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Porous isostructural [Ln(BTC)(H,0)-4.3H,0], or Ln-BTC (Ln:
Ce, Th, and Y; BTC stands for 1,3,5-benzenetricarboxylate),
with a tetragonal structure has been synthesized by ultra-
sonic irradiation at room temperature. Under ultrasound, the
syntheses were quickly accelerated to obtain the fully crys-
tallized phase in only minutes. The particle size can be con-
siderably decreased by this method. On the basis of XRD,
field-emission scanning electron microscopy (FE-SEM), and
surface area analyses, it can be understood that the Ln-BTCs
are homogeneous in phase, isostructural, and microporous.

The synthesis rates are rce_grc > rrp_src > I'y_prc for both in
the nucleation and crystal-growth stages, thereby illustrating
the importance of the lability of the metal ions in the synthe-
sis of the metal-organic framework (MOF) materials. The Th—
BTC shows luminescence properties, a characteristic prop-
erty of Th3* (green-light emission), in the range of 470-
630 nm at room temperature. It is believed that these lantha-
nide MOFs with micropores and/or luminescent properties
should be proven to be multifunctional materials on further
investigations.

Introduction

The number of materials that exhibit permanent nano-
porosity has rapidly expanded in recent years, due in large
part to the discovery of metal-organic frameworks
(MOFs).[1 The major applications currently being consid-
ered for these compounds involve gas storage,” catalysis,?!
separations,™ carriers for nanomaterials,’> luminescence,®
electrode materials,””! magnetism,™® and drug delivery.®! For
these applications, their high surface areas and unique pore
structures are likely to offer many potential advantages over
existing compounds.

Among the MOFs, metal carboxylates are particularly
interesting because they are highly porous and are very
stable in water or under ambient conditions. Generally,
transition-metal carboxylates such as metal-BDCs or
metal-BTCs (BTC and BDC stand for 1,3,5-benzene-
tricarboxylate and 1,4-benezenedicarboxylate or
terephthalate, respectively) have been widely studied,
whereas lanthanide (Ln)-based MOFs have been signifi-
cantly less studied. However, the situation has been chang-
ing over the past few years due to the excellent optical and
magnetic properties of lanthanide complexes.'”l Moreover,
the high coordination number and diverse coordination
geometry of central Ln ions lead to the formation of inter-
esting frameworks and challenging topologies.
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Generally, lanthanides with abundant 4f electron config-
urations have been successfully used as luminescent materi-
als. When Ln'" is embedded into a ligand or host lattice,
the 4f" ground configuration and 4" '-5d excited configu-
ration of Ln'" introduce excitation and emission spectra.
Ln-based MOFs with light-emitting and magnetic proper-
ties are now considered very important because of their ver-
satile applications. Very recently, Ln-based MOFs have at-
tracted considerable attention due to the possibility of
designing the frameworks from multifunctional ligands and
Ln ions, thereby achieving a successful outcome in the syn-
thesis of porous frameworks with adsorption/storage, lumi-
nescence, and magnetic properties, and so on.''l Tb-BTC,
called MOF-76, one of the typical Ln—BTCs, was reported
by Rosi et al.l'?* The luminescence and sensing properties
of Tb-BTC have also been studied by Chen et al.l'?®! and
Xiao et al.l'?>! Another Ln-BTC, Y-BTC [Y(BTC)(H,0):
4.3H,0], was reported by Luo et al.l'31 They have shown
that a tetragonal porous framework, Y-BTC, with an opti-
mal pore size of approximately 6 A, is a promising candi-
date for hydrogen storage. It has been reported that at high
concentration of hydrogen loading, Y-BTC is able to hold
hydrogen molecules up to 3.7 wt.-%.

There are several examples of the synthesis of MOFs
with the same crystal structure for different transition-metal
ions. Transition-metal BDCs such as MIL-53(Al, Cr, Fe)
and MIL-47(V) are well known for their isostructure with
different metal ions.'47 MIL-100 has also been obtained
from Cr, Al, and Fe ions.['>) Hydrogen adsorption on vari-
ous isostructural MOFs, Me,(2,5-dihydroxyterephthalate)
(Me: Mg, Co, Ni, Zn), has been studied.['®) MIL-96!'"! or
MIL-122["8 can be produced from Al, Ga, and In. Like
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transition-metal ions, the isostructural formation of MOFs
from different Ln ions with different characteristic proper-
ties has been reported very recently.[19d-11d:-12¢.131 Varioys
Ln-1,3,5-benzenetrisbenzoates with a high surface area
have been reported by Devic et al.l'!P!

