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Rationally Designed, Polymeric, Extended Metal–Ciprofloxacin Complexes
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Introduction

The design and synthesis of metal-organic coordination net-
works have undergone revolutionary growth over the past
decade, not only because of their intriguing structural diver-
sity but also because of their tremendous potential applica-
tions in catalysis, molecular adsorption, magnetism, nonlin-

ear optics, and molecular sensing.[1–3] A series of attractive
networks with various structural motifs, including honey-
comb, brick wall, bilayer, ladder, herringbone, diamondoid,
and rectangular grid, have been deliberately designed, and
extensively discussed in comprehensive reviews by Yaghi,
Kitagawa, Rao, Chen, and their co-workers.[4] It should be
noted that, to date, aromatic polycarboxylate and neutral or-
ganonitrogen ligands, such as 1,4-benzenedicarboxylate,
1,3,5-benzenetricarboxylate, 1,2,4-benzenetricarboxylate,
1,2,4,5-benzenetetracarboxylate, 4,4’-bpy, and pyrazine, have
been widely used in the construction of these high-dimen-
sional structures with large pores or undulating layers.[5–9]

The construction of metal-organic coordination frameworks
using organic drugs is still in its infancy, although many or-
ganic drugs have the potential to act as building blocks, and
the resulting metal-drug complexes are particularly impor-
tant in biology and pharmacology.[10–12]

Ciprofloxacin (cfH = 1-cyclopropyl-6-fluoro-1,4-dihydro-
4-oxo-7-(1-piperazinyl)-3-quinoline carboxylic acid)
(Scheme 1), a fluoroquinolone antibacterial agent with a
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Abstract: Reactions of the antimicrobi-
al fluoroquinolone ciprofloxacin (cfH)
with metal salts in the presence of aro-
matic polycarboxylate ligands or under
basic conditions produce fourteen new
metal–cfH complexes, namely,
[Ba2(cf)2(1,4-bdc)(H2O)2]·H2O (1),
[Sr6(cf)6(1,4-bdc)3(H2O)6]·2H2O (2),
[M2(cfH)2(bptc)(H2O)2]·8H2O (M =

Mn(3) and Cd(4)), [M(cfH)(1,3-bdc)]
(M = Mn(5), Co(6), and Zn(7)), [Zn2-
(cfH)4(1,4-bdc)](1,4-bdc)·13H2O (8),
[Ca(cfH)2(1,2-Hbdc)2]·2H2O (9) and
[M(cf)2]·2.5H2O (M = Mn(10),
Co(11), Zn(12), Cd(13), and Mg(14))
(1,4-bdc = 1,4-benzenedicarboxylate,
bptc = 3,3’,4,4’-benzophenonetetracar-
boxylate, 1,3-bdc = 1,3-benzenedicar-
boxylate, 1,2-bdc = 1,2-benzenedicar-

boxylate). Their structures were deter-
mined by single-crystal X-ray diffrac-
tion analyses and further characterized
by elemental analyses, IR spectra, and
thermogravimetric analyses. The struc-
tures of 1 and 2 consist of unique two-
dimensional arm-shaped layers. Com-
pounds 3 and 4 are isostructural and
feature one-dimensional structures
formed from the interconnection of
[M2(cfH)2(H2O)2] dimers with bptc li-
gands. Compounds 5–7 are isostructur-
al and contain double-chain-like rib-

bons constructed from [M2(cfH)2-
(CO2)2] dimers and 1,3-bdc. Compound
8 consists of a pair of [Zn(cfH)2]

2+

fragments bridged by a 1,4-bdc into a
dinuclear dumbbell structure. Com-
pound 9 is a neutral monomeric com-
plex. To the best of our knowledge,
compounds 1–9 are the first examples
of metal-quinolone complexes that
contain aromatic polycarboxylate li-
gands. Compounds 10–14 are isostruc-
tural and exhibit interesting two-di-
mensional rhombic grids featuring
large cavities with dimensions of 13.6I
13.6 J. Up to now, polymeric extended
metal–cfH complexes have never been
reported.
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wide spectrum of activity, is extremely useful for the treat-
ment of a variety of infections.[13–14] The mechanisms of
action of the quinolone antibacterial agents are either their
inhibition of DNA gyrase (topoisomerase II), an essential
bacterial enzyme that maintains superhelical twists in DNA,
or their interaction with the DNA molecule via a metal–
complex intermediate.[11–16] In fact, the chelation between
the metal and the carbonyl and carboxyl groups of the qui-
nolones and the binding of the resulting complex to DNA
may be the essential prerequisites for their antibacterial ac-
tivity.[11, 17] Recently new theoretical/experimental studies on
the activity of quinolones and their metal complexes have
supported the hypothesis that the mechanism of action of
quinolones could be mediated by a metal ion.[14,18] Despite
the important role that metal ions may play in this system,
the structurally characterized metal–cfH complexes are still
rare, as evidenced in a recent review by Turel.[14] Only a few
zero-dimensional monomeric structures have been charac-
terized to date.[15,16] However, to the best of our knowledge,
a polymeric extended metal–cfH complex has never been
reported, which may be attributed to the fact that the bulky
cf ligand play a “passive” role by occupying coordination
sites on the metal centers and providing steric constraints,
thus preventing spatial extension of the skeleton to higher
dimensions. Therefore, searching for feasible routes to con-
struct polymeric extended metal–cfH complexes is still a
great challenge for synthetic chemists, and further research
is necessary to enrich and develop this field.
Two different synthetic strategies were used in this paper

to obtain polymeric extended metal–cfH complexes. In the
first strategy, aromatic polycarboxylate ligands were used to
link the discrete metal–cfH motif to form high-dimensional
structures. Aromatic polycarboxylates are introduced based
on the following considerations: 1) the use of carboxylate-
bridged metal clusters as metal-organic second building
units (SBUs) to build polymeric extended structures is rela-
tively mature.[19] 2) The topologies of the resulting structures
can be predicted and thus designed by the use of symmetri-
cal aromatic polycarboxylates.[5] 3) No metal complexes con-
taining mixed quinolone and aromatic polycarboxylate li-
gands have been reported.[14] The possible reason is that two
carboxyl-containing ligands would yield more negative
charges that would hamper charge balancing. 4) The combi-
nation of cfH and polycarboxylates may lead to the forma-
tion of unprecedented structures with novel topological fea-

tures. The second strategy uses the cf as a bridging ligand
under suitable reaction conditions. Owing to its distinct
steric conformations, the piperazinyl group of cf usually acts
as charge-compensating cation but rarely as a ligand to con-
nect metals. However, recent work published by us and by
others has proved that piperazine may connect two metal
centers as a bridging ligand under basic conditions.[20] In-
spired by this, we used basic conditions and the piperazinyl
group as a ligand to synthesize extended metal–cfH com-
plexes. Because the mixing of a metal salt and the cfH solu-
tion usually results in a precipitation, making it difficult to
grow crystals of complexes, the hydrothermal technique was
adopted in this paper to put the designed strategies into
practice. This method afforded a series of new metal–cfH
complexes: [Ba2(cf)2(1,4-bdc)(H2O)2]·H2O (1), [Sr6(cf)6(1,4-
bdc)3(H2O)6]·2H2O (2), [M2(cfH)2(bptc)(H2O)2]·8H2O (M
= Mn (3) and Cd (4)), [M(cfH)(1,3-bdc)] (M = Mn (5), Co
(6), and Zn (7)), [Zn2(cfH)4(1,4-bdc)](1,4-bdc)·13H2O (8),
[Ca(cfH)2(1,2-Hbdc)2]·2H2O (9), and [M(cf)2]·2.5H2O (M =

Mn (10), Co (11), Zn (12), Cd (13), and Mg (14)). The syn-
theses and crystal structures of these compounds are report-
ed here. This work may provide new insights into under-
standing the mechanisms of action of the quinolone antibac-
terial agents.

