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Unitary and multinary metal-carboxylic acid coordination polymers (CP) were prepared by
utilization of the geometric angle of carboxylic groups in organic linkers. Further calcination of
these CP would generate unitary and multinary metal oxides with the yolk-shell structure.
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Precise control over size, morphology and composition of coordination polymers (CPs) is

DOI: 10.1039/%0Xx00000% challenging but important for extending these hybrid materials to many more applications.
Herein, we report a protocol of preparing unitary and multinary metal-carboxylic acid
coordination polymers without additive. We found the CPs morphology was controlled by the
geometric angle ( £) of carboxylic groups in organic linkers. At the £120 °, the mono-dispersed
and uniform spherical CPs were obtained with the central distribution size ranging from
nanoscale to microscale, adjusted by the precursor concentration and reaction time. We also
obtained a series of spherical metal-CPs including transition and rare earth metal (Mg, Ni, Zn,
In, Y, Sm, Eu, Gd, Er, Ho, Yb and Lu) and homogeneously distributed multinary metal-CP.
Moreover, the calcination of these CPs generated unitary and multinary metal oxides with the
yolk-shell structure. In addition, metal-CPs contain the coordinatively unsaturated metal sites,
confirmed by probe molecule adsorption-IR spectroscopy, and could catalyze the cyanosilylation
of carbonyl substrates at 25 °C. Sixteen examples were tested with good to excellent yields over
Eu-CPs.

www.rsc.org/

Introduction pentane.38d These CPs were instable and could be dissolved in
excess pyridine. The spheres could change into rods in
methanol.38 Zeng et al. has prepared spherical CPs via anti-
solvent effects and the in situ oxidation of diethylene glycol to
provide carboxylic groups.3¢ The CPs started to decompose
from 200 °C. Moreover, the use of additives and unusual linkers
would complicate the synthesis procedure. Therefore, a general
strategy of preparing well-defined stable spherical CP with
controllable size and chemically tailorable composition is
desirable.

We herein report the synthesis of spherical CP without
additive. The CP morphology was controlled by the geometric
angle of carboxylic linkers (Scheme 1). Spherical CP were
formed at the angle of 120°. The size of CP was tuned from
nanoscale to microscale by adjusting the precursor’s
concentration or solvothermal time. Moreover, a wide scope of
CP, including unitary metal-CP, such as Mg, Ni, Zn, In, Y, Sm,
Eu, Gd, Er, Ho, Yb and Lu, and multinary metals-CP were
prepared. Metal oxides with yolk-shell structure were obtained
by calcining their corresponding CP. Catalytic cyanosilylation of
carbonyl substrates to silylated cyanohydrins were employed as
model reaction. The coordinatively unsaturated metal sites
confirmed by the probe adsorption Fourier transform infrared
(FT-IR) function as catalytically active sites.

Spherical materials have been of continuous research interests in
material science, physics, chemistry and biology because of their
unique properties shown in areas of photonics, catalysis, drug
delivery and biosensors.>? Considerable attention has been paid
to novel synthetic strategies for mono-dispersed colloidal
spheres. Organic polymers,® carbon*® and inorganic materials’™
10 with spherical morphology have been well obtained with
narrow size distribution. Coordination polymers (CPs) constitute
another important class of organic-inorganic hybrid materials
formed by the coordination of metal ions with organic linkers.
They have shown a number of promising applications due to the
diverse structure and functionalities.!!-3* Recent interests have
been diverted to nano-CPs with defined morphology and size.3%:
32 Different with the organic or inorganic materials, the control
of infinite growth of metal ions and linkers in a self-assembly
environment to the desired morphology and size is sophisticated
and time-consuming. Up to now, CPs with cube,3 polyhedron,3*
rod,’® plate®® and fiber®” morphologies have been reported.
However, the convenient control of size and morphology
requires more efforts.

Most of the CP inherently tend to grow into the multifaceted
crystals with large particle size (larger than 1 pm). Some
transform after being contacted with solvents or exposed to
ambient environment.38:3° Mirkin and coworkers have proposed
a strategy based on coordination polymerization and generated
spherical CPs precipitations by adding diethyl ether or
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Scheme 1 Organic linker geometry controlled synthesis and

transformation to yolk-shell metal oxides.

