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Abstract

Two novel coordination complexes, [Ag3(m4-hmt)2(m-ssa)(H2O)](NO3) � 3H2O 1, and [Ag8(m3-hmt)2(m4-hmt)2(m-pma)2
(m-H2O)3] � 18H2O 2 (hmt=hexamethylenetetramine, ssa=sulfosalicylate and pma=1,2,4,5-benzenetetracarboxylate), have been

prepared and structurally characterized. Crystal data: 1 C19H33Ag3N9O13S, orthorhombic, Pna21, a ¼ 20:483ð7Þ (A, b ¼ 21:890ð1Þ (A,

c ¼ 6:493ð2Þ (A, V ¼ 2911:3ð13Þ (A3, Z ¼ 4; 2 C44H94Ag8N16O37, monoclinic, C2/c, a ¼ 32:099ð10Þ (A, b ¼ 12:916ð3Þ (A,

c ¼ 21:431ð8Þ (A, b ¼ 126:74ð1Þ�; V ¼ 7120ð4Þ (A3, Z ¼ 4: Both complexes exhibit unprecedented and different topological motifs

of Ag-hmt networks. Complex 1 is a novel three-dimensional cationic network with two types of channels, in which the larger one is

the largest one in Ag-hmt networks; while 2 is a three-dimensional network with cylindrical channels, consisting of mixed m3- and

m4-hmt ligands. The results demonstrate that under different synthetic conditions, such as the presence of multiple small counter

anions or different pH values, different Ag-hmt linkages may be formed to generate new three-dimensional networks.

r 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Crystal engineering and design of solid-state archi-
tectures of coordination polymers are very attractive
fields in recent years [1,2]. Assembly of such extended
supramolecular architectures by selecting the chemical
structure of organic ligands and the coordination
geometry of metal ions may yield a large number of
new networks exhibiting interesting topologies and
potential properties as new materials [3–7]. We and
others have found that combination of hexamethylene-
tetramine (hmt, C6H12N4) as a polydentate ligand and
silver(I) can produce a wide variety of supramolecular
architectures in different one-, two- and three-dimen-
sional topological motifs [5–13]. In these structurally
characterized three-dimensional architectures, hmt

usually acts in a unique bridging mode, and only two
mixed bridging modes have been found in a one-
dimensional ribbon-like coordination polymer [Ag2

(m-hmt)(m3-hmt)(H2O)(SbF6)] and a two-dimensional
coordination polymer [Ag2(m-hmt)(m3-hmt)(ssa)] (ssa=
sulfosalicylate, C7H4O6S) [6,11]. On the other hand, the
self-assembly of silver(I) atoms with hmt in different
conditions, such as different Ag(I)/hmt molar ratios,
different counter anions, and/or different anionic
organic ligands, may lead to different molecular
architectures. For example, both metal salts AgClO4

and AgNO3 gave 1:1 adducts that contain quite similar
two-dimensional hexagonal [Ag(m3-hmt)] layers; while
in the presence of excessive silver ions, three-dimen-
sional frameworks featuring m4-hmt ligands are recov-
ered for both metal salts, showing different
stoichiometries [7–9].

As a sequel work of our systematic investigation on
Ag-hmt coordination networks, we report herewith two
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new coordination polymers, namely [Ag3(m4-hmt)2(m-
ssa)(H2O)](NO3) � 3H2O 1 and [Ag8(m3-hmt)2(m4-hmt)2
(m-pma)2(m-H2O)3] � 18H2O 2 (pma=1,2,4,5-benzenete-
tracarboxylate, C10H2O8). Although the organic ligands
were employed previously [11,13], however, novel
structural motifs are resulted from different synthetic
methods in this work. Complex 1 is a novel three-
dimensional cationic network with two types of chan-
nels, in which the larger one, containing eight Ag(I)
atoms and eight hmt ligands, is the largest one among
the Ag-hmt networks. While 2 is another new type of
three-dimensional non-interpenetrated network with
cylindrical channels that is the first example constructed
by mixed m3- and m4-bridging hmt ligands in Ag-hmt
networks.

2. Experimental

The Ag2(ssa) and Ag4(pma) were prepared according
to the literature method [14]. The reagents and solvents
employed were commercially available and used as
received without further purification. The C, H, N
microanalyses were carried out with a Perkin-Elmer 240
elemental analyser. The FT-IR spectra were recorded
from KBr pellets in range 4000–400 cm�1 on a Nicolet
5DX spectrometer.