Results and Discussion

Description of the crystal structures: Single-crystal X-ray
structural analysis of compound 1 shows that the structure is
a unique two-dimensional (2D) arm-shaped layer containing
one-dimensional Ba-O-Ba chains, in which the asymmetric
unit contains 1 Ba atom, 1 cf ligand, 0.5 1,4-bdc ligand,
1 aqua ligand, and 0.5 free water molecule (Figure 1). The
Ba atom is coordinated in a distorted triangle-dodecahedral
geometry to three oxygen atoms from two chelating/bridging
bis-bidentate 1,4-bdc ligands, to four oxygen atoms from

Scheme 1. Structure of ciprofloxacin.

Figure 1. ORTEP diagram showing the coordination environment for the
Ba atom in 1.
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two cf units, and to one aqua ligand. The Ba�O bond
lengths are in the range of 2.637(2)–2.849(3) J, and the O-
Ba-O angles vary from 45.47(6) to 166.39(8)8. The carboxyl-
ic group of quinolone usually exhibits a monodentate coor-
dination mode; however, in 1, it acts as a chelating/bridging
bidentate ligand to link two Ba centers. This coordination
mode has not been observed in other metal-fluoroquinolone
compounds (see Scheme S1 in the Supporting Informa-
tion).[15,16]

The {BaO8} triangle-dodecahedrons are spontaneously
connected in an edge-sharing mode to form a one-dimen-
sional (1D) Ba-O-Ba chain along the a axis (Figure 2). The

adjacent chains are further connected by the bridging 1,4-
bdc ligands to produce an interesting 2D brick wall architec-
ture with regular parallelogrammic cavities (9.0I12.2 J
based on dBa···Ba). The cf groups, grafted on the 2D brick
wall network, resemble open arms (with a length of
�13.6 J) that protrude from the both sides of the sheet (see
Figure S1 in the Supporting Information). Under this prem-
ise, a nice example of interdigitation is generated. The adja-
cent layers in 1 are interdigitated in a zipper-like fashion to
form a three-dimensional (3D) supramolecular framework
(Figure 3) with significant hydrogen bonding interactions be-
tween the hydrogen atoms of the cf groups and the oxygen
atoms of the sheets. The typical hydrogen bond lengths are
C1�H1···O5 2.305 J, C3�H3···O6 2.415 J, and C21�
H21···O4 2.562 J.
When Ba is replaced by Sr, an alkaline earth metal of

smaller radius, analogous 2D arm-shaped layers are formed
in 2 under similar reaction conditions. The asymmetric unit
of 2 has three crystallographically independent Sr atoms
(Figure 4). The Sr1 and Sr2 centers adopt distorted triangu-
lar-dodecahedral geometries, being coordinated by three
pairs of chelating oxygen atoms from one 1,4-bdc and two
different cf ligands, respectively, one bridging oxygen atom
from the carboxylic group of one 1,4-bdc unit, and one
oxygen atom from the terminal water molecule. Whereas
the Sr3 center is ligated by two pairs of chelating oxygen
atoms from 1,4-bdc and cf ligands, two bridging oxygen

atoms from the carboxylic groups of 1,4-bdc and cf ligands,
and one aqua ligand to complete a distorted pentagonal-bi-
pyramidal configuration. The Sr�O bond lengths are in the
range of 2.490(3) �2.771(3) J, and the O-Sr-O angles vary
from 47.86(9) to 171.78(11)8. The three carboxylic groups of
three crystallographically independent cf ligands exhibit two
kinds of coordination modes with Sr centers. They are the
chelating/bridging bidentate and bidentate mode, and, as far
as we know, the latter coordination mode has not been ob-
served in other metal–quinolone compounds (see Scheme S1
in the Supporting Information).[14]

The Sr1, Sr2, and Sr3 centers are connected by m-oxygen
atoms in an edge-sharing mode to form a new hexanuclear
strontium cluster (Figure 5). Neighboring hexanuclear stron-
tium clusters are linked by two carboxylic groups of the cf li-
gands to produce a 1D chain along the [011̄] direction. Ad-
jacent chains are further linked by the m6-1,4-bdc to generate

Figure 2. Perspective view of the 2D brick-wall network in 1, showing
parallelogrammic cavities with dimensions of 9.0I12.2 J.

Figure 3. The packing arrangement of compound 1, highlighting the inter-
digitation of the 2D arm-shaped layer.

Figure 4. ORTEP diagram showing the coordination environments for Sr
atoms in 2.
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a 2D sheet (Figure 5). Interestingly, two types of regular par-
allelogrammic cavities (8.6I11.8 and 9.5I11.8 J based on
dSr···Sr) coexist in the 2D sheet. Similar to compound 1, the cf
lateral arms (with a length of �13.5 J), which are grafted
on both sides of each sheet, penetrate into the parallelog-
rammic cavities of the adjacent sheets (Figure 6) thus result-

ing in a interdigitated 3D architecture. To date, there are
still only a few examples of interdigitation with identical
motifs.[21]

Compounds 3 and 4 are isostructural, hence only the
structure of 4 will be discussed in detail. There are two
unique Cd atoms in the asymmetric unit of 4 (Figure 7).
Both Cd centers exhibit distorted octahedral geometries,
and are coordinated to three oxygen atoms of two cf ligands,
two oxygen atoms of one bptc ligand, and one aqua ligand.
The Cd�O bond lengths are in the range of 2.216(3)-
2.398(3) J, and the O-Cd-O angles vary from 75.16(11) to
174.4(2)8. The coordination mode of the carboxylic groups
of the cf ligands can be considered to be the monodentate
bridging type (see Scheme S1 in the Supporting Informa-
tion). On the basis of this connection mode, two {Cd(1)O6}
(or {Cd(2)O6}) units are connected together by m3-O atoms
of carboxylic groups from cf ligands in an edge-sharing

mode to form [M2(cfH)2(H2O)2] dimers (Figure 8). To the
best of our knowledge, such dimers have not been docu-
mented in the system of metal–cfH complexes.[15,16] Interest-

ingly, the dimers are further connected by a bptc ligand
through four monodentate carboxylic groups to generate a
distinct 1D chain (Figure 8). It is worth mentioning here
that the coordination chemistry of bptc has not been previ-
ously investigated. In the packing arrangement of 4, the ad-
jacent 1D chains are interdigitated in a zipper-like fashion
to form undulating 2D layers with significant hydrogen
bonding interactions between the hydrogen atoms of the pi-
perazinyl groups and the carboxyl oxygen atoms (N4···O10
2.750 J, N4···O9 3.297 J, and C33···O5 3.481 J) (Figure S2).
These layers are further connected by means of N�H···O
and C�H···O hydrogen bonds (N1···O7 2.724 J, C15···O4
3.279 J, C15···O8 3.048 J, and C32···O7 3.204 J) to gener-
ate a 3D network featuring large cavities with dimensions of
11.2I8.8I14.0 J. As shown in Figure 9, these cavities are
connected to each other with a small window of approxi-
mately 3.8 J to from a 1D zigzag channel along the b axis.
Free water molecules are located in the channels and form
multipoint hydrogen bonds with coordinated water mole-
cules and carboxyl oxygen atoms.
When 1,3-bdc was used instead of bptc, structurally differ-

ent 1D chains were formed in 5, 6, and 7. Compounds 5, 6,

Figure 5. Perspective view of the 2D sheet in 2, showing two types of par-
allelogrammic cavities with dimensions of 8.6I11.8 and 9.5I11.8 J.

Figure 6. The packing arrangement of 2 viewed along the [011̄] direction,
showing the interdigitation of 2D arm-shaped layer.

Figure 7. ORTEP diagram showing the coordination environments for Cd
atoms in 4.

