite 1D silver strap in which the Ag6 units are connected by
Ag1-Ag6 interactions (Fig. 7b). The silver straps are connect-
ed by the 2,3-dmpyz ligands to form a 2D net (Fig. 7c).

As shown in Fig. 7d, two crystallographic independent tma
ligands adopt the µ7− (η1,η2) : (η1,η2) : (η1,η1) and µ7−
(η2,η0) : (η2,η1) : (η1,η1) modes to link the silver straps to
form 3D framework.

3.3 Effect of different solvent system and carboxylates
ligands on assembly

As is shown in the descriptions above, seven novel Ag(I) CPs
with the dmpyz and different carboxylates were successfully
synthesized and characterized. Based on the X-ray analysis re-
sults, 1 is 3D molecule in which the carboxylates show two co-
ordination modes. The µ4−η1 : η1 : η1 : η1 ndc ligands link
the Ag ions to form a 1D chain while the µ5−η2 : η1 : η1 : η1

ndc ligands coordinate the Ag ions to form a 2D network. Ef-
fect of the ndc ligands are distinct due to their difference of the
coordination modes. For 2, the pma has four carboxyl groups
evenly distributed on the benzene ring, so the silver ions can
be linked to a 2D structure by them. In the presence of the
same carboxylate ligand, but different solvent systems, com-
pounds 3 and 6 are both 2D structures but the silver units in
the compounds and the inter structures are very different. For
3, the Ag-Ag interactions form one kind of Ag4 unit. But in
6, two types of Ag6 units are formed by the argentophilic in-
teraction. Compound 3 shows a double layer formed by two
layers which has the same structure but different directions.
Compound 6 exhibits multi-layer sandwich structure in which
the two outer layers and the middle one are in the same struc-
ture but different directions. For 4 and 5, both of the npa and
opa have two carboxyl groups, but npa has a nitro group. The
npa in 4 link the Ag4 units to form a 2D network but the opa
in 5 clamps the silver ions to form a infinite silver chain. In
7, the tma shows two different coordination modes. The tma
ligands coordinate the silver chains to 3D framework and also
make the Ag-Ag interactions more stable.

3.4 The various silver units in the coordination polymers

Varying coordination number and flexible coordination ge-
ometries around Ag(I) including linear, trigonal, pyramidal,
square planar, tetrahedral, and octahedral have made it a dis-
tinct metal node to synthesize macrocycles, polymetallic clus-
ters and higher periodic coordination polymers.46–51 The co-
ordination number of the silver ions in 2 are both 5 for Ag1
and Ag2, so it is very hard to form complicated silver units
due to space steric hindrance. Different kinds of Ag4 units are
observed in 1, 3 and 4. The average coordination numbers for
silver ions in these three polymers are almost equal, between
2 and 3. In complex 5, the coordination number and geometry
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for the silver ions are all same because there are only one sil-
ver ion in the asymmetric unit. Due to the simple geometry of
Ag1, the 1D infinite silver chain was formed. The average co-
ordination numbers and geometries of the silver ions in 6 and
7 are very similar. The Ag6 units are both observed the two
polymers. However, the Ag6 units in 7 are infinite but not in 6
because the average coordination number for 7 is less than the
one for 6.

3.5 Thermogravimetric Analyses.

The thermal behaviors of 1-7 were studied by TGA (Fig. S3,
ESI.†). The experiments were performed on the samples con-
sisting of numerous single crystals under N2 atmosphere with
a heating rate of 10 ◦C min−1 . The TGA curves of compound-
s 1 and 2 display similar character. The decompositions of
them start at about 230 and 270 ◦C, accompanying the release
of the 2,5-dmpyz and carboxylate ligands. The TGA curves
of 3-6 display similar character. The decompositions of them
start at about 120-200 ◦C, accompanying the release of the
2,3-dmpyz and carboxylate ligands. For 7, the CPs start to de-
compose at about 40 ◦C accompanying loss of lattice water
molecules (Calcd. and found: 6.6% and 5.7%), then it does
not decompose until the temperature reaches 242 ◦C, then the
coordinated network begins to decompose, accompanying the
release of the 2,3-dmpyz and tma ligands.

