Communications

Nanoscale Metal-Organic Frameworks

DOI: 10.1002/anie.200802911

Surfactant- Assisted Synthesis of Nanoscale Gadolinium Metal-Organic
Frameworks for Potential Multimodal Imaging**
Kathryn M. L. Taylor, Athena Jin, and Wenbin Lin*

Metal-organic frameworks (MOFs) are an interesting class of
hybrid materials that are built from metal ion connectors and
polydentate bridging ligands. They have shown potential in a
number of applications, such as nonlinear optics,"! gas
adsorption,” catalysis,”! and even controlled drug release.
MOFs on the nanometer scale can offer an interesting
approach to designing functional nanomaterials for biological
and biomedical applications, because their compositions can
be systematically tuned by judicious choice of building blocks.
We have recently developed a room-temperature reverse-
phase microemulsion procedure for the synthesis of nanoscale
metal-organic frameworks (NMOFs).! Although such a
synthetic procedure afforded NMOFs of several metal/
ligand combinations, it led to gel-like amorphous materials
in many other cases, presumably as a result of rapid and
irreversible metal-ligand coordination bond formation at
room temperature. Alternative synthetic methods are thus
needed before we can fully take advantage of the intrinsic
tunability of NMOFs in designing functional NMOFs for
ultimate applications in imaging, biosensing, and drug deliv-
ery. Herein we report the surfactant-assisted synthesis of two
novel gadolinium NMOFs at elevated temperatures and
demonstrate the potential utility of NMOFs as magnetic
resonance imaging (MRI) and optical contrast agents.

We chose Gd™ ions as the metal connectors for their
highly paramagnetic nature and the benzenehexacarboxylate
moiety (bhc; the conjugate acid is also called mellitic acid) as
the bridging ligand for its ability to form stable Gd NMOFs
and to carry a high payload of Gd™ ions. Numerous attempts
at synthesizing Gd bhc NMOFs using the room-temperature
reverse-phase microemulsion procedure only produced amor-
phous materials with ill-defined morphologies and wide size
distributions. We reasoned that the bhc ligand might have too
high a tendency to bridge Gd™ ions, thus leading to
amorphous materials by rapid irreversible crosslinking at
room temperature. On the other hand, hydrothermal reac-
tions have shown to be an excellent method for the synthesis
of a variety of nanomaterials.®”' Presumably, the elevated

[*] K. M. L. Taylor, A. Jin, Prof. W. Lin
Department of Chemistry, CB#3290
University of North Carolina, Chapel Hill, NC 27599 (USA)
Fax: (+1)919-962-2388
E-mail: wlin@unc.edu
Homepage: http://www.chem.unc.edu/people/faculty/linw/wlin-
dex.html

[**] We acknowledge financial support from NSF and NCI. We thank
W. J. Rieter and Dr. L. Ma for experimental help.

Supporting information for this article is available on the W\WW
under http://dx.doi.org/10.1002/anie.200802911.

IWILEY i
InterScience®

= BI3COVIA TOMITHING GALAT

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

temperatures alter the relative kinetics for nucleation and
nanocrystal growth in favor of the formation of uniform
nanomaterials under hydrothermal conditions.’] We there-
fore carried out the surfactant-assisted synthesis of Gd bhc
NMOFs at high temperatures with the hope of not only
obtaining uniform crystalline nanomaterials but also stabiliz-
ing the resulting nanoparticles against aggregation during the
synthesis. Briefly, two CTAB/1-hexanol/n-heptane/water
microemulsions with W=10 (W is defined as water-to-
surfactant molar ratio; CTAB = cetyltrimethylammonium
bromide) containing [NMeH;]s[bhc] in one and GdCl; in
the other were combined and transferred to a teflon-lined
Parr reactor. The reaction mixture was then heated at 120°C
for 18 h to afford nanoparticles of [Gd,(bhc)(H,O),] (1). The
nanoparticles of 1 were isolated in 84.4 % yield by centrifu-
gation and washing with ethanol. SEM and TEM images show
that 1 forms block-like particles that are approximately 25 by
50 by 100 nm (Figure 1a—c). The as-synthesized particles of 1
appeared to have a tendency to aggregate upon removal of

Figure 1. a) SEM and b) TEM images of [Gd,(bhc) (H,O)s] NMOFs (1).
¢) SEM image of PVP-coated [Gd,(bhc) (H,0)s] NMOFs. d,e) SEM
images of [Gd,(bhc) (H,0)s](H,0), NMOFs (2) synthesized at 60°C.
f) SEM images of 2 synthesized at 120°C.
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the solvent. They can be coated with polyvinylpyrrolidone
(PVP) in ethanol, and the PVP-coated nanoparticles of 1
appeared much less aggregated on the glass slide. The
surfactant-assisted synthetic procedure is highly reproducible
and leads to nanoparticles of 1 with a narrow size distribution.

