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Abstract

Recent progress in the solid-state coordination and structural chemistry of aromatic disulfonates as well as the amine interaction
of crystalline Cd2+ sulfonate complexes will be outlined. Due to the weak coordination strength, most of the metal monosulfonates
from aqueous solution are water-coordinated metal sulfonate salts. However, by employing arenedisulfonates, which can provid
coordination sites, stable frameworks sustained by sulfonate–metal interactions can be obtained with various dimensionalities. Th
groups show diverse coordination modes, which change starkly from�3 �3 bridging in sodium(I) 1,5-naphthalenedisulfonate dihydrate to�7

�5 bridging in sodium(I) 4,4′-phenyletherdisulfonate. The coordination strength of the alkali, alkaline earth metals and some divalent tr
metals toward sulfonates will be evaluated. Moreover, layered sulfonate- and water-coordinated Cd2+ complexes can selectively uptake ami
vapor via solid-state substitution reaction, in a reversible process under ambient conditions. The coordination modes and confor
aromatic monosulfonates are analyzed based upon the crystal structures documented by CSD. Thesynmonodentate mode is most frequen
adopted.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Sulfonate; Coordination chemistry; Alkali metal; Alkaline earth metal; Transition metal; Solid–vapor reaction

∗ Tel.: +86 20 84114215; fax: +86 20 84112245.
E-mail address:puscjw@zsu.edu.cn (J. Cai).

0010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.06.014



1062 J. Cai / Coordination Chemistry Reviews 248 (2004) 1061–1083

1. Introduction

1.1. Background

In comparison with other organic acidato anions such as
carbonates and phosphonates, the coordination chemistry of
sulfonate has been less well investigated due to the perception
that sulfonate is a poor ligand[1]. The supramolecular chem-
istry of the sulfonate group in extended solids constructed
by cooperative coordination and other weak intermolecular
interactions, as well as the structural and functional prop-
erties of Ba2+ and Ag+ sulfonates, have recently been re-
viewed by Ĉoté and Shimizu[1]. The coordination chemistry
of the trifluoromethanesulfonate was reviewed by Lawrence
[2], while polysulfonate calyx[4]- and calyx[5] arenas were
reviewed by Atwood et al.[3]. This manuscript will focus on
the variant and preferential coordination modes displayed by
aromatic mono- and disulfonates. The recent progress made
in our group in the structural chemistry of metal arenedisul-
fonates as well as the amine interaction properties of cad-
mium(II) sulfonates will be summarized.

1.2. Coordination modes of aromatic sulfonates

In contrast to phosphonates which form mostly rigid
inorganic–organic lamellar frameworks with the organic pen-
dant protruding from the inorganic –PO3-M layers [4], the
structural analogs, sulfonates, show diverse coordination be-
havior. The weak coordination nature of –SO3

− makes its
c em-
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n
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I dopt
t vari-

Fig. 2. The mono and�2 �2 bidentate coordination modes of aromatic sul-
fonate.

ant of organometallic compounds, including Sb5+ [9–18],
Bi5+ [11,19], Sn4+ [20,21], Tc+ [22], Ru2+ [23], Rh+
[24,25], Pd2+ [26], Ag+ [27], and Re2+ [28] ions, besides
the carbon-coordinated organic ligands, the metal ions are
also coordinated by a monodentate C6H5SO3

− ligand or its
substituted analogs (L1). In the coordination compounds, in-
cluding Cu2+ [29–31], Zn2+ [32], Ni2+ [33], Ag+ [34–37],
Au+ [38], Fe2+ [39,40], Ru2+ [41], Pd2+ [42], and W2+ [43]
ions, the metal ions are coordinated by L1 together with the
nitrogen-, sulfur- or phosphorus-containing ligands (X), or
by the multi-functional ligands L2 and L3. NH2C6H4SO3

−
(L1) adopts the O- or N,O-coordination modes with Mn2+
[44], Co2+ [45], Zn2+ [45], Mo2+ [46], and Tl+ [47]. The
hard nature of the sulfonate group seems to favor the hard
rare-earth metal ions and a series of lanthanide sulfonates are
isolated from aqueous solution with the Ln ions coordinated
by both the water molecules and sulfonates[48–56].

Among the bidentate modes adopted by sulfonate, the
O,O′-�2 �2 bridging, as shown inFig. 2, is the most popular
one which could also construct polymeric coordination net-
works with different topologies[34,47,57–65]. For example,
an 8-membered ring is built[57,58,61], as shown inFig. 3, by
two �2 �2 sulfonates coordinated to two metal ions. The 8-
membered-ring building blocks can further be extended into
a 1D chain if the metal ions are connected to four sulfonate
g s
c
s are
m
a

sul-
f ups
c xes
[
[ o
o h
m
b
W nate
c )
[ rent
L s
oordination mode very flexible and sensitive to the ch
cal environment. For instance, the coordination mode
SO3

− to Na+ range from�3 �3 bridging in sodium(I) 1,5
aphthalenedisulfonate dihydrate[5] to �7 �5 in sodium(I)
,4′-biphenyletherdisulfonate[6]. Similar observations hav
lso been made in the silver(I) sulfonates[7,8].

The CSD, released in October 2003, has documented
ozen crystal structures of aromatic sulfonate-coordin
etal complexes, with different kinds of metals scatte
round the Periodic Table[7–68]. The most frequently foun

igands for forming sulfonate–metal interactions are li
n Fig. 1. All these complexes are either mixed-ligand
rdinated by the hard sulfonate group together with s
ther softer ligands such as nitrogen-, sulfur- or phosph
ontaining molecules (X), or the metal ions are hydra
n most of these compounds, the sulfonate groups a
he monodentate coordination mode. For instance, in a

Fig. 1. The aromatic sulfonate ligands.
roups[59,60], as shown inFig. 4. 1D coordination polymer
an be generated with different topologies[34,59,61–63], as
hown inFig. 5. Other higher-order coordination modes
ostly observed in the silver(I)[7,8,34,47,64,65]sulfonates
nd have been reviewed by Côté and Shimizu[1].

Finally, there are only a few structural reports on di
onate coordination compounds, with both sulfonate gro
oordinated to metal ions. In the mixed-ligand comple
K(OH2)2M{o-C6H4(SO3)2}2]n (M = Nd and La) and
K(OH2)2Yb(OH2)4{o-C6H4(SO3)2}2]n [66], there are tw
r more individualo-C6H4(SO3)2 ligands present in whic
ost of the sulfonate oxygen atoms coordinate to K+, Ln3+ or
oth of them in different bridging modes, as shown inFig. 6.
hile in the series of lanthanide 1,5-naphthalenedisulfo

omplexes [Ln(OH)(1,5nds)(H2O)]n (Ln = La, Pr and Nd
67], the disulfonate ligands are coordinated by five diffe
n ions in a unusual asymmetrical�2 �2 –�3 �3 mode, a
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Fig. 3. The 8-membered-ring dimmers formed by two�2 �2 sulfonate
groups, coordinated viasyn–syn modes in Bi[((CH3)2C6H3SO3)(C6H5)
Cl2]Sb(C6H5)4 [57] (a), via syn–anti modes in Ag2[(CH3C6H4SO3)2

((CH3)2NHC4N2H)3] [34] (b).

shown inFig. 7, resulting in stable polymeric structure with
bifunctional catalysis and optical properties.

