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ABSTRACT: A series of coordination polymers with anionic, cationic, and neutral metal-carboxylate frameworks have been
synthesized by using a flexible tetrapodal ligand tetrakis[4-(carboxyphenyl) oxamethyl] methane acid (H,X). The reactions between
divalent transition-metal ions and H X ligands gave [M3X,] - [NH,(CH3),],-8DMA (M = Co (1), Mn (2), Cd(3)) which have
anionic metal-carboxylate frameworks with NH,(CHj3), " cations filled in channels. The reactions of trivalent metal ions Y(III),
Dy(Ill), and In(III) with H,X ligands afforded cationic metal-carboxylate frameworks [M;X,*(NO3)+(DMA),*(H,0)]-
SDMA-2H,0 (M = Y(4), Dy(5)) and [In,X:(OH),]-3DMA-6H,0 (6) with the NO;~ and OH ™ serving as counterions,
respectively. Moreover, a neutral metal-carboxylate framework [Pb,X: (DMA),]:2DMA (7) can also be isolated from reaction of
Pb(II) and H,X ligands. The charged metal-carboxylate frameworks 1—5 have selectivity for specific counterions in the reaction
system, and compounds 1 and 2 display ion-exchange behavior. Moreover, magnetic property measurements on compounds 1, 2,
and $ indicate that there exists weak antiferromagnetic interactions between magnetic centers in the three compounds.

B INTRODUCTION

Current interest in metal—organic frameworks (MOFs) not
only stems from their potential applications in ferroelectrics,
nonlinear optics, porous materials, and catalysis' but also from
their intriguing varieties of molecular architectures and topo-
logies.” The extensive research has led to numerous practical and
conceptual developments in design and synthesis of MOFs, such
as the “node and spacer” approach, secondary building unit
(SBU), secondary building blocks (SBB), and reticular syn-
thesis.> However, most of these methodologies are based on
the initial requirement of conformational rigidity of the starting
entities. It would be a difficult endeavor to try to synthesize
predesigned MOFs from flexible ligands because the starting
entities do not maintain their structural geometries during the
self-assembly process. Meanwhile, in comparison with rigid
ligands, the resultant structures are more sensitive to many subtle
factors, and the syntheses and characterizations are somewhat
more difficult. However, the flexibility of ligands is essential to
form some particular properties and structures.* Furthermore,
the flexibility of the ligands can afford a good opportunity to
investigate the detail of a self-assembly process and provide more
information for the directional synthesis of target MOFs. It is
therefore an important aspect that is worthwhile paying attention
to. Keeping this in mind, we selected flexible ligand tetrakis-
[4-(carboxyphenyl)oxamethyl] methane acid (denoted as H,X
hereafter), in view of its flexible —O—CH,— moieties, to
attempt to build porous MOFs and understand the factors which
play profound roles on the formation of the thermodynamically
favored products.

One of the features of metal carboxylate complexes is that the
ligands are anionic, so the combination with metal centers can
usually give neutral networks without counterions occupying the
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pores. However, the charged frameworks display some unique
structures and properties prior to neutral ones.” For example,
doping the metal ions (Li*, Na*, Mg2+) into cavities, the
electrostatic interaction sites can afford nondissociative H, bind-
ing to enhance overall adsorption of H,.® Some of the charged
frameworks exhibit selectivity or ion exchanges for specific ions,”
and sometimes, structural transformations are involved in these
processes. In our previous studies, the combination of HX
ligands and Zn(II) ions gave three different neutral metal-
carboxylate frameworks. Those compounds display second-har-
monic generation (SHG), ferroelectric properties, hydrophilic
affinity to the polar molecules, and 7—s interactions for
aromatic molecules.® Some Jporous frameworks have also been
obtained by other groups.” However, all the complexes are
neutral metal-carboxylate frameworks. In the system of X
ligand-based complexes, the incorporation of counterions in
the charged metal-carboxylate frameworks has not been investi-
gated. As a systematic research, we extend our work toward the
investigation of charged metal-carboxylate frameworks derived
from H4X ligands with transition-metal ions, rare earth metal
ions, and main group metal ions.