2.1. Syntheses of [Ag3(m4-hmt)2(m-ssa)(H2O)]

(NO3) � 3H2O 1

An aqueous solution (5 cm3) of hmt (0.140 g,
1.0mmol) was added dropwise to a stirred ethanolic
suspension (5 cm3) of Ag2(ssa) (0.216 g, 0.5mmol) at
50�C for 15min. The solution was adjusted to pH E 4.5
by the addition of dilute HNO3 solution. The resulting
yellowish solution was allowed to stand in air at room
temperature for a week, yielding pale yellow crystals
(56%). Anal. calc. for C19H33Ag3N9O13S 1: C, 23.99; H,
3.50; N, 13.25; S, 3.37%. Found: C, 24.01; H, 3.46; N,
13.28; S, 3.39%. IR (cm�1): 3429m, br, 2959m, 2890m,
2882w, 1637m, 1588s, 1482s, 1440s, 1384vs, 1300m,
1236vs, 1187s, 1159s, 1117m, 1082m, 1032s, 1004vs,
899w, 814s, 737m, 674s, 596s, 512w, 414w.

2.2. Syntheses of [Ag8(m3-hmt)2(m4-hmt)2(m-pma)2

(m-H2O)3] � 18H2O 2

It was prepared as for 1 (yield ca. 68%) using a molar
Ag:hmt ratio of 2:1. Anal. calc. for C44H94Ag8N16O37 2:
C, 22.95; H, 4.12; N, 9.73%. Found: C, 22.91H, 4.08; N,
9.71%. IR (cm�1): 3436s, br, 2952m, 2880m, 1567vs,
1480m, 1460m, 1418s, 1374vs, 1323m, 1236s, 1137w,
1052w, 1007vs, 920w, 864w, 812m, 691m, 666m, 603w,
544w, 512w, 460w.

2.3. Crystal structure determination

Diffraction intensities for the two complexes were
collected at 21oC on a Siemens R3m diffractometer
operating in the o-scan technique. Lorentz-polarization
and absorption corrections were applied [15]. The
structures were solved and refined by SHELX-97 [16].
Carbon-bound hydrogen atoms were generated geome-

trically (C–H 0.96 (A). In 1, the ssa anion is disordered in
two positions approximately along a line passing through
the C(4)–C(7) atoms. The rings were refined as rigid
hexagons, and a combination of temperature and distance
restraints were used to treat the disorder. The disorder
affected the other parts of the structure, and similar
restraints were applied to them. The disorder precluded
finding the water hydrogen atoms. For 2, the O(1w) is
disordered and was refined with 1/2 site occupancies, the
water hydrogen atoms were located from difference maps
and refined. The absolute structure parameter was refined
to 0.0(2) for 1 [17]. Crystal data as well as details of data
collection and refinement for the complexes are summar-
ized in Table 1. Atomic coordinates and equivalent
isotropic displacement parameters and selected interatomic
distances and angles are given in Tables 2 and 3. Drawings
were produced with SHELXTL [18].

CCDC-####### contains the supplementary crystal-
lographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallo-
graphic Data Center, 12, Union Road, Cambridge
CB2 1EZ, UK; fax: (internet) +44-1223/336-033;
E-mail: deposit@ccdc.cam.ac.uk).

Table 1

Crystal data and structure refinement for 1 and 2

Complex 1 2

Formula C19H33Ag3N9O13S C44H94Ag8N16O37

Fw 951.21 2302.31

Crystal system Orthorhombic Monoclinic

Space group Pna21 (No. 33) C2/c (No. 15)

a ( (A) 20.483(7) 32.099(10)

b ( (A) 21.890(1) 12.916(3)

c ( (A) 6.493(2) 21.431(8)

b (deg) 90 126.74(1)

Volume ( (A3) 2911.3(13) 7120(4)

Z 4 4

l(MoKa) ( (A) 0.71073 0.71073

T (K) 293(2) 293(2)

rcalc (g cm�3) 2.170 2.148

m (MoKa) (mm�1) 2.150 2.258

No. of unique reflections 3277 9627

No. of observed [IX2sðIÞ] 3109 9470

Crystal size (mm) 0.34� 0.18� 0.14 0.48� 0.38� 0.36

R1 [I42s(I)]a 0.0670 0.0617

wR2 (all data)b 0.1624 0.2012

aR1 ¼
P

jjFoj � jFcjj=
P

jFoj:
bwR2 ¼ ½

P
wðF2

o � F2
c Þ

2=
P

wðF2
o Þ

2
1=2:
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3. Results and discussion