Besides the bridging modes, thesynor anti coordination
conformation, defined by the M-O direction relative to the C-
S bond, is another variable used to describe the coordination
modes of the sulfonates, as defined and discussed by Sund
berg and Sillanp̈aä [68] for the mono-coordinated aromatic
sulfonates. Among the 63 mono-coordinated metal sulfonate
structures we examined[9–56], only nine of them adopt the
anti coordination mode. Some of theanti conformations are
accompanied by a second functional group coordinated to the
metal ion which could be responsible for forcing the sulfonate
oxygen to coordinate in theantimode. Therefore, thesynco-
ordination mode is preferred for mono-coordinated aromatic
sulfonates. In the case of the�2 �2 bidentate bridging, there
are equal number ofanti andsynmodes observed. For in-
stance, in the centro-symmetric 8-membered ring constituted
by two sulfonate groups in�2 �2 modes, the two independent

F
O

sulfonate oxygen atoms could coordinate in asyn–synfashion
as shown inFig. 3a, orsyn–anti fashion as shown inFig. 3b.
While in the 1D chains constructed by the sulfonate groups
coordinated in�2 �2 bridging, the coordination modes could
besyn–synas shown inFig. 5a,syn–antias shown inFig. 5b,
anti–anti as shown inFig. 5c. Strong�–� interactions are
observed in{Pb[(CH3C6H4SO3)2(C6H5)2(H2O)2](H2O)}n
[62], as indicated by the coplanarity of the phenyl rings in
Fig. 5c. This observation indicates that intermolecular inter-
action could play an important role in determining thesyn

Fig. 5. The 1D chain constructed by the�2 �2 sulfonate groups coordinated
via syn–synmodes, in Bi[((CH3)2C6H3SO3)(C6H5)2] [61] (a), viasyn–anti
modes in Ag[(CH3C6H4SO3)((H2N)2C5NH3)] [63] (b), and viaanti–anti
in Pb[(CH3C6H4SO3)2(C6H5)2(H2O)2](H2O) [62] (c).
ig. 4. The 1D chain constructed by 8-membered rings in [(n-C4H9)2Sn{�-
SO2C6H2(CH3)3}2]n [59].
-
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Fig. 6. The inorganic metal–sulfonate layer in [K(OH2)2Yb(OH2)4{o-
C6H4(SO3)2}2]n [66].

or anti coordination conformation adopted by the sulfonate
oxygen.

1.3. Functional metal sulfonates

Materials with absorption properties have attracted much
attention due to their potential applications in chemical stor-
age, separation and catalysis. There are two major categories
of metal-containing absorptive materials, namely the well-
studied zeolites with rigid and stable frameworks which are
mostly not sensitive to guest uptaking[69,70], and the micro-
porous coordination metal complexes with supramolecular
frameworks[71–73]. Metal coordination frameworks, with
more flexibility in comparison with that of zeolites, can be
designed and modified adequately via using different type of
metal centers and functional groups[74]. Among them, rigid
functional groups, such as phosphates[4,75], carboxylate
[76,77], bipyridine[70], or a mixture of both carboxylate and
bipyridine ligands[78–80]have been employed to construct
porous frameworks with high dimensionalities. However, this
approach has been challenged by two major hindrances. One
is the interpenetration of the framework when forming higher

F
(

dimensional structures, thus prohibiting the formation of the
pores. Another one is that removal of the guest molecules
could cause the frameworks to collapse irreversibly. Only
very recently, by employing large and rigid metal carboxy-
late clusters as secondary building units for host design, have
the problems of interpenetration and framework fragility of
porous metal organic frameworks been circumvented[81,82].

Water-coordinated metal phosphonates with inorganic–
organic lamellar structures have been studied extensively and
they represent another type of absorbing metal organic mate-
rials [83–89]. These compounds can intercalate amines after
excluding the coordinated water molecules from the coor-
dination sites of the metal center. The resulting intercala-
tants are stable since coordinative bonds are formed between
amines and the metal centers. On the other hand, the inter-
calation or adsorption behavior of metal sulfonates were re-
ported[7,90–94]and reviewed recently by Ĉoté and Shimizu
[1]. Silver triflate could uptake alcohol via a topotactic pro-
cess[91], while silver 3-pyridinesulfonate displays selective
MeCN uptake which triggers a phase transition in solid state
[90]. In both cases, the intercalation behavior is contributed
by the flexible coordination modes of Ag+ with sulfonate
groups. Furthermore, in the preliminary experiment[7], it
was shown that layered metal sulfonate compound AgOTs
can intercalate nonylamine when it is treated with the liquid
a con-
d y the
s

1

s the
p ons
[ tural
a te and
n
e eous
s spe-
c tion
ig. 7. The inorganic metal–sulfonate layer in{Ln(OH)(1,5nds)(H2O)}n
Ln = La, Pr and Nd)[68].
mine. However, no detailed structural analyses were
ucted to elucidate the intercalation process and identif
tructure of the resulting complex.

.4. Scope of this review and abbreviations

Owing to the weak coordination strength of –SO3
−, most

ulfonate ions cannot efficiently displace solvents from
rimary coordination sphere of the transition metal i

1]. For instance, in the effort to generate the struc
nalogs of metal phosphonates, metal benzenesulfona
aphthalenesulfonate salts were synthesized[95–99]. Nev-
rtheless, in most metal sulfonates obtained from aqu
olution, the metal ions are hydrated to a great extent. E
ially, all the transition metal sulfonates involve segrega

Fig. 8. Arenedisulfonate ligands used in this study.
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Fig. 9. Coordination environment of Li+ (a), the inorganic metal–sulfonate layer (b) and packing in [Li2(1,5nds)(H2O)2]n.

of the aquametal complex cations and sulfonate anions with-
out any direct metal–sulfonate interactions[97–99]. In the
case of the alkali metals[95,96], larger alkaline earth met-
als [98,99], silver [1] and the rare-earth metal ions[66], the
metal ions could be coordinated by both aqua molecules and
sulfonate oxygen.

In this review, we will demonstrate that by employ-
ing disulfonates to provide multiple coordination sites and
amines as auxiliary ligands, stable main group and transi-
tion metal sulfonates can be obtained from aqueous solution
with frameworks sustained or dominated by metal–sulfonate
interactions[5,100–104]. Furthermore, the results obtained
in our group concerning the systematic investigation of the
amine uptake properties of two water-coordinated layered
metal sulfonates will also be outlined[105,106].

The following abbreviations will be used throughout in
this paper. The disulfonates ligands used for this study

are shown inFig. 8. 1,5nds = 1,5-naphthalenedisulfo-
nate; 2,6nds = 2,6-naphthalendisulfonate; bpds = 4,4′-bi-
phenyldisulfonate; peds = 4,4′-phenyletherdisulfonate; en =
ethylenediamine;N-meen =N-methylethylenediamine; dpn
= 2,3-diaminopropane; tren = tris(2-aminoethyl)amine;N,N′-
meen =N,N′-dimethylethylenediamine; dien = diethylenetri-
amine; cyclam = 1,4,8,11-tetraazacyclotetradecane; 2,2′-bpy
= 2,2′-bipyridyl; inia = isonicotinamide.

2. Structures of metal arenedisulfonates

2.1. Main group metals

Six solid-state structures of alkali and alkaline earth
metal 1,5-naphthalenedisulfonates[5] as well as Na2(peds)
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Fig. 10. Coordination environment of Na+ (a) and the metal–sulfonate layer
(b) in [Na2(1,5nds)(H2O)2]n.