3.6 Photoluminescence properties

The Ag(I) CPs with aromatic ligands have received much
attention for the development of chemical sensors, white
light-emitting diodes (LEDs), and electroluminescent materi-
als (OLEDs) for displays52–58. Thus, the photoluminescence
properties of 1-7 as well as free ligand were investigated in
the solid state at room temperature as shown in Fig. 5 and
Fig. S4, ESI.†. The free ligands 2,5-dmpyz and 2,3-dmpyz
display photoluminescence with emission maxima at 473 nm
and 354 nm (λex = 300 nm). It can be presumed that this peak
originates from the π∗ → n or π → π∗ transitions59. Intense
emissions are observed at 407 nm for 1, 415 nm for 2, 330 nm
for 3, 332 nm for 4, 351 nm for 5, 339 nm for 6 and 336 nm
for 7 (λex = 300 nm), respectively. The maximum emission
wavelengths of compounds 1 and 2 undergo a blue shift. The
emission bands of compounds 1 and 2 are mainly attributed to
an intraligand emission state as reported for d10 metal com-
pounds with N-donor ligands.60 The intense emission bands
for 3-7 are similar to that of the corresponding 2,3-dmpyz lig-
and probably due to the intraligand π → π∗ transitions.61 On
the other hand,the Ag-Ag interactions have an important influ-
ence on the energy gap between the ground and excited states
and have been reported as an important factor contributing to
the photoluminescent properties of coinage d10 metal coordi-

nation compounds. So the different emissive behaviors may
be arise from the synergistic effects of different interactions
(such as hydrogen bonds and Ag-Ag interactions), which can
result in the different HOMO-LUMO gap.62–64

4 Conclusion

Using 2,5-dmpyz and 2,3-dmpyz as ligands, seven new coor-
dination compounds with different structures and dimension-
alities from 2D networks to 3D frameworks were synthesized
and structurally characterized. Interestingly, these seven CPs
provide a way of understanding the versatile structures of sil-
ver units. The present work shows that the nitrogen-containing
ligands and the carboxylate ligand play pivotal roles in the for-
mation and determination of the silver units in the Ag contain-
ing polymers. The various structures of the silver units in the
coordination polymers may be attributed to the different aver-
age coordination numbers and the complexity of coordination
geometry around Ag(I). In our work, the silver ions with less
coordination number and simpler coordination geometry tend
to form more complex multinuclear Ag units in the coordina-
tion polymers.
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Fig. 1 (a) The coordination environment of Ag (I) ions in 1 with the thermal ellipsoids at 50% probability 
level. Hydrogen atoms are omitted for clarity. (b) View of the 1D chain and 2D sheet of complex 1. (c) 

Schematic representation of the Ag4 baskets. (d) Schematic representation of the 3D framework including 
Ag•••Ag interactions (pink dashed lines). (Symmetry codes: (i) 1−x, 2−y, 1−z; (ii) −1+x, −1+y, z; (iii) x, 

−1+y, z; (iv) 2−x 3−y, 1−z; (v) 1−x, 1−y, −z; (vi) −x, −y, −z; (vii) 1+x, 1+y, z.)  
101x60mm (300 x 300 DPI)  
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Fig. 2 (a) The coordination environment of Ag (I) ions in 2 with the thermal ellipsoids at 50% probability 
level. Hydrogen atoms are omitted for clarity. (b) The 2D net in 2 including [Ag4O2] units. (c) The 3D 

supramolecular structure extended from 2D nets through dmpyz ligand. (Symmetry codes: (i) −x, 2−y, −z; 