Experimental
Materials

Reagents and solvents were purchased from commercial sources
and used without further purification. The organic linkers 1,4-
benzenedicarboxylic acid (L1), 4,4'-biphenyldicarboxylic acid
(L2), trans-2-butenedioic acid (L3), 1,4-
naphthalenedicarboxylic acid (L4), 1,3-benzene-dicarboxylic
acid (L5), 5-nitro-1,3-benzenedicarboxylic acid (L6), 5-bromo-
1,3-benzenedicarboxylic acid (L7) and 3,5-pyridinedicarboxylic
acid (L8) were used and designated in the parenthesis.

Preparation of M-CPs and M-MOs

In a typical synthesis of unitary M-CPs, the mixture of 0.05
mmol organic acid and 0.05 mmol M(NOs)x dissolved in 20 mL
N,N-dimethylmethanamide (DMF) was put in pressure bottle
and then placed in an oil-bath thermally stabilized at 160 °C to
trigger fast precipitation. The precipitates were recovered by
centrifugation, washed with CH3CN (3 mL =20 times), and then
dried under vacuum. The concentration of the precursors (2.5-15
mM), reaction time (10-360 min) and solvothermal temperature
(140-160 °C) were adjusted accordingly to tune the particle size.
The multinary metal-CPs were prepared by the above-mentioned
procedures using L5 as organic linker. The M-MOs were
prepared by calcination of the M-CPs at 600 °C in air (30 mL
min-?) for 3 h in a horizon furnace.

Catalytic cyanosilylation of carbonyl substrates

A 20 mL glass tube was charged with 5 mg catalyst, 0.25 mmol
carbonyl substrates, 0.5 mmol trimethylsilyl cyanide and 1.5 mL
dichloromethane. The mixture was magnetically stirred at room
temperature (25 °C) for the desired time under Ar atmosphere.
The products were analyzed by gas chromatography—mass
spectrometry (GC—MS) wusing an Agilent 7890A/5975C
instrument equipped with an HP-5 MS column (30 m in length,
0.25 mm in internal diameter). p-Xylene was used as internal
standard for quantification. In the recycle experiment, the
catalyst was washed with ethanol and dried before use. In a
filtration test, the 2-h reaction mixture was quickly filtered
through a Teflon-membrane filter to the second tube placed at
the same temperature. The filtrate was further stirred for 5 h
before sampling and analysis.
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Characterizations

The X-ray powder diffraction (XRD) patterns were obtained
using a Rigaku D/Max 2500/PC powder diffractometer with Cu
Ka radiation (A = 0.15418 nm). Fourier transform infrared (FT-
IR) spectra were collected on a Bruker Tensor 27 FT-IR
spectrometer in KBr media. Fluorescence measurements were
performed on a VARIAN CARY Eclipse fluorescence
spectrophotometer. The thermogravimetric analysis (TGA) were
carried out on a NETZSCH STA 409 PC instrument. Samples
were heated at a heating rate of 10 °C min-1 from 100 °C to 800
°C in an air flow of 30 mL min-1. Sample morphologies were
observed by transmission electron microscopy (TEM, JEOL
JEM-2000EX) and field-emission scanning electron microscopy
(FE-SEM, FEI Quanta 200F). Chemical mapping was conducted
on FE-SEM (JSM-7800F).