[6] were investigated. All the three alkali compounds
[M2(1,5nds)(H2O)2]n (M = Li +, Na+, K+) crystallize in
the same space groupP21/c with different unit cell param-
eters. Despite the difference in the coordination behavior of
the metal ions, their packing arrangements are very simi-
lar and only the Li+ analog is shown inFig. 9c. Interest-
ingly, all three analogs adopt 3D frameworks constructed by
inorganic–organic layers, with the metal–sulfonate inorganic
portions pillared by the naphthalene rings, reminiscent of the
reported metal biphosphonate compounds[107].

As shown inFig. 9a, Li+ is coordinated by one water
molecule and three different –SO3

− groups. Every –SO3−
oxygen atom is coordinated to one Li+ and the –SO3− group
functions as a�3 �3 bridge, connecting three Li+ ions with
Li O = 1.919(3)–1.994(3)̊A, as showed inFig. 9b. While
Na+ is 5-coordinated by three different –SO3

− groups and

Fig. 11. Coordination environment of K+ (a), the metal–sulfonate layer (b)
and the unique cage structure constructed by two�4 –SO3

− groups, four
potassium ions and four water molecules (c) in [K2(1,5nds)(H2O)2]n.

two water molecules, as shown inFig. 10a. Every –SO3− oxy-
gen is coordinated to one Na+ ion and the –SO3− group func-
tions as a�3 �3 bridge connecting three Na+ ions, with Na O
= 2.3185(12)–2.3567(13)̊A, as indicated inFig. 10b. The
K+ ion is 8-coordinated by three water molecules and five
–SO3

− oxygen atoms from four different groups, as shown
in Fig. 11a, with K O = 2.6693(15)–2.8751(15)̊A. Two of
the –SO3

− oxygen atoms (O1 and O3) are coordinated to
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Fig. 12. The packing structure of [Mg(H2O)6] (1,5nds).

two K+ ions, which make the –SO3− group function as a�5

�4 bridge. In the mean time, the K+ ion is coordinated by
two oxygen atoms from the same –SO3

− group, as shown in
Fig. 11b and c.

The corresponding characteristic OH stretching and SO
vibrational frequencies in their IR spectra also clearly in-
dicate the different coordination behavior of the sulfonate
groups. Despite the different coordination structure of the
metal ions, the Li+, Na+ and K+ analogs crystallize with
the same cell component and space group. The increasing
coordination strength with decreasing charge–radius ratio is
illustrated adequately in these three alkali metal ion struc-
tures.

There is no direct coordination of Mg2+ by sulfonate in
the magnesium(II) analog, [Mg(H2O)6](1,5nds). The Mg2+
ion is coordinated by six water molecules while the sul-
fonate groups behave as counter-anions forming extensive
hydrogen bonding interactions with the aquametal com-

tructure

plexes, as shown inFig. 12. In the calcium(II) analog
[Ca(1,5nds)(H2O)2]n, Ca2+ is octahedrally coordinated by
four –SO3

− groups which construct the basal plane with
Ca O = 2.3043(12)–2.3754(12)̊A, and two water molecules
in the axial positions, with distances of 2.3182(13) and
2.3327(13)̊A, respectively. Each –SO3− behaves as a�2

�2 ligand bridging two Ca2+ ions, thus constructing a 2D
network with alternating organic–inorganic components, as
shown inFig. 13.

As shown in Fig. 14a, the strontium(II) analog
[Sr(1,5nds)(H2O)2]n, Sr2+ is 8-coordinated to six differ-
ent –SO3

− groups, with SrO = 2.5190(14)–2.5531(14)̊A,
and two water molecules with distances of 2.692(2) and
3.014(3)Å, respectively. Each of the –SO3

− oxygen is coor-
dinated to different Sr2+, resulting in a�3 �3 bridging mode
similar to that adopted by Li+ and Na+. The inorganic layer
structure is shown inFig. 14b. All the Sr2+ ions locate on the
same least-square plane. Three Sr2+ ions are bridged together
by two�3 –SO3

− groups below and above the square plane.
As shown inFig. 14c, [Sr(1,5nds)(H2O)2]n is a 3D structure
similar to that adopted by the alkali metal analogs. The Ba2+
analog is an isostructure of [Sr(1,5nds)(H2O)2]n, with Ba O
= 2.6696(18)–2.7232(18)̊A.

With the decrease of charge–radius ratio, the coordination
strength of alkali metal ion increases in the order Li+ < Na+
< + f 4,
5 in
t
a ng
a iffer-
e ancy
i the
m

d
b
N s
a m
Fig. 13. The layered s
 of [Ca(1,5nds)(H2O)2]n.

K , as illustrated nicely by the coordination number o
and 8 for the Li+, Na+ and K+ analogs. Even though

he Li+, Na+, Sr2+ and Ba2+ analogs, the –SO3− groups
dopt the same�3 �3 bridging mode and the overall packi
rrangements are the same inorganic–organic lamellar, d
nt inorganic layer structures are observed. The discrep

s contributed by the different coordination properties of
etal ions.
Finally, in [Na2(peds)]n, the Na+ ion is 7-coordinate

y five different –SO3− groups, as shown inFig. 15a, with
a O = 2.3183(17)–2.6015(19)̊A. Two of the oxygen atom
re involved with two Na+ ions. The third oxygen ato
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Fig. 14. Coordination environment of Sr2+ (a), 2D metal–sulfonate layer (b) and 3D structure (c) of [Sr(1,5nds)H2O]n.

is coordinated by three Na+ ions, with two of them shar-
ing the other oxygen atoms, resulting in an unusual�7 �5

coordination mode for the sulfonate group, as shown in
Fig. 15b. The 3D framework is similar to that observed in
[Na2(1,5nds)(H2O)2]n. However, the coordination modes of
the sulfonate group have been changed dramatically from�3

�3 in [Na2(1,5nds)(H2O)2]n to �7 �5 in [Na2(peds)]n. It is
noted that peds is a ligand with a flexible backbone in con-
trast to the rigid naphthalene ring carried by the 1,5nds ligand.
Therefore, the two –SO3− groups of the peds ligand can ad-
just themselves to better accommodate the Na+ ions. The
stark difference in the coordination modes of the sulfonate
groups observed in [Na2(1,5nds)(H2O)2]n and [Na2(peds)]n
demonstrates vividly the flexibility of the sulfonate coordi-
nation modes.

2.2. Transition metals

[Cd(1,5nds)(H2O)2]n is a 2D layered compound which
adopts the same arrangement as that of [Ca(1,5nds)(H2O)2]n
[5,102]. The Cd2+ ion is coordinated by four –SO3−
groups, with CdO = 2.250(3)–2.342(2)̊A, and two water
molecules. Each –SO3− group behaves as a�2 �2 ligand

bridging two Cd2+ ions, constructing a 2D network with
alternating organic–inorganic components, as shown in
Fig. 16a. In contrast to the 1,5-naphthalenedisulfonate salts
of the alkali and alkaline earth metals described above,
which all crystallize in the centro-symmetric space group
with the 1,5nds ions sitting on the inversion centers, there is
one 1,5nds ion located on a general position, and two 1,5nds
located on the inversion centers in [Cd(1,5nds)(H2O)2]n,
thus resulting in four independent –SO3

− groups in the
asymmetric unit with slightly different bonding distance to
Cd2+. Consequently, the inorganic layer consists of three
differently conformed 8-membered rings, with Cd· · · Cd
separations of 5.472, 5.195 and 5.53Å, respectively. This
structural feature indicates that the 2D cadmium(II) sulfonate
network directed by the 8-membered rings is flexible and
elastic, which could endure some structural contraction or
expansion. Strong inter-layered hydrogen bonding interac-
tions formed between the coordinated water molecules and
the free –SO3− oxygen atoms extend the layers into a 3D
network, as shown inFig. 16b.

