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ABSTRACT: A series of new metal-organic frameworks, namely, [Ag(mapym)(suc)0.5 3 0.5H2O]n (1), [Ag2(mapym)2(glu) 3
1.5H2O]n (2), [Ag2(mapym)2(ipa) 3 2H2O]n (3), [Ag2(mapym)2(tpa)(H2O)]n (4), [Ag(dmapym)2(ox)0.5 3H2O] (5), and [Ag(dmapym)-
(bbdc)0.5 3 0.5H2O]n (6) (mapym=2-amino-4-methylpyrimidine, dmapym=2-amino-4,6-dimethylpyrimidine, H2suc=succinic acid,
H2glu=glutaric acid, H2ipa=isophthalic acid, H2tpa=terephthalic acid, H2ox=oxalic acid, H2bbdc=4,4-bibenzenedicarboxylic
acid), have been synthesized and structurally characterized. Complexes 1 and 2 exhibit two-dimensional (2D) interpenetrated and
double-sheet structures, respectively. Complex 3 is a three-dimensional (3D) framework constructed through unusual 2D f 3D
parallel interpenetration of a corrugated 2D 44-sql net. Complex 5 is a 0-dimensional (0D) H-shaped molecule, and the self-
complementary N-H 3 3 3N hydrogen bonds incorporating R4

4(14) hydrogen bond motifs extend these molecules into a 3D
supramolecular framework. Complexes 4 and 6 are also 2D sheets constructed with a similar fashion to that of 1 and 2 but with aryl-
dicarboxylate as bridge. The results show that the coordination geometry of the Ag(I) ions and the configuration and coordination
mode of dicarboxylates as well as the competition between steric and electronic effects of methyl groups on aminopyrimidyl ligands
play crucial roles indetermining the structure of the complexes.Additionally, results about IR spectra, thermogravimetric curves, and
photoluminescence spectra were addressed.

Introduction

Over the past two decades, the crystal engineering of coordi-
nation complexes (CCs) has provoked unparalleled attention
and imagination within coordination chemistry based on as-
sembly of judiciously chosen metal ions ( joints) and multifunc-
tional organic ligands (struts). Much effort has been devoted to
controlling the structuresofCCsbecause their intriguingproper-
ties and potential applications are strongly dependent on their
structures.1 Despite some recent advancement, the ability to
predict andcontrol the supramolecularassembly remainsa long-
standing challenge, and much more elaborate and systematic
work is required to comprehend the inter- and intramolecular
forces that determine the fashions of molecular structure and
crystal packing in the solid state. A better understanding of the
influence factors of structure, including inbeing of themetal ions
and thepredesignedorganic ligands2 aswell asother factors such
as themedium,3 the pHvalue of the solution,4 the temperature,5

the counterion with different bulk or coordination ability, the
template, and the metal/ligand ratio,6 is a prerequisite to ration-
ally design, predict, and synthesize CCs functional materials.
Including the above-mentioned factors, the noncovalent forces,
suchashydrogen-bonding,π 3 3 3π stacking,metal 3 3 3metal inte-
ractions based on d10metal cations, andmetal 3 3 3π, C-H 3 3 3π,
and anion 3 3 3π interactions, also intensively impact the supra-
molecular topology and dimensionality.7 In contrast to other
transitionmetal ions,Ag(I) ion,with a d10 closed-shell electronic
configuration, is very enthralling, as it shows (i) a dynamic range
of coordinative geometries, including linear, trigonal-planar,
tetrahedral, and trigonal-pyramidal, with occasional instances
of square-planar, pyramidal, and octahedral geometry,8 and (ii)
a tendency to form an argentophilic interaction,9 both of which

may lead to discovery of novel structural motifs. These contain
high-nuclearity silver chalcogenide clusters,10 one-dimensional
chains,which canbe single-, double-, and triple-strandedhelix,11

two-dimensional sheets with a variety of connectivities such as
44-sql and 63-hcb nets,12 and three-dimensional structures, such
as diamondoid and chiral adamantoid network.13 Such com-
pounds can also exhibit other appealing structural phenomena
from simple guest inclusion14 to interpenetration (0D f 3D,
1Df2D,2Df2D,and2Df3D)15 andevenpolycatenanes.16

Organic ligands with carboxylic groups are of especial interest
and have been widely used to construct various CCs, owing to
their fascinating characteristics, including strong coordination
ability, diverse coordination modes, different organic skeletons
of carboxylate linkers, and abundant hydrogen-bonding and
aromatic stacking interactions.17 In particular, the different
orientations of carboxylic groups situated in the organic skele-
tonsmay linkmetal ions indifferentdirectionsanddistances into
extended networks.18-20 On the other hand, amino-containing
heterocyclic N-donor ligands, such as 2-aminopyridine, are
versatile ligands because of documented metal binding patterns
including the ring nitrogen atom21 or the exocyclic amino
group,22 occasionally in equilibrium,23 and simultaneously both
positions, in either a chelating or bridging fashion.24 Moreover,
the stereochemically associative amino groupalso demonstrated
the ability to form very stable hydrogen-bonded arrays.25

Taking into account the points aforementioned and
considering our previous work,26 we continue to focus on
the reactions of closed-shell d10 Ag(I) with dipodal amino-
pyrimidyl and auxiliary dicarboxylate ligands and inves-
tigate the influence of dicarboxylate and substituent on the
structure of the resultant complexes as well as their pro-
perties. In this paper, we report the syntheses, crystal struc-
tures, and properties of six new mixed-ligand coordina-
tion complexes, namely, [Ag(mapym)(suc)0.5 3 0.5H2O]n (1),
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[Ag2(mapym)2(glu) 3 1.5H2O]n (2), [Ag2(mapym)2(ipa) 3 2H2O]n
(3), [Ag2(mapym)2(tpa)(H2O)]n (4), [Ag(dmapym)2(ox)0.5 3
H2O] (5), and [Ag(dmapym)(bbdc)0.5 3 0.5H2O]n (6) (ma-
pym=2-amino-4-methylpyrimidine, dmapym=2-amino-4,
6-dimethylpyrimidine, H2suc=succinic acid, H2glu=glutaric
acid, H2ipa = isophthalic acid, H2tpa = terephthalic acid,
H2ox=oxalic acid, H2bbdc=4,4-bibenzenedicarboxylic acid)
(Scheme 1).