3.1. Synthesis chemistry

Complex 1 was first synthesized by the reaction of
ethanolic solution of Ag2(ssa) and hmt in molar ratio of
1:2 with the addition of dilute HNO3 solution, which is
somewhat out of our anticipation. However, a crystal-
line product was also obtained from the reaction system
of Ag2(ssa), AgNO3 and hmt in molar ratio of 1:1:2 in
ethanolic solution, and proved to be identical to 1 by
elemental analysis, IR spectra and crystallographic
unit-cell parameters within experimental errors (ortho-

rhombic, a ¼ 20:51ð1Þ (A, b ¼ 21:82ð1Þ (A, c ¼ 6:55ð1Þ (A,

V ¼ 2848ð4Þ (A3). Such phenomenon is similar to
that of another coordination polymer, namely

Table 2

Atomic coordinates (� 104) and isotropic thermal parameters (� 103)

for 1and 2

Atom x y z Ueq

Complex 1

Ag(1) 7331(1) 3158(1) 5159(8) 28(1)

Ag(2) 9977(1) 2832(1) 10191(9) 34(1)

Ag(3) 11603(1) 4708(1) 5192(10) 43(1)

S(1) 5594(5) 6593(5) 5240(3) 39(3)

O(1) 6381(10) 3792(8) 5150(14) 40(3)

O(2) 7024(9) 4559(9) 5320(11) 40(3)

O(3) 5101(9) 6837(10) 6660(3) 40(3)

O(4) 5506(11) 6806(11) 3110(3) 40(3)

O(5) 6265(7) 6660(9) 5990(4) 40(3)

O(6) 5137(11) 3929(9) 5060(10) 40(3)

C(1) 6478(10) 4343(9) 5130(15) 29(3)

C(2) 5890(11) 4765(11) 5490(6) 19(2)

C(3) 5264(14) 4517(15) 5290(19) 19(2)

C(4) 4707(14) 4988(13) 5300(11) 19(2)

C(5) 4807(17) 5581(13) 5130(14) 19(2)

C(6) 5448(11) 5787(6) 5150(6) 19(2)

C(7) 5999(14) 5393(12) 5080(12) 19(2)

N(1) 7947(10) 3376(11) 8390(3) 18(2)

N(2) 8920(5) 3278(5) 10120(6) 18(2)

N(3) 8352(5) 4270(5) 10110(5) 18(2)

N(4) 7857(10) 3404(11) 12150(3) 18(2)

C(8) 8533(13) 3054(9) 8410(4) 21(1)

C(9) 7969(15) 4029(10) 8440(4) 21(1)

C(10) 7532(6) 3217(6) 10320(5) 21(1)

C(11) 8998(6) 3946(5) 10160(8) 21(1)

C(12) 8563(13) 3152(10) 12100(4) 21(1)

C(13) 7990(15) 4109(10) 12110(4) 21(1)

N(5) 10563(12) 2973(11) 7150(4) 17(2)

N(6) 10611(13) 3019(11) 3390(4) 17(2)

N(7) 11547(5) 2644(4) 5300(5) 17(2)

N(8) 11262(5) 3720(5) 5100(5) 17(2)

C(14) 10192(6) 2886(6) 5150(7) 21(1)

C(15) 11136(16) 2591(11) 7010(5) 21(1)

C(16) 10862(14) 3657(11) 6980(5) 21(1)

C(17) 11151(16) 2520(11) 3390(5) 21(1)

C(18) 10828(14) 3581(11) 3330(5) 21(1)

C(19) 11789(6) 3273(5) 5250(7) 21(1)

N(9) 10499(8) 5191(7) 10160(6) 58(6)

O(7) 9921(9) 5043(11) 10210(9) 124(9)

O(8) 10644(6) 5728(5) 10110(6) 46(4)

O(9) 10899(13) 4803(8) 9640(4) 119(13)

O(1W) 12768(11) 4533(11) 4210(5) 123(13)

O(2W) 12064(12) 4521(10) 9110(4) 83(7)

O(3W) 12431(11) 3363(8) 9900(5) 83(8)

O(4W) 13482(13) 3443(10) 4600(10) 190(3)

Complex 2

Ag(1) 10000 6799(1) 7500 98(1)