(ii) 1−x, 2−y, −z; (iii) −x, 2−y, 1−z; (iv) −1+x, y, z; (v) x+1, y, z.)  
143x246mm (300 x 300 DPI)  
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Fig. 3 (a) The coordination environment of Ag (I) ions in 3 with the thermal ellipsoids at 50% probability 
level. Hydrogen atoms are omitted for clarity. (b) The 2D net cooperated by Ag1 and Ag4. (c) The 2D net 

cooperated by Ag2 and Ag3. (d) The double layer combined by the two kinds of networks. (Symmetry 

codes: (i) –x, 2−y, −1/2+z; (iii) –x, 1−y, −1/2+z.)  
162x318mm (300 x 300 DPI)  
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Fig. 4 (a) The coordination environment of Ag (I) ions in 4 with the thermal ellipsoids at 50% probability 
level. Hydrogen atoms are omitted for clarity. (b) The chains along the a axis formed by 2,3-dmpyz and Ag4 

units. (c) The 2D network consolidated by npa ligands. (d) Ball-and-stick view of resulting 2D sheet. 

(Symmetry codes: (ii) −x, 1−y, −z; (iv) −x, 2−y, −z (v) 1+x, y, z; (vii) −1+x, y, z.)  
120x84mm (300 x 300 DPI)  
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Fig. 5 (a) The coordination environment of Ag (I) ions in 5 with the thermal ellipsoids at 50% probability 
level. Hydrogen atoms are omitted for clarity. (b) Presentation of 1D infinite Ag chain. (c) Ball-and-stick 

view of 2D sheet. (Symmetry codes: (i) −x+2, y, −z+1/2; (ii) −x+3/2, −y+1/2, −z.)  

129x200mm (300 x 300 DPI)  
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Fig. 6 (a) The coordination environment of Ag (I) ions in 6 with the thermal ellipsoids at 50% probability 
level. Hydrogen atoms are omitted for clarity. (b) View of the two types of Ag units. (c) The 2D network 

consolidated by mpa ligands. (d) The 2D network consolidated by 2,3-dmpyz ligands. (e) View of the 
resulting 2D structure (red line: mpa ligand; blue line: 2,3-dmpyz ligand). (Symmetry codes: (i) −x−1, −y, 

−z−1; (ii) x−1, y, z−1; (iii) x−1, y, z;  (vi) x, y, z−1; (vii) −x, −y, −z−2; (viii) x+1, y, z.)  
166x161mm (300 x 300 DPI)  
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Fig. 7 (a) The coordination environment of Ag (I) ions in 7 with the thermal ellipsoids at 50% probability 
level. Hydrogen atoms are omitted for clarity. (b) View of the infinite Ag strap. (c) The 2D network 

consolidated by 2,3-dmpyz. (d) 3D supramolecular architecture constructed by tma ligands. (Symmetry 

codes: (iii) –x, −1/2+y, 1/2−z; (iv) –x, 1/2+y, 1/2−z; (v) –x, 2−y, 1−z; (vi) 1−x, 1/2+y, 1/2−z; (ix) 1−x, 
−1/2+y, 1/2−z; (x) 1−x, 1−y, 1−z.)  

116x78mm (300 x 300 DPI)  
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Fig. 8 Photoluminescence properties of CPs 1–7.  

65x50mm (600 x 600 DPI)  
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Table 1  Pertinent crystallographic data collections and refinement parametersa 

 

Compound 1 2 3 4 5 6 7 

Empirical formula Ag4C30H20N2O8 Ag2C11H9N2O4 Ag4C28H24N4O8 Ag2C14H11N3O6 AgC7H6NO2 Ag6C42H36N6O12 Ag6C30H32N4O17 

Formula weight 967.96 448.94 975.99 533.00  244.00  1463.99 1367.82 

Crystal system triclinic triclinic orthorhombic monoclinic monoclinic monoclinic monoclinic 