Experimental Section

Materials and General Methods. All chemicals and solvents used
in the syntheses were of analytical grade and used without further
purification. IR spectra were measured on a Nicolet 740 FTIR
spectrometer in the range 4000-400 cm-1. Elemental analyses were
carried out on a CE instruments EA 1110 elemental analyzer.
Photoluminescence spectra were measured on a Hitachi F-4500
fluorescence spectrophotometer (slit width, 2.5 nm; sensitivity,
high). TG curves were measured from 25 to 800 �C on a SDT
Q600 instrument at the heating rate 5 �C/min under a N2 atmo-
sphere (100 mL/min). X-ray powder diffractions were measured on
a Panalytical X-Pert pro diffractometer with Cu KR radiation.

Preparation of Complex 1-6. [Ag(mapym)(suc)0.5 3 0.5H2O]n (1).
Ag2O (116 mg, 0.5 mmol), mapym (109 mg, 1 mmol), and H2suc
(118 mg, 1 mmol) were reacted in methanol/H2O media (15 mL,
v/v = 2:1) in the presence of ammonia (0.5 mL) under ultrasonic
treatment (160 W, 40 kHz, 50 �C). The resultant colorless solution
was allowed to slowly evaporate under a 38 �C constant environ-
ment for one week to give colorless crystals of 1. The crystals were
isolated by filtration and washed with deionized water and dried in
air. Yield: ca. 82% based on Ag2O. Elemental analysis: Anal. Calc
for Ag2C14H20N6O5: C, 29.60; H, 3.55; N, 14.79. Found: C, 29.55;
H, 3.62; N, 14.88. Selected IR peaks (cm-1): 3412 (s), 3331 (s), 3175
(s), 2926 (w), 1663 (s), 1576 (s), 1482 (s), 1396 (m), 1222 (w), 801 (w),
653 (w), 557 (w).

[Ag2(mapym)2(glu) 3 1.5H2O]n (2). Synthesis of 2 was similar to
that of 1, but with H2glu (132 mg, 1 mmol) instead of H2suc.
Colorless crystals of 2 were obtained in 68% yield based on Ag2O.
Elemental analysis: Anal. Calc For Ag4C30H46N12O11: C, 30.48; H,
3.92;N, 14.22. Found: C, 30.51;H, 4.00;N, 14.18. Selected IRpeaks
(cm-1): 3418 (s), 3325 (s), 3163 (s), 2957 (w), 1658 (s), 1579 (s), 1482
(m), 1400 (m), 1345 (w), 1218 (w), 848 (w), 794 (w), 554 (w).

[Ag2(mapym)2(ipa) 3 2H2O]n (3). Synthesis of 3was similar to that
of 1, but with H2ipa (166 mg, 1 mmol) instead of H2suc. Colorless
crystals of 3 were obtained in 57% yield based on Ag2O. Elemental
analysis: Anal. Calc for Ag2C18H22N6O6: C, 34.09; H, 3.50; N,
13.25. Found: C, 34.13; H, 3.46; N, 13.22. Selected IR peaks (cm-1):
3406 (s), 3318 (s), 3157 (s), 1657 (s), 1608 (s), 1591 (s), 1596 (s), 1479
(s), 1377 (m), 1223 (w), 732 (w), 554 (w), 506 (w).

[Ag2(mapym)2(tpa)(H2O)]n (4). Synthesis of 4 was similar to that
of 1, but with H2tpa (166 mg, 1 mmol) instead of H2suc. Colorless
crystals of 4 were obtained in 77% yield based on Ag2O. Elemental
analysis: Anal. Calc for Ag2C18H20N6O5: C, 35.09; H, 3.27; N,
13.64. Found: C, 35.14; H, 3.36; N, 13.58. Selected IR peaks (cm-1):
3412 (s), 3325 (s), 3163 (s), 1659 (s), 1574 (s), 1481 (s), 1384 (s), 1217
(m), 1015 (w), 820 (w), 749 (w), 508 (w).

[Ag(dmapym)2(ox)0.5 3H2O] (5). Ag2O (116 mg, 0.5 mmol), dma-
pym (123 mg, 1 mmol) and H2ox 3 2H2O (126 mg, 1 mmol) in
methanol/H2O media (15 mL, v/v = 2:1) were reacted in the
presence of ammonia (0.5 mL) under ultrasonic treatment (160
W, 40 kHz, 50 �C). Colorless crystals of 5 were obtained in 65%
yield based onAg2O. Elemental analysis: Anal. Calc forAg2C26H40-

N12O6: C, 37.52; H, 4.84; N, 20.19. Found: C, 37.49; H, 4.90; N,
20.24. Selected IR peaks (cm-1): 3425 (s), 3398 (s), 3309 (s), 3129 (s),
2918 (w), 1665 (m), 1600 (s), 1470 (m), 1391 (m), 1310 (m), 1235 (w),
795 (w), 773 (w), 629 (w).

[Ag(dmapym)(bbdc)0.5 3 0.5H2O]n (6). Synthesis of 6was similar to
that of 5, but withH2bbdc (242mg, 1mmol) instead ofH2ox 3 2H2O.
Colorless crystals of 6 were obtained in 65% yield based on Ag2O.
Elemental analysis: Anal. Calc for Ag2C26H28N6O5: C, 43.36; H,
3.92;N, 11.67. Found: C, 43.34;H, 3.99;N, 11.72. Selected IRpeaks
(cm-1): 3400 (s), 3312 (m), 3144 (m), 1590 (s), 1541 (s), 1466 (w),
1393 (s), 1229 (w), 834 (w), 765 (w).