Powder X-ray diffraction (PXRD) studies showed that the
nanoparticles of 1 are crystalline® and correspond to a known
lanthanum bulk phase [La,(bhc)(H,0)s] (Figure 2a).'” The
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Figure 2. a) PXRD pattern of 1 (top) and simulated PXRD pattern
using the X-ray structure of [La,(bhc) (H,0)] single crystal (bottom).
b) PXRD pattern of 2 (top) and simulated PXRD pattern using the X-
ray structure of [Gd,(bhc) (H,0)4](H,0), single crystal (bottom).

slight shift in the 26 values is consistent with the smaller
radius of the Gd*" ion versus the La’* ion as a result of
lanthanide contraction. The crystal structure of 1 can thus be
described as a 3D MOF with (4,8) connecting nodes. The Gd
centers are nine-coordinate, binding to two chelating and two
bridging carboxylate groups from four different bhc ligands.
The water molecules occupy the three remaining coordina-
tion sites (Figure 3a). The bhc ligand binds to a total of eight

Figure 3. a) Gd coordination environment in 1. b) Linking of the bhc
ligand to eight different Gd centers in 1. ¢) Packing of 1 as viewed
slightly off the b axis. All the figures were drawn using the cif file of
isostructural [La,(bhc) (H,0)¢]. The coordinated water molecules were
omitted for clarity. Gd blue, O red, C gray.

Gd centers, with four carboxylate groups chelating to four Gd
centers and the other two carboxylate groups bridging four
Gd centers (Figure 3b). The four-connected Gd centers and
eight-connected bhc ligands link to each other to form a 3D
MOF with the fluorite topology (Figure 3c). Thermogravi-
metric analysis (TGA) results supported the formulation of 1.

While searching for optimum conditions for the synthesis
of Gd bhc NMOFs, we discovered that nanoparticles of
different morphologies and compositions could be obtained
when the surfactant-assisted reactions were carried out
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between GdCl; and mellitic acid. For example, high-aspect-
ratio nanorods were obtained in 11.1 % yield after heating a
W=10 CTAB/1-hexanol/iso-octane/water microemulsion
containing mellitic acid and GdCl; in a 1:2 molar ratio at
60°C in a microwave reactor (400 W) for 15 min. The
nanoparticles obtained from the reaction between GdCls
and mellitic acid had a very different PXRD pattern from
that of 1. TGA studies suggested that these nanoparticles had
a formula of [Gd,(bhc)(H,O)s](H,0), (2), which was con-
firmed by single-crystal X-ray diffraction studies (see below).
SEM and TEM images showed that the nanorods of 2
obtained at 60°C are approximately 100-300 nm in diameter
and several micrometers in length (Figure 1d-e). Interest-
ingly, micrometer-sized particles of 2 with predominantly
octahedral and truncated octahedral shapes along with a
small fraction of nanorods were obtained when the same
surfactant-assisted reaction was carried out at 120°C (Fig-
ure 1f). PXRD studies indicated that particles obtained from
reactions between mellitic acid and GdCl; at 60 and 120°C are
of the same phase despite their different morphologies.

Bulk-phase crystals of 2 were grown by reacting mellitic
acid and GdCl; in water at 60°C for 18 h. Single crystal X-ray
diffraction studies showed that 2 crystallizes in the centro-
symmetric space group P2,/n with one Gd" center, one half of
the bhc ligand, four coordinating water molecules, and one
included water solvate molecule in the asymmetric unit.!'!
The bhc ligand is located on the inversion center and
coordinates to four Gd centers in a chelating fashion and to
two Gd centers in a monodentate fashion. Each Gd center is
coordinated by two chelating carboxylates and one mono-
dentate carboxylate from three different bhc ligands and four
water molecules. The bhc ligand thus acts as a six-connected
node, whereas the Gd center acts as a three-connected node
to lead to a 3D framework with the inverse rutile topology
(Figure 4).

Figure 4. a) Gd coordination environment in 2. b) Linking of the bhc
ligand to six different Gd centers in 2. c) Packing of 2 as viewed
slightly off the a axis. The coordinated water molecules were omitted
for clarity. Gd green, O red, C gray.

The synthesis of two different NMOFs based on Gd and
bhc building blocks is a result of the different metal-ligand
coordination modes in 1 and 2. PXRD studies further showed
that the synthesis of 1 versus 2 is pH-dependent but not
temperature-dependent. This work illustrates the ability to
synthesize different NMOFs from the same metal/ligand
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combination by exploiting the versatile metal-ligand coordi-
nation modes.