Ag(2) 10000 3222(1) 7500 93(1)

Ag(3) 6737(1) 4812(1) 4155(1) 98(1)

Ag(4) 7702(1) 4855(1) 6064(1) 78(1)

Ag(5) 11104(1) 7996(1) 11020(1) 96(1)

O(1W) 10049(6) 5012(8) 7993(10) 118(4)

O(2W) 7686(2) 5166(3) 4979(3) 81(1)

O(1) 8350(2) 5826(4) 7125(3) 110(2)

O(2) 7781(2) 7082(4) 6687(3) 100(2)

O(3) 7891(2) 9304(4) 8750(3) 85(1)

O(4) 8248(2) 8395(5) 9833(3) 100(2)

O(5) 9401(2) 9033(5) 10532(3) 107(2)

O(6) 9497(2) 7393(4) 10920(3) 92(1)

Table 2 (continued)

Atom x y z Ueq

O(7) 9505(2) 5414(4) 8586(4) 100(2)

O(8) 9436(2) 6905(4) 8006(3) 89(1)

N(1) 10764(2) 7363(4) 8684(3) 70(1)

N(2) 11176(2) 7805(4) 10041(3) 69(1)

N(3) 11453(2) 8681(4) 9329(3) 68(1)

N(4) 11669(2) 6864(3) 9688(3) 70(1)

C(1) 11361(2) 8790(4) 9920(3) 71(1)

C(2) 11579(2) 7003(4) 10280(3) 73(2)

C(3) 10689(2) 7489(5) 9287(3) 74(1)

C(4) 10957(2) 8334(5) 8590(3) 74(1)

C(5) 11171(2) 6565(4) 8939(3) 73(1)

C(6) 11842(2) 7860(5) 9579(3) 74(2)

N(5) 8793(2) 2352(4) 7863(3) 70(1)

N(6) 9227(2) 2875(4) 7281(3) 70(1)

N(7) 8517(2) 1615(4) 6623(3) 68(1)

N(8) 8336(2) 3428(4) 6690(3) 69(1)

C(7) 8594(2) 1422(4) 7366(3) 70(1)

C(8) 9293(2) 2670(5) 8010(3) 71(1)

C(9) 8418(2) 3211(5) 7433(3) 74(1)

C(10) 8833(2) 3709(4) 6861(3) 70(1)

C(11) 8140(2) 2480(5) 6216(3) 71(1)

C(12) 9018(2) 1933(4) 6792(3) 72(1)

C(13) 8184(2) 6616(4) 7224(3) 73(1)

C(14) 8197(2) 8620(5) 9227(3) 74(1)

C(15) 9325(3) 8075(6) 10412(3) 79(2)

C(16) 9335(2) 6323(5) 8355(4) 76(2)

C(17) 8490(2) 7060(4) 8033(3) 67(1)

C(18) 8243(2) 7669(4) 8250(3) 70(1)

C(19) 8497(2) 7999(4) 9015(3) 69(1)

C(20) 9018(2) 7717(5) 9572(3) 72(1)

C(21) 9265(2) 7132(5) 9351(3) 72(1)

C(22) 9015(2) 6798(4) 8586(3) 71(1)

O(3W) 10594(3) 9800(5) 10554(4) 120(2)

O(4W) 12066(3) 8903(7) 11955(4) 140(3)

O(5W) 10066(2) 9898(4) 11933(3) 100(2)

O(6W) 10753(3) 10967(5) 11837(3) 105(2)

O(7W) 11882(3) 9169(5) 8128(4) 123(2)

O(8W) 13171(4) 11180(7) 9715(7) 173(4)

O(9W) 9290(6) 4294(7) 9439(8) 211(6)

O(10W) 13006(7) 9973(9) 8479(8) 246(8)

O(11W) 9358(8) 5331(10) 10687(10) 313(13)
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[Ag4(m4-hmt)3(H2O)](SO4)(NO3)2 � 3H2O [10]. Both
cases indicate that the Ag-hmt complexes containing
multiple counterions may exhibit different topological
motifs compared to those containing a single type of
counterions [8–11].