X-ray Crystallography. Single crystals of complexes 1-6 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 were
collected on a Rigaku R-AXIS RAPID Image Plate single-crystal
diffractometer with a graphite-monochromated Mo KR radiation
source (λ=0.71073 Å) operating at 50 kV and 90mA inω scanmode
for 1-6. A total of 44 � 5.00� oscillation images was collected, each
being exposed for 5.0 min. Absorption correction was applied by
correction of symmetry-equivalent reflections using the ABSCOR
program.27 In all cases, the highest possible space group was chosen.
All structures were solved by direct methods using SHELXS-9728 and
refined on F2 by full-matrix least-squares procedures with SHELXL-
97.29 Atoms were located from iterative examination of difference F-
maps following least-squares refinements of the earlier models. Hydro-
gen atoms were placed in calculated positions and included as riding
atoms with isotropic displacement parameters 1.2-1.5 timesUeq 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 PLATON30 to ensure
that no additional symmetry could be applied to the models. Pertinent
crystallographic data collection and refinement parameters are collated
in Table 1. Selected bond lengths and angles for 1-6 are collated in
Table 2. The hydrogen bond geometries for 1-6 are shown inTable S1
(Supporting Information).

Result and Discussion

Synthesis. The syntheses of complexes 1-6 were carried
out in the darkness to avoid photodecomposition, and they are
summarized in Scheme 1. The formation of the products is not
significantly affected by changes of the reaction mole ratio of
organic ligands tometal ions.As iswell-known, the reactions of
Ag(I) with dicarboxylates in aqueous solution often result in
the formation of insoluble silver salts, presumably due to the
fast coordination of the carboxylates to Ag(I) ions to form
polymers.31 Hence, properly lowering the reaction speed, such
as using ammoniacal conditions or the layer-separation diffu-
sionmethod,may favor the formationof crystalline products.32

Ag2Owas used instead ofAgNO3 or other commonAg(I) salts
in order to promote the carboxylates instead of small anions to
coordinate to the Ag(I) centers. The ultrasonic method has
found an important niche in the preparation of inorganic
materials.33 The high local temperatures and pressures, com-
bined with extraordinarily rapid cooling, provide a unique
means for driving chemical reactions under extreme conditions.
In this system, the ultrasound technique also realizes the rapid
(10min) and efficient (maximumthirty different experiments in
one batch) preparation of CCs.

Structure Descriptions. [Ag(mapym)(suc)0.5 3 0.5H2O]n (1).
Single-crystalX-ray diffraction analysis reveals that complex
1 represents a 2D polymeric structure with irregular quad-
rilateral grids which crystallizes in the space group P2/c.

Scheme 1. Preparation Route of Ag(I) Mixed-Ligand Coordi-

nation Complexes from the N-Donor and O-Donor Ligands
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There are twoAg(I) ions, onemapym, half suc, and halfH2O in
the asymmetric unit of 1. Analysis of the local symmetry of the
metal atoms and ligands shows that Ag1, Ag2, and the lattice
water molecule reside on the crystallographic 2-fold axis (site
occupancy factor (SOF)=1/2), whereas the suc locates on the
inversion center.As depicted inFigure 1a, theAg1 is located in a
distorted tetrahedron geometry and coordinated by two sym-
metry-related mapym and suc ligands (Ag1-O2i=2.240(2),

Ag1-N2ii=2.453(3) Å). The distortion of the tetrahedron can
be indicated by the calculated value of the τ4 parameter intro-
ducedbyHouser34 todescribe thegeometryof a four-coordinate
metal system. Table 3 lists the τ4 parameter for all the four-
coordinate Ag(I) ions in complex 1-6. The τ4 values average
0.70, ranging from 0.58 to 0.79, showing the tetrahedral geo-
metry is not perfect but distorted,where the distortion is in part
due to the inherent lack of crystal field stabilization energy

Table 1. Crystal Data for 1-6a

compd 1 2 3 4 5 6

empirical formula Ag2C14H20N6O5 Ag4C30H46N12O11 Ag2C18H22N6O6 Ag2C18H20N6O5 Ag2C26H40N12O6 Ag2C26H28N6O5

formula wt 568.10 1182.27 634.16 616.14 832.44 720.28
crystal system monoclinic triclinic monoclinic triclinic triclinic monoclinic
space group P2/c P1 P21/c P1 P1 C2/c
a (Å) 9.4815(19) 9.0313(11) 11.742(4) 8.9879(13) 7.122(2) 15.676(3)
b (Å) 8.6468(18) 10.0434(13) 10.703(4) 11.2940(18) 10.418(4) 15.049(3)
c (Å) 12.217(3) 12.4591(16) 18.894(6) 12.2234(17) 11.812(4) 12.097(2)
R (deg) 90 97.387(7) 90 111.792(14) 66.138(6) 90
β (deg) 110.667(3) 109.497(3) 110.545(18) 98.424(12) 86.572(8)) 107.31(3)
γ (deg) 90 101.338(6) 90 109.836(14) 88.632(7) 90
V (Å3) 937.2(3) 1021.2(2) 2223.5(13) 1029.7(3) 800.1(5) 2040.04(9)
T (K) 298(2) 298(2) 298(2) 298(2) 298(2) 298(2)
Z, Dcalcd (Mg/m3) 2, 2.013 1, 1.922 4, 1.894 2, 1.987 1, 1.728 4, 1.756
F(000) 560 586 1256 608 422 1440
μ (mm-1) 2.128 1.959 1.809 1.946 1.284 1.485
refl. collected/unique 4509/1640 8053/3574 10704/3841 9059/3993 3390/2657 8899/2383
Rint 0.0226 0.0367 0.0410 0.0602 0.0189 0.0388
parameters 125 264 291 281 212 184
final R indices [I > 2σ(I )] R1 = 0.0291 R1 = 0.0399 R1 = 0.0732 R1 = 0.0389 R1 = 0.0457 R1 = 0.0288

wR2 = 0.0655 wR2 = 0.1048 wR2 = 0.1561 wR2 = 0.0641 wR2 = 0.1341 wR2 = 0.0621
R indices (all data) R1 = 0.0311 R1 = 0.0461 R1 = 0.0854 R1 = 0.0766 R1 = 0.0496 R1 = 0.0397

wR2 = 0.0665 wR2 = 0.1108 wR2 = 0.1622 wR2 = 0.0702 wR2 = 0.1358 wR2 = 0.0680
max./ min., ΔF (e 3 Å

