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Coordination polymers are very useful materials in catalysis,
optics, recognition, and separation.[1] In particular, there is an
enormous interest in the storage of gas molecules, that is, H2,
CO2, C2H2, etc.

[2] Although the vast majority of coordination
polymer materials, includingmetal–organic frameworks (MOFs),
are focused on macroscaled crystalline products, for structural
studies based on single-crystal X-ray analysis, we and others have
recently reported the synthetic strategies for the preparation of
nano- and microsized coordination polymer particles (CPPs).[3,4]

In contrast to bulk coordination polymers, CPPs have consider-
able potential for use in innovative applications, such as imaging
probes and heterogeneous catalysts.[3] Furthermore, CPPs also
provide the opportunity for the fine tuning ofmaterials, to achieve
the properties desired.[4a,b] On the other hand, manipulation of
the chemical and physical properties of metal or semiconductor
particles through morphology control is a well-known strategy.[5]

However, no research related to morphology-dependent proper-
ties in CPPs has been performed. Herein, we report the selective
formation of CPPs with diverse shapes from the same basic
building blocks. We also demonstrate that the gas-sorption
properties of CPPs, despite their identical chemical composi-
tions, vary according to the morphology of the particles.

A carboxyl-functionalized ligand (H2L¼ 2,6-bis[(4-carboxy-
anilino)carbonyl]pyridine, Fig. 1a) was synthesized according
to the literature[6] with slight modifications. Subsequently, CPPs
were prepared by the following solvothermal reactions. H2L,
In(NO3)3 � xH2O, imidazole, and CH3CO2H were combined in
dimethylformamide (DMF), and the resulting solution was heated
at 80 8C for 10min. After this time, the precipitated products were
cooled to room temperature, collectedby centrifugation, and rinsed
several times with DMF and methanol.

Themorphology of the resulting products was characterized by
field-emission scanning electron microscopy (SEM), optical
microscopy (OM), and fluorescence microscopy (FM), as shown
in Figure 1b. The images reveal the formation of elongated
hexagonal particles (CPP-6), with an average width and length of
1.52 and 3.00mm, respectively. Infrared spectroscopy was used to
confirm the creation of coordination polymers, as evidenced by a
shift in CO stretching frequency of the carboxylate group to
1605 cm�1. This value can be compared to that of 1688 cm�1 for
the uncoordinated precursor H2L. The chemical composition of
CPP-6 was determined by energy-dispersive X-ray (EDX,
Supporting Information) spectroscopy and elemental analysis
(EA). As shown in the inset of Figure 1b, CPP-6 is fluorescent in
the blue region of the spectrum, due to ligand-to-metal
charge-transfer (LMCT) of the coordination polymer.[7] In
contrast, the free ligand does not emit and luminescence in
this range.

SEM and OM images of products generated in the presence of
100mL of acetonitrile under otherwise identical reaction
conditions reveal the selective formation of ellipsoidal particles
(CPP-7, Fig. 2a), rather than elongated hexagons (CPP-6). The
ellipsoidal-shaped CPPs have an average width and length of 1.33
and 3.40mm, respectively. By increasing the amount of
acetonitrile to 200mL, while maintaining other reaction condi-
tions, rod-shaped particles (CPP-8) were discriminatively gener-
ated, with an average width and length of 0.62 and 4.16mm,
respectively, as characterized by SEM and OM (Fig. 2b).
Interestingly, despite the variety of morphologies, all particles
Figure 1. a) Organic precursor H2L, used for the preparation of CPP-6, -7,
and -8. b) SEM (left, inset is the high-magnification SEM image), OM
(right), and FM (right inset) images of the elongated hexagons CPP-6.
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Figure 2. SEM (left, inset is the high-magnification SEM image), OM
(right), and FM (right inset) images of a) the ellipsoids CPP-7 and
b) the rods CPP-8.

Figure 3. a) IR spectra, b) TGA results, and c) emission spectra of a series
CPP-7 (red), and CPP-8 (blue). Data for all three CPPs are identical.
length¼ 320 nm.
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consisted of the same components, as verified by numerous
experimental data (Fig. 3 and Supporting Information). First, the
infrared spectra of the three CPPs are exactly identical, including
the CO stretching frequency of the carboxylate group (Fig. 3a).
Second, thermogravimetric analyses (TGA) of the three types of
particles show the exact same profile, including first weight loss at
the beginning of heating, decomposition temperature at around
370 8C, and an end-point of the rapid weight loss at around 530 8C
(Fig. 3b). Third, emission spectra of the three samples overlap
exactly, with the same maximum emission wavelength at 451 nm
upon excitation at 320 nm (Fig. 3c). In addition to these data, EA
data of the three CPPs show the same percentages on carbon,
nitrogen, and hydrogen atoms, 1H NMR spectra of the digested
particles reveal that an identical portion of L and imidazole
molecules are incorporated into all three CPPs, and XRD spectra
show the same profile even though CPPs do not form perfect
crystallites in dry condition (Supporting Information). All of these
experimental evidences strongly support that the three CPPs
generated with different shapes have the same components.[8]