The formation of isostructural complexes/MOFs can be
explained by the similar coordination number and geome-
try of the Ln ions towards the ligands; however, the com-
parative study of Ln ions for complexation has not been
studied so far. Detailed synthesis of isostructural Ln—-MOFs
under wide reaction conditions may increase understanding
of the synthesis. It will also be interesting to compare the
synthesis kinetics of Ln-MOFs with that of transition-
metal MOFs['4¢191 and inorganic porous materialst?®! such
as zeolites and aluminophosphates because it has been
known that kinetics is important in the synthesis of inor-
ganic porous materials, especially syntheses that take place
in reduced time.

Various MOFs have generally been synthesized widely by
slow diffusion techniques, and conventional hydrothermal
and solvothermal methods.['! However, the reactions used
to synthesize many MOFs, particularly those with good
thermal stability, require hydro/solvothermal synthesis con-
ditions. Since hydro/solvothermal reactions typically need
up to several days, it is important to develop facile, rapid,
inexpensive, and commercially viable routes to the pro-
duction of these compounds for them to be considered for
applications. To find effective alternative methods for the
synthesis of MOFs, a few new techniques have been ex-
plored with a view to decreasing the reaction time or reac-
tion temperature. For example, ultrasound (US) has been
applied in the synthesis of Cus(BTC), (Cu-BTC or
HKUST-1),1 Zn;(BTC),:12H,0,?? [Zn(BDC)(H,0)],,,[>*!
Fe-BDC,['*?l and MOF-5.24 This method has also shown
to provide an efficient way to synthesize MOFs with short
crystallization time, especially with low reaction tempera-
ture and ambient pressure. Microwaves have been used for
the synthesis of MOFs because microwave synthesis of po-
rous materials has several advantages, for example, fast
crystallization,['92°] phase selectivity,*®) morphology/size
control,?”l and the facile evaluation of reaction param-
eters.’8] Characteristics and advantages of microwave syn-
thesis of inorganic porous materials have been summarized
in relevant reviews.?]

Herein, we report a time-efficient and low-temperature
route to synthesize isostructural Ln-BTCs (Ln: Y, Tb, and
Ce) under US with the purpose to understand the relative
activity of metal-ion species in the syntheses. Relative rates
in both nucleation and crystal growth for the syntheses of
three Ln—-MOFs were studied. Additionally, syntheses by
conventional electric (CE) heating were carried out to com-
pare the synthesis methods. The luminescent property of
Tb-BTC has also been confirmed.

Results and Discussion
The reaction conditions for the synthesis of Y-BTC

using CE heating have been reported recently;!'3] however,
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in the present work we report the synthesis route for three
isostructural Ln—BTCs (Y-, Tb—, and Ce-BTCs) with small
particle size and high porosity. In our study, along with CE
heating, sonication at room temperature has been intro-
duced to decrease the reaction time and energy consump-
tion. Figure 1 shows the XRD patterns of fully crystallized
Tb-, Ce—, and Y-BTCs obtained by CE heating. In accord
with the previous work for the synthesis of Y-BTC,!'* all
the diffraction peaks matched exactly with the peaks of the
simulated Y-BTC, and no additional peak of impurities
was detected, which clearly suggests that Tb— and Ce-BTCs
are pure and isostructural to the Y-BTC structure.
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Figure 1. XRD patterns of fully crystallized and simulated Ln—
BTCs: (a) simulated Y-BTC; (b) Y-BTC, (c) Tb-BTC, and (d) Ce—
BTC obtained by conventional electric (CE) heating for 720 min at
100 °C.

Figure 2 shows the XRD patterns of fully crystallized
Tb-BTCs synthesized by conventional heating and a sono-
chemical method. The result of the XRD patterns suggests
that a pure Tb-BTC can be synthesized by a sonochemical
method even at room temperature and in a very short time.
It is observed that fully crystallized Tb—BTC is synthesized
in 12 h at 100 °C by CE heating, whereas the synthesis is
completed in 20 min at room temperature with US. From
this result, it is clear that the rate of syntheses under US is
much higher than that under CE heating. Rapid synthesis
of a MOFs (Fe-BDC,"*l Cu-BTCP!l) under ultrasound
has been reported very recently. The XRD patterns of other
Ln-BTCs obtained by US are shown in Figure S1 of the
Supporting Information. Generally, porous materials have
been synthesized with batch processes due to long reaction
time and high reaction temperature, thereby preventing a
continuous production.*!1 The facile and rapid synthesis by
an ultrasonic method may lead to a continuous production
of Ln—BTCs.