-3) 0.829/-0.320 1.289/-0.834 1.410/-1.338 0.566/-0.541 1.532/-0.666 0.456/-0.441

a R1 =
P

||Fo| - |Fc||/
P

|Fo|; wR2 = [
P

w(Fo
2 - Fc

2)2]/
P

w(Fo
2)2]1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 1-6a

Complex 1

Ag1-O2i 2.240(2) Ag1 3 3 3Ag2 3.0645(9) Ag2-N3i 2.167(3) Ag1-N2ii 2.453(3)
O2i-Ag1-O2 166.50(15) N2ii-Ag1-N2iii 111.23(15) O2i-Ag1-N2iii 91.45(10) N3i-Ag2-N3 170.49(16)

Complex 2

Ag1-N2 2.236(3) Ag1 3 3 3Ag2 3.1284(7) Ag2-N3ii 2.206(4) Ag2-O1 2.566(4)
Ag1-O3i 2.298(3) Ag1-N6 2.477(4) Ag2-N5iii 2.208(4) Ag1-O2 2.378(4)
N2-Ag1-O3i 144.05(12) O2-Ag1-N6 96.70(14) N3ii-Ag2-O1 103.22(13) N3ii-Ag2-N5iii 152.32(13)
N2-Ag1-O2 99.90(14) O3i-Ag1-N6 80.73(12) N2-Ag1-N6 120.08(13) N5iii-Ag2-O1 97.06(15)

Complex 3

Ag1-N1 2.176(7) Ag2-O1 2.273(7) Ag2-N4 2.502(8) Ag2-O4iv 2.385(6)
Ag1-N6i 2.193(7) Ag2-N3 2.273(8)
N1-Ag1-N6i 172.0(3) O1-Ag2-N3 139.7(3) O1-Ag2-N4 105.5(3) O4iv-Ag2-N4 92.5(2)
N3-Ag2-N4 90.7(3) O1-Ag2-O4iv 104.1(3) N3-Ag2-O4iv 111.9(3)

Complex 4

Ag1-N2 2.299(4) Ag1-O1W 2.671(3) Ag2-O3 2.536(3) Ag2-N6i 2.306(4)
Ag1-N5 2.304(4) Ag2-N3ii 2.369(4) Ag2-O4 2.636(4) Ag2-O1 2.471(3)
N2-Ag1-N5 137.91(14) N3ii-Ag2-O1 99.61(12) N6i-Ag2-O4 100.74(12) O3-Ag2-O4 50.30(10)
N2-Ag1-O1 99.28(13) N6i-Ag2-O3 149.40(13) N3ii-Ag2-O4 105.82(13) N6i-Ag2-O1 113.20(12)
N5-Ag1-O1 120.75(12) N3ii-Ag2-O3 87.33(13) O1-Ag2-O4 124.14(10) N6i-Ag2-N3ii 113.60(13)
N2-Ag1-O1W 88.99(12) O1-Ag2-O3 82.99(11) O1-Ag1-O1W 125.47(12) N5-Ag1-O1W 78.61(12)

Complex 5

Ag1-N5 2.238(5) Ag1-O2 2.654(5) Ag1-O1 2.617(5) Ag1-N2 2.241(5)
N5-Ag1-N2 147.12(19) N5-Ag1-O2 100.25(16) O1-Ag1-O2 49.78(14) N2-Ag1-O1 100.71(18)
N5-Ag1-O1 112.16(19) N2-Ag1-O2 101.87(16)

Complex 6

Ag1-O1 2.313(2) Ag1-N2i 2.454(3) Ag1 3 3 3Ag2ii 3.1375(8)
O1-Ag1-O1i 139.45(13) N2i-Ag1-N2 97.32(13) O1i-Ag1-N2i 109.70(9) O1-Ag1-N2i 96.93(9)

a Symmetry codes: (i)-xþ 2, y,-zþ 1/2; (ii)-xþ 2,-yþ 1,-z; (iii) x,-yþ 1, zþ 1/2; (v)-xþ 1,-yþ 1,-z. Symmetry codes: (i)x, y- 1, z; (ii)-xþ
1,-y,-zþ 2; (iii)-xþ 1,-y,-zþ 1; (vii)-x,-y,-zþ 2. Symmetry codes: (i) xþ 1, y, z; (ii)-xþ 1,-yþ 1,-zþ 2; (iii)-xþ 1, yþ 1/2,-zþ 3/2; (iv)x,
-yþ 1/2, zþ 1/2. Symmetry codes: (i)-xþ 1,-yþ 1,-z; (ii)-xþ 2,-yþ 2,-zþ 1. Symmetry code: (i)-x,-yþ 1,-zþ 1. Symmetry codes: (i)-xþ 2,
y, -z þ 1/2; (ii) -x þ 2, -y þ 2, -z; (v) -x þ 1, y, -z þ 1/2; (vi) -x þ 2, y, -z - 1/2.
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that arises from a spherical d10 electronic configuration.35

The Ag2, coordinated by two symmetry-related N atoms
from two different mapym ligands (Ag2-N3i= 2.167(3) Å),
is located in an approximately linear environment with an
angle of 170.49(16)�, which deviates from the ideal 180� due
to the Ag 3 3 3O weak interaction (Ag2 3 3 3O1 = 2.814(3) Å).
Both Ag-O and Ag-N bond lengths are well-matched to
those observed in similar complexes.36 It is worthy to note
that the bond length of Ag1-N2 is obviously longer than
that of Ag2-N3, which may be due to the crowded coordi-
nation environment around Ag1. The Ag 3 3 3Ag interaction
also exists with a Ag1 3 3 3Ag2 separation of 3.0645(9) Å.

In 1, the Ag(I) ions are linked by bidentatemapym to form
1D zigzag chains in which mapym is oppositely arranged,
and the μ2-η

1:η0:η1:η0 suc ligands extended the 1D chains
into a single 2D slightly wavy net incorporating a window of
9.33 Å � 12.22 Å based on the Ag1 3 3 3Ag1 distances. The
torsion angle (C6-C7-C7ii-C6ii=180.0�) about suc indi-
cates the skeleton of suc does not twist.