Subsequently, gas-adsorption measurements for the CPPs
were carried out using N2, H2, and CO2. All gas-adsorption
isotherms were measured after pretreatment under a dynamic
vacuum at 150 8C. As shown in Figure 4a, N2 adsorption
isotherms of CPP-6, -7, and -8 exhibit the behavior for multilayer
adsorption. The BET and Langmuir surface area of CPP-8, at
13.498m2 g�1 and 24.804m2 g�1, respectively, are larger than
those of CPP-6, at 4.465m2 g�1 and 10.408m2 g�1, and CPP-7, at
4.492m2 g�1 and 10.688m2 g�1. This can be easily understood
of CPP-6 (black),
Excitation wave-
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from the fact that CPP-8 has a thinner shape,
and consequently more surface area than
CPP-6 and CPP-7. Nonetheless, CO2 adsorp-
tion capacities of three CPPs are significantly
greater than N2 adsorption capacities (Fig. 4b).
There are several examples of this type of
differential gas adsorption in coordination
polymers.[9] The low N2 adsorption is the
result of strong quadrupole interactions
between N2 molecules and the electrostatic-
field gradients around the surface, blocking
the pore window.[9b,10] However, the relatively
high thermal energy of CO2 at 195K makes it
possible to overcome this quardrurpole inter-
action. The specific surface area of CPP-6,
deduced from the analysis of the measure-
ments on the CO2 adsorption at 195K, was
196.92m2 g�1. The surface areas of CPP-7 and
CPP-8 based on the CO2 adsorption are similar
to that of CPP-6.

In contrast, H2 uptake abilities of the three
diversely shaped CPPs are quite different.
Hydrogen-storage capacities of CPP-6, CPP-7,
and CPP-8 at 77 K and under < 1.01� 105 Pa
are 3.0095, 19.816, and 47.928 cm3 g�1, respec-
tively (Fig. 4c). The reason for such different
hydrogen-adsorption properties can be found
in the morphology and the defects on the
surface of the CPPs. First, the H2-adsorption
isotherm of CPP-6 at 77 K shows multilayer
adsorption behavior, as in the case of N2
heim 675
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Figure 4. Gas-adsorption isotherms for a) N2 on adsorbents at 77 K,
b) CO2 on adsorbents at 195 K, and c) H2 on adsorbents at 77 K of a
series of CPP-6 (black square), CPP-7 (red circle), and CPP-8 (blue triangle).
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adsorption. However, CPP-7 has some surface defects, resulting
in the rather bigger pore windows on the rough surface (Fig. S5),
where hydrogenmolecules can access the interior of the particles.
Note that the kinetic diameter of H2 (2.8 Å) is smaller than that of
N2 (3.6 Å).[11] CPP-8 has many more surface defects (Fig. S6),
which will give rise to additional big-enough pore windows for H2

molecules to pass. The presence of acetonitrile during the
synthesis of CPP-7 and CPP-8 induces rapid precipitation, due to
� 2009 WILEY-VCH Verlag Gm
the low solubility of CPPs, and consequently seems to result in
incomplete growth/packing and so defects on the surface.

In conclusion, we have demonstrated that CPPs with three
different types of morphology, namely elongated hexagons,
ellipsoids, and rods, can be selectively generated from the same
molecular building blocks. Notably, the diversely-shaped CPPs
have different gas-adsorption properties for several gas mole-
cules, even though they have the same components. Although the
gas-storage capacities demonstrated here are not yet great, this
work shows the feasibility of improving the gas-storage capacity,
and possibly other properties, of coordination polymer materials
by means of morphology control.
Experimental

General Methods: Solvents and all other chemicals were obtained from
commercial sources and used as received unless otherwise noted. Infrared
spectra of solid samples as KBr pellets were obtained using a Nicolet Avatar
360 FT-IR spectrometer. Emission spectra were obtained using a Hitachi
Model F-4500 fluorometer using quartz cells (10� 4mm light path).
Elemental analyses were performed at the Organic Chemistry Reaction
Center, Sogang University. All SEM images and EDX spectra were obtained
using either a Hitachi S-4300 field-emission SEM equipped with a Horiba
EMAX 6853-H EDS system (Center for Microcrystal Assembly, Sogang
University) or a JEOL JSM-6500F field-emission SEM equipped with a JEOL
EX-23000 BU EDS system (Yonsei Nanomedical National Core Research
Center). All optical- and fluorescence-microscopy images were obtained
using a Zeiss Axio Observer.D1m optical/fluorescence microscope
equipped with an AxioCam MRc 5 digital camera (Filter set 49 DAPI
shift-free was used for blue emission). X-ray diffraction studies were
conducted using a Rigaku D/MAX-RB equipped with a graphite-
monochromated Cu Ka radiation source (40 kV, 120mA). 1H NMR and
13C NMR were recorded using a Bruker advance/DPX 250 spectrometer
(1H NMR, 250MHz; 13C NMR, 62.5MHz) or a Bruker advance/DRX 400
spectrometer (1H NMR, 400MHz; 13C NMR, 100MHz), with chemical
shifts reported relative to residual deuterated solvent peaks. High-
resolution mass spectra were recorded using a JEOL JMS AX505WA
spectrometer using the fast-atom bombardment (FAB) method. TGA
measurements were carried out using a Shimadzu TGA-50 in a nitrogen
atmosphere at a heating rate of 5 8Cmin�1. The adsorption isotherms of
CO2 (195 K), N2 (77 K), and H2(77 K) were measured in the gaseous state
using BELSORP II-mini volumetric adsorption equipment. All
gas-adsorption isotherms were measured after pretreatment under a
dynamic vacuum at 150 8C.