As usual, temperature, reaction duration, starting materials,
pH, and auxiliary ligands are valid methods to control the
structure and charge of the final frameworks. Herein the obtained
complexes indicate that these compounds adapt their structural
features, pore sizes, and framework charges to the metal ions and
temperature without resorting to the change of solvent, pH, or
auxiliary ligands. In this paper we report the solvothermal
syntheses, structural characterizations, ion-exchanges, and magnetic
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properties of seven MOFs based on H4X ligands, namely,
[M3X; ] [NH,(CHs),],- 8DMA (M = Co (1), Mn (2), Cd(3)),
[M3X,+ (NO3) - (DMA), - (H,0)] - SDMA-2H,0 (M=Y (4), Dy
(5)) [In,X-(OH),]-3DMA-6H,0 (6), and [Pb,X:(DMA),]-
2DMA (7).

B EXPERIMENTAL SECTION

General. All chemicals were commercially purchased and used
without further purification. Elemental analyses (C, N, and H) were
carried out with an Elementar Vario EL III analyzer; Na and K in the
exchanged samples were determined by a Jobin Yvon Ultima2 induc-
tively coupled plasma OES spectrometer. IR spectra were recorded with
PerkinElmer Spectrum One as KBr pellets in the range 400—4000 cm .
Single crystal X-ray diffraction was carried out by a Rigaku Mercury CCD/
AFC diffractometer. Thermogravimetric analysis (TGA) was carried out on
a NETZSCH STA 449C instrument. The sample and reference (Al,O3)
were enclosed in a platinum crucible and heated at a rate of 10 °C/min from
room temperature to 1000 °C under nitrogen atmosphere.

Synthesis of [CosXo]-[NH(CH3)5l,-8DMA (1). A mixture of Co-
(NO3),+6H,0 (0.058 g 0.2 mmol), H,X (0.06 g, 0.1 mmol), and 10 mL
DMA was sealed in an autoclave equipped with a Teflon linear (23 mL),
heated at 90 °C for 4 days, and then cooled to room temperature. Purple
block single crystals of 1 were collected in a ca. 82% yield based on H,X.
Elemental analysis for C;g,H;36N10C0303,, caled (%): C, 55.87; H,
6.21; N, 6.39. Found (%). C, 56.34; H, 6.35; N, 6.27. IR data (KBr,
cm™): 3444 (w), 1606 (s), 1397 (s), 1239 (s), 1019 (m), 785 (m).

Synthesis of [Mn3X]+[NH,(CH3),],-8DMA (2). The complex was
prepared by similar procedure used for preparation of 1 except that
Mn(NOs3), - 6H,0 (0.057 g 0.2 mmol) was used instead of Co(NO3), -
6H,0. Colorless block single crystals of 2 were collected in a ca. 86%
yield based on H,X. Elemental analysis for C;0,H;36N10Mn303,, caled
(%): C, 56.17; H, 6.24; N, 6.42. Found (%): C, 55.65; H, 6.07; N, 6.73.
IR data (KBr, cm ™ '): 3413 (w), 1606 (s), 1396 (s), 1241 (s), 1015 (m),
786 (m).

Synthesis of [Cd3X5]-[NH5(CHs)5],-8DMA (3). The complex was
prepared by similar procedure used for preparation of 1 except that
Cd(NO3),-4H,0 (0.062 g, 0.2 mmol) was used instead of Co(NO3), -
6H,0. Colorless block single crystals of 3 were collected in a ca. 88%
yield based on H,X. Elemental analysis for C;0,H;36N1oCd303,, caled
(%): C, 52.06; H, 5.78; N, 5.96. Found (%): C, 51.09; H, 5.39; N, 5.22.
IR data (KBr, cm ™ '): 3444 (w), 1606 (s), 1395 (s), 1243 (s), 1015 (m),
784 (m).

Synthesis of [Y3X5+(NOs)+(DMA),+(H,0)]-5DMA-2H,O (4). A
mixture of Y(NO3);-SH,0 (0.087 g, 0.2 mmol), H,X (0.06 g, 0.1
mmol) and 10 mL DMA was sealed in an autoclave equipped with a
Teflon linear (23 mL), heated at 110 °C for 4 days, and then cooled to
room temperature. Colorless block single crystals of 4 were collected in a
ca. 76% yield based on H,X. Elemental analysis for Co,H;,7NgO3,Y3,
caled (%): C, 51.88; H, 5.28; N, 5.0S. Found (%): C, 52.18; H, 5.41; N,
4.88. 1R data (KBr, cm ™ '): 3359 (w), 1606 (s), 1420 (s), 1243 (s), 1014
(m), 785 (m).