To better understand the structure of 1, the topological ana-
lysis approach is employed. In 1, tetrahedral Ag1 ions as
4-connected joints are bridged by two kinds of 2-connected
struts: mapym and suc ligand, so the 2D net can be simplified to
be a wavy 44-sql net which is interpenetrated by the neighboring
one through a 2D f 2D parallel mode (Figure 1b), wherein
one 44-sql net shifts with respect to another one with a slippage
of ca. 6.11 Å. The lattice water molecules are filled in the
windows and hydrogen-bonded to carboxylic groups with the
Owater-H 3 3 3Osuc distance of 2.761(3) Å; moreover, the amino
groups of mapym also interact with the carboxylic groups
through N-H 3 3 3Osuc hydrogen bonds with an average dis-
tance of 2.853(4) Å. Both of them reinforce the resultant
2D net (Figure 1c), which is further extended by nonclassical
Cmapym-H 3 3 3Owater hydrogenbonds intoa3Dsupramolecular
framework (symmetry codes: (i)-xþ 2,y,-zþ 1/2; (ii)-xþ 2,
-yþ 1,-z).

[Ag2(mapym)2(glu) 3 1.5H2O]n (2). The asymmetric unit of
2 consists of two crystallographically different Ag(I) ions, two
mapym ligands, one glu, and one and a half lattice water
molecules. As shown in Figure 2a, the Ag1 andAg2 ions adopt
tetrahedral andY-shaped geometries, respectively. The τ4 para-
meter is 0.68 for Ag1, indicating a less distorted tetrahedron
compared to that in complex 1. Themaximumangle and sumof
angles aroundAg2 are 152.32(13) and 352.60(13)�, respectively.
TheAg-NandAg-Obond lengths fall in the ranges 2.206(4)-
2.236(3) and 2.298(3)-2.566(4) Å, respectively.

Similar to 1, the Ag(I) ions in 2 are also linked by bidentate
mapym to form1Dsingle zigzag chains inwhich themapymare
oppositely arranged. A pair of adjacent chains interconnect
with each other through Ag 3 3 3Ag interaction (Ag1 3 3 3Ag2 =
3.1284(7) Å) to form a double-chain presented in Figure 2b.
Alternatively, this double chain can also be considered as fused
10-membered macrocycles along the c-axis. Different from
nontwisted suc in 1, the glu ligands adopt a μ3-η

1:η1:η1:η0

mode with a curled conformation (torsion of C11-C12-C13-
C14 = 170.3(4)� and C15-C14-C13-C12 = 73.0(6)�) to
extend the 1D chains into a 2D double-sheet incorporating a
window of 12.46 Å � 10.04 Å on the basis of Ag1 3 3 3Ag1
distances (Figure 2c).

Amino groups are hydrogen bonded to carboxylic groups
with anaverageN-H 3 3 3Oglu distance of 2.935(5) Å. The lattice
water molecules partially participate in stabilizing the 2D sheet
through aOwater-H 3 3 3Oglu hydrogen bond showing a distance
of 2.822(10) Å. The C-H 3 3 3πmapym interaction [C5-H5A 3 3 3
Cg1vii:dH 3 3 3Cg1=2.86 Å,dC 3 3 3Cg1=3.591(6) Å, andθ=134�;
Cg1 is the centroid of aromatic ring N2/C1/N3/C2/C3/C4; θ is
the angle of C-H 3 3 3Cg1, see Figure S1, Supporting Informa-
tion] combines with the intersheet Owater-H 3 3 3Oglu hydrogen
bonds to stabilize the resultant 3D supramolecular framework
(symmetry code: (vii) -x, -y, -z þ 2).

[Ag2(mapym)2(ipa) 3 2H2O]n (3). When using rigid H2ipa,
we obtained complex 3 as a 3D coordination polymer
constructed through unusual 2D f 3D parallel interpene-
tration of deeply corrugated 2D 44-sql nets. In the structure
of 3, as shown inFigure 3a, there are two crystallographically
independent Ag(I) ions, two mapym, one ipa, as well as two

Figure 1. (a) Coordination environments of Ag(I) ions in 1 with the
thermal ellipsoids at the 30% probability level. The lattice water mole-
cule was omitted for clarity. Symmetry codes: (i) -x þ 2, y, -z þ 1/2;
(ii)-xþ 2,-yþ 1,-z; (iii) x,-yþ 1, zþ 1/2; (v)-xþ 1,-yþ 1,-z.
(b) Presentation of a pair of the interpenetrated 44-sql net. (c) Schemeof
a 2D sheet incorporating Owater-H 3 3 3Osuc (green dashed lines) and
N-H 3 3 3Osuc (violet dashed lines) hydrogen bonds.

Table 3. Four-Coordinate τ4 Parametersa

silver τ4 R β

Ag1 in 1 0.58 166.50(15) 111.23(15)
Ag1 in 2 0.68 144.05(12) 120.08(13)
Ag2 in 3 0.77 139.7(3) 111.9(3)
Ag1 in 4 0.69 137.91(14) 125.47(12)
Ag1 in 5 0.71 147.12(19) 112.16(19)
Ag1 in 6 0.79 139.45(13) 109.70(9)

a τ4=[360�-(R þ β)]/141�, where R and β are the largest angles around
the metal centers. For a perfect square-planar geometry, τ4 equals 0,
and a perfect tetrahedral geometry is described when τ4 equals 1.
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solventwatermolecules. BothAg1andAg2 locate in the general
positions. TheAg1 lies in a nearly linear geometry completed by
two N atoms from two distinct mapym ligands (—N2-Ag1-
N6i = 172.0(3)�). The Ag 3 3 3O weak interactions also exist
around Ag1 (Ag1 3 3 3O3

iii=2.748(7), Ag1 3 3 3O1
ii=2.735(7)

Å). The Ag2 is located in a distorted tetrahedron geometry and
coordinated by two mapym and two ipa ligands with average
Ag-OandAg-Ndistances of 2.329(6) and 2.286(7) Å, respec-
tively. The τ4 parameter is 0.77 for Ag2. Two mapym moieties
bound to Ag1 in 3 form a dihedral angle of ca. 63�.