So far very little comprehensive study has been made to
explain why the synthesis time is drastically decreased under
US irradiation. The acceleration observed under US condi-
tions in many synthetic reactions has been explained by
“acoustic cavitation,”?! the process composed of the for-
mation, growth, and implosive collapse of micrometer-sized
bubbles under US conditions. Local conditions during bub-
ble implosion lead to hot spots with temperatures of around
5000 °C, pressures of around 1000 atm, and extraordinary
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Figure 2. XRD patterns of fully crystallized and simulated Ln—
BTCs: (a) simulated Y-BTC; (b) Tb-BTC synthesized by CE heat-
ing for 720 min at 100 °C, and (c) Tb-BTC synthesized by US irra-
diation for 20 min at room temperature.

high heating/cooling rates of approximately 1010 °Cs!.[3%

Therefore, various reactions can be accelerated even at
room temperature under US conditions because the instan-
taneous temperature and pressure may be very high. Thus,
the acceleration observed in MOF syntheses may be ex-
plained with physical effects!!*! such as hot spots or tran-
sient temperature and pressure.

The field-emission scanning electron microscopy (FE-
SEM) images in Figure 3 show that the fully crystallized
Tb-BTC obtained by CE heating is composed of relatively
big particles (15-20 um), whereas sonication leads to small
and homogeneous particles (2-3 um). The FE-SEM images
of Ce— and Y-BTCs (presented in Figure S2 in the Sup-
porting Information) also show that the morphologies of
both Ln-BTCs are similar to that of Tb-BTCs. In this
study, it can be found that sonication is a very effective way
to synthesize small and homogeneous particles. Synthesis
of small and homogeneous Fe-BDC!!*l and Cu-BTC?!?!
under ultrasound has also been reported very recently.

The shape and size of porous materials are very impor-
tant for applications such as catalysis, adsorption, and sepa-
ration.[*3] The importance of nanoscale MOFs in magnetic
resonance imaging and drug delivery has also been reported
very recently.’* Moreover, small particles are also effective
in the preparation of membranes or films. The morpho-
logies, especially under US, are very homogeneous, which
shows the purity of the crystallized phase and the efficiency
of the synthesis method. The FE-SEM images of Ln-BTCs
obtained by CE heating are not so homogeneous, probably
because concomitant nucleation and crystal growth occurs
under CE heating.2°b!

The nitrogen-adsorption isotherms of fully crystallized
Tb-BTCs synthesized by a CE heating and a US method
shown in Figure 4 are typical of type I, which illustrates the
microporosity and successful synthesis of the porous Tb—
BTCs. However, the BET surface area and micropore vol-
ume of Tb-BTC obtained by the US method (678 m?g !
and 0.25 cm®g!) are higher than those of the sample ob-
tained by CE heating (535 m?g ' and 0.20 cm?g"). The im-

Eur. J. Inorg. Chem. 2010, 4975-4981

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

Figure 3. FE-SEM images of Tb-BTCs obtained by (a) CE heating
for 720 min at 100 °C and (b) US irradiation for 20 min at room
temperature.

proved surface area and micropore volume for the sonicated
sample are probably due to reduced size and homogeneity
of the particles (or clogged pore structure of big crystals
obtained with CE heating). The nitrogen-adsorption iso-
therms of Ce— and Y-BTCs synthesized by both CE heat-
ing and sonication (which are shown in Figure S3 of the
Supporting Information) also show the permanent porosity,
and represent a similar trend of high porosity of the US-
synthesized samples with small particle sizes.
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Figure 4. Nitrogen-adsorption isotherms of Tb—-BTCs obtained by
(a) CE heating for 720 min at 100 °C and (b) US irradiation for
20 min at room temperature.

To understand the relative lability of lanthanides (Tb",
Ce™, and Y™) in the synthesis of Ln—-BTCs, both the rates
of nucleation and crystal growth were compared. In our
study, room-temperature syntheses by using US were cho-
sen for this purpose. Figure 5 shows the XRD patterns of
isostructural Ln—-BTCs (with three different metal centers,
Y Tb™ and Ce'™) synthesized at room temperature by
4977
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US irradiation for various reaction times. As shown in the
figure, the XRD intensity increases with increasing reaction
time and saturates at a certain point in time. There is no
noticeable change of the intensity with a further increase in
the reaction time. Quantitative accelerations on both nucle-
ation and crystal growth were calculated from the crystalli-
zation curve of Figure 6. The time of the first appearance
of XRD peaks (Figure 5) and the slope of crystallization
curves (between 20 and 80% of fully crystallized Ln—BTCs)
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Figure 5. Change in the XRD patterns of (a) Tb-BTCs, (b) Ce-
BTCs, and (c) Y-BTCs synthesized by US irradiation with an in-
crease in reaction times at room temperature.