Space group P-1 P-1 Pca21 P21/c C2/c P21/c P21/c 

a/Å 8.059(2) 6.483(2) 13.687(2) 7.2517(14) 9.3459(19) 14.757(3) 16.306(2) 

b/Å 10.243(4) 9.222(4) 14.880(3) 7.7768(15) 21.924(4) 20.578(4) 11.578(4) 

c/Å 17.378(3) 10.555(3) 13.809(4) 25.608(4) 7.0573(14) 13.995(2) 19.417(3) 

α/° 98.88 64.498 90.00  90.00  90.00  90.00  90.00  

β/° 96.736(4) 81.417(4) 90.00  90.522(4) 106.11(3) 90.040(4) 90.207(4) 

γ/° 105.14 80.977 90.00  90.00  90.00  90.00  90.00  

V/Å3 1349.4(7) 560.1(3) 2812.4(11) 1444.1(5) 1389.2(5) 4249.9(13) 3665.5(16) 

Z, Dcalcd (Mg/m3) 2, 2.382 2, 2.6616 4, 2.305 4, 2.4513 8, 2.333 4, 2.288 4, 2.479 

m/mm-1 2.919 3.507 2.804 2.754  2.838 2.783 3.225 

F(000) 932 430 1888 1025.2 944 2832 2632 

Reflections collected 13421 4516 26285 13821 6641 39010 33673 

Independent reflections 6141 2034 6424 3299 1590 9705 8372 

Data/restraints/parameters 6141/0/399 2034/0/174 6424/1/403 3299/0/227 1590/0/100 9705/0/602 8372/0/522 

Goodness-of-fit on F2 1.082 1.102 1.000  1.022 1.115 1.01 1.182 

Rint 0.0795 0.035 0.1199 0.0691 0.0497 0.1137 0.0422 

Final R indexesa [I>=2σ 

(I)] 
R1 = 0.0408, 

wR2 = 0.1079 

R1 = 0.0270, 

wR2 = 0.0651 

R1 = 0.0600, 

wR2 = 0.1318 

R1 = 0.0395, 

wR2 = 0.0823 

R1 = 0.0294, 

wR2 

= 0.0743 

R1 = 0.0818, 

wR2 = 0.1963 

R1 = 0.0298, 

wR2 = 0.0748 

Final R indexes [all data] 
R1 = 0.0546, 

wR2 = 0.1133 

R1 = 0.0305, 

wR2 = 0.0689 

R1 = 0.0824, 

wR2 = 0.1496 

R1 = 0.0580, 

wR2 = 0.0977 

R1 = 0.0324, 

wR2 

= 0.0775 

R1 =0.1410, 

wR2 = 0.2676 

R1 = 0.0361, 

wR2 = 0.0776 

Largest diff. peak/hole / 

e·Å-3 
2.04/-2.18 1.13/-0.84 1.82/-1.56 1.13/-1.51 0.83/-2.20 2.25/-2.43 1.15/-1.67 

aR1 = Σ| |Fo|-|Fc| |/ Σ|Fo|, wR2 = [Σw(Fo
2-Fc

2)2]/ Σw(Fo
2)2]1/2         
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Table 2  Selected bond lengths and angles of Ag···Ag interaction for 1−7 

 

Compound 1               

Ag1—Ag1i 3.0048(9) Ag3—Ag3v 3.3696(10) Ag1—Ag2i 2.8533(7) Ag3—Ag4v 2.8383(8) 

Ag1—Ag2 3.0631(9) Ag3—Ag4 2.9671(10) 
   

Ag1i—Ag1—Ag2 56.089(16) Ag2i—Ag1—Ag1i 62.99(2) Ag2i—Ag1—Ag2 119.08(2) Ag1i—Ag2—Ag1 60.92(2) 

Ag4—Ag3—Ag3v 52.756(16) Ag4v—Ag3—Ag3v 56.32(2) Ag4v—Ag3—Ag4 109.08(2) Ag3v—Ag4—Ag3 70.92(2) 

Symmetry codes: (i) 1−x, 2−y, 1−z;  (v) 1−x, 1−y, −z. 
    