Synthesis of [Dy3X5+(NOs)+ (DMA),+ (H,0)]- 5DMA < 2H50 (5). The
complex was prepared by similar procedure used for preparation of 4
except that Dy(NO3);-SH,O (0.076 g 0.2 mmol) was used instead of
Y(NO3);-SH,O. Colorless block single crystals of § were collected in a
ca. 88% yield based on H,X. Elemental analysis for Cy4H,;;,NgO3,Dys3,
caled (%): C, 46.27; H, 4.80; N, 4.59. Found (%): C, 45.12; H, 5.12; N,
4.79.1R data (KBr, cm ™ '): 3406 (w), 1606 (s), 1415 (s), 1245 (s), 1021
(m), 784 (m).

Synthesis of [In,X+(OH),] - 3DMA-6H,0 (6). The complex was pre-
pared by similar procedure used for preparation of 1 except that
In(NO3)5-4H,0 (0.076 g, 0.2 mmol) was used instead of Co(NO3),+
6H,0. Colorless block single crystals of 6 were collected in a ca. 69%

yield based on H,X. Elemental analysis for C4sHgsN3In,O,3, caled (%):
C, 42.78; H, 5.02; 0, 29.12; N, 3.45. Found (%): C, 43.37; H, 5.22; O,
29.56; N, 3.37. IR data (KBr, cm_l): 3446 (w), 1607 (s), 1412 (s), 1244
(s), 1015 (m), 784 (m).

Synthesis of [Pb X+ (DMA),] - 2DMA (7). The complex was prepared
by similar procedure used for preparation of 4 except that Pb(NO3),
(0.066 g 0.2 mmol,) was used instead of Y(NO;);+SH,0. Colorless
block single crystals of 7 were collected in a ca. 72% yield based on H,X.
Elemental analysis for C4oH;,N,O,¢Pb,, caled (%): C, 43.33; H, 3.10;
N, 4.13. Found (%): C, 42.98; H, 3.25; N, 4.43. IR data (KBr, cm ™ '):
3390 (w), 1606 (s), 1403 (s), 1240 (s), 1173 (m), 785 (m).

Single Crystal Structure Determination. Data for complexes
1—7 were collected on a Rigaku Mercury CCD/AFC diffractometer
equipped with graphite-monochromated Mo Ko radiation with a
radiation wavelength of 0.71073 A by using the w-scan technique. All
absorption corrections were performed using the CrystalClear prog-
ram. " Structures were solved by direct methods and refined on F* by full
matrix least-squares using the SHELXL-97 program package.'’ The
organic hydrogen atoms were positioned geometrically. The hydrogen
atoms bonded to solvent atoms were not located. Restraints for the bond
distances were used during the refinement for keeping the suitable bond
distances of disordered solvent molecules. Because of the highly
disordered solvent molecules in compounds 1, 3, and 6, the SQUEEZE
routine in the PLATON software was applied to subtract the diffraction
contribution from the solvent molecules."> Compounds 1—3 are iso-
structural, so they have identical formulas. According to elemental
analytic data, IR spectrum, and TGA analysis, the solvent molecules of
compound 6 were proposed to be approximately 3DMA and 6H,O per
formula. Details of the structure solution and final refinements for the
complexes are given in Table 1. Selected bonds are in Table S1(Sup-
porting Information). CCDC 793864—793869 and 804657 contain the
crystallographic data (1—4, 6, 7, and S, respectively) for this paper.
These data can be obtained from the Cambridge Crystallographic Date
Center via www.ccdc.cam.ac.uk.