Interestingly, the 3D polymorph of the 2D
[Cd(1,5nds)(H2O)2]n compound is also obtained, which
crystallizes in a different space group with different
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Fig. 15. The coordination structure of Na+ (a) and the 2D metal–sulfonate
layer (b) in [Na2(peds)]n.

Fig. 16. The 2D layered polymorph of [Cd(1,5nds)(H2O)2]n (a) and the packing showing inter-layered hydrogen bonds (b).

Fig. 17. The 3D polymorph of [Cd(1,5nds)(H2O)2]n.

arrangement[108]. Both the Cd2+ and 1,5nds ions are located
on the inversion centers and there is only one independent
–SO3

− group present in the asymmetric unit. In these two
polymorphs, the coordination geometries around the Cd2+
ions as well as the coordination modes of the 1,5nds ions are
the same. However, the 1,5nds anions connect Cd2+ ions be-
longing to different layers, thus resulting in a 3D framework
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Fig. 18. The 1D chain formed by [Cu(H2O)4(1,5ndsH)]n.

similar to that observed in the alkali and alkaline earth metal
analogs, as shown inFig. 17.

Copper(II) 1,5-naphthelenedisulfonate is isolated from
aqueous solution and identified as [Cu(H2O)6](1,5nds). In
contrast, when copper(I) salt is used, [Cu(H2O)4(1,5ndsH)]n
is obtained[108], in which one –SO3− group is protonated,
while the other –SO3− group coordinates to two different
[Cu(H2O)4]+ ions insyn–anti fashion, resulting in a 1D struc-
ture shown inFig. 18, with Cu O = 2.337 and 2.449̊A for
the coordinated sulfonate group. The 1D chains are linked via
extensive hydrogen bonds formed between the free –SO3H
groups and the coordinated water molecules.

3. Structures of complexes with mixed-ligand of
arenedisulfonates and amines

According to what we have observed and those doc-
umented by CSD, the maximum number of coordination
sites provided by each sulfonate group to the divalent
transition metal ion observed so far is 2. Therefore,
leaving out thesyn–anti conformational variable, there

F des of

are six possible coordination modes provided by a�2-
coordinated disulfonate ion, as shown inFig. 19. All
these six possible coordination modes are adopted by
the arenedisulfonates in Cu2+ and Cd2+ complexes
under different chemical environments. For instance,
mode (a) is found in [Cd(2,2′-bpy)2(H2O)(peds)]·4H2O,
mode (b) in [Cd(cyclam)(1,5nds)]2, mode (c) in
{[Cu(en)2(1,5nds)]·2H2O}n and [Cu(dpn)2(bpds)]n,
mode (d) in [Cd2(2,2′-bpy)4(H2O)2(1,5nds)](1,5nds)·4H2O,
{[Cd(inia)2(H2O)2(2,6nds)]·4H2O}n, {[Cd(inia)2(H2O)2
(bpds)]·4H2O}n and all the 1D polymers described inSection
3.2, mode (e) in{[Cd2(inia)4(H2O)3(peds)2]·2H2O}n, and
mode (f) in [Cd(1,5nds)(H2O)2]n. Among them, the centro-
symmetric trans�2 bridging mode (d) is most frequently
adopted.

3.1. Cu2+ complexes

The solid-state structures of{[Cu(en)2(1,5nds)]·2H2O}n,
{[Cu(N-meen)2(2,6nds)]·H2O}n, [Cu(dpn)2(bpds)]n, [Cu
(cyclam)(1,5nds)]n, [Cu(dpn)2(H2O)2](1,5nds) and [Cu(N,
N′-meen)2(H2O)2](1,5nds)·H2O, together with [Cu(H2O)6]
(1,5nds)[100] demonstrate that the coordination behavior of
Cu2+ toward –SO3− can be tailored chemically, and that the
arenedisulfonate ion can compete with water molecules and
c be-
t ial
m nt.

m-
p
m oms
f rom
t
c xtent
a e
c
w oup
P

ig. 19. Schematic representation of the six possible coordination mo
 the disulfonate anions, if each –SO3
− group could be monodentate or�2 bridging.

oordinate with Cu2+. On the other hand, the interaction
ween Cu2+ and sulfonate is weak and sensitive to triv
odification of the chemical and geometrical environme
All the amine-containing complexes have similar co

onents, and the Cu2+ ions have the same CuN4O2 chro-
ophore, 6-coordinated equatorially by four nitrogen at

rom the amine ligands and axially by two oxygen atoms f
wo –SO3

− groups or two water molecules. The CuN4O2
hromophores are tetragonally elongated to different e
long the axial positions. All the CuN4O2 chromophores ar
entrosymmetric except for{[Cu(en)2(1,5nds)]·2H2O}n,
hich crystallizes in an enantiomorphic space gr
41212. In {[Cu(en)2(1,5nds)]·2H2O}n, {[Cu(N-meen)2
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Fig. 20. The extended 2D layer observed in{[Cu(en)2(1,5nds)]·2H2O}n.

(2,6nds)]·H2O}n, [Cu(dpn)2(bpds)]n and [Cu(cyclam)
(1,5nds)]n, each –SO3− coordinates monodentately to Cu2+,
and the naphthalenedisulfonate and biphenyldisulfonate ions
behave as bifunctional spacers, bringing the complex cations
into infinite 1D strings, as shown inFigs. 20–23.

Two parameters are adopted to describe and compare the
coordination geometries of this series of compounds.θ1 is
the torsion angle of CS O Cu for the coordinated sulfonate
oxygen, andθ2 the dihedral angle formed between the equato-
rial planes of [CuN4] and the naphthalene or phenyl rings. The
scattering distribution of these parameters reveals the diverse
geometries similar to that observed in the coordination behav-
ior of zirconium arenesulfonates[58]. The aromatic rings and
the equatorial planes of the Cu2+ complex cations tend to be
perpendicular to each other in{[Cu(en)2(1,5nds)]·2H2O}n
and [Cu(cyclam)(1,5nds)]n. While{[Cu(N-meen)2(2,6nds)]·
H2O}n and [Cu(dpn)2(bpds)]n display another coordination
geometry, in which the CS and Cu O bonds are close to
be perpendicular to each other and the two least-squares
planes of the cation and anion tend to be coplanar. There
is a relation between the collinearity of the CuO S C frag-
ments and the coplanarity of the two least-squares planes
of the cation and anion. The homogeneity of the torsion
angles of C S O2 Cu and C S O3 Cu (O2 and O3 are
the non-coordinated sulfonate oxygen atoms) observed in

{[Cu(en)2(1,5nds)]·2H2O}n and [Cu(cyclam)(1,5nds)]n is
consistent with a closer approach of –SO3

− oxygen to-
ward the Cu2+ core in order to facilitate hydrogen bond-
ing interactions with the amine ligands coordinated to
the metal ion. The different geometries of the coordina-
tion sphere, as well as the free rotation about the SC
bond, produce diverse topologies for the 1D chains. In
{[Cu(en)2(1,5nds)]·2H2O}n and [Cu(cyclam)(1,5nds)]n, the
chains are almost linear, as indicated by theθ1 value close
to 180◦. {[Cu(N-meen)2(2,6nds)]·H2O}n forms a wave-like
structure. While in [Cu(dpn)2(bpds)]n, the serrated profile
of a castellation is formed. The conformational freedom
engenders various topologies, and such a phenomenon is
structurally less predictable and explored in coordination
polymers, as compared with the predictable architectures
employing linear and rigid linking groups, such as 4,4′-
bipyridine.