In 3, the Ag(I) ions are fabricated by the bidentate mapym
and μ2-η

1:η0:η1:η0 ipa to form a 2D 44-sql net (Figure 3b)
incorporating 32-membered macrocycles. The size of the
grid in the 2D net is 11.74 Å � 11.43 Å based on the
Ag2 3 3 3Ag2 distances. This net exhibits a deeply corrugated
character (Figure S2, Supporting Information) with a thick-
ness of about 6.44 Å and a dihedral angle of 111.47�. As
expected, the large dimensions and corrugated nature of the
net allow them to interpenetrate in an extensive and unusual
fashion. In 3, as depicted in Figure 4a, each 2D 44-sql net was
simultaneously penetrated by the two neighboring ones
(“upper” and “lower”) to avoid large voids, and their mean
planes are parallel and offset. In other words, as shown in
Figure 4b, each window (blue) of the net is simultaneously
catenated by the other two ones (yellow and red) and vice
versa. Therefore, the 2Df 3D dimensional increase can also
be regarded as being caused by the nets’ polycatenation.

One lattice water molecule, one amino group, and two
carboxylic groups are hydrogen-bonded to form a hetero-
meric R4

2(8) motif37 (Figure S3, Supporting Information)
with the average N-H 3 3 3O and O-H 3 3 3O distances of
2.949(10) and 2.872(17) Å, which combine with the π 3 3 3π

interaction (centroid 3 3 3 centroid = 3.636(6) Å; dihedral
angle = 4.4(5)�, Figure S4, Supporting Information) and
the C-H 3 3 3π interactions (avg dC 3 3 3Cg=3.621(12) Å; θ=
134�, Figure S5, Supporting Information) to enhance the
stability of the resultant 3D framework.

[Ag2(mapym)2(tpa)(H2O)]n (4). As shown in Figure 5a, in
the asymmetric unit of 4, there exist twoAg(I) ions, twomapym,
two tpa and one coordinated water molecule. Both tpa ligands
locates on the crystallographic inversion center with half occu-
pancy. The coordination environments of Ag1 and Ag2 can be
described as a distorted tetrahedron and a distorted square-
pyramidal respectively. The tetrahedron is defined by two N
atoms fromtwodifferentmapym ligandsand twoOatoms from
one tpa and one water molecule respectively (Ag1-O1W=
2.671(3) and Ag1-N5=2.304(4) Å), and the τ4 parameter is
0.69 for Ag1. The square-pyramid is constructed by two N
atoms from two different mapym ligands and three O atoms
from two different tpa. Addison38 also defined a geometric
parameter τ5 (τ5=[(θ - j)/60], where θ and j 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 parameter for Ag2 is
0.42 (for ideal square-pyramidal geometry, τ5 = 0).

Different from the 1D double chain in 2, there is no
Ag 3 3 3Ag interaction between adjacent 1D single chains in

Figure 2. (a) Coordination environments of Ag(I) ions in 2with the
thermal ellipsoids at the 30% probability level. Lattice water mole-
cules were omitted for clarity. Symmetry codes: (i) x, y- 1, z; (ii)-x
þ 1, -y, -z þ 2; (iii) -x þ 1, -y, -z þ 1. (b) Scheme of the 1D
double chain and the 10-membered macrocycle highlighted in cyan.
(c) View of double 44-sql nets.

Figure 3. (a) ORTEP plot showing the coordination environments
of Ag(I) ions in 3 with the thermal ellipsoids at the 30% probability
level. Lattice water molecules were omitted for clarity. Symmetry
codes: (i) x þ 1, y, z; (iv) x, -y þ 1/2, z þ 1/2. (b) View of the
undulated 44-sql net in the structure of 3.
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4, which is bridged by μ2-η
2:η0 carboxylic groups of tpa into

the resultant 1D double chain. Interestingly, the tpa ligands
show two different coordination modes: μ2-η

1:η1:η1:η1 che-
lating and μ4-η

2:η0:η2:η0 bridging modes, which arrange
alternately along the 1D double chains and extend them into
the 2D net (Figure 5b), in which two kinds of coordinated
carboxylic groups (C14 and C18) are almost coplanar with
the central benzene ring, producing small dihedral angles
between the individual groups and the benzene ring of 4.9(6)
and 7.7(6)�, respectively.

The intrasheetN-H 3 3 3Otpa hydrogen bonds consolidate the
2D sheet, whereas intersheet Owater-H 3 3 3Otpa hydrogen bonds
incorporate intrasheet N-H 3 3 3Otpa hydrogen bonds to form
a saddle-like heteromeric R4

2(8) motif. The adjacent 2D nets
pack to form the supramolecular network through intersheet
Owater-H 3 3 3Otpa and C-H 3 3 3π (dC 3 3 3Cg=3.781(7) Å; θ=
144�, Figure S6, Supporting Information) interactions.

[Ag(dmapym)2(ox)0.5 3H2O] (5). As depicted in Figure 6a,
complex 5 is a H-shaped discrete molecule and the asymmetric
unit contains one Ag(I) ion, two dmapym, half ox, and one
lattice water molecule. The Ag(I) ion is in a distorted tetra-
hedron geometry and coordinated by two N atoms from two
different dmapym ligands and two O atoms from the same ox
(avg Ag-NandAg-O: 2.239(5) and 2.636(5) Å). The ox lying
on the inversion center adopts the μ2-η

1:η1:η1:η1 mode to bind
two Ag(I) ions, forming a H-shaped molecule. The water
molecules are hydrogen bonded to the Ag2(dmapym)4(ox)
molecules to form the supramolecular 1D chain (Figure 6b)
along theaaxis containingR4

4(14) hydrogenbondmotifs on the
inversion center (O1W-H1WA 3 3 3O2

i=2.741(6) andO1W-
H1WB 3 3 3O1iv = 2.775(6) Å).

Additionally, the dmapym adopts the monodentate co-
ordinationmode to bind the Ag(I) ions, which may be due to
the steric effect of one more methyl group compared to
mapym, so it does not extend the structure to the higher
dimensionality. The self-complementary N-H 3 3 3N hydro-
gen bonds involving stereochemically associative amino and
hetero ring nitrogens form a R2

2(8) homomeric motif and
combine with the π 3 3 3π (centroid 3 3 3 centroid =3.856(4) Å;
dihedral angle = 0�, Figure S7, Supporting Information)
and C-H 3 3 3π (avg dC 3 3 3Cg = 3.565(7) Å; θ= 135�, Figure
S8) interactions to assemble the 1D chains into the resultant
3D supramolecular framework.