B RESULTS AND DISCUSSION

Crystal Structure of [M3X;]:[NH,(CHs),],-8DMA (M = Co
(1), Mn (2), Cd (3)). Complexes 1—3 are isostructural. As a
representative example, the crystal structure of compound 2 is
depicted here in detail. The asymmetric unit consists of two
crystallographically independent Mn(II) ions, a X*~ ligand, four
DMA solvent molecules, and an NH,(CHj3)," counterion. The
NH,(CH,)," is generated via either hydrolysis or decarbonyla-
tion of DMA under a solvothermal condition and is not without
precedent.'> Mn(1) ion is bonded by four oxygen atoms from
two chelating carboxyl groups and two oxygen atoms from two
bridging carboxyl groups giving an octahedral geometry. Mn(2)
is also six coordinated by four oxygen atoms from four bridging
carboxyl groups and two u3-O atoms from chelating bridging
carboxyl groups to give a very distorted octahedron. Meanwhile,
Mn(2) lies on an inversion center and connects to two neighbor-
ing Mn(1) centers by a pair of 3-O atoms in a vertex-sharing
mode forming a trimetallic cluster. The X*~ ligands adopt
distorted tetrahedral geometries with the angles between four
arms ranging from 58° to 140°. Fourteen arms from five ligands
and four metallic clusters compose a box-like mesopore which is
filled by solvent molecules and counterions (Figure 1b). These
mesoporous structures propagate to a porous three-dimensional
(3D) framework with two kinds of channels, A (10.1 x 10.5 A%)
and B (13.1 x 16.3 A”) along the [100] direction (Figure 1c).
Complex 2 has a total solvent-accessible volume of 49.8%, as
calculated using the PLATON routine.
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Table 1. Crystal Data and Data Collection and Refinement Parameters for Complexes

complexes 1 2 3

formula Ci02Hi136N10 Ci02Hi36N10 Ci02Hize
Cos O3, Mn; O3, N;oCd; O3,

formula weight 2191 2179 2351
temperature (K) 293(2) 293(2) 293(2)
wavelength (A) 0.71073 0.71073 0.71073
crystal system triclinic triclinic triclinic
space group P-1 P-1 P-1
a(A) 11.868(7) 11.775(3) 11.970(3)
b (A) 16.265(1) 16.113(5) 16.341(5)
c(A) 16.379(1) 16.346(5) 16.436(5)
a(°) 108.099(7) 108.244(2) 107.913(2)
B () 102.855(6) 101.663(4) 103.400(4)
v (°) 101.216(3) 102.559(2) 100.533(2)
volume (A%) 2808.7(1) 2750.1(1) 2861.4(1)
VA 1 1 1
Dc (Mg/m?®) 0.874 1262 0.951
w (mm™") 0.487 0.418 0.601
data collected 24190 21398 22497
unique data (Ryy,) 12617 11767 13068
parameters 450 715 487
goodness-of -fit on F* 0.937 1.048 1.002
R [I>20(D)] 0.0836 0.0707 0.0460
wRy" 02376 0.1853 0.1442

SR, = S Eyl — [EN/STIEL PwR, = {3 [w(Fo> — E2)*)/ S [w(Ee2)?]} 2

4 S 6 7
CoqHy17 Co4Hy17 CysHes CyoHyp
NgY;03; NgDys3 O3; N;In, Oz N,4Pb, Oy6
2217 2438.49 1245 1375
293(2) 78(2) 293(2) 293(2)
0.71073 0.71073 0.71073 0.71073
orthorhombic orthorhombic monoclinic orthorhombic
Pbcm Pbcm C2/c Pbcn
10.6762(2) 10.7029(2) 19.651(5) 7.008(2)
28.242(5) 28.176(5) 38.598(8) 30.224(9)
34.079(6) 34.014(6) 21.519(5) 24.257(7)
90 90 90 90
90 90 117.068(4) 90
90 90 90 90
10276(3) 10257(3) 14534(6) 5138(3)
4 4 8 4
1.357 1.527 0.799 1.778
1.765 2.247 0.667 6.617
77435 61188 62821 37339
11898 9643 16521 5890
696 786 434 245
1.004 1.011 1.034 1.132
0.0852 0.0768 0.0635 0.0500
0.2349 0.1592 0.1810 0.1116

a

channel b

Figure 1. (a) ORTEP drawing of ligand and coordination environ-
ments of metal ions with thermal ellipsoids at 30% probability in
compound 1. (b) The box-like mesopore composed by trimetallic
clusters and ligands. (c) The porous framework with channels A and B.