In complexes [Cu(dpn)2(H2O)2](1,5nds) and [Cu(N,N′-
meen)2(H2O)2](1,5nds)·H2O, the Cu2+ ions are coordinated
by water molecules, instead of the sulfonate oxygen atoms,
as shown inFigs. 24 and 25. Steric hindrance, caused by
the C- or N-substitution of the amine ligands, could be
responsible for preventing the effective approach of the
bulky –SO3

− group to Cu2+. Compounds [Cu(dpn)2(bpds)]n
and [Cu(dpn)2(H2O)2](1,5nds) have the same [Cu(dpn)2]2+
s -
t nds
l
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Fig. 21. {[Cu(N-meen)2(2,6nds)]·H2O}n.
quare cation. However, with the CC bond capable of rota
ion, the bpds ligand is much more flexible than the 1,5
igand to promote better metal–sulfonate interaction.

.2. 1D Cd2+ complexes

Four Cd2+ arenedisulfonate polymers, namely [Cd(N,N′-
een)2(2,6nds)]n, [Cd(N,N′-meen)2(1,5nds)]n, [Cd(N,N′-
een)2(bpds)]n, and {[Cd(N-meen)2(2,6nds)]·2H2O}n,
ere synthesized in aqueous solution and structu
haracterized by X-ray single-crystal diffraction[101]. Their
tructures are shown inFigs. 26–29. In all these four struc
ures, Cd2+ is 6-coordinated equatorially by four nitrog
toms from the amine ligands and axially by two oxy
toms from the monodentate –SO3

− groups. The CdO
istances are in the range of 2.3504(19)–2.4324(1Å.
he arenedisulfonate anions act as bifunctional space
oordinate the CdN4 complex cations, generating stepw
D strings. In contrast to the Cu2+ analogs, the coordinatio
onformations of the sulfonate groups vary to a m
maller extent. This observation is in line with the sim
tepwise 1D structures observed in all the four compou

Due to the inherent multiple H-bonding donors/accep
n their neutral polymeric backbones, the same pa
f inter-chain hydrogen bonding interactions describe
(6)R2

2(12) are formed by the amino hydrogen atoms
ulfonate oxygen atoms, despite the differences in bot

igands and space groups. The four polymers arrange
ery similar pattern of extended 2D networks, as illustr
n Fig. 30. Hence, a unique supramolecular synthon for
y direct hydrogen bonding interactions between two



1072 J. Cai / Coordination Chemistry Reviews 248 (2004) 1061–1083

Fig. 22. [Cu(dpn)2(bpds)]n.

Fig. 23. [Cu(cyclam)(1,5nds)]n.

Fig. 24. [Cu(dpn)2(H2O)2](1,5nds).

polymeric backbones, as the driving force for the assembly of
these 1D polymers into 2D networks, has been rationalized.

Despite the differences in the coordination geome-
tries in {[Cu(N-meen)2(2,6nds)]·2H2O}n and {[Cd(N-
meen)2(2,6nds)]·2H2O}n (elongated versus regular octa-
hedral MN4O2 chromophores, CuN = 2.029(2) and
2.068(2)Å, Cu O = 2.496(2)Å versus Cd N = 2.2961(18)
and 2.3497(18)̊A, Cd O = 2.4245(15)̊A), they are isostruc-
tural. The packing arrangements of these two compounds are

very similar. The inter-chain hydrogen bonding strength is
weaker in the Cu2+ analog (N· · · O 3.142(4)Å, N H · · · O
134.6◦ versus N· · · O 3.078(2)Å, N H · · · O 144.2◦). Fi-
nally, the 2D array illustrated inFig. 30is only observed in
polymers with stepwise or wave-like topology. For the linear
{[Cu(en)2(1,5nds)]·2H2O}n, and [Cu(cyclam)(1,5nds)]n,
and the castellated{[Cu(dpn)2(bpds)]·H2O}n, different ar-
rangements are adopted.

The most significant feature about the synthon observed
in the Cd2+ analogs is the flexibility. Even though the inter-
chain H-bonding pattern C(6)R22(12) is persistent in all the
structures studied here and also in the Cu2+ analog of [Cd(N-
meen)2(2,6nds)]·2H2O, it is elastic enough to adapt to cer-
tain variations introduced by different coordination modes
of the disulfonate toward the metal center, the nature of the
organic group (naphthalene versus biphenyldisulfonate) and
the amino ligand (N,N′-meen versusN-meen), clathration of
water molecules, as well as different metal ions with the same
charge.

3.3. Cd2+ complexes with diverse disulfonate
coordination modes

Six mono- and dinuclear cadmium(II) arenedisulfonate
compounds with zero- or one-dimensional architecture,
namely [Cd(2,2′-bpy)2(H2O)(peds)]·4H2O, [Cd2(2,2′-bpy)4
(
{
(
w oce-
d ystal
d

ith
o The
d te
o
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Fig. 25. [Cu(N,N′-meen)2(H2O)2](1,5nds)·H2O.
H2O)2(1,5nds)](1,5nds)·4H2O, [Cd(cyclam)(1,5nds)]2,
[Cd(inia)2(H2O)2(2,6nds)]·4H2O}n, {[Cd(inia)2(H2O)2
bpds)]·4H2O}n, and{[Cd2(inia)4(H2O)3(peds)2]·2H2O}n,
ere obtained from aqueous solution using similar pr
ures and structurally characterized by X-ray single-cr
iffraction [102].

The Cd2+ ions in all compounds are 6-coordinate w
ctahedral geometry distorted to varying degrees.
istances between Cd2+ and the coordinated sulfona
xygen (∼2.3Å) are very consistent. Both thesyn and
nti coordination modes of the metal sulfonate fragm



J. Cai / Coordination Chemistry Reviews 248 (2004) 1061–1083 1073

Fig. 26. [Cd(N,N′-meen)2(2,6nds)]n.

Fig. 27. [Cd(N,N′-meen)2(1,5nds)]n.

Fig. 28. [Cd(N,N′-meen)2(bpds)]n.
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Fig. 29. {[Cd(N-meen)2(2,6nds)]·2H2O}n.

are observed. The most diverse geometrical parameter
around the Cd2+ coordination core is the torsion angle of
the C S O Cd fragments. In the mononuclear [Cd(2,2′-
bpy)2(H2O)(peds)]·4H2O, Cd2+ is coordinated by four ni-
trogen atoms from two 2,2′-bpy ligands incis fashion, one
water molecule and one –SO3

− oxygen atom of the peds an-
ion. The –SO3− group on the other end of the peds ligand
is not anchored by any covalent bond. The overall structure
of [Cd(2,2′-bpy)2(H2O)(peds)]·4H2O is very “polar”, carry-
ing positive and negative charges at the metal center and the
dangling ligand, respectively. The non-coordinated –SO3

−
group is stabilized by two water molecules by strong hydro-
gen bonds, as shown inFig. 31. The peds ligand is highly
twisted, with a dihedral angle of 71.1◦ formed between the
two phenyl rings.

F onds.

In the dinuclear cluster [Cd2(2,2′-bpy)4(H2O)2(1,5nds)]
(1,5nds)·4H2O, each of the Cd2+ ions has a similar coor-
dination environment to that observed in the mononuclear
[Cd(2,2′-bpy)2(H2O)(peds)]·4H2O. However, both SO3−
groups of the 1,5nds ligand coordinate with Cd2+ monoden-
tately, in trans fashion, resulting in a dinuclear cation, as
shown inFig. 32a. The two 2,2′-bpy and naphthalene planes
are almost coplanar. The free 1,5nds anions connect two dinu-
clear clusters via hydrogen bonds formed by the coordinated
water molecules and –SO3

− oxygen atoms, extending the
dinuclear clusters into 1D chains, as shown inFig. 32b.