Figure 8. View of the 1D hybrid chain in 4. Lattice water molecules have
been omitted for clarity.
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and 7 are isostructural, so only the structure of 5 is discussed
herein. The asymmetric unit of 5 consists of one manganese
atom, one 1,3-bdc ligand, and one coordinated cfH molecule
(Figure 10). Each MnII center displays a distorted octahedral
coordination geometry, and is coordinated to two oxygen

atoms of one cf ligand and four oxygen atoms from three
different carboxylic groups of three 1,3-bdc ligands. The
average Mn�O bond length is 2.1991 J, in good agreement
with previous studies.[22] The 1,3-bdc ligand exhibits an inter-
esting connection mode to the MnII atom: two carboxylic
groups display two different kinds of coordination modes,
that is, the chelating bidentate and bidentate mode. Based
on these connection modes, two MnII ions are bridged by a
pair of the 1,3-bdc m-carboxylate ends into a dimer unit
(Figure 11). Such a [M2(cfH)2(CO2)2] dimer has not been re-
ported in the system of metal-quinolones.[14] It is interesting
that every two dimers are further linked by two 1,3-bdc li-
gands along two different alternating directions to form a
double-chain-like ribbon (Figure 11). The adjacent ribbons
are packed through interdigitation of the lateral cf ligands
(N1···O1 2.651 J) in a zipper-like fashion into 2D networks
(see Figure S4 in the Supporting Information), which are
further extended by N�H···O and C-H···O hydrogen bonds
(N1···O5 2.813 J and C16···O7 3.383 J) into a 3D supra-
molecular architecture (Figure 12).

The structure of 8 consists of a pair of [Zn(cfH)2]
2+ frag-

ments bridged by a deprotonated 1,4-bdc into a dinuclear
dumbbell-shaped molecule (Figure 13). The crystallographi-
cally unique ZnII is in the center of a distorted octahedron,
which is defined by four oxygen atoms of two different cf li-
gands and two oxygen atoms from one chelating bis-biden-
tate 1,4-bdc ligand. The Zn�O bond lengths are in the range
of 2.014(4)-2.208(4) J, and the O-Zn-O angles vary from
58.9(2) to 176.6(2)8. There are two types of supramolecular
interactions in 8, namely hydrogen bonding and aromatic p–
p stacking interactions. First, the cf ligands between adjacent
dumbbell-shaped molecules are arranged in an offset fash-
ion with a plane-to-plane separation of 3.2–3.3 J, indicating
strong aromatic p–p stacking interactions. Thus, discrete
molecules of 8 are extended into 2D supramolecular arrays
(see Figure S6 in the Supporting Information). Second, the
N�H···O and C�H···O hydrogen bonds (N3···O2 2.746 J
and C16···O1 3.193 J) further extend the 2D supramolec-
ular arrays into an interesting 3D supramolecular network
featuring multidirectional intersecting cationic channels

Figure 9. Perspective view of the 3D supramolecular network in 4, high-
lighting the zigzag channels along the b axis. Guest water molecules in-
cluded in the channels are omitted for clarity.

Figure 10. ORTEP diagram showing the coordination environment for
Mn atoms in 5.

Figure 11. View of the 1D double-chain-like ribbon in 5.

Figure 12. The packing arrangement of compound 5, viewed along the
[111] direction.
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(Figure 14, and Figure S7a–c in the Supporting Information).
Completely deprotonated 1,4-bdc guests and free water mol-
ecules reside in the channels. There is also extensive hydro-
gen-bonding interactions among water molecules, 1,4-bdc,
and dumbbell-shaped dimers. Therefore, the architecture of
8 can be best described as a 3D supramolecular host–guest
network.

X-ray crystallographic analysis reveals that the structure
of compound 9 consists of a neutral mononuclear [Ca(cfH)2-
(1,2-Hbdc)2] complex and two water molecules linked by a
hydrogen-bonding network. Each CaII atom in 9 is coordi-
nated to four oxygen atoms from two cf ligands in the equa-
torial positions while two oxygen atoms of two 1,2-bdc li-
gands occupy the axial positions resulting in a distorted oc-
tahedral geometry (Figure 15). The Ca�O bond lengths are
in the range of 2.2860–2.3203 J, and the O-Ca-O angles
vary from 75.12 to 180.008. The supramolecular structure of
9 is mainly stabilized by hydrogen bonding and aromatic p–

p stacking interactions. The N-H···O, OW-H···O, and C-
H···O hydrogen bonds (N1···O1 2.724, N1···O2 3.179,
N1···O6 2.709, OW1···O3 3.001, OW1···O5 3.162, C16···O2
3.458, and C11···OW1 3.344 J) link the discrete molecules
into 2D arrays (see Figure S8a in the Supporting Informa-
tion). These 2D layers are further extended through off-set
aromatic p–p stacking interactions of cf groups (separation
3.4–3.5 J) into the final 3D supramolecular arrays (Figur-
e S8c). It is worth noting that the metal-quinolone com-
plexes containing alkaline-earth metal elements are particu-
larly rare,[14] although alkaline-earth metal ions are very im-
portant in biology. As far as we know, compounds 1, 2, 9,
and 14 represent the first members of s series of structurally
characterized metal–cfH complexes containing alkaline-
earth metal ions.
In a comparison of the structures of 1–9, it was found that

the coordination modes of the polycarboxylate ligands and
the coordination geometry of the central metal ion may
have a very significant effect on the formation and dimen-
sion of the resulting structure. As demonstrated by a com-
parison of compounds 1 and 2 with 8, the high coordination
number of the metal is a critical factor for the formation of
a high-dimensional structure. In addition, the steric geome-
try of the polycarboxylate ligands also plays a crucial role in
the construction of extended metal–cfH complexes. Owing
to the steric hindrance of the bulky cf ligands, the distance
between the carboxylic groups and the length of the poly-
carboxylate ligands are essential for the generation of the
extended structure, as evidenced by the comparison of com-
pounds 3–7 with 9. Furthermore, by inspection of the struc-
tures of 1–7, we believed that the formation of polynuclear
metal SBUs plays an important role in stabilizing the poly-
meric extended structure.
Interestingly, when the hydrothermal reactions of cfH and

the metal salt were carried out at a pH of approximately
11–12, a series of 2D complexes [M(cf)2]·2.5H2O (M =

Mn(10), Co(11), Zn(12), Cd(13), and Mg(14)) were isolated.
Complexes 10–14 are isostructural, and the structure of 10
will be discussed in detail as an example. In the crystal struc-
ture of 10, each independent crystallographic unit contains
0.5 MnII atom, 1 cf ligand, and 1.25 lattice water molecules
(Figure 16). Each MnII is ligated by four oxygen atoms (Mn–
O 2.1449(16) and 2.1562(13) J) from carbonyl and carboxyl

Figure 13. ORTEP drawing of 8 with thermal ellipsoids at 50% probabili-
ty. The lattice water molecules have been omitted for clarity.

Figure 14. Perspective view of the 3D supramolecular network in 8, high-
lighting the rectangular channels along the a axis. Free organic molecules
and water molecules included in the channels are omitted for clarity.

Figure 15. ORTEP drawing of 9 with thermal ellipsoids at 50% probabili-
ty. The lattice water molecules have been omitted for clarity.
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groups of two different cf ligands at equatorial positions,
and by two nitrogen atom from piperazinyl groups of two cf
ligands (Mn�N 2.3465(15) J) at the apical positions to fur-
nish a distorted octahedral geometry. Because the terminal
nitrogen atom of the piperazine is also involved in the bind-
ing to the metal, the cf ligand acts as a bridging ligand to
link two metal centers. To our knowledge, this is the first
time that this coordination mode has been observed in
metal–cfH complexes.[15,16] On the basis of this connection
mode, all the Mn centers are linked by four bridging cf li-
gands to generate a 2D rhombic grid featuring large cavities
with dimensions of 13.6I13.6 J (Figure 17 and Figure S9 in

the Supporting Information). These layers display a short in-
terlayer separation of 5.9 J, and the cf ligands of adjacent
grids interact with each other through hydrogen bonding
(N1···O1 3.215, N1···O2 3.290, C11···N2 3.551, and C14···O1
3.277 J) and aromatic p–p stacking (separation 3.3–3.4 J)
interactions. Thus, the adjacent 2D grids are perfectly over-
lapped together to generate nanosized channels along the
[100] direction (Figure 18). Free water molecules, located in
the channels, form hydrogen-bonding interactions with un-

coordinated oxygen atoms from the carboxylic groups of the
cf ligands (OW1···O1 2.744 J; OW2···O1 2.911 J). It is
worth mentioning here that the nanosized neutral 2D grid is
non-interpenetrated, which is particularly rare and appears
to be very useful for host–guest chemistry.
The profound influence of the pH on the final structure is

revealed in the comparison of compounds 10–14 with 3–9.
The cfH molecules can exist in four possible forms: an
acidic cation cfH2, a neutral non-ionized species cfH, an in-
termediate zwitterion cfH+�, and a basic anion cf� , depend-
ing on the pH. At low pH values, both the piperazinyl group
and the carboxyl group are protonated, whereas at high pH
values, neither is protonated. Thus, the coordination of cfH
to the metal ions also depends on the pH of the solution. In
a basic solution, the N atom of the piperazinyl group can
take part in the coordination to the metal ion, while the N
atom of the piperazinyl group is protonated in a weak acidic
solution and thus fails to bind to the metal ion. It is of great
interest to investigate the effect of pH in metal–cfH systems
because it helps us to understand the correlation between
the reaction acidity and the resulting structure. This thus
leads to the possibility of predicting the structure of the
metal–cfH complex obtained.