        
Compound 2 

       
Ag1—Ag2 3.1697(9) 

     
Ag2—Ag1—Ag2i 90.618(15) Ag1—Ag2—Ag1i 89.382(15) 

   
Symmetry codes: (i) −x, 2−y, −z. 

     

        
Compound 3 

       
Ag1—Ag2 3.1103(12) Ag1—Ag3 3.1532(12) Ag1—Ag4 2.9507(12) 

 
Ag2—Ag1—Ag3 57.51(3) Ag4—Ag1—Ag2 82.69(3) Ag4—Ag1—Ag3 85.11(3) Ag2—Ag3—Ag1 60.53(3) 

Ag3—Ag2—Ag1 61.96(3) 
      

        
Compound 4 

       
Ag1i—Ag2 3.0051(7) Ag2iii—Ag2 3.1628(10) 

   
Ag2iii—Ag2—Ag1vi 108.49(2) 

     
Symmetry codes: (i) x, −1+y, z; (iii) 1−x, 2−y, −z; (iv) −x, 2−y, −z. 

  

        
Compound 5 

       
Ag1—Ag1i 3.2448(9) Ag1—Ag1ii 2.9366(9) 

    
Ag1ii—Ag1—Ag1i 112.00(3) 

     
Symmetry codes: (i) −x+2, y, −z+1/2; (ii) −x+3/2, −y+1/2, −z. 

   

        
Compound 6 

       
Ag1—Ag6iv 3.0539(14) Ag1—Ag6v 3.3885(14) Ag1—Ag2 2.9512(16) Ag3—Ag5 3.1485(14) 

Ag4—Ag3 2.9510(14) Ag4—Ag5 3.2731(13) Ag6—Ag6vii 3.0053(19) Ag5—Ag5i 2.9297(19) 

Ag6iv—Ag1—Ag6v 55.32(3) Ag2—Ag1—Ag6v 88.69(4) Ag4—Ag3—Ag5 64.81(3) Ag3—Ag4—Ag5 60.51(3) 

Ag5i—Ag5—Ag4 82.51(4) Ag5i—Ag5—Ag3 81.58(4) Ag3—Ag5—Ag4 54.67(3) Ag1vi—Ag6—Ag1v 124.68(3) 

Ag6vii—Ag6—Ag1v 56.68(3) Ag6vii—Ag6—Ag1vi 68.00(4) 
    

Symmetry codes: (i) −x−1, −y, −z−1; (iv) x, y, z+1; (v) −x, −y, −z−1; (vi) x, y, z−1; (vii) −x, −y, −z−2. 
 

        
Compound 7 

       
Ag1—Ag6ii 3.3326(12) Ag2—Ag5 3.2128(11) Ag2—Ag1 3.1823(12) Ag2—Ag4 3.1638(8) 

Ag2—Ag3 2.9179(5) Ag5—Ag4 2.8531(5) Ag3—Ag4 3.3519(10) Ag4—Ag6 3.0846(11) 

Ag2—Ag1—Ag6ii 148.299(19) Ag3—Ag2—Ag5 93.609(12) Ag3—Ag2—Ag4 66.748(16) Ag3—Ag2—Ag1 68.405(10) 

Ag4—Ag2—Ag5 53.151(18) Ag4—Ag2—Ag1 132.797(18) Ag1—Ag2—Ag5 144.154(18) Ag2—Ag3—Ag4 60.139(10) 

Ag2—Ag4—Ag3 53.113(17) Ag5—Ag4—Ag3 91.922(13) Ag6—Ag4—Ag2 124.81(2) Ag6—Ag4—Ag3 157.180(15) 

Ag5—Ag4—Ag2 64.304(16) Ag5—Ag4—Ag6 70.304(12) Ag4—Ag5—Ag2 62.545(10) Ag4—Ag6—Ag1i 154.001(17) 

Symmetry codes: (i) x, y+1, z; (ii) x, y−1, z.            
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