In the neutral dinuclear cluster [Cd(cyclam)(1,5nds)]2,
Cd2+ is 6-coordinated by four nitrogen atoms from one cy-
clam ligand incis fashion and two SO3− oxygen atoms
from two different 1,5nds anions. The Cd2+ ions are double-
bridged by two�2–SO3

− groups, resulting a dinuclear clus-
ter, as illustrated inFig. 33a. It is interesting to note that
when the metal ion in the polymeric [M(cyclam)(1,5nds)]n

(M = Cu2+ [100] and Ni2+ [104]) was substituted by Cd2+,
the resulting structure changes from 1D chain to a dinuclear
ig. 30. Schematic plot of the 2D network constructed by hydrogen b
 Fig. 31. [Cd(2,2′-bpy)2(H2O)(peds)]·4H2O.
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Fig. 32. The coordination structure (a) and packing (b) of [Cd2(2,2′-
bpy)4(H2O)2(1,5nds)](1,5nds)·4H2O.

cluster. The two non-coordinated –SO3
− groups of the cluster

are anchored by strong intermolecular hydrogen bonds with
the amino hydrogen atoms of adjacent clusters, as shown in
Fig. 33b, leading to extended 1D chains.

The 1D polymers{[Cd(inia)2(H2O)2(2,6nds)]·4H2O}n
and {[Cd(inia)2(H2O)2(bpds)]·4H2O}n have very simi-
lar metal ion coordination structures and packing ar-
rangement, as shown inFigs. 34 and 35. Two aqua
molecules, two isonicotinamide and two –SO3

− groups co-
ordinate in atrans fashion. The 2,6nds/bpds anions be-

ed 1D c

have as bifunctional spacers coordinated to two Cd(II)
centers, resulting in step-like 1D coordination polymers.
Adjacent chains are connected by NH. . .O hydrogen
bonds formed between amide moieties and sulfonate
groups, leading to extended 2D sheets. The extended
2D layer structures in{[Cd(inia)2(H2O)2(2,6nds)]·4H2O}n
and {[Cd(inia)2(H2O)2(bpds)]·4H2O}n are very similar,
despite the fact that the length of the spacer are
8.49 and 10.66̊A in 2,6nds and bpds, respectively.
In other words, the directing forces for the assembly
of the polymers,{[Cd(inia)2(H2O)2(2,6nds)]·4H2O}n and
{[Cd(inia)2(H2O)2(bpds)]·4H2O}n, into 2D structures are
the same, similar to the supramolecular synthon documented
above for the Cd(N4)(nds/bpds) analogs.

In the 1D knotted chain{[Cd2(inia)4(H2O)3(peds)2]·
2H2O}n, there are two independent Cd2+ ions with differ-
ent coordination geometry in the asymmetric unit. Cd(1) is
coordinated by one water molecule, two nicotinamide nitro-
gen atoms and three sulfonate oxygen atoms, and Cd(2) by
two water molecules, two nicotinamide nitrogen atoms and
two sulfonate oxygen atoms, as shown inFig. 36a. Each of
the Cd2+ ions are double-bridged by two�2–SO3

− groups,
resulting two 8-membered-ring dinuclear clusters. The clus-
ters are linked by peds spacers into 1D knotted chains, as
shown inFig. 36b. Both the spacer and terminal peds anions
i 2+ -
r ,
o hile
t
a

show
t ate
Fig. 33. The coordination structure (a) and extend
 hain formed by hydrogen bonds in [Cd(cyclam)(1,5nds)]2.

n the asymmetric unit coordinate with Cdin an asymmet
ic fashion. One served as a spacer displays a�2 �1 mode
ne end�2-bridging and the other end monodentate; w

he second peds coordinates only with one end as a�2-bridge
nd the other end free.

The solid-state structures of the above complexes
hat all the six possible coordination modes of disulfon
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Fig. 34. {[Cd(inia)2(H2O)2(2,6nds)]·4H2O}n.

Fig. 35. {[Cd(inia)2(H2O)2(bpds)]·4H2O}n.

Fig. 36. Coordination (a) and 1D structure (b) of{[Cd2(inia)4(H2O)3(peds)2]·2H2O}n.
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Fig. 37. {[Ni(cyclam)(1,5nds)]·(1/3)H2O}n.

Fig. 38. [Co(cyclam)(H2O)2](1,5nds)·2H2O (a) and Zn(N-meen)2(H2O)2]
(2,6nds) (b).

ions shown inFig. 30 could be adopted with different N-
containing auxiliary ligands. Furthermore, the –SO3

− oxy-
gen atoms are involved in extensive intermolecular hydrogen
bonds which could be directive and leading to extended struc-
tures with higher order of dimensionalities.

3.4. Other transition metals

In an effort to obtain the structural analogs of Cu2+
and Cd2+ with metal–sulfonate interactions, the mixed-
ligand strategy is applied to Ni2+, Co2+ and Zn2+ ions.
Nevertheless, except in{[Ni(cyclam)(1,5nds)]·(1/3)H2O}n
[104] where a weak Ni-sulfonate contact is observed,
all the other compounds are obtained as amine/water
coordinated metal cations with the sulfonate as the counter-
anions. X-ray structural analyses show that their structures
are [Ni(H2O)6](1,5nds), [Ni(en)2(H2O)2](1,5nds)·2H2O,
[Ni(tren)(H2O)2](1,5nds)·H2O, [Ni(dien)2](1,5nds)·2H2O
[103], [Ni(N-meen)2(H2O)2](1,5nds), [Ni(N,N′-meen)2

(H2O)2](1,5nds)·H2O, [Ni(N,N′-meen)2(H2O)2](2,6nds),
[Ni(inia)2(H2O)4](1,5nds)·2H2O [109] for the Ni2+ com-
pounds, [Zn(dien)2](1,5nds), [Zn(dpn)3](1,5nds)·H2O,
[Zn(N,N′-meen)2(H2O)2](1,5nds)·H2O, and Zn(N-meen)2
(H2O)2](2,6nds) [109] for the Zn2+ compounds, and
[Co(cyclam)(H2O)2](1,5nds)·2H2O [104]. As shown in
Fig. 37, {[Ni(cyclam)(1,5nds)]·(1/3)H2O}n is isostructural
to its Cu2+ analog, with two sulfonate groups coordinated
to Ni2+ in the axial positions. The distance between the
Ni2+ and sulfonate is 2.4573(16)Å. As selectively shown
in Fig. 38, in all the other complexes, the metal ions are
coordinated by the amine ligands and the water molecules
with sulfonates as the counter-anions. Extensive hydrogen
bonds are formed between the complexes cations and
sulfonate anions.

The results summarize above indicate that the coordina-
tion strength of divalent transition metal ions toward the sul-
fonate group increase in the order of Co2+ ∼ Zn2+ < Ni2+<
Cu2+<Cd2+.