Crystal structure of [M3X;-(NO3)-2(DMA)-(H,0)]1-5DMA
2H,0 (M =Y (4), Dy (5)). Complexes 4 and $ are isostructural,

2266

and the crystal structure of compound 4 is depicted here in detail.
The asymmetric unit of 4 consists of half-occupied Y(1) and
Y(2) atoms on the mirror plane, one full-occupied Y(3) in a
general position, one X ligand, two full DMA molecules, and
three halves of DMA molecules as well as half of a NO; as a
counterion. Y(1) and Y(2) centers are seven coordinated by six
oxygen atoms from six bridging carboxyl groups and one oxygen
atom from a DMA molecule, to give monocapped triprismatic
geometries. Y(3) center, which displays monocapped triantipris-
matic geometry, bonds to four oxygen atoms from four carboxyl
groups, two oxygen atoms from a nitrate group, and one water
molecule. All the carboxyl groups link adjacent Y(III) centers in a
bridging bis-bidentate mode forming a 1D Y-carboxyl chain, and
the NO;  counterions hang on both sides of the chain
(Figure 2). The chains run parallel to the b axis and are connected
into a 3D porous framework by X*~ ligands. The X*™ ligands
adopt severely distorted tetrahedral orientations with the angles
between the four arms ranging from 66° to 144°. Topological
simplification using TOPOS software'* indicates that it is a 4, 6,
8-connected net with point (Schlifli) symbol (4'*.6%),(4'°.6°),-
(4*.6%), upon considering X+ ligands as eight-connected nodes,
and Y(III) atoms as four- and six-connected nodes (Figure 3). The
pore system has a solvent accessible void of 46.3% (on removal of
coordinated and uncoordinated DMA molecules).

Crystal structure of [In,X-2(OH)]-3DMA-6H,0 (6). The
asymmetric unit of 6 consists of an X*~ ligand, three In(11I) ions
and two OH™ as counterions. The half-occupied In(1) and In(3)
atoms sit on the inversion centers, and the full-occupied In(2)
atom sits on a general position. All the In(IIl) centers are six
coordinated by four oxygen atoms from four bridging carboxyl
groups and two OH™ forming octahedral coordination spheres
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Inorganic Chemistry
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Figure 2. (a) ORTEP drawing of ligand and coordination environ-
ments of metal ions with thermal ellipsoids at 30% probability in 4. (b)
The metal-carboxyl chain in 4 and (c) the 3D porous structure presents in 4.

Figure 3. Topological presentation of 4 (the X*~ is indicated in aqua,
and Y(III) is indicated in blue).

with the In—O distances ranging from 2.091 to 2.160 A. Adjacent
{InOg¢} octahedra are interconnected in the vertex-sharing mode
forming an undulating In—O chain (Figure 4). The tetrahedral
X*™ connectors, with the angles between the four arms ranging
from 76° to 133°, link together three neighboring In—O chains
to give a porous framework with channels along both [100] and
[001] directions. The largest channels are 19.6 x 10.1 A% in
cross-section and present in [001] direction, as shown in Figure 4.
In the X-ray structure refinement, however, guest molecules
could not be located because of their high thermal disorder, and
the final structure model was refined without the solvent
molecules by using a SQUEEZE routine of PLATON. Mean-
while, the solvent accessible void space estimated by PLATON is
67%, which is filled with three DMA and six H,O guest molecules
per unit formula of the host as evidenced by the element analysis
and TGA data.

onza)
0

a (5|
? e WY -\'j"»(éf:lm 3

Figure 4. (a) ORTEP drawing of ligand and coordination environ-
ments of metal ions with thermal ellipsoids at 30% probability in com-
pound 6. (b) Polyhedral view of the undulating In—O chain. (c) Space-
filling view of 6 showing large channels.