[Ag(dmapym)(bbdc)0.5 3 0.5H2O]n (6). X-ray analysis re-
veals that complex 6 crystallizes in a monoclinic system with
space group C2/c. The asymmetric unit consists of two crystal-
lographically independent Ag(I) ions, one dmapym, half bbdc,
as well as half a solvent water molecule. A C2 axis passes
through Ag1, Ag2, as well as the midpoint of C7-C7v bond of
bbdc. The lattice water molecule is disordered related to the
inversion center. As illustrated in Figure 7, the Ag1 and Ag2
locate in the distorted tetrahedral and linear geometries, respec-
tively, without consideration of the Ag 3 3 3Ag interaction. This
tetrahedron is completed by two symmetry-related dmapym
and bbdc ligands with Ag1-N2i and Ag1-O1 distances of
2.454(3) and 2.313(2) Å, respectively, and the τ4 parameter is
0.79 for Ag1, which indicate this tetrahedron is the least dis-
torted one in complexes 1-6 (Table 3). The angle around Ag2
opens up to 160.07(11)�, which deviates from the ideal 180� due
to the Ag 3 3 3O weak interactions with Ag2 3 3 3O1ii and

Figure 4. (a) View of the 2D f 3D interpenetrating undulated 44-
sql net in the structure of 3. (b) View of catenation of windows.

Figure 5. (a) ORTEP plot showing the coordination environments
of Ag(I) ions in 4 with the thermal ellipsoids at the 30% probability
level. The lattice water molecule was omitted for clarity. Symmetry
codes: (ii)-xþ 2,-yþ 2,-zþ 1; (v)-xþ 1,-yþ 1,-zþ 1; (vi)-x
þ 2,-yþ 2,-z. (b) View of the 2D net in the structure of 4 (yellow
polyhedron, tetrahedron; cyan polyhedron, square-pyramid).
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Ag2 3 3 3O2ii distances of 3.188(3) and 2.776(3) Å, respectively
(symmetry codes: (i)-xþ 2, y,-zþ 1/2; (ii)-xþ 2,-yþ 2,
-z; (v) -x þ 1, y, -z þ 1/2).

The dmapym ligands act as μ2-bridges to link Ag(I) ions to
form 1D single zigzag chains, and a pair of adjacent chains
interconnect with each other to form a double-chain viaAg 3 3 3
Ag interaction of 3.1284(7) Å, which is shorter than the van der
Waals radii ofAg(I) (3.44 Å).39 Theμ2-η

1:η0:η1:η0 bbdc ligands
with a dihedral angle between two phenyl rings of 40.2(3)�
extend the 1D chains into a double 44-sql net incorporating a
window of 12.10 Å � 15.68 Å on the basis of Ag1 3 3 3Ag1
distances (Figure S9).

Influence of Dicarboxylates and Substituents on Structures.

It has been demonstrated that the structural diversities of

complexes 1-6 are undoubtedly related to the auxiliary
ligands (configurations and coordination modes) and sub-
stituent effect (steric and electronic effects). The combined
two factors are key points to influence the final complexes,
which depends on the competition and adaptability of the
components. That is to say, both kinds of organic ligands
have to fine-tune themselves to satisfy the coordination
preference of metal centers and the lower energetic arrange-
ment in the assembly process.40

In six complexes, dicarboxylates varied in the assembly
process are capable of diversifying the structures as well as
coordination spheres of Ag(I). Four different coordination
fashions [suc ( μ2-η

1:η0:η1:η0), glu (μ3-η
1:η1:η1:η0), ipa ( μ2-

η1:η0:η1:η0), tpa (μ4-η
2:η0:η2:η0 and μ2-η

1:η1:η1:η1), ox ( μ2-
η1:η1:η1:η1), and bbdc ( μ2-η

1:η0:η1:η0)] have been observed in
six dicarboxylate ligands (SchemeS1, Supporting Information).
The suc, glu, ox, tpa, and bbdc act as linear (180�) rodlike
spacers to give 1, 2, 4, and 6 2D 44-sql nets incorporating
different sizes and shapes of rectangle windows, whereas an-
gular ipa (120�) favors formation of larger rings incorporating
metal centers; as a result, the 2Df 3Dparallel interpenetration
framework is formed to avoid the large voids. Comparing
complexes 5 and 6, it seems reasonable to conclude that the
increase of dimensionalities is caused by the competition be-
tween the steric and electronic effects of the methyl substituent.
In detail, for 5, the steric hindrance of the methyl groups
overcomes the electronic effect and prevents Ag(I) ion from
binding to the secondN-coordination site on the pyrimidyl ring.
In contrast to 5, the electronic effect of methyl substituent in 6

dominates the assembly course and enhances the coordinative
ability of the potential coordination site; consequently, a weak
Ag-N bond (>2.4 Å) forms and the dimensionality increase
from 0D to 2D is realized. The coordination spheres of Ag(I) in
this work vary from linearity, trigon, tetrahedron, to square-
pyramid, and they are also undoubtedly associated with the
dicarboxylate-participated inclusion. In a word, different dicar-
boxylates and substituent effects are responsible for the struc-
tural diversity of the resultant coordination networks, in
combination with the adaptable configuration of Ag(I) ion.

IR Spectra. The IR spectra (Figure S10, Supporting
Information) of complexes 1-6 show features attributable
to the carboxylic and amino group stretching vibrations. No
band in the region 1690-1730 cm-1 indicates complete
deprotonation of the carboxylic groups. The characteristic
bands of the carboxylic groups are shown in the range

Figure 6. (a) Molecule structure of 5 with the thermal ellipsoids at
30% probability level. Lattice water molecule was omitted for
clarity. Symmetry codes: (ii) -x þ 2, -y þ 2, -z þ 1; (v) -x þ 1,
-y þ 1, -z þ 1; (vi) -x þ 2, -y þ 2, -z. (b) A view of the 1D
supramolecular chain incorporatingR4

4(14) hydrogen bondmotifs.
(c) The self-complementary N-H 3 3 3N hydrogen bonds of two
pyrimidine moieties with R2

2(8) motifs.