Photoluminescence properties : The solid-state emission
spectra of compounds 7, 8, 12, and 13 at room temperature
are depicted in Figure 19. It can be observed that intense
emissions occur at 421 nm (Figure 19a, lex = 382 nm) for 7,
420 nm (Figure 19b, lex = 370 nm) for 8, 419 nm (Fig-
ure 19c, lex = 372 nm) for 12, and 430 nm (Figure 19d,
398 nm) for 13. To understand the nature of the emission
band, the photoluminescence property of cfH ligand was an-
alyzed. A similar weak emission (lmax = 431 nm) was ob-
served for the free cfH ligand (see Figure S17 in the Sup-
porting Information). Therefore, the emissions of 7, 8, 12,
and 13 may be assigned to intraligand fluorescent emission.
The enhancement of luminescence may be attributed to
ligand chelation to the metal center, which effectively in-

Figure 16. ORTEP drawing of 10 with thermal ellipsoids at 50% proba-
bility. The lattice water molecules have been omitted for clarity.

Figure 17. A view of the two-dimensional grid sheet in 10, highlighting
regular rhombic cavities with dimensions of 13.6I13.6 J.

Figure 18. Space-filling diagram of the 3D supramolecular structure of
10, showing the nanosized channels along the [100] direction. Guest
water molecules included in the channels are omitted for clarity.
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creases the rigidity of the ligand and reduces the loss of
energy by radiationless decay. These observations indicate
that compounds 7, 8, 12, and 13 may be excellent candidates
for potential photoactive materials because these condensed
materials are thermally stable and insoluble in common
polar and nonpolar solvents.

Magnetic properties : The magnetic properties of 3, 5, 10,
and 11 were investigated over the temperature range 2.0–
300.0 K (Figure 20). For 3, the cMT value at 300 K is
7.747 cm3Kmol�1 (7.872 mB), smaller than the expected
value (8.750 cm3Kmol�1, 8.367 mB) of two isolated spin-only
MnII ions (S = 5=2, g = 2.0; Figure 20a). cMT gradually in-
creases as the temperature is lowed and reaches a maximum
value of 8.432 cm3Kmol�1 at 55 K, and then decreases to
5.215 cm3Kmol�1 at 2 K. The high-temperature regime is
typically observed for paramagnetic systems that exhibit
dominating ferromagnetic interactions, while the cMT de-
crease at low temperature is usually the signature of a weak
antiferromagnetic interaction between MnII metal ions and/
or a zero-field splitting (ZFS) effect. Based on the structure
analysis of 3, the ferromagnetic interaction between Mn cen-

ters is expected to be through the Mn···Mn dinuclear units
(the distance of Mn···Mn is 3.495 J), while bptc bridges will
lead to weaker antiferromagnetic interactions. The 1/cM
versus T plot of 3 is in correspondence with Curie–Weiss
law in the range of 2–300 K with C = 7.867 cm3Kmol�1 and
q = 2.356 K.
For 5, the cMT value at 300 K is 3.658 cm3Kmol�1

(5.409 mB), which is slightly smaller than the expected value
(4.375 cm3Kmol�1, 5.916 mB) of one isolated spin-only Mn

II

ion (S = 5=2, g = 2.0; Figure 20b). The cMT value of 5 re-
mains almost constant from 300 K to 110 K, and then de-
creases on further cooling, reaching a value of
0.351 cm3Kmol�1 at 2 K. This behavior indicates a dominant
antiferromagnetic interaction between the MnII ions in the
structures. Based on the structure analysis of 5, the antifer-
romagnetic interaction between Mn centers is expected to
be through the carboxylate bridge. The fit of the curve for 1/
cM versus T plot of 5 to the Curie–Weiss law gives a good
result in the temperature range of 8–300 K with C =

3.877 cm3Kmol�1 and q = �7.987 K.
For 10, the cMT value at 300 K is 4.576 cm3Kmol�1

(6.050 mB), which is slightly higher than the expected value

Figure 19. Solid-state emission spectra of complexes at room temperature: a) 7, b) 8, c) 12, d) 13.
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(4.375 cm3Kmol�1, 5.916 mB) of one isolated spin-only Mn
II

ion (S = 5=2, g = 2.0; Figure 20c). As T is lowered, cMT con-
tinuously decreases to a value of 4.444 cm3Kmol�1 at 53 K,
and then increases to a maximum of 4.696 cm3Kmol�1 at
34 K. Below this temperature, cMT decreases sharply and
reaches 3.406 cm3Kmol�1 at 2 K. For 11, the cMT value at
300 K is 3.475 cm3Kmol�1 (5.273 mB), which is much higher
than the expected value (1.875 cm3Kmol�1, 3.873 mB) of one
isolated spin-only CoII ion (S = 3=2, g = 2.0; Figure 20d). As
T is lowered, cMT continuously decreases and reaches a
local minimum of 3.262 cm3Kmol�1 at 55 K, and then in-
creases to a value 3.317 cm3Kmol�1 at 44 K, before drop-
ping quickly to 2.025 cm3Kmol�1 at 2 K. The magnetic be-
haviors of 10 and 11 are unusual and interesting, indicative
of a strong antiferromagnetic interaction admixture with a
very weak ferromagnetic interaction.[23] Fits of the curve for
1/cM versus T plots of 10 and 11 to the Curie–Weiss law give
good results in the temperature range of 2–300 K with C =

4.568 cm3Kmol�1 and q = �0.617 K for 10, and C =

3.510 cm3Kmol�1 and q = �2.961 K for 11.

Conclusion

In summary, two rational synthetic strategies were devel-
oped to successfully produce a series of polymeric extended
metal–cfH complexes. One is based on introducing aromatic
polycarboxylate ligands into the reaction system and the
other directly utilizes cf as a bridging ligand under basic re-
action conditions. The successful isolation of the solids 1–14
provides not only the first examples of extended metal–cfH
complexes, but also new structural information that will aid
in understanding the mechanisms of action of the quinolone
antibacterial drugs. The new design idea depicted in this
paper may be a promising technique for the construction of
many other metal-quinolone complexes with polymeric ex-
tended structures, thus opening a new avenue in the explo-
ration of extended metal-quinolone complexes.

Experimental Section

Materials and physical measurements : All chemicals were commercially
purchased and used without further purification. Elemental analyses (C,
H, and N) were performed on a Perkin-Elmer 2400CHN Elemental Ana-
lyzer. Ba, Sr, Mn, Cd, Co, Zn, Ca, and Mg were determined by a Leaman

Figure 20. Thermal variation of cM and cMT of the compound. Insert: plot of the thermal variation of cM
�1 for the respective compound. a) 3, b) 5, c) 10,

d) 11.
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inductively-coupled plasma (ICP) spectrometer. IR spectra were record-
ed in the range 400–4000 cm�1 on an Alpha Centaurt FT/IR Spectropho-
tometer as KBr pellets. TG analyses were performed on a Perkin-El-
merTGA7 instrument in flowing N2 with a heating rate of 10 8Cmin

�1.
Excitation and emission spectra were obtained on a SPEXFL-2T2 spec-
trofluorometer equipped with a 450 W xenon lamp as the excitation
source. Variable-temperature magnetic susceptibility data were obtained
on a SQUID magnetometer (Quantum Design, MPMS-7) at 2–300 K
with an applied field of 10 KG.