Results and discussion

Synthesis of Eu-CPs

Our initial exploration of CPs synthesis started with several
carboxylic acids as linkers and Eus* as metal node. When the
linkers and Eu(NOs)s were dissolved in DMF and heated at 160
°C, the mixture gradually turned milky. A white colloid solution
was formed in 30 min. TEM and SEM observations revealed the
morphology of the resulting CPs depended on the geometry of
the linkers. The coordination sites with the angle of £ 120° favor
the formation of spherical CPs. When L1-L4 with linear
coordination sites (~180°) were used as linkers, micro-flake or
rod-like aggregates were obtained (Fig. 1a-d). No spherical CPs
were formed when 1, 2-benzenedicarboxylic acid and cis-2-
butenedioic acid ( £60°) were used. Instead, they generated
small aggregates with Eu®*. Sub-microscale spheres were formed
with the angle of £120° in several linkers (L5-L8, Fig. le-h).
The kinked geometry and rigid structure of the linkers (L5-L8)
make it hard crystallize but with amorphous structure, confirmed
by XRD characterizations (Fig. S1). This amorphous structure
facilitates the formation of spherical morphology, which is
similar to the known methods involving of complex additives
and linkers to make amorphous structure to obtain spherical
morphology.3® As for linkers with linear coordination sites, they
are easy to crystalize, thus with multifaceted morphology instead
of spheres. Furthermore, with L5 as linker, the size of the CPs
could be adjusted from nanoscale to microscale by controlling
the precursors’ concentration. With the concentration of the
precursors increasing from 2.5 mM to 15 mM, the diameter of
the CPs spheres increased from 100 nm to 700 nm (Fig. 2a-f).
Moreover, the particle size was tuned by solvothermal time.
Along the reaction proceeded, the particle size gradually
increased until the precursors were depleted. For example, at 15
mM of L5, the spherical CPs size increased from ca. 500 nm to
1 pm with reaction time increasing from 10 min to 30 min (Fig.
2d, e, g and Fig. S2).

This journal is © The Royal Society of Chemistry 2012
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Fig. 1. SEM images of Eu-CPs prepared with different organic linkers. Pre

show the structure of the organic linkers. All scale bars: 500 nm.

paration conditions: 5 mM precursors, 160 °C, 30 min. The insert images

Diameter / nm
N
4
N

0 4 8 12 16 20
Precursor concentration / mM

1000 (g) 2

® ©
e o
s o
\

Diameter / nm
~
8
.

05 Jo 15 20 75 30 3

Reaction time / min
Fig. 2. TEM and SEM images and size-distribution diagrams of the CPs
prepared at different concentration for 20 min (a) 2.5 mM, (b) 5 mM, (c)
10 mM and (d) 15 mM. (e) 15 mM, 30 min. (f) The correlations between
the precursor concentration and the resulting diameter. (g) The
diameter changed with reaction time. All scale bars: 500 nm.

to Eu trivalent cation, as evidenced by a 36 cm! shift in C=0
stretching frequency from 1694 cm! for free L5 molecule to
1658 cm! for Eu-CPs (Fig. S3). The wavenumber separation
between asymmetrical and symmetric bands (1658-1398 cm™?) is
260 cm™. This indicates the monodentate interaction between
the carboxylate groups and Eu trivalent cation.*® Change in
precursor concentrations had no effect on the IR spectra,
indicating their similar coordination state. As characterized by
TGA, Eu-CPs were thermally stable up to 420 <C in air (Fig. S4),
which was higher than other spherical CPs (200 °C).3% TGA
revealed the Eu-CP did not contain much guest molecules after
washing and vacuum drying, as evidenced by no substantial
weight loss until 420 <C. Based on the elemental analysis and
TGA result, the molar ratio of L5 to Eu was obtained as 1.2.

We then studied the coordination state and stability of the Eu-
CPs. FT-IR analysis showed the carboxylate groups coordinate

This journal is © The Royal Society of Chemistry 2012

Fig. 3. SEM and TEM images of the M-CPs prepared with several metal
cations. All scale bars: 500 nm.
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Next we synthesized CP with transition metal and rare earth
metal trivalent and divalent cation (Mg, Ni, Zn, In, Y, Sm, Gd,
Er, Ho, Yb and Lu) using L5 linker. They had well-defined
spherical morphology with narrow size distribution in nanoscale
and microscale (Table S1, Fig. 3, S5 and S6).

Synthesis of multinary complex CPs

(b)

Frequency / %

»

400 600
Diameter { nm

800

Fig. 4. TEM (a), size distribution (b) and Chemical mapping (c) of the
quaternary YEUErLu-CPs. Scale bar: 500 nm.