On the other hand, from the reaction system of
ethanolic Ag4(pma) and hmt in molar ratio of 1:2 upon
addition of dilute HNO3, 2 was obtained; while upon
dropwise addition of an aqueous NH3 solution, another
complex [Ag(m3-hmt)]2[Ag(NH3)2]2(pma) � 3H2O con-
sisting of two-dimensional hexagonal [Ag(m3-hmt)]
layers and unique dimeric [Ag(NH3)2]2

2+ species was
isolated [13]. This fact, together with that found in the
pair of complexes [Ag2(m4-hmt)(SO4)(H2O)] � 4H2O
and [Ag3(m4-hmt)2(H2O)2](SO4)(HSO4) � 2H2O reported
previously [10], demonstrates that with the same
ligand, different Ag–hmt linkages may result at different
pH values, and hence generate different stable frame-
works.

3.2. Crystal structures

Complexes 1 and 2 consist of different three-dimen-
sional non-interpenetrated Ag–hmt networks, featuring
two new topological motifs. 1 is a novel three-dimen-
sional cationic network with two types of channels, as
shown in Fig. 1(a). The larger ring involves eight Ag(I)
atoms and eight hmt ligands, while the smaller one
involves four Ag(I) atoms and four hmt ligands; each
larger ring is enclosed by four larger ones and four
smaller ones, and each smaller one is enclosed by four
larger ones. Three crystallographically independent
Ag(I) atoms have two types of coordination geometries.
As illustrated in Fig. 1, both Ag(1) and Ag(2) atoms are
in distorted tetrahedral geometries, each being coordi-
nated by three nitrogen atoms from three hmt ligands
[Ag–N 2.29(2)–2.49(2) (A; N–Ag–N 113(1)–121.5(9)�]
and one oxygen atom from a monodentate ssa
carboxylate group [Ag–O 2.39(2) (A; N–Ag–O 83.1(5)–
108(2)�] or from a monodentate ssa sulfonate group
oxygen atom [Ag–O 2.38(2) (A; N–Ag–O 81.4(7)–
119.7(8)�]. The Ag(3) atom is ligated by two nitrogen
atoms from two hmt ligands [Ag(3)–N 2.24(1) and
2.27(1) (A; N–Ag(3)–N 164.2(4)�] and one aquo oxygen
atom [Ag(3)–O 2.50(2) (A; N–Ag(3)–O 96.2(7) and
98.1(7)�], resulting in a T-shaped geometry. It should
be pointed out that the aromatic rings of the ssa ligands
in the larger channels show the strong p–p stacking
interactions in an offset fashion with the face-to-face
distance of 3.21 (A. Although the larger channels are
mainly occupied by the ssa ligands, a large number of
lattice water molecules are located in them and
hydrogen-bonded to each other and to the uncoordi-
nated oxygen atoms of the carboxylate/sulfonate groups
and aquo ligands [O?O 2.70–3.08 (A]. Moreover, the
nitrate counterions are located in the smaller channels,
forming strong hydrogen bonds with the lattice water
molecules [O(2w)?O(9) 2.47 (A] and hmt methylene
groups [C(11)?O(7) 3.05 (A and C(16)?O(9) 3.04 (A]
[19].

From the topological point of view, the three-
dimensional network of 1, considering only the Ag(I)–
hmt interactions, may be described as interconnection
of the hexagonal (3,3)-connected Ag(hmt) layers by
m-Ag(I) atoms to furnish a three-dimensional (3,4)-
connected net, comprising triconnected (silver atoms of
the layers) and tetraconnected (hmt) centers in the ratio
1:1 [Fig. 2(b)]. To the best of our knowledge, such a
(3,4)-connected net has not been documented so far.
Two known complexes, [Ag3(m4-hmt)2](ClO4)3 � 2H2O
and [Ag3(m4-hmt)2(H2O)2](SO4)(HSO4) � 2H2O [7,10],
have the similar formulas and also consist of open
three-dimensional cationic networks formed by the
(3,3)-connected Ag(hmt) layers and further joined by the
m-Ag(I) atoms (or the spacers). As illustrated in Fig. 2,
the different linkage of m-Ag(I) spacers with the hmt

Table 3

Selected bond lengths ( (A) and bond angles (deg) for 1 and 2

Complex 1

Ag(1)–N(4a) 2.29(2) Ag(2)–O(3c) 2.38(2)

Ag(1)–N(7b) 2.38(1) Ag(2)–N(6d) 2.49(2)

Ag(1)–O(1) 2.39(2) Ag(3)–N(3e) 2.24(1)

Ag(1)–N(1) 2.49(2) Ag(3)–N(8) 2.27(1)

Ag(2)–N(5) 2.33(2) Ag(3)–O(1W) 2.50(2)