[Ba2(cf)2(1,4-bdc)(H2O)2]·H2O (1): A mixture of BaCl2·2H2O (0.5 mmol),
ciprofloxacin hydrochloride (0.5 mmol), 1,4-H2bdc (0.25 mmol), NaOH
(0.5 mmol), and water (7 mL) was stirred for 30 min in air (solution
pH 7.0). The mixture was transferred and sealed into an 18-mL Teflon-
lined autoclave, which was heated at 120 8C for 89 h. After the mixture
had been allowed to slowly cool to room temperature, colorless blocks of
1 were filtered off, washed with distilled water, and dried at ambient tem-
perature (yield: 70% based on Ba). IR (KBr): ñ = 3519 (br), 3378 (w),
3308 (m), 2852 (w), 1618 (s), 1579 (s), 1556 (s), 1489 (m), 1478 (m), 1457
(m), 1388 (s), 1324 (m), 1298 (s), 1257 (s), 1250 (s), 1178 (m), 1134 (m),
1118 (m), 1042 (m), 928 (m), 881 (m), 864 (w), 839 (m), 824 (m), 783 (w),
757 (m), 739 (m), 713 (w), 625 (m), 550 (w), 496 (m) cm�1; elemental
analysis calcd (%) for C42H44Ba2F2N6O13: C 43.73, H 3.84, Ba 23.81, N
7.29; found: C 43.61, H 3.90, Ba 23.88, N 7.23.

[Sr6(cf)6(1,4-bdc)3(H2O)6]·2H2O (2): Compound 2 was prepared as for 1
with SrCl2·6H2O instead of BaCl2·2H2O. Colorless blocks of 2 were ob-
tained in a 75% yield. IR (KBr): ñ = 3509 (br), 3358 (w), 3314 (w), 2852
(w), 1623 (s), 1582 (s), 1560 (s), 1479 (m), 1458 (m), 1398 (s), 1324 (m),
1299 (s), 1251 (s), 1178 (m), 1134 (m), 1119 (m), 1043 (m), 1021 (m), 951
(m), 930 (m), 881 (m), 864 (m), 837 (w), 824 (s), 783 (w), 757 (m), 744
(m), 713 (w), 627 (m), 550 (w), 499 (m) cm�1; elemental analysis calcd
(%) for C126H130F6N18O38Sr6: C 48.13, H 4.17, N 8.02, Sr 16.72; found: C
48.21, H 4.11, N 8.08, Sr 16.65.

[Mn2(cfH)2(bptc)(H2O)2]·8H2O (3): A mixture of Mn(OAc)2·4H2O
(0.5 mmol), ciprofloxacin hydrochloride (0.5 mmol), H4bptc (0.25 mmol),
and water (7 mL) was stirred for 30 min in air (solution pH 4.0). The mix-
ture was transferred and sealed into an 18-mL Teflon-lined autoclave,
which was heated at 110 8C for 96 h. After the mixture had been allowed
to slowly cool to the room temperature, yellow blocks of 3 were filtered
off, washed with distilled water, and dried at ambient temperature (yield:
78% based on Mn). IR (KBr): ñ = 3391 (brm), 2845 (w), 1629 (s), 1567
(s), 1486 (s), 1456 (m), 1424 (m), 1382 (s), 1331 (m), 1274 (s), 1247 (m),
1181 (m), 1141 (m), 1109 (w), 1083 (w), 1027 (m), 1005 (w), 943 (m), 896
(w), 848 (m), 835 (s), 819 (m), 785 (w), 751 (m), 665 (m), 627 (m), 544
(w), 498 (w) cm�1; elemental analysis calcd (%) for C51H62F2Mn2N6O25: C
46.87, H 4.78, Mn 8.41, N 6.43; found: C 46.78, H 4.83, Mn 8.47, N 6.49.

[Cd2(cfH)2(bptc)(H2O)2]·8H2O (4): The preparation of 4 was similar to
that of 3 except that Cd(NO3)2·4H2O was used instead of Mn-
(OAc)2·4H2O. Colorless blocks were obtained in 80% yield. IR (KBr): ñ
= 3409 (brm), 2844 (w), 1626 (s), 1567 (s), 1486 (s), 1456 (m), 1382 (s),
1333 (m), 1272 (s), 1244 (m), 1181 (m), 1142 (m), 1108 (w), 1083 (w),
1026 (m), 1005 (w), 943 (m), 896 (w), 848 (m), 833 (m), 817 (m), 786 (w),
748 (m), 665 (m), 627 (m), 543 (w), 501 (w) cm�1; elemental analysis
calcd (%) for C51H62Cd2F2N6O25: C 43.08, H 4.39, Cd 15.81, N 5.91;
found: C 43.15, H 4.44, Cd 15.73, N 5.85.

[Mn(cfH)(1,3-bdc)] (5): A mixture of Mn(OAc)2·4H2O (0.5 mmol), ci-
profloxacin hydrochloride (0.5 mmol), 1,3-H2bdc (0.5 mmol), and water
(7 mL) was stirred for 30 min in air (solution pH 4.0). The mixture was
transferred and sealed into an 18-mL Teflon-lined autoclave, which was
heated at 110 8C for 96 h. After the mixture was allowed to slowly cool to
room temperature, yellow platelets of 5 were filtered off, washed with
distilled water, and dried at ambient temperature (yield: 81% based on
Mn). IR (KBr): ñ = 3065 (w), 2988 (w), 2957 (w), 2851 (w), 1630 (s),
1615 (s), 1556 (s), 1531 (m), 1482 (s), 1454 (m), 1437 (m), 1382 (s), 1336
(m), 1300 (s), 1267 (m), 1253 (m), 1185 (m), 1159 (m), 1145 (w), 1128
(w), 1107 (w), 1093 (w), 1072 (w), 1049 (m), 1026 (m), 979 (m), 942 (m),
916 (m), 896 (m), 858 (m), 828 (m), 819 (m), 783 (w), 762 (s), 738 (s), 719
(s), 659 (m), 626 (m), 571 (m), 551 (m), 542 (m), 507 (m), 486 (m), 455

(m), 416 (m) cm�1; elemental analysis calcd (%) for C25H22FMnN3O7: C
54.56, H 4.03, Mn 9.98, N 7.63; found: C 54.49, H 4.08, Mn 9.92, N 7.68.

[Co(cfH)(1,3-bdc)] (6): The preparation of 6 was similar to that of 5
except that Co(OAc)2·4H2O was used instead of Mn(OAc)2·4H2O.
Purple platelet crystals of 6 were obtained in 79% yield.; IR (KBr): ñ =

3065 (w), 2988 (w), 2957 (w), 2851 (w), 1635 (s), 1614 (s), 1570 (s), 1532
(m), 1483 (s), 1456 (m), 1435 (m), 1382 (s), 1337 (m), 1301 (s), 1268 (m),
1254 (m), 1186 (m), 1159 (m), 1146 (w), 1107 (w), 1093 (w), 1071 (w),
1049 (m), 1028 (m), 980 (m), 943 (m), 923 (w), 895 (m), 859 (m), 826 (m),
818 (m), 786 (w), 762 (s), 742 (s), 719 (s), 659 (m), 628 (m), 574 (m), 554
(m), 544 (m), 507 (w), 486 (w), 455 (w), 419 (m) cm�1; elemental analysis
calcd (%) for C25H22CoFN3O7: C 54.16, H 4.00, Co 10.63, N 7.58; found:
C 54.08, H 4.04, Co 10.69, N 7.53.

[Zn(cfH)(1,3-bdc)] (7): The preparation of 7 was similar to that of 5
except that Zn(OAc)2·2H2O was used instead of Mn(OAc)2·4H2O. Color-
less block crystals of 7 were obtained in 70% yield. IR (KBr): ñ = 3071
(w), 2988 (w), 2957 (w), 2850 (w), 1615 (s), 1558 (s), 1530 (m), 1483 (s),
1455 (m), 1441 (m), 1357 (m), 1337 (m), 1301 (s), 1268 (s), 1253 (m),
1186 (m), 1160 (m), 1145 (w), 1129 (w), 1108 (w), 1095 (w), 1070 (w),
1048 (m), 1028 (m), 982 (m), 943 (s), 923 (m), 895 (m), 859 (m), 830 (m),
818 (m), 783 (w), 762 (s), 740 (s), 723 (s), 658 (m), 627 (m), 574 (m), 553
(m), 543 (m), 508 (m), 488 (m), 456 (m), 419 (m) cm�1; elemental analysis
calcd (%) for C25H22FN3O7Zn: C 53.54, H 3.95, N 7.49, Zn 11.66; found:
C 53.43, H 3.90, N 7.41, Zn 11.78.