Crystal structure of [Pb,X-(DMA),]-2DMA (7). The asym-
metric unit of 7 consists of one Pb(II) atom, a half of a X*~
ligand, and two DMA molecules. The central Pb(II) ion adopts a
distorted {:PbOg} pentagonal—bipyramidal geometry by coor-
dinating to four oxygen atoms from two chelating carboxyl
groups, a U3-O atom from a chelating bridging carboxyl group
and an oxygen atom from a DMA molecule, and the seventh
coordination site is occupied by the lone pair of electrons. The
Pb—O distances are in the range of 2.359—2.781 A, which is
within the range observed in other Pb(II) complexes.15 As a
heavy p-block metal ion, the lead has a large atomic radius and a
flexible coordination environment which provides unique op-
portunities for the formation of versatile network topologies. In
compound 7, each Pb(II) center is connected to adjacent metal
ions by a pair of #3-O atoms giving an infinite 1D Pb—O chain.
Such four neighboring chains are connected by the tetrapodal
X+ ligands into a clathrate neutral porous framework, and the
DMA molecules (solvent and coordinated) filled in the voids
(Figure S). The ligands adopt a nearly flattened orientation with
angles between four arms ranging from 84° to 151°. The solvent
accessible volume is 2465 A® per unit cell, which is 48.0% of the
total crystal volume (calculated by PLATON on removal of
coordinated and uncoordinated DMA molecules). Topological
simplification using TOPOS software indicates that the compound
is a 3, 6-connected net with point (Schlifli) symbol (4.8%),-
(4%.8"%.10). Each X*~ ligand connects to six Pb(II) atoms affor-
ding a six-connected node, and each Pb(II) ion links to three X+
ligands affording a three-connected node, as shown in Figure 6.

l DISCUSSION

Complexes 1—7 were obtained by reaction of X*~ ligands
with transition-metal ions, rare earth metal ions, and main group
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Figure 5. (a) ORTEP drawing of ligand and coordination environment
of metal ion with thermal ellipsoids at 30% probability in compound 7.
(b) The Pb—O chain linked by 3-O. (c) The 3D porous structure
present in 7.

Figure 6. Topological presentation of 7 (the X*™ is indicated in aqua
and Pb(1I) is indicated in blue).

metal ions. The metal centers of the resultant compounds
varied from trimetallic cluster (1—3) and metal-carboxyl
chain (4 and 5) to metal-O chain (6 and 7). The tetrapodal
X*~ ligands adopt different geometries varying from tetrahe-
dral to nearly flattened. Those factors thatlead to the networks
have differences in solid-state packing, topology, and porosity,
and the obtained metal-carboxylate frameworks can be
anionic, cationic, and neutral, which have selectivity toward

Scheme 1. Schematic Representation of the Self-Assembly of
X*" Ligands and Different Metal Ions with Selectivity for
Counterions

In + X*
cationic metal-
carboxylate framework

Mn, Co, Cd + X*
anionic metal-
carboxylate
framework

Y, Dy + X*
cationic metal-
carboxylate
framework

Li*/Na*/K* CI/T/CIO,]

Pb+X*
neutral metal-
carborxylate framwork

counterions in the reaction system. For compounds 1—3, the
divalent metal centers are six coordinated in octahedral
geometries. All the coordinated oxygen atoms come from
the carboxyl groups. Completing the coordination geometries
of metal centers, the carboxyl groups introduce surplus
negative charges. In this case, the uncoordinated, NH,-
(CHj;), " cations are found to act as counterions. For trivalent
metal complexes 4—6, Y(III) (Dy(III)) are seven coordinated,
and the In(III) is six coordinated. The carboxyl groups can
neither complete the coordination geometry nor satisfy the
charge balance. As a result, NO3 and OH " ions, which can-
not only coordinate to metal center but also provide negative
charge, are observed to be incorporated in the frameworks. It
can be proposed that the metal ions with higher charge and
coordination numbers will be more liable to construct cationic
metal-carboxylate frameworks.

In order to further understand the selectivity for specific ions,
we have sought to generate the analogues of complexes 1—5 with
various counterions. When the LiNO; (or NaNO;, KNO;) was
added as starting material in the reaction system for 1—3, the
single-crystal X-ray diffraction, energy-dispersive system (EDS),
and powder X-ray diffraction (PXRD) indicated that 1—3 were
recovered without Li" (or Na*, K") substituting NH,(CH;), "
ions. Similarly, in the reaction system for 4 and S, the addition of
KCl (or KI, KCIO,) did not lead to a change of the product. The
Cl” (or I', ClO4 ) could not be combined as counterions
instead of NO3 , as testified by EDS and PXRD. Although they
are the same in charge, different geometries and affinities to metal
centers cause them not to be substituted in the process of self-
assembly (Scheme 1).