4978

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

were utilized to determine the rate of nucleation and crystal
growth, respectively.*® The time needed for complete nucle-
ation (or induction period) and the rates of nucleation and
crystal growth depending on the three different metals are
summarized in Table 1. It was found that nucleation and
crystallization (up to 100%) take 1.0, 9.0; 8.5, 11.5; and
9.0, 16.5 min for Ce—, Tb—, and Y-BTCs, respectively. The
crystallization curve and Table 1 show that Ce™ is much
more reactive in forming both nuclei and crystals than Tb!!!
and YU whereas Tb'! shows a bit higher reactivity than
Y™, For the synthesis of Ce-BTC the nucleation rate is 8.3
and 9.1 times faster, and the crystal growth rate is 3.6 and
5.6 times faster than those for the synthesis of Tb— and Y-
BTCs, respectively. The nucleation and crystal-growth rate
for the synthesis of Tb—BTC is 1.1 and 1.6 times faster than
those for the synthesis of Y-BTC. The kinetics of the syn-
theses depending on the metal ions is summarized in
Scheme 1.
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2 —o—Y-BTC
O
204
04
T & T T T g T g T g T i
0 5 10 15 20 25 30

Reaction time (min)

Figure 6. Crystallization curves of isostructural Ln-BTCs obtained
by US irradiation at room temperature for various reaction times.

Table 1. Nucleation and crystal-growth rates of three Ln-BTCs ob-
tained by US irradiation at room temperature.

La-BTCs  Nucleation time  Nucleation rateldl  Crystal-growth ratel®
[min] [min '] [min ']

Ce-BTC 1.0 1.00 0.50

Tb-BTC 8.5 0.12 0.14

Y-BTC 9.0 0.11 0.09

[a] Calculated from the inverse of the nucleation time. [b] Calcu-
lated from the slope of a crystallization curve (between 20 and 80 %
crystallinity).

From this result, it can be assumed that the rate of de-
protonation of trimesic acid to BTC is faster than the com-
plexation to form MOFs because the lability of metal ions
controls the reaction rate. If the deprotonation is slow and
is the rate-determining step, the lability of metal ions does
not have a noticeable effect on the synthesis rate. The fast
deprotonation is probably due to the presence of N,N-di-
methylformide (a weak base) in the reaction mixture. Sim-
ilar results of rapid deprotonation, even in acidic condi-
tions, were also observed in the synthesis of transition-
metal-based MOFs.I'4¢35] The higher reactivity or lability
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Scheme 1. Synthesis of porous Ln-BTCs (Ln: Tb, Ce, and Y).

of Ce' among the three metal cations can be explained
with the rate of the water-exchange reaction.*®! Generally,
compared with Y™ and Tb™, Ce™ is considered to be a
labile ion in kinetics due to a small ligand-field stabilization
energy.’®) The rate constants for the water-exchange reac-
tion are also Ce''' >> Tb!l > YL [30] The synthesis rate
of the three Ln-BTCs, therefore, correlates well with the
lability of metal ions, thus showing the importance of la-
bility or inertness of metal ions in the synthesis rates of
MOFs due to the simple process of complexation or ligand
exchange in MOFs synthesis.

The luminescent properties of Tb—BTC are shown in Fig-
ure 7. The excitation spectrum of Tb3* monitored at
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Figure 7. (a) The emission spectrum of Tb-BTC excited at 290 nm
and (b) the excitation spectrum of Tb-BTC at room temperature.
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542 nm is shown in part b of Figure 7. This spectrum con-
sists of a broad band and some sharp peaks. The broad
band in the range of 250 to 300 nm is due to the charge-
transfer (CT) band between the ligand and metal ion (O*
to Tb3*). On the other hand, the sharp peaks in the range
of 300-500 nm are due to the f-f transitions of Tb3*. From
this figure, it can be understood that the excitation due to
the CT band is the dominant peak and the maximum exci-
tation intensity is situated at 290 nm. The emission profile/
spectrum of Tb—-BTC with an excitation wavelength at
290 nm is shown in Figure 7 (a). The typical emission of
Tb3* is observed in the measured spectrum. The strongest
emission peak is located at about 542 nm, which is due to
the 3D, to "F5 transition of Tb3*. The other peaks can be
assigned due to the transitions of the 3Dy level to "F, (J =
3, 4, and 6) levels of Tb**. The luminescent properties of
this study is very similar to the Tb-BTC reported by Chen
and Xiao et al.['?12¢ The intense green emission and good
excitation profile of Tb-BTC may suggest its possibility as
a promising luminescent material for high-efficiency fluo-
rescent lamps and other practical purposes.