Figure 7. ORTEP plot showing the coordination environments of
Ag(I) ions in 6 with the thermal ellipsoids at the 30% probability
level. The lattice water molecule was omitted for clarity. Symmetry
codes: (i)-xþ 2, y,-zþ 1/2; (v)-xþ 1, y,-zþ 1/2; (vi)-xþ 2, y,
-z - 1/2.
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1541-1665 cm-1 for asymmetric stretching and 1382-1482
cm-1 for symmetric stretching. Furthermore, the (νas-νs)
values are 181/180 cm-1 for 1, 176/179 cm-1 for 2, 178/112
cm-1 for 3, 178/190 cm-1 for 4, 195/209 cm-1 for 5, and 124/
148 cm-1 for 6, respectively. The splitting of νas(COO)
indicates the different coordination modes of carboxylate,41

being in agreement with their crystal structures. The N-H
asymmetric and symmetric stretching bands fall in the ranges
3425-3325 and 3175-3129 cm-1, respectively. This absorp-
tion is much sharper than Owater-H stretching and can,
therefore, be differentiated.

X-ray Power Diffraction Analyses and Thermal Analyses.

Powder X-ray diffraction (XRD) has been used to check the
phase purity of the bulky samples in the solid state. For com-
plexes 1-6, the measured XRD patterns closely match the
simulated patterns generated from the results of single-crystal
diffraction data (Figure S11, Supporting Information), indica-
tive of pure products. The thermogravimetric (TG) analysis was
performed in N2 atmosphere on polycrystalline samples of
complexes 1-6, and the TG curves are shown in Figure 8.
The TG curve of 1 shows the first weight loss of 2.9% in the
temperature range 25-118 �C, which indicates the exclusion of
lattice water molecules (calcd, 3.2%); with that, pyrolysis of the
residual component occurs in two stages corresponding to the
loss of mapym (obsd, 39.0%; calcd, 38.4%) and suc (obsd,
19.1%; calcd, 20.4%) ligands, respectively. For 2, the loss of
lattice water molecules (obsd, 4.2%; calcd, 4.6%), mapym
(obsd, 37.8%; calcd, 36.9%), and glu (obsd, 22.0%; calcd,
21.1%) ligands happens in the ranges 25-113, 114-203, and
204-267 �C, respectively. For 3, an initial weight loss of 5.3%
corresponds to the loss of solvent water (calcd, 5.7%). The
second weight loss of 34.1% (calcd, 34.4%) corresponds to the
loss of the mapym. The final weight loss of 25.4% corresponds
to the loss of ipa (calcd, 25.9%).For 4, theweight loss attributed
to the gradual release ofwatermolecules is observed in the range
25-153 �C (obsd, 2.7%; calcd, 2.9%). The decomposition of
residual composition occurs at 154 and 222 �C, corresponding
to the loss of mapym (obsd, 34.9%; calcd, 35.4%) and tpa
(obsd, 27.0%; calcd, 26.6%) ligands, respectively. For 5, the
curve shows one step decomposition in the temperature range
25-160 �Cand produces a 73.4%weight change, which corres-
ponds to the loss of both solvent water molecules and organic
ligands from the structure (calculatedweight loss 74.0%).For 6,
theweight loss between25 and165 �Ccorresponds to the release

of a water molecule (obsd, 2.2%; calcd, 2.5%). The removal of
organic components occurs at twoobvious stages: 165-232 and
232-414 �C, corresponding to the loss ofmapym (obsd, 33.6%;
calcd, 34.2%) and bbdc (obsd, 33.6%; calcd, 33.8%) ligands,
respectively.Basedon the analyzingTGcurves of1-4 and6, we
find that the sequence of the ligands-release is the following:
aminopyrimidyl ligands < dicarboxylate ligands, which indi-
cates that the Ag-O bonds are more difficult to break than
Ag-N bonds.42 The exception happens in 5 with one step
composition of organic ligands which may be due to the com-
parable strengthofAg-OandAg-Nbonds in 5; consequently,
the simultaneous bond breakage occurs during the heating
process.

Photoluminescence Properties. The Ag(I) coordination
complexes with aromatic ligands have received much atten-
tion for the development of hybrid photoluminescent mate-
rials.43 Thus, solid-state photoluminescent properties of
complexes 1-6 as well as free ligands were examined at room
temperature. The photoluminescence spectra of the free
ligands and complexes 1-6 are shown in Figure 9. The free
ligands mapym, dmapym, H2suc, H2glu, H2ipa, H2tpa,
H2ox, andH2bbdc display photoluminescence with emission
maxima at 351, 342, 423, 365, 358, 384, 342, and 408 nm
(λex = 300 nm), respectively. It can be presumed that these
peaks originate from theπ*f norπ*fπ transitions. To the
best of our knowledge, the emission of dicarboxylate belongs
toπ*f n transitions, which is veryweak compared to that of
the π* f π transition of the mapym or dmapym, so the
dicarboxylates almost have no contribution to the fluores-
cent emission of as-synthesized CCs.44 Intense emissions are

Figure 8. TGA curves for complexes 1-6.

Figure 9. Photoluminescences of free ligands and complexes 1-6.
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observed at 513 nm for 1, 518 nm for 2, 515 nm for 3, 533 nm
for 4, 396 nm for 5, and 393 nm for 6, respectively. When
compared to the photoluminescence spectrum of the free
mapym ligand, the emission bands of 1-4 are red-shifted by
more than 150 nm, which may come from the electronic
transition between p orbitals (filled orbitals) of coordinated
N atoms and the 5s orbital (empty orbital) of Ag(I) ion, i.e.,
ligand-to-metal charge transfer (LMCT), mixed with metal-
centered (d-s/d-p) transitions.45 Different from 1-4, ob-
viously, the emissions of 5 and 6 are similar to that of
dmapym and should be assigned to the intraligand transition
of the coordinated N-donor ligand. The enhancement of
luminescence of all complexes 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.46

Conclusions

Six newCCs have been prepared bymixed aminopyrimidyl
and dicarboxylate ligands under the ultrasonic treatment.
They show diverse structures and dimensionalities from
zero-dimensional discrete molecule (5), to two-dimensional
sheets (1, 2, 4, and 6), to 2D f 3D parallel interpenetrated
three-dimensional strcuture (3). The changes of structure
result from the various dicarboxylates and the adaptable
coordination spheres of Ag(I). The substituent effects includ-
ing steric and electronic effects also regulate the structures of
resultant CCs. In addition, such CCs display modest thermal
stability and strong solid-state fluorescent emission.
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