Ag(2)–N(2) 2.38(1)

N(4a)–Ag(1)–N(7b) 121.5(9) N(2)–Ag(2)–O(3c) 108.8(6)

N(4a)–Ag(1)–O(1) 104(2) N(5)–Ag(2)–N(6d) 114.7(3)

N(7b)–Ag(1)–O(1) 83.1(5) N(2)–Ag(2)–N(6d) 115(1)

N(4a)–Ag(1)–N(1) 115.6(4) O(3c)–Ag(2)–N(6d) 81.4(7)

N(7b)–Ag(1)–N(1) 116.7(9) N(3e)–Ag(3)–N(8) 164.2(4)

O(1)–Ag(1)–N(1) 108(2) N(3e)–Ag(3)–O(1W) 96.2(7)

N(5)–Ag(2)–N(2) 113(1) N(8)–Ag(3)–O(1W) 98.1(7)

N(5)–Ag(2)–O(3c) 119.7(8)

Complex 2

Ag(1)–N(1) 2.353(5) Ag(3)–N(7c) 2.283(4)

Ag(1)–N(1a) 2.353(5) Ag(3)–O(2W) 2.482(5)

Ag(1)–O(1W) 2.50(1) Ag(4)–O(3d) 2.279(5)

Ag(2)–N(6) 2.277(5) Ag(4)–O(1) 2.325(5)

Ag(2)–N(6a) 2.277(5) Ag(4)–O(2W) 2.329(5)

Ag(2)–O(1W) 2.51(1) Ag(4)–N(8) 2.464(5)

Ag(3) � � �Ag(4) 3.344(1) Ag(5)–N(2) 2.257(5)

Ag(3)–N(3b) 2.274(5) Ag(5)–N(5e) 2.258(5)

N(1)–Ag(1)–N(1a) 144.0(2) N(7d)–Ag(3)–O(2W) 114.8(2)

N(1)–Ag(1)–O(1W) 93.9(4) O(3d)–Ag(4)–O(1) 110.5(2)

N(1a)–Ag(1)–O(1W) 120.1(4) O(3d)–Ag(4)–O(2W) 134.9(2)

N(6)–Ag(2)–N(6a) 157.3(2) O(1)–Ag(4)–O(2W) 110.9(2)

N(6)–Ag(2)–O(1W) 93.1(4) O(3d)–Ag(4)–N(8) 100.0(2)

N(6a)–Ag(2)–O(1W) 108.0(4) O(1)–Ag(4)–N(8) 84.7(2)

N(3c)–Ag(3)–N(7d) 143.8(2) O(2W)–Ag(4)–N(8) 101.0(2)

N(3c)–Ag(3)–O(2W) 99.6(2) N(2)–Ag(5)–N(5e) 158.8(2)

Symmetry codes: (a) x; y; z � 1; (b) x � 1
2
; �y þ 1

2
; z; (c) �x þ 3

2
; y � 1

2
;

z þ 1
2
; (d) x; y; z þ 1; (e) �x þ 2; �y þ 1; z � 1

2
for 1; (a) �x þ 2; y;

�z þ 3
2
; (b) x � 1

2
; �y þ 3

2
; z � 1

2
; (c) �x þ 3

2
; �y þ 1

2
; �z þ 1; (d) �x þ 3

2
;

y � 1
2
; �z þ 3

2
; (e) �x þ 2; �y þ 1; �z þ 2 for 2.
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groups in (3,3)-connected Ag(hmt) layers in 1 results in
the different topological motif, which is therefore
unprecedented. Moreover, the larger ring in 1 composed
of eight Ag(I) atoms and eight hmt ligands is the largest
one in the known Ag–hmt networks, as compared to the
previously largest one that comprising 12 Ag(I) atoms
and six hmt ligands [10].