lon-Exchange. Freshly prepared crystals of 1 were intro-
duced into a saturated aqueous solution of NaNOj (S mL). Five
mL DMA containing pH-sensitive compound, phenolphthalein
(30 mg), was added. The solution was adjusted to pH = 8 by
adding tetramethylammonium hydroxide solution following
with the color change from colorless to pink. The sample was
heated at 45 °C for 48 h, after that, the color faded out, and the
pH value decreased to 7 indicating the increase of the protons in
the solution. Exchanged sample 1a was filtered and washed with
water and ethanol several times. The crystals turned opaque and
diffracted too weakly to give structural information. However,
inductively coupled energy (ICP) analysis of 1a reveals that it
contains Na™ 2.18%, which means that the NH,(CHj;), " cations
within the channels of 1 can be replaced by the Na™ ions in the
solution driven by the concentration gradient. Figure 7 represents
the process and ICP results of the ion-exchange experiments for
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ion-exchange for compound 2

ion-exchange for compound 1

ae A
=

—

el -
| B
M Tl
NaNO, KNO, NaNO, KNO, | NaNO, KNO, NaNO, KNO,
Compound 1 Compound 2
Na' 2.18% 3.17%
K 3.43% 3.58%

Figure 7. Photos of the ion-exchange process (top). The list of ICP
results for the ion exchanged samples of 1 and 2 (bottom).

compounds 1 and 2 in NaNO; and KNOj solutions, respectively.
The Figure S1 (in Supporting Information) is the IR spectra of
compounds 1 and 2 before and after ion-exchange. This experi-
ment establishes that ion-exchange can be successful in a porous
framework. Although the replacement of NH,(CHj), " by other
ions is unfeasible in the self-assembly process, it can be finished
by the ion-exchange experiment conducted on the obtained
compound. This work may exploit a facile entry for an incorpora-
tion specified component into a complex for the preconceived
need in material design.

Magnetic Properties. Variable-temperature magnetic mea-
surements were performed on polycrystalline samples of com-
pounds 1, 2, and § at an applied magnetic field of 1000 Oe over
the temperature range from 2 to 300 K. The temperature depen-
dence of the magnetic susceptibility of 1 is shown in Fi%ure 8a.
The ¥, T value at room temperature is 9.04 cm® mol ' K and
substantially exceeds that of the spin-only value of 5.63 cm® mol ' K
expected for three isolated octahedral coordinated Co(II) ions.'®
Upon cooling, the y,,T value first decreases gradually to a
minimum of 7.01 cm” mol " K at 12.4 K (indicating a dominant
antiferromagnetic interaction and/or spin-obit coupling of the
Co(II) ions) and then increases sharply to 9.86 cm® mol ' K at
about 2 K. The reciprocal susceptibility versus temperature plot
above 15 K obeys the Curie—Weiss law with C = 9.05 cm® mol '
K and 6 = —8.76 K. To quantitatively evaluate the isotropic
magnetic interaction between spin carriers, the data above 50 K
were fitted to the expression of susceptibility for linear trinuclear
Co(II) systems deduced from the Hamiltonian H = —J,S; X S,
— J5385 X 83 — J13S; X S;.Based on the structural information of
the perfect symmetry of the trimer and the long distance (7.214
A) between the terminal metal centers, we can take the coupling
J12 and J,3 to be identical and the coupling between the terminal
metal centers 5 to be zero. So the exchange Hamiltonian can be
expressed as H= —J(S; X S, — S, X S3)."” The best fit of the data
was obtained with the parameters ] = —2.11 £ 0.02 cm™ ', g =
2.59 £ 0.001 and R, defined as R=>_[(¥mT)obs — (YmT)eatc)*/
S L(mT)obs]?, equal to 1.34 x 10 °. An attempt to take into
account the intertrimetallic cluster coupling zJ' which would
improve the fitting was not realized. This indicates that the
interactions between the trimetallic clusters are very weak due to
the very long distance of the trimetallic clusters.