[Zn2(cfH)4(1,4-bdc)](1,4-bdc)·13H2O (8): A mixture of Zn(OAc)2·2H2O
(0.5 mmol), ciprofloxacin hydrochloride (0.5 mmol), 1,4-H2bdc
(0.5 mmol), and water (7 mL) was stirred for 30 min in air(solution
pH 4.0). The mixture was transferred and sealed into an 18 mL Teflon-
lined autoclave, which was heated at 110 8C for 96 h. After the mixture
had been allowed to slowly cool to room temperature, yellow blocks of 8
were filtered off, washed with distilled water, and dried at ambient tem-
perature (yield: 39% based on Zn). IR (KBr): ñ = 3427 (brm), 3008
(w), 2841 (w), 2741 (w), 1628 (s), 1566 (s), 1485 (s), 1366 (s), 1305 (s),
1266 (s), 1182 (w), 1146 (w), 1105 (w), 1031 (m), 943 (m), 895 (m), 863
(w), 838 (m), 817 (m), 792 (w), 752 (s), 708 (w), 628 (w), 579 (m), 548
(m), 504 (m), 442 (w) cm�1; elemental analysis calcd (%) for
C84H106F4N12O33Zn2: C 49.98, H 5.29, N 8.33, Zn 6.48; found: C 49.87, H
5.33, N 8.39, Zn 6.56.

[Ca(cfH)2(1,2-Hbdc)2]·2H2O (9): A mixture of CaCl2 (0.25 mmol), cipro-
floxacin hydrochloride (0.5 mmol), 1,2-KHbdc (0.5 mmol), and water
(7 mL) was stirred for 30 min in air (solution pH 4.0). The mixture was
transferred and sealed into an 18-mL Teflon-lined autoclave, which was
heated at 110 8C for 96 h. After the mixture had been allowed to slowly
cool to room temperature, colorless blocks of 9 were filtered off, washed
with distilled water, and dried at ambient temperature (yield: 67% based
on Ca). IR (KBr): ñ = 3505 (br), 3013 (w), 2855 (m), 2771 (w), 1631 (s),
1615 (s), 1581 (s), 1560 (m), 1523 (m), 1482 (s), 1397 (m), 1382 (s), 1336
(m), 1299 (s), 1268 (s), 1192 (w), 1175 (m), 1158 (m), 1098 (w), 1040 (m),
941 (s), 895 (m), 864 (w), 833 (w), 822 (m), 791 (m), 736 (s), 719 (s), 628
(m), 588 (w), 571 (m), 540 (m), 501 (m), 475 (w), 416 (w) cm�1; elemental
analysis calcd (%) for C50H50CaF2N6O16: C 56.18, H 4.71, Ca 3.75, N 7.86;
found: C 56.07, H 4.76, Ca 3.81, N 7.93.

[Mn(cf)2]·2.5H2O (10): A mixture of Mn(OAc)2·4H2O (0.25 mmol), ci-
profloxacin hydrochloride (0.5 mmol), and water (7 mL) was stirred and
adjusted to pH 11.5 with 2.5m NaOH solution. The mixture was transfer-
red and sealed into an 18-mL Teflon-lined autoclave, which was heated at
120 8C for 96 h. After the mixture had been allowed to slowly cool to
room temperature, yellow blocks of 10 were filtered off, washed with dis-
tilled water, and dried at ambient temperature (yield: 74% based on
Mn). IR (KBr): ñ = 3385 (br), 3199 (m), 3028 (w), 2972 (w), 2918 (m),
2865 (w), 1622 (s), 1584 (s), 1557 (s), 1533 (s), 1485 (s), 1461 (m), 1439
(m), 1381 (s), 1334 (m), 1302 (s), 1276 (m), 1260 (s), 1222 (m), 1179 (m),
1117 (m), 1073 (w), 1035 (m), 1010 (s), 944 (s), 898 (m), 888 (s), 866 (w),
829 (s), 814 (m), 787 (m), 765 (w), 746 (s), 702 (m), 668 (m), 630 (m), 542
(w), 492 (m), 460 (w), 438 (w), 421 (w) cm�1; elemental analysis calcd
(%) for C34H39F2 MnN6O8.50: C 53.69, H 5.17, Mn 7.22, N 11.05; found: C
53.75, H 5.19, Mn 7.11, N 11.12.
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[Co(cf)2]·2.5H2O (11): The preparation of 11 was similar to that of 10
except that Co(OAc)2·4H2O was used instead of Mn(OAc)2·4H2O.
Orange blocks of 11 were obtained in 71% yield. IR (KBr): ñ = 3385
(br), 3216 (m), 3027 (w), 3002 (w), 2970 (w), 2922 (m), 1622 (s), 1583 (s),
1559 (s), 1534 (m), 1486 (s), 1462 (m), 1383 (s), 1336 (m), 1304 (s), 1278
(m), 1261 (s), 1223 (m), 1180 (m), 1119 (m), 1073 (w), 1040 (m), 1010 (s),
946 (s), 899 (m), 889 (m), 855 (w), 829 (s), 813 (m), 788 (m), 749 (s), 703
(w), 668 (w), 632 (w), 542 (w), 496 (m), 461 (w), 445 (w), 427 (w) cm�1;
elemental analysis calcd (%) for C34H39CoF2N6O8.50: C 53.41, H 5.14, Co
7.71, N 10.99; found: C 53.53, H 5.11, Co 7.75, N 10.92.

[Zn(cf)2]·2.5H2O (12): The preparation of 12 was similar to that of 10
except that Zn(OAc)2·2H2O was used instead of Mn(OAc)2·4H2O. Color-
less blocks of 12 were obtained in 81% yield. IR (KBr): ñ = 3367 (br),
3208 (m), 3027 (w), 3002 (w), 2971 (w), 2923 (m), 2840 (w), 1622 (s),
1582 (s), 1558 (s), 1533 (s), 1485 (s), 1461 (m), 1444 (w), 1382 (s), 1336
(m), 1302 (s), 1278 (m), 1260 (s), 1222 (m), 1179 (m), 1118 (m), 1073 (w),
1040 (m), 1029 (m), 1011 (s), 945 (s), 899 (m), 888 (s), 866 (w), 829 (s),
813 (m), 783 (m), 764 (w), 747 (s), 739 (m), 702 (m), 668 (m), 644 (w),
630 (m), 542 (m), 494 (m), 460 (w), 443 (w), 425 (w) cm�1; elemental
analysis calcd (%) for C34H39F2N6O8.50Zn: C 52.96, H 5.10, N 10.90, Zn
8.48; found: C 53.08, H 5.07, N 10.86, Zn 8.53.

[Cd(cf)2]·2.5H2O (13): The preparation of 13 was similar to that of 10
except that Cd(NO3)2·4H2O was used instead of Mn(OAc)2·4H2O. Color-
less blocks of 13 were obtained in 77% yield. IR (KBr): ñ = 3371 (br),
3154 (m), 3030 (w), 2981 (w), 2948 (w), 2921 (m), 2830 (w), 1620 (s),
1581 (s), 1557 (s), 1531 (s), 1488 (s), 1462 (m), 1442 (m), 1377 (s), 1333
(m), 1300 (s), 1275 (m), 1260 (s), 1222 (m), 1179 (m), 1117 (m), 1055 (m),
1019 (s), 943 (s), 897 (m), 887 (s), 828 (s), 812 (m), 787 (m), 766 (w), 744
(s), 702 (m), 668 (w), 629 (m), 542 (w), 493 (m), 460 (w), 441 (w), 423

(w) cm�1; elemental analysis calcd (%) for C34H39CdF2N6O8.50 : C 49.92, H
4.80, Cd 13.74, N 10.27; found: C 49.84, H 4.85, Cd 13.79, N 10.33.