Complex 2 consists of another new type of three-
dimensional non-interpenetrated network with cylindrical
channels. As depicted in Fig. 3(a), five crystallographi-
cally independent Ag(I) atoms in three types of co-
ordination geometries have been observed. The Ag(1)
and Ag(2) atoms are bridged by one twofold disordered

m-aquo-oxygen atom [Ag–O(1w) 2.50(1) and 2.51(1) (A]
with the metal–metal separation of 4.620 (A. Each of
them further coordinated by two hmt nitrogen atoms
[Ag–N 2.277(5)–2.353(5) (A; N–Ag–N 144.0(2)–
157.3(2)�], completing a Y-shaped geometry. The
Ag(3) atom also exhibit a Y-shaped geometry, being co-
ordinated by two different hmt nitrogen atoms [Ag(3)–
N 2.274(5) and 2.283(4) (A; N–Ag(3)–N 157.3(2)�] and a
m-aquo ligand [Ag(3)–O(2w) 2.482(5) (A; N–Ag(3)–
O(2w) 99.6(2) and 114.8(2)�]. The Ag(4) atom is
surrounded in a greatly distorted tetrahedron, in which
the metal atom is located virtually in the plane defined
by two oxygen atoms from different bis-monodentate

(a)

(b)

Fig. 1. Perspective views showing the three-dimensional network (a) and the structural unit (b) projected along the c-axis in 1. The counter anions

and lattice water molecules are omitted in (a) for clarity.
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pma carboxylate group and one m-aquo ligand [Ag(4)–O
2.279(5)–2.329(5) (A; O–Ag(4)–O 110.5(2), 110.9(2) and
134.9(2)�, SAg 356.3�], and the remaining position is
occupied by one nitrogen atoms from hmt ligands
[Ag(4)–N(8) 2.464(5) (A, N(8)–Ag(4)–O 84.7(2)–
101.0(2)�]. The m-aquo-bridged Ag(3) and Ag(4) atoms
have a metal-metal distance of 3.344(1) (A, indicating no
significant Ag?Ag interaction. Each Ag(5) atom
exhibits a bent 2-coordination with two nitrogen atoms
from different hmt ligands [Ag(5)–N 2.257(5) and
2.258(5) (A; N–Ag(5)–N 158.8(2)�]. It should be noted
that both aquo ligands in 2 are in the m-bridging mode,
which is rarely documented in silver(I) complexes [20].
What is more, two hmt ligands exhibit different bridging
modes, namely m3- and m4-bridging modes. To our
knowledge, hmt usually acts in a unique bridging mode
in the related Ag–hmt complexes, and 2 is the first
example constructed by mixed m3- and m4-bridging
hmt ligands, although the mixed m- and m3-bridging
mode has been found in two coordination polymers
[Ag2(m-hmt)(m3-hmt)(H2O)(SbF6)] and [Ag2(m-hmt)(m3-
hmt)(ssa)] [6,11].

As illustrated in Fig. 3(b), the molecular ribbons with
cyclical units each involving four Ag(I) atoms and four
hmt ligands are connected by the m-aquo-oxygen atoms,
resulting in a two-dimensional infinite coordination
layer. These layers are further interlinked by the
biconnected Ag(5) atoms [Fig. 3(c)] to complete an
open three-dimensional non-interpenetrated network
having cylindrical channels with a diameter of

ca. 6 (A1. Moreover, the framework is further stabilized
by the bis-monodentate pma ligands between a pair of

Ag(4) atoms; therefore, the cylindrical channels are
partially occupied by the uncoordinated carboxylate
ends of the pma ligands, resulting in much smaller
effective channels in the real solid-state structure. The
free dimensions of these channels occupy 19.5% of
the crystal volume [21]. The lattice water molecules are
clathrated in channels and form donor hydrogen bonds
with the uncoordinated carboxylate oxygen atoms

[O?O 2.780(9)–2.967(12) (A].
We have successfully synthesized two new Ag–hmt

coordination polymers, which exhibit unprecedented
and different topological motifs in the Ag–hmt net-
works. Among them, one consists of the largest
[Ag(hmt)]n (n ¼ 8) ring among the Ag–hmt networks,
while the other is the first three-dimensional Ag–hmt
nets constructed with mixed m3- and m4-bridging hmt
ligands. This and the previous results suggest that
different synthetic conditions for the same metal
ions and ligands can yield coordination polymer
architectures of different topologies through the differ-
ent Ag–hmt linkages.
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(a) 
(b)

Ag(hmt) layers
 

µ-Ag 

Fig. 2. The different topological motifs of three-dimensional Ag–hmt networks resulted from the interlinkages of (3,3)-connected hexagonal Ag(hmt)

layers with Ag(I) connectors at different positions found in two known complexes [7,10] (a) and 1 (b). Small open balls represent centers of mass of

the hmt ligands.

1The channel dimensions are estimated from the van der Waals radii

for carbon (1.70 (A), nitrogen (1.55 (A), and oxygen (1.40 (A).
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