To evaluate the potential use of these NMOFs as contrast
agents for magnetic resonance imaging, the relaxivity values
of 1 were measured using a 9.4 T MR scanner. These particles
were found to have a modest longitudinal relaxivity (r,) of
1.5mm's™' and an impressive transverse relaxivity (r,) of

122.6 mm 's™! on a per-Gd basis (Figure 5). On the basis of
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Figure 5. a) T,-weighted phantom images of NMOFs of 1 at 9.4 T
(Gd*" concentration (mm) is shown next to each sample). b) r,
(bottom) and r, (top) relaxivity curves for NMOFs of 1 at 9.4 T.

the particle size and the calculated crystal density, we
determined the r; and r, values to be approximately 8.36 x
10° and 6.83x10" mm's™!, respectively, on a per-particle
basis. This magnitude of r, relaxivity is very large compared to
other Gd-containing nanoparticle contrast agents and clearly
indicates the potential of these nanoparticles in 7,-weighted
MR imaging."” For comparison, Gd,O; nanoparticles synthe-
sized by Tillement and co-workers had r, relaxivities of
28.9 mm~'s™! when measured at 7 T.'"*")

The Gd NMOFs were also made luminescent by doping
with the lanthanide elements europium and terbium. Eu- and
Tb-doped nanoparticles of 1 (designated 1a and 1b, respec-
tively) were synthesized using the same procedure as for 1,
replacing 5 mol % Gd with Eu or Tb. SEM and TEM studies
showed that the Eu- and Tb-doped particles had similar sizes
and morphologies to 1, and PXRD studies indicated that 1a
and 1b are of the same phase as 1. Interestingly, 1a and 1b are
highly luminescent and exhibit characteristic Eu and Tb
luminescence under ultraviolet excitation (Figure 6).1
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Figure 6. a) Excitation (black) and emission (red) spectra of Eu-doped
[Gd,(bhc) (H,0)¢] NMOFs (1a). b) Excitation (black) and emission
(green) spectra of Tb-doped [Gd,(bhc) (H,0)¢] NMOFs (1b). The
emission spectra of 1a and 1b were taken with excitation wavelengths
of 250 and 309 nm, respectively. Insets show photos of suspensions of
1a (a) and 1b (b) in ethanol under UV light (254 nm).
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In summary, we have synthesized two different Gd-
containing NMOFs using a surfactant-assisted method at
elevated temperatures. Two NMOFs of different particle sizes
and morphologies were obtained using identical building
blocks as a result of different metal-ligand coordination
modes that are dependent on the pH value of the reaction
medium. We have also shown the potential use of these
NMOFs as contrast agents for magnetic resonance and optical
imaging. We believe that the present synthetic strategy can be
extended to the preparation of other new hybrid nanomate-
rials for applications in a wide range of areas including
imaging, biosensing, and drug delivery.

Experimental Section

1: Two W=10 microemulsions were first formed by the addition of
0.1m aqueous mellitic acid methylammonium salt (48 pL) and 0.1m
aqueous GdCl; (48 pL) to two separate 0.05mM CTAB/0.5M 1-hexanol/
n-heptane mixtures (5 mL each). The separate microemulsions were
stirred vigorously for 10 min at room temperature, after which they
were combined. The resultant 10 mL microemulsion with W= 10 was
transferred to a teflon-lined Parr reactor and heated to 120°C for
18 h. After cooling to room temperature, the nanoparticles were
isolated by centrifugation at 13000 rpm for 15 min. After the removal
of the supernatant, the particles were washed by redispersement by
sonication in ethanol (5mL). The ethanol suspension was then
centrifuged again for 15 min at 13000 rpm, to recover the nano-
particles. Yield: 2.02 mg (84.4%).

2: Two W =10 microemulsions were first formed by the addition
of 0.1m aqueous mellitic acid (225 pL) and 0.2m aqueous GdCly
(225 puL) to two separate 0.05M CTAB/0.5M 1-hexanol/iso-octane
mixtures (25 mL each). The separate microemulsions were stirred
vigorously for 10 min at room temperature, after which they were
combined, and the resultant 50 mL microemulsion with W=10 was
transferred to a microwave vessel. The reaction was then rapidly
heated to 60°C in a 400 W microwave. Once it had reached 60°C, the
reaction was held at this temperature for 15 min. After cooling to
room temperature, the nanoparticles were isolated by centrifugation
at 13000 rpm for 15 min. After the removal of the supernatant, the
particles were washed by redispersement by sonication in ethanol
(5 mL). The ethanol suspension was then centrifuged again for 15 min
at 13000 rpm, to recover the nanoparticles. Yield: 1.63 mg (11.1%).
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