4. Amine interaction properties of layered Cd2+
sulfonates
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.1. [Cd(1,5-nds)(H2O)2]n

The structure of [Cd(1,5-nds)(H2O)2]n has been dis
ussed above[105]. TGA analysis shows that it is stab
ntil 250◦C when the two coordinated water molecu
re released. Its amine uptake properties were investi

n order to compare the corresponding behavior with
f the well-investigated metal phosphonates[83–89]. The
esults show that it can selectively absorb ammonia
mines without dehydration and form stable adducts
olid–vapor reaction at room temperature. As show
ig. 39, [Cd(1,5nds)(H2O)2]n can absorb quantitatively am
onia and primary aliphatic amines, but not metha
thanol, propanol, acetonitrile and ethyl acetate. There

he uptake of amine is selective.
The C-substitution on the alkyl chain of the am

olecules can alter the absorbing capabilities. For insta
Cd(1,5nds)(H2O)2]n absorbs 4 equiv. of C3H7NH2 and
equiv. of iso-C3H7NH2. However, it absorbs the sam
mount of C4H9NH2 and iso-C4H9NH2 in molar ratio of
:3. Therefore,�-substitution on the C-atom has no ob
us impact, while�-substitution decreases the intercala
apability noticeably.
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Fig. 39. TGA of the amine adducts of [Cd(1,5nds)(H2O)2]n (M) showing the amines released at two well-defined temperature ranges.

[Cd(1,5nds)(H2O)2]n can also absorb up to 2 molar
equivalents of secondary amine (C2H5)2NH. However,
no absorption is observed for (C2H5)3N and the aro-
matic amines PhNH2 and PhCH2NH2. Also, in order
to test the interaction preference, the absorption exper-
iment of [Cd(1,5nds)(H2O)2]n with mixed amines of
CH3NH2/C2H5NH2 and C2H5NH2/(C2H5)2NH were also
conducted, and only C2H5NH2 was detected from the TGA-
IR spectra. The XRD spectra of the resulting amine adducts
also matched that observed for M(C2H5NH2)4, indicating
that [Cd(1,5nds)(H2O)2]n shows preferential absorption be-
havior.

The amine interaction process of the matrix compound in-
volves both coordinative and non-coordinative interactions.
In the C2H5NH2 and C3H7NH2 adducts, in which maximum
amount of amines are found, TGA-IR analyses show that the
amines are released in two separated steps, while the water
molecules are released at a much lower temperature than the
matrix compound [Cd(1,5nds)(H2O)2]n. This observation in-
dicates that the intercalation process could be that two amine
molecules substitute the two coordinated water molecules,
while the other two amine molecules are anchored into the
expanded inter-layered spaces, most probably via forming
hydrogen bonds with the sulfonate oxygen atoms of the ma-
trix compound. Based upon the 3D TGA-IR spectra, there
a their
c tive
i

fer-
e atrix
c ine
a eat-
m have
w tita-
t t
p

Fig. 40. Feature PXRD patterns atθ < 10.5◦ showing the reversible inter-
calation of [Cd(1,5nds)2(H2O)2]n with C2H5NH2. (1) C2H5NH2 adduct of
[Cd(1,5nds)2(H2O)2]n; (2) [Cd(1,5nds)2(H2O)2]n; (3) the C2H5NH2 adduct
was heated to 280◦C for 2 h, exposed in the air overnight.

In most of the divalent metal phosphates reported, the ab-
sorption ratio is 1:1, and only in the case of Cu(O3PC6H5)
[86], an extra molar amount of amine is intercalated, most
likely via coordinated to Cu2+ in the axial positions, while
intercalation via other nature of interaction has not been re-
ported in the metal phosphonates. It is quite unusual to ob-
serve that [Cd(1,5nds)(H2O)2]n can absorb up to 4 molar
equivalents of amine and form stable adducts, without de-
hydration before the solid–vapor reaction.

4.2. [Cd(µ2-p-N,O-NH2C6H4SO3)2(H2O)2]n

[Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n is a layered co-
ordination compound with similar 2D structure to that
re amines released at much higher temperature than
orresponding boiling points, suggesting that coordina
ntercalations commonly occur in all the cases studied.

All the amine adducts are crystalline materials with dif
nt phases and could have better crystallinity than the m
ompound. The PXRD patterns are very similar for am
dducts obtained during different trials, before/after tr
ent with methanol/ether, indicating that these adducts
ell-defined and stable structures which could be quan

ively reproduced. Moreover, as shown inFig. 40, the adduc
rocess is reversible.
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Fig. 41. 2D (a) and packing (b) structures of [Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n.

adopted by [Cd(1,5nds)(H2O)2]n. The solid–vapor reac-
tions between crystalline [Cd(�2-p-N,O-NH2C6H4SO3)2
(H2O)2]n and a series of volatile amines were investigated
and the corresponding amine adducts were characterized by
EA, TGA, PXRD and IR[106]. Among them, the C2H5NH2
and C3H7NH2 adducts, namely [Cd(C2H5NH2)4(H2O)2](H2
NC6H4SO3)2 and [Cd(C3H7NH2)4(p-O-H2NC6H4SO3)2]
(C3H7NH2), grew into single crystals in situ of the
solid–vapor reaction processes and their crystal structures
were characterized. In both cases, 4 molar amounts of amine
molecules coordinate to Cd2+ via replacing thep-N,O-
NH2C6H4SO3

− ligands or coordinated water molecules.
The single-phase product suggests that the solid–vapor re-
action between metal sulfonate and volatile alkylamines
could be used as a green process to synthesize monoamine-
coordinated Cd2+ complexes without using any solvent and
routine separation.

The crystal structure of [Cd(�2-p-N,O-NH2C6H4SO3)2
(H2O)2]n is shown inFig. 41a. Its Co2+ and Zn2+ analogs
have been reported and all three of them have similar co-
ordination and 2D structures[45]. The p-NH2C6H4SO3

−
anions behave as�2 bridging ligands to produce a 2D lay-
ered structure. Inter-layered hydrogen bonds formed be-
tween the coordinated water molecules and the –NH2 groups
with the free –SO3− oxygen atoms generate an extended
3 -
l
N
w ound
[ -

terial, with the inter-layer distance decreased from 9.37Å
in [Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n to 8.77Å in
[Cd(�2-p-N,O-NH2C6H4SO3)2]n. The dehydration process
of [Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n is reversible.

[Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n does not react
with NH3, (C2H5)2NH, PhNH2, pyridine, as well as
CH3OH, CH3COOC2H5 and HCl, indicating that the re-
action of [Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n with pri-
mary amines is selective. [Cd(�2-p-N,O-NH2C6H4SO3)2
(H2O)2]n can quantitatively absorb primary alkylamines. Es-
pecially, [Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n can take
up to 4 equiv. of CH3NH2 and C2H5NH2, 5 equiv. of
C3H7NH2. It is noted that there is a sharp decrease
in the molar amount of amines adducted to [Cd(�2-p-
N,O-NH2C6H4SO3)2(H2O)2]n from 5 mol for C3H7NH2 to
0.5 mol for iso-C3H7NH2, and 0.5–1.5 mol for the C4H9NH2
isomers. All the ammine adducts are crystalline materials.
TGA results, shown inFig. 42, reveal that the CH3NH2,
C2H5NH2 and C3H7NH2 adducts release amine molecules in
single steps, well before the decomposition of the framework
around 350◦C.