[Mg(cf)2]·2.5H2O (14): The preparation of 14 was similar to that of 10
except that Mg(NO3)2·6H2O was used instead of Mn(OAc)2·4H2O. Color-
less irregular blocks of 14 were obtained in 42% yield. IR (KBr): ñ =

3378 (br), 3217 (m), 3027 (w), 2997 (w), 2965 (w), 2920 (m), 2841 (w),
1629 (s), 1590 (s), 1562 (s), 1538 (s), 1488 (s), 1461 (m), 1441 (w), 1386
(s), 1341 (m), 1307 (s), 1278 (m), 1261 (s), 1223 (m), 1180 (m), 1119 (m),
1037 (m), 1007 (s), 947 (s), 900 (m), 889 (s), 867 (w), 830 (s), 817 (m),
789 (m), 764 (w), 750 (s), 702 (m), 670 (m), 632 (m), 554 (w), 499 (m),
446 (w), 426 (w) cm�1; elemental analysis calcd (%) for
C34H39F2MgN6O8.50 : C 55.94, H 5.38, Mg 3.33, N 11.51; found: C 56.05, H
5.40, Mg 3.38, N 11.43.

TG analyses : The TG curve of compound 1 is shown in Figure S11a in
the Supporting Information. The TG curve of 1 exhibits four stages of
weight loss. The first weight loss of 4.52% lies in the temperature range
of 135–185 8C, corresponding to the release of the non-coordinated and
coordinated water molecules (calcd 4.68%). The second weight loss is
32.22% at 315– 420 8C; the third step is 23.65% from 420–500 8C, and
the last step is 5.10% in the temperature range of 500–600 8C, all as-
signed to the decomposition of cf and 1,4-bdc ligands (calcd 61.11%).
The residue is BaCO3. The total weight loss (65.49%) is in agreement
with the calculated value (65.79%).

The TG curve of compound 2 (see Figure S11b in the Supporting Infor-
mation) shows a total weight loss of 71.23% in the temperature range of
125–635 8C, which agrees with the calculated value of 71.83%. The
weight loss of 4.43% at 125–205 8C corresponds to the loss of the non-co-
ordinated and coordinated water molecules (calcd 4.58%). The weight

Table 1. Crystal data and structure refinement for 1–14.

1 2 3 4 5 6 7

formula C42H44Ba2F2N6O13 C126H130F6N18O38Sr6 C51H62F2Mn2N6O25 C51H62Cd2F2N6O25 C25H22FMnN3O7 C25H22CoFN3O7 C25H22FN3O7Zn
fw 1153.51 3144.20 1306.95 1421.87 550.40 554.39 560.83
space group P1̄ P1̄ P1̄ P1̄ P1̄ P1̄ P1̄
a [J] 9.0295(18) 10.146(2) 12.043(2) 12.070(2) 9.953(2) 9.939(2) 9.817(2)
b [J] 10.213(2) 16.320(3) 14.010(3) 14.005(3) 10.131(2) 10.043(2) 10.057(2)
c [J] 12.034(2) 19.274(4) 17.876(4) 17.908(4) 12.793(3) 12.674(3) 12.858(3)
a [8] 98.22(3) 97.74(3) 71.79(3) 72.04(3) 107.23(3) 106.63(3) 107.49(3)
b [8] 101.58(3) 95.75(3) 87.39(3) 87.44(3) 107.81(3) 107.79(3) 108.28(3)
g [8] 91.45(3) 95.05(3) 86.65(3) 87.12(3) 96.87(3) 97.09(3) 96.19(3)
V [J3] 1074.4(4) 3129.8(11) 2858.9(10) 2874.5(10) 1141.3(4) 1123.0(4) 1120.6(4)
Z 1 1 2 2 2 2 2
1calcd [gcm

�3] 1.783 1.668 1.518 1.643 1.602 1.639 1.662
m [mm�1] 1.904 2.640 0.539 0.836 0.641 0.828 1.160
R1[I>2s(I)]

[a] 0.0309 0.0517 0.0642 0.0540 0.0356 0.0419 0.0441
wR2 (all data)

[b] 0.0986 0.1618 0.1779 0.1328 0.1239 0.0859 0.0978

8 9 10 11 12 13 14

formula C84H106F4
N12O33Zn2

C50H50CaF2N6O16 C34H39F2MnN6O8.50 C34H39CoF2N6O8.50 C34H39F2N6
O8.50Zn

C34H39CdF2N6O8.50 C34H39F2MgN6O8.50

Fw 2018.55 1069.04 760.65 764.64 771.08 818.11 730.02
space group C2/m P21/n P21/c P21/c P21/c P21/c P21/c
a [J] 18.558(4) 9.5003(19) 5.9038(12) 5.9395(12) 5.9352(12) 5.7035(11) 6.0115(12)
b [J] 25.388(5) 22.112(4) 21.855(4) 21.623(4) 21.626(4) 22.230(4) 21.616(4)
c [J] 12.514(3) 11.869(2) 13.479(3) 13.302(3) 13.339(3) 13.644(3) 13.281(3)
a [8] 90 90 90 90 90 90 90
b [8] 127.51(3) 99.30(3) 100.59(3) 101.57(3) 101.45(3) 100.61(3) 101.20(3)
g [8] 90 90 90 90 90 90 90
V [J3] 4677.4(16) 2460.5(9) 1709.5(6) 1673.7(6) 1678.0(6) 1700.4(6) 1692.9(6)
Z 2 2 2 2 2 2 2
1calcd [gcm

�3] 1.433 1.443 1.478 1.517 1.526 1.598 1.432
m [mm�1] 0.610 0.214 0.460 0.588 0.807 0.717 0.127
R1[I>2s(I)]

[a] 0.0751 0.0517 0.0421 0.0442 0.0408 0.0287 0.0531
wR2 (all
data)[b]

0.1829 0.1587 0.1331 0.1351 0.1216 0.0839 0.1532

[a] R1 = � j jFo j� jFc j j /� jFo j . [b] wR2 = �[w(F2o�F2c)
2]/�[w(F2o)

2]1/2.
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loss of 66.80% at 325–635 8C arises from the release of cf and 1,4-bdc li-
gands (calcd 67.25%). The residue is SrCO3.

The TG curve of 3 is shown in Figure S12a in the Supporting Informa-
tion. It gives a total weight loss of 88.91% in the range of 62–500 8C,
which agrees with the calculated value of 89.14%. The first weight loss is
13.74% in the temperature range of 62–140 8C, which corresponds to the
loss of all non-coordinated and coordinated water molecules (calcd
13.78%), and then the sample remains relatively stable in the tempera-
ture range of 140–252 8C. The second weight loss is 18.90% from 252 to
370 8C, and the third step is 56.27% from 370 to 500 8C, both assigned to
the decomposition of cf and bptc ligands (calcd 75.36%). The residue is
MnO. The TG curve of compound 4 exhibits similar weight loss stages to
those of compound 3 (see Figure S12b in the Supporting Information). In

4 the total weight loss (82.05%) is in agreement with the calculated
value (81.94%).

The TG curve of 5 exhibits three weight loss stages in the temperature
ranges 235–335 (3.92%), 345–410 (20.01%), and 410–510 8C (62.87%)
(see Figure S13a in the Supporting Information), corresponding to the re-
lease of cf and 1,3-bdc groups. The residue is MnO. The total weight loss
(86.80%) is in good agreement with the calculated value (87.11%). The
TG curves of compounds 6 and 7 exhibit similar weight loss stages to
those of compound 5 (see Figure S13b and Figure S13c in the Supporting
Information). For 6, the total weight loss (86.30%) is in agreement with
the calculated value (86.48%). For 7, the total weight loss (85.99%) is in
agreement with the calculated value (85.49%).