Synthesis of H2L: 2,6-bis[(4-carboxyanilino)carbonyl]pyridine (H2L) was
synthesized according to the modified literature method [6]. Acetonitrile
(25mL) was used to dissolve 2,6-pyridinedicarbonyldichloride
(4.90mmol), and the resulting solution was added to an acetonitrile
solution (25mL) of p-aminobenzoic acid (10.79mmol). The resulting
mixture was refluxed for 1.5 h. The precipitated products were isolated by
filtration and recrystalized in methanol (93% Yield). 1H NMR (400MHz,
dimethyl sulfoxide(DMSO)-d6, d): 11.25 (s, 2H, NH), 8.44 (d, J¼ 7.6Hz,
2H), 8.32 (t, J¼ 7.6Hz, 1H), 8.10–8.02 (m, 8H). 13C NMR (100MHz,
DMSO-d6, d): 167.06, 162.00, 148.62, 141.98, 140.18, 130.33, 126.70,
125.77, 120.17. IR (KBr): n¼ 1688.5 (s), 1608.1 (m), 1588.2 (m), 1529.4 (s),
1449.0 (w), 1411.5 (m), 1317.6 (m), 1289.4 (m), 1246.9 (m), 1175.7 (m),
1116.3 (m), 1077.6 (w), 1000.4 (w), 857.0 (w), 771.8 (w), 733.0 (w), 682.9
(w), 655.6 (w), 634.9 (w), 549.3 (w), 506.7 cm�1 (w). HRMS (FAB, m/z):
[M] calcd for C21H15N3O6, 405.0961; found, 405.0962. Anal. calcd for H2L,
C21H15N3O6: C 62.22, H 3.73, N 10.37; found: C 62.29, H 3.61, N 10.16.

Preparation of CPP-6: A precursor solution was prepared by mixingH2L
(3.00mg, 0.0074mmol) and In(NO3)3 � xH2O (6.36mg, 0.016mmol) in
0.8mL DMF in the presence of imidazole (0.032mmol) and acetic acid
(0.022mmol). The resulting mixture was placed in an oil bath (80 8C). After
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 674–677
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10min, the elongated hexagonal particles (CPP-6) were formed. Products
generated were cooled to room temperature, isolated, and subsequently
washed with DMF and methanol several times, via centrifugation–
redispersion cycles. Each successive supernatant was decanted and
replaced with fresh DMF and methanol (37% yield). IR (KBr): n¼ 1685.6
(s), 1604.8 (s), 1533.6 (s), 1400.6 (s), 1321.5 (w), 1246.2 (w), 1178.5 (s),
1125.1 (w), 1071.9 (w), 1000.9 (w), 951.2 (w), 859.1 (w), 782.1 (s), 747.6
(w), 701.3 (w), 662.9 (w), 507.8 (w), 459.6 cm�1 (w). Anal. calcd for CPP-6,
C45H36In2N8O16: C 46.02, H 3.09, N 9.54; found: C 46.09, H 3.12, N 9.55.

Preparation of CPP-7: The ellipsoidal particles (CPP-7) were prepared in
the presence of 100mL acetonitrile under otherwise identical reaction
conditions to those described above (51% yield). IR (KBr): n¼ 1685.7 (s),
1605.4 (s), 1533.2 (s), 1402.7 (s), 1324.2 (w), 1246.8 (w), 1178.9 (s), 1128.7
(w), 1071.8 (w), 1000.5 (w), 950.5 (w), 859.9 (w), 782.6 (s), 747.8 (w), 701.0
(w), 663.4 (w), 507.7 (w), 457.6 cm�1 (w). Anal. calcd for CPP-7,
C45H36In2N8O16: C 46.02, H 3.09, N 9.54; found: C 46.03, H 3.02, N 9.63.

Preparation of CPP-8: The rod-shaped particles (CPP-8) were prepared
in the presence of 200mL acetonitrile under otherwise identical reaction
conditions to those described above (42% yield). IR (KBr): n¼ 1685.6 (s),
1605.0 (s), 1529.5 (s), 1405.9 (s), 1324.3 (w), 1246.5 (w), 1178.7 (s), 1129.7
(w), 1072.6 (w), 1000.3 (w), 949.4 (w), 860.1 (w), 782.8 (s), 747.8 (w), 700.9
(w), 663.1 (w), 507.3 (w), 455.0 cm�1 (w). Anal. calcd for CPP-8,
C45H36In2N8O16: C 46.02, H 3.09, N 9.54; found: C 45.99, H 2.98, N 9.59.
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