Conclusion

Isostructural Ln—-BTCs (Ln: Ce, Tb, and Y) metal-or-
ganic framework materials (MOFs) can be readily synthe-
sized under ultrasonic irradiation within minutes at room
temperature and ambient pressure. The synthesized Ln-—
BTCs under ultrasonic irradiation show relatively small and
homogeneous particles, and improved surface area and pore
volume compared with conventional synthesis at high tem-
perature. The synthesis rate of the Ln—BTCs under US, irre-
spective of the synthesis stages (nucleation and crystal
growth), is rce gTc > FthoBTC > I'v_pTc and the rate corre-
lates well with the lability of the metal ions. The observed
reaction rate suggests the importance of lability/inertness of
a metal ion in the kinetics of MOFs synthesis due to the
simple process of complexation or ligand exchange in the
synthesis. Moreover, Tb-BTC exhibits green-light emission
in the range of 470-630 nm at room temperature. It is be-
lieved that these lanthanide MOFs with micropores and/or
luminescent properties should be proven to be multifunc-
tional materials on further investigations.

Experimental Section

An exact amount of trimesic acid (H;BTC, 0.25mmol) and
Tb(NO3)-5SH,O (Aldrich, 99.9%, 0.5 mmol), Ce(NOs)-6H,O (Ald-
rich, 99.9%, 0.5mmol), or Y(NO;):6H,O (Aldrich, 99.9%,
0.5 mmol) was dissolved in a solvent mixture of N, N-dimethylform-
amide (DMEF, 4.0 mL) and H,O (4.0 mL) in a sample vial at room
temperature and stirred magnetically for 10 min. The vial was set
to the probe of an ultrasonic (US) generator (VCX 750, Sonics &
Materials, Inc). The energy of the US was kept at 20% of the maxi-
mum power (750 W) throughout the entire synthesis time. The tem-
perature was maintained around 25 °C up to 5 min and was less
than 40 °C even after sonication for 30 or 60 min due to natural
cooling. In the case of CE heating, the reactant mixture was loaded
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in specific Teflon-lined autoclaves, sealed, and placed in a pre-
heated electric oven for a fixed time. After finishing the reactions,
the vials or the autoclaves were allowed to cool down to room
temperature and the solid products were recovered with centrifuga-
tion. The solid products were washed with a water/ethanol mixture
(1:1 v/v) to remove the unreacted H;BTC and soaked in methanol
for 24 h, and the extract was discarded. Fresh methanol was sub-
sequently added. To remove solvated methanol, the sample was
then treated similarly with dichloromethane. Dichloromethane was
removed by decanting and the sample was calcined at 350 °C for
12 h.

The phase and crystallinity of the samples were determined with
an X-ray diffractometer (MO3X-HF, model no. 1031; Cu-K,, radia-
tion). The relative rates of nucleation and crystal growth were esti-
mated by the reciprocal of the induction period and the slope of
the crystallization curve (crystallinity between 20 and 80 %), respec-
tively, similar to the reported methods.*®! The induction period or
nucleation time is the time required to observe any crystallinity
(XRD intensity of 0-5% to the fully crystallized samples).!*]

The crystal morphology was examined using a field-emission scan-
ning electron microscope (Hitachi, S-4300). The nitrogen-adsorp-
tion isotherms were measured at —196 °C with an adsorption unit
(Micromeritics, Tristar IT 3020) after evacuation of the obtained
samples at 150 °C for 12 h. The surface areas and micropore vol-
umes were obtained using the BET equation and ¢ plot, respec-
tively. The emission and excitation spectra of Tb-BTC were re-
corded at room temperature with a Hitachi F-4500 fluorescence
spectrophotometer with a 450-W xenon lamp as excitation source.

Supporting Information (see also the footnote on the first page of
this article): XRD patterns, FE-SEM images, and nitrogen adsorp-
tion isotherms of both Y- and Ce-BTCs.
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