Both C2H5NH2 and C3H7NH2 adducts grow into sin-
gle crystals in situ in solid–vapor reactions. X-ray struc-
tural analysis shows that 4 equiv. of C2H5NH2 substitute
the p-NH2C6H4SO3

− ligands from the Cd2+ coordination
s d to
t
N -
t
H

D structure, as shown inFig. 41b, which is very simi
ar to that of [Cd(1,5nds)(H2O)2]n [102]. [Cd(�2-p-N,O-
H2C6H4SO3)2(H2O)2]n is stable until 100◦C when the
ater molecules are released. The dehydrated comp

Cd(�2-p-N,O-NH2C6H4SO3)2]n is also a crystalline ma
phere, while the water molecules remain coordinate
he metal center, resulting in [Cd(C2H5NH2)4(H2O)2](p-
H2C6H4SO3), as shown inFig. 43. The crystal struc

ure of the C3H7NH2 adduct, [Cd(C3H7NH2)4(p-O-
2NC6H4SO3)2] (C3H7NH2) is shown inFig. 44a. Four
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Fig. 42. TGA of the amine adducts of [Cd(�2-p-N,O-NH2C6H4SO3)2

(H2O)2]n.

equivalents of amine replace the two coordinated water
molecules and−NH2 groups of the twop-NH2C6H4SO3

−
ligands. The sulfonate group remains coordinated to
Cd2+, with the Cd O distance expanded significantly
from 2.294(2)Å in [Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n
to 2.474(4) and 2.453(4)̊A in [Cd(C3H7NH2)4(p-O-
H2NC6H4SO3)2]C3H7NH2). Interestingly, molecules pack
along the crystallographica-axis and form void space of
200Å3 per unit cell, which accommodates one free amine
molecule, as shown inFig. 44b. In other words, [Cd(�2-
p-N,O-NH2C6H4SO3)2(H2O)2]n can take up to 5 equiv.
of C3H7NH2 and form crystalline [Cd(C3H7NH2)4(p-O-
H2NC6H4SO3)2](C3H7NH2). Both substitution and inclu-
sion reactions occur during the reaction process.

The absorption of guest molecules by a crystalline ma-
terial always causes considerable stress and intermolecular
reorganization in the metal-organic framework and the loss
of the crystallinity. As a consequence, the characterization
of the solid-state structures becomes quite challenging. One
common approach to overcome this problem is to grow single
crystals of the targeted compound from solvent and compare
the simulated PXRD pattern with that of the reaction prod-
uct. This method is only achievable when the targeted com-

Fig. 44. Coordination structure (a) and packing (b) of [Cd(C3H7NH2)4(p-
O-H2NC6H4SO3)2](C3H7NH2).

pound can be crystallized and the phases obtained from solid-
state reaction and from solution are the same. Therefore, the
growth of single crystals in situ of a solid–vapor reaction pro-
cess observed in [Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n,
which makes direct structural characterization possible, is
unique.

As shown inFig. 45, the solid–vapor reaction between
[Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n and C2H5NH2,
namely the substitution reaction including the breakdown
and formation of four coordinative bonds, is completely re-
versible at room conditions. Similar amine-releasing pro-
cesses at room temperature are observed in all the other
amine adducts. In the cases of both the CH3NH2 and
C3H7NH2 adducts, the phases obtained after loss of all
the amine molecules have to be exposed to water moisture
in order to gain the phase identical to that of [Cd(�2-p-
N,O-NH2C6H4SO3)2(H2O)2]n. The amine-releasing process
could also be accelerated by heating to 150–200◦C.

Complex [Cd(�2-p-N,O-NH2C6H4SO3)2(H2O)2]n sho-
ws distinct reactivity towards C2H5NH2 and C3H7NH2. Four
equivalents of C2H5NH2 exclude thep-NH2C6H4SO3

− lig-
ands from the Cd2+ coordination sphere. But this does not
occur in the case of C3H7NH2 reaction, where the sulfonate
Fig. 43. [Cd(C2H5NH2)4(H2O)2](H2NC6H4SO3)2.
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Fig. 45. PXRD tracking the reversible transformations between [Cd(�2-
p-N,O-NH2C6H4SO3)2(H2O)2]n (1) and the C2H5NH2 adduct 3. A =
C2H5NH2 vapor. Reflections contributed by the third phase are marked by
*.

groups of thep-NH2C6H4SO3
− ligands still remain coordi-

nated to Cd2+. Further experiments are required in order to
decipher this behavior, which could be caused by steric and
electronic factors. On the other hand, based upon what we
have documented about the readily modified sulfonate coor-
dination mode due to its weak coordination nature, what is
being observed here is not unexpected.

The readily achieved transformations between [Cd(�2-p-
N,O-NH2C6H4SO3)2·(H2O)2]n and its amine adducts could
be explained by the compatible coordination strength of the
–NH2 and –SO3− groups of the NH2C6H4SO3

− ligand, the
–NH2 group of the alkylamine and the water molecule. By
nature, the reaction process of metal sulfonate with amine
vapor could be understood as a solid-state substitution re-
action driven by Lewis acid–base interactions. Experimental
results show that cadmium(II) salts other than the sulfonates,
such as CdCl2 and CdCO3, do not react with amine vapor
under the same reaction condition investigated for [Cd(�2-
p-N,O-NH2C6H4SO3)2(H2O)2]n and [Cd(1,5nds)(H2O)2]n,
revealing that the sulfonate group is critical to drive the amine
intercalating process.

5. Summary and conclusions

We have demonstrated that by employing aromatic disul-
f roup
a que-
o in-
t orks
w des
o rdi-
n rder
o arth
m

Mg2+ < Ca2+ < Sr2+ ∼ Ba2+, is illustrated satisfactorily by
the solid-state structures of the 1,5-naphthalenedisulfonate
salts. The order of the coordination strength of transi-
tion metal ions is illustrated by comparing the solid-state
structures of metal sulfonates with similar component but
different sulfonate coordination behavior. Especially, the dif-
ferent coordination modes observed in the series complexes
M(cyclam)(1,5nds)·nH2O (M = Co2+/�0, Ni2+/�1, Cu2+/�1

and Cd2+/�2) serve as a unique example to demonstrate the
coordination strength increase in the order Co2+< Ni2+ <
Cu2+ < Cd2+.

Layered metal sulfonates can display interesting func-
tional properties, such as the reversible and selective up-
take of amine at room temperature without dehydration. Such
kind of reversible vapor or gas uptake property has attracted
more and more attention recently due to potential applica-
tion as chemical sensors for toxic gases or volatile organic
compounds[110]. Moreover, the easy replacement of the
sulfonate group can be utilized to synthesize novel com-
pounds, such as monoamine-coordinated metal complexes,
which are otherwise difficult to obtain from solvent reac-
tion, via solid–vapor reactions between metal sulfonates and
volatile ligands.

The negatively charged –SO3
− oxygen atoms can also

form strong and directed hydrogen bonds, constructing well-
o onal
p ed
b heav-
i ,
S lids
c onate
a
W the
r sul-
f state
c ruc-
t ly, a
c avior
o etal
s

A

tu-
r and
2

R

.

em.
onate anions as ligands, sulfonate-coordinated main g
nd transition metal complexes can be obtained from a
us solution. The cooperative multiple metal–sulfonate

eractions direct the construction of the stable framew
ith various dimensionalities. Diverse coordination mo
f sulfonates are observed, indicative of the flexible coo
ation feature of the sulfonate group. Moreover, the o
f the coordination strength of the alkali and alkaline e
etals towards sulfonates, namely Li+ < Na+ < K+ and
rganized extended coordination frameworks with functi
roperties. The NH · · · O types of hydrogen bonds form
y guanidinium and sulfonates have been investigated

ly in organic crystal engineering[111]. While recently
himizu’s group has reported a series of inclusion so
onstructed by the second-sphere interaction of the sulf
nions and the ammonium-coordinated metal cations[112].
ith the infinite number of organic ligands available and

ich and tunable coordination chemistry displayed by
onates, we believe that further studies on the solid-
hemistry of metal sulfonates will be rewarded by st
ures with interesting frameworks, and, most important
omprehensive understanding of the coordination beh
f sulfonates, which is crucial for designing functional m
ulfonate materials.
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