Table 2. Selected bond lengths [J] for 1–14.[a]

1
Ba1�O2A 2.637(2) Ba1�O2 2.825(2) Ba1�O3A 2.705(2) Ba1�O1 2.826(2) Ba1�O4B 2.722(2)
Ba1�O5 2.834(3) Ba1�OW1 2.807(3) Ba1�O4 2.849(3)

2
Sr1�O13 2.494(3) Sr1�O6 2.643(3) Sr1�O14A 2.564(3) Sr1�O4 2.670(3) Sr1�O15 2.580(3)
Sr1�O8 2.713(3) Sr1�OW1 2.639(3) Sr1�O14 2.771(3) Sr2�O4 2.490(3) Sr2�OW2 2.632(3)
Sr2�O7 2.532(3) Sr2�O5 2.653(3) Sr2�O9 2.561(3) Sr2�O13 2.696(3) Sr2�O3B 2.632(3)
Sr2�O12B 2.759(3) Sr3�O10 2.493(3) Sr3�O2 2.592(4) Sr3�O11 2.518(3) Sr3�OW3 2.617(3)
Sr3�O1 2.535(3) Sr3�O9 2.736(3) Sr3�O12B 2.540(3)

3
Mn1�O3 2.112(2) Mn2�O9 2.142(3) Mn1�O2A 2.161(2) Mn2�O6 2.148(2) Mn1�O11 2.169(3)
Mn2�O8 2.154(3) Mn1�OW1 2.198(3) Mn2�OW2 2.186(3) Mn1�O13 2.200(3) Mn2�O5B 2.203(2)
Mn1�O2 2.299(3) Mn2�O5 2.240(3)

4
Cd1�O11 2.249(4) Cd2�O5B 2.216(3) Cd1�O2A 2.264(3) Cd2�O6 2.219(3) Cd1�O13 2.268(4)
Cd2�O8 2.252(3) Cd1�O3 2.271(3) Cd2�OW2 2.286(3) Cd1�OW1 2.272(5) Cd2�O9 2.326(3)
Cd1�O2 2.330(4) Cd2�O5 2.398(3)

5
Mn1�O6A 2.1167(14) Mn1�O2 2.1644(13) Mn1�O3 2.1399(14) Mn1�O4 2.2477(17) Mn1�O7B 2.1471(12)
Mn1�O5 2.3789(13)

6
Co1�O6A 2.0270(12) Co1�O2 2.0890(18) Co1�O3 2.0333(14) Co1�O4 2.1935(16) Co1�O7B 2.0743(16)
Co1�O5 2.2342(12)

7
Zn1�O6A 1.9983(19) Zn1�O4 2.094(3) Zn1�O3 2.037(2) Zn1�O7B 2.082(3) Zn1�O2 2.085(3)
Zn1�O5 2.450(2)

8
Zn1�O1 2.014(4) Zn1�O3 2.047(3) Zn1�O1A 2.014(4) Zn1�O4 2.208(4) Zn1�O3A 2.047(3)
Zn1�O4A 2.208(4)

9
Ca1�O2A 2.2860(13) Ca1�O4 2.3100(15) Ca1�O2 2.2860(13) Ca1�O3 2.3203(13) Ca1�O4A 2.3100(15)
Ca1�O3A 2.3203(13)

10
Mn1�O2A 2.1449(16) Mn1�O3A 2.1562(13) Mn1�O2 2.1449(16) Mn1�N1B 2.3465(15) Mn1�O3 2.1562(13)
Mn1�N1C 2.3465(15)

11
Co1�O2A 2.0588(18) Co1�O3A 2.0714(14) Co1�O2 2.0588(18) Co1�N1B 2.2410(18) Co1�O3 2.0714(14)
Co1�N1C 2.2410(18)

12
Zn1�O2A 2.0779(19) Zn1�O3 2.0873(17) Zn1�O2 2.0779(19) Zn1�N1B 2.245(2) Zn1�O3A 2.0873(17
Zn1�N1C 2.245(2)

13
Cd1�O2 2.2694(18) Cd1�O3 2.2881(14) Cd1�O2A 2.2694(18) Cd1�N1B 2.3594(17) Cd1�O3A 2.2881(14)
Cd1�N1C 2.3594(17)

14
Mg1�O2A 2.0389(15) Mg1�O3 2.0477(14) Mg1�O2 2.0389(15) Mg1�N1B 2.2954(18) Mg1�O3A 2.0477(14)
Mg1�N1C 2.2954(18)

[a] Symmetry transformations used to generate equivalent atoms: for 1: A = �x,�y,�z ; B = �x�1,�y,�z ; for 2 : A = �x,�y+1,�z+1; B = x+1,y,z ;
for 3 : A = �x+1,�y,�z ; B = �x,�y+2,�z�1; for 4 : A = �x+1,�y�1,�z+2; B = �x,�y+1,�z+1; for 5 : A = x,y�1,z ; B = �x,�y+1,�z ; for 6 and
7: A = x,y+1,z ; B = �x,�y�1,�z ; for 8 : A = �x+1,y,�z+1; for 9 : A = �x+1,�y,�z+1; for 10 and 14 : A = �x+1,�y+1,�z+1; B =

�x,y+1=2,�z+1=2; C = x+1,�y+1=2,z+
1=2; for 11: A = �x+1,�y+1,�z+1; B = x+1,�y+3=2,z+

1=2; C = �x,y�1=2,�z+1=2; for 12 : A = �x,�y,�z ; B =

x�1,�y+1=2,z�1=2 ; C = �x+1,y�1=2,�z+1=2; for 13 : A = �x+1,�y+1,�z ; B = �x,y+1=2,�z�1=2 ; C = x+1,�y+1=2,z+
1=2.
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The TG curve of 8 exhibits four stages of weight loss (see Figure S14 in
the Supporting Information). The first weight loss is 19.71% in the tem-
perature range of 33–245 8C, corresponding to the release of the non-co-
ordinated water and 1,4-H2bdc molecules (calcd 19.83%). The sample
then remains relatively stable in the temperature range of 245–265 8C.
The second weight loss is 25.72% from 265–405 8C; the third step is
12.35% from 405–495 8C, and the last step is 33.79% in the temperature
range of 495–590 8C, all assigned to the decomposition of coordinated cf
and 1,4-bdc ligands (calcd 72.11%). The residue is ZnO. The total weight
loss (91.57%) is in agreement with the calculated value (91.94%).

The TG curve of 9 exhibits four stages of weight loss in the temperature
ranges 45–170 (3.26%), 235–343 (18.11%), 343–449 (20.84%), and 449–
575 8C (51.77%) (see Figure S15 in the Supporting Information), corre-
sponding to the release of non-coordinated water, cf, and 1,2-Hbdc
groups. The residue is CaO. The total weight loss (93.98%) is in good
agreement with the calculated value (94.75%).

The TG curve of 10 exhibits three stages of weight loss (see Figure S16a
in the Supporting Information). The first weight loss is 5.80% in the tem-
perature range of 40–130 8C, corresponding to the release of non-coordi-
nated water molecules (calcd 5.92%). The sample then remains relatively
stable in the temperature range of 130–290 8C, indicating the formation
of stable nanosized channels. The second weight loss is 30.35% from
290–350 8C, and the third step is 54.29% in the temperature range of
350–470 8C, all assigned to the decomposition of cf ligands (calcd
84.75%). The residue is MnO. The total weight loss (90.44%) is in agree-
ment with the calculated value (90.67%). The TG curves of compounds
11, 12, 13, and 14 exhibit similar stages of weight loss to those of com-
pound 10 (see Figure S16b–e in the Supporting Information). In 11, the
total weight loss (89.63%) is in agreement with the calculated value
(90.20%). In 12, the total weight loss (90.05%) is in agreement with the
calculated value (89.44%). In 13, the total weight loss (83.60%) is in
agreement with the calculated value (84.13%). In 14, the total weight
loss (93.79%) is in agreement with the calculated value (94.48%).

Crystal structure determination : Intensity data were collected on a
Rigaku R-AXIS RAPIDIP diffractometer with MoKa monochromated
radiation (l = 0.71073 J) at 293 K. Empirical absorption correction was
applied. The structures of 1–14 were solved by the direct method and re-
fined by the full-matrix least-squares method on F2 with SHELXL-97
software.[24] All of the non-hydrogen atoms were refined anisotropically.
The organic hydrogen atoms were generated geometrically; the aqua hy-
drogen atoms were located from difference maps and refined with iso-
tropic temperature factors. A summary of the crystal data and structure
refinement for compounds 1–14 is provided in Table 1. Selected bond
lengths of 1–14 are listed in Table 2.

CCDC-268310 to CCDC-268323 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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