The ¥, T value of compound 2 at room temperature is 12.8
em® mol ' K which corresponds to the spin-only value expected
for three isolated Mn(II) ions (13.125 cm® mol ' K, 3d°, S =5/2,
g = 2). The %,,T value decreases to 423 cm® mol " K as the
temperature cools down (Figure 8b). Fitting the magnetic data
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Figure 8. Plot of the y,,T and y,,, ' versus T for 1 (a), 2 (b), and 5 (c).
The red solid lines represent the best fit obtained from the Hamiltonian
given in the text and Curie—Weiss law.

according to the Curie—Weiss law in the range of 10—300 K gave
a negative Weiss constant of —16.75 K, indicating weakly anti-
ferromagnetic behavior. The Mnl and Mn2 and the Mn2 and
Mn1’ distance is 3.497 A, Mn1 and Mn1’ distance is 6.993 A, so
the exchange Hamiltonian can also be expressed as H = —J(S, x
Sy — Sy % 83)."% The T vs T plot fit reasonably well in the
temperature range of 40—300 K with the parameters ] = —1.25
+ 0.004 cm™ ' and g = 2.00 & 0.0005 and with an agreement
factor R = 6.6 x 10 *. The negative J values are comparable to
the previous reported compounds with the similar structure.'®
Moreover, compounds 1 and 2 retain their magnetic properties
after ion-exchange experiments (Figure S2 in Supporting Infor-
mation).

The plot of y,T versus T for compound § is shown in
Figure 8c. The room temperature y,,,T values were measured
as 41.48 cm® mol ' K, which is in good agreement with the expe-
cted value for three isolated Dy(III) ions (42.53 cm® mol ' K,
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®Hys/, S=5/2,L =5, g = 4/3). It shows a continuously steady
decrease upon lowering the temperature, falling to 31.38 cm’
mol ' K at 2 K. The ma%netic data obey the Curie—Weiss law
with C = 41.68 cm® mol ' K and a negative Weiss constant of —
3.67 K. Such magnetic behaviors of decrease ),,T and negative
value of 6, typical for Ln(III) complexes, are primarily due to
splitting of the ligand field for the Ln(III) ions as a result of strong
spin—orbital coupling and partly attributed to the possible
antiferromegnetic intradimer coupling.]9

Bl CONCLUSIONS

In conclusion, we have successfully synthesized seven porous
metal carboxylate complexes from flexible tetrapodal ligands and
transition-metal ions, rare earth metal ions, and main group metal
ions. This study has shed some light on the roles different metal
ions play in the formation of self-assembly frameworks. The
coordination of divalent transition-metal ions with X*™ ligands
produces anionic metal-carboxylate frameworks 1—3 with NH,-
(CHs3)," counterions filled in void spaces. Whereas, the coordi-
nation of trivalent rare earth metal ions Y(III) and Dy(III) and
main group metal ion In(IIT) with X*" ligands produces cationic
metal-carboxylate frameworks 4—6 with NO;  and OH™ com-
bined as counterions, respectively. It can be proposed that the
metal ions with higher charge and coordination numbers will be
more liable to construct cationic metal-carboxylate frameworks.
Meanwhile, the neutral metal-carboxylate framework 7 can also
been obtained by employing Pb(II) and X*~ ligands. The
addition of other ions did not lead to a change of products
(1—S), and the counterions could not be replaced by other ions
although they are the same in charge. The observation indicates
those complexes have selectivity for specific counterions in the
self-assembly process. More interestingly, the NH,(CH;)," in
the channels of compounds 1 and 2 displays ion-exchange
behaviors when treated with saturated NaNO; and KNOj;
aqueous solutions. Although the replacement of NH,(CH;), ™"
by other ions is unfeasible in the self-assembly process, it can be
finished by the ion-exchange experiment conducted on the
obtained compound. This research may exploit facile entry for
an incorporation specified component into complex for the
preconceived need in material design. Furthermore, magnetic
property measurements on complexes 1, 2, and § indicate there
exists weak antiferromagnetic interactions between magnetic
centers in all three compounds.

B ASSOCIATED CONTENT

© Ssupporting Information. IR curves, magnetic data, pow-
der diffraction patterns, TGA curves and table of selected bonds
for complexes 1—7. This material is available free of charge via
the Internet at http://pubs.acs.org.
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