(e)
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Gd/(Eu+Gd) molar ratio in CPs
] 8
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w 6 8 100
Gd/(Eu+Gd) molar ratio in precusor

Fig. 5 TEM and SEM images of EuGd-CPs with different molar ratio of
Gd:Eu. (a,c) 4:6 and (b, d) 6:4. (e) The linear ship of Gd in CPs and in
precusors. Scale bar: 500 nm.

Multinary colloidal CP spheres combining two or more kinds
of metals are expected to provide unique properties.*! In this
study, we conveniently synthesized tailor-made multinary CPs
by mixing multiple metal ions and L5 linker. Four metal salts, Y,
Eu, Er and Lu, were used in the study. TEM images (Fig. 4)
indicated the formation of uniform spherical morphology and
narrow size distribution centering at 520 nm. An EDS analysis
further revealed the presence of Y, Eu, Er and Lu (Fig. S7).
Chemical mappings showed the four elements formed
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homogeneous phase. The molar ratio of each metal element in
the final sphere products was tuned by the preset ratio of metal
precursors. For example, in binary EuGd-CPs, EDS results
showed the molar ratio of Gd in CPs could be adjusted by the
amount of Gd in precursors (Fig. 5). As a result, the Gd
concentration in EuGd-CPs had a linear relationship with the
added Gd.

Synthesis of yolk-shell metal oxides

Unitary or multinary metal oxide spheres were obtained by
the calcination of CPs. The metal oxide retained the similar
spherical morphology of CPs. The rough surface and holes was
due to the decomposition of organic linkers and the shrinkage of
framework (Fig. 6 and S8). TEM indicated yolk-shell structures
were formed for most of metal oxides. Increase of the accelerate
voltage of SEM to 10 kilovolt, electron could penetrate the shell
and the yolk-shell structure became visible (Fig. 6b). The yolk-
shell materials have wide applications.*?6°© Some applications
require multinary yolk-shell metal oxide. However, these kinds
of metal oxides are difficult to be synthesized by general ways
because of the easy phase segregation to mixed oxides other than
solid solution.5! In this study, the materials were obtained by first
preparing homogeneous multinary metal coordination structure
and then thermally removing linkers. For the multinary metal
oxide spheres, the distribution of each element was
homogeneous as indicated by chemical mappings (Fig. 6d).

Fig. 6 SEM images of YEUErLu-MOs with 5 kV (a) and 10 kV (b). (c) TEM
image. (d) Chemical mapping. The scale bar in (a) and (d) is 1000 nm and
in (b) and (c) is 500 nm.

The crystalline phase of multinary oxides could be tuned by
metal molar ratio. For example, in the XRD patterns of binary
SmYb-MOs (Cubic, space group: | a-3), with increasing the
molar ratio of Yb to Sm, the 26 degree of the (222) diffraction
increases from 28.75° to 29.64° (Fig. S9). This indicates the
homogeneous replacement of Sm by Yb in the crystalline lattice.

This journal is © The Royal Society of Chemistry 2012
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The increase of 20 value infers the shrinkage of the lattice
because the diameter of Yb3* (8.58 A) is smaller than Sm3* (9.64
A). No phase separation is observed.

Catalysis of Eu-CPs

We studied the catalytic performance of Eu-CPs. Many
known CP materials rely on post grafting or immobilization to
build catalytic sites.®? Direct use of CP framework nodes as
catalytic sites are very limited, as exampled by Long and
others.5® A recent calculation by Keiji Morokuma et al. suggested
the flexible coordination environment (large coordination
number, such as 6-12) might exist for lanthanide trivalent
cations.%* This leads to the unique bonding character, quite
different from that of transition metals, and thus may generate
the coordinatively unsaturated sites, creating the open metal sites
for catalysis. This calculation is confirmed in this study by using
n-octanal as probe molecule. When n-octanal was adsorbed on
Eu-CPs, the carbonyl stretching frequency red-shifted from 1726
cm to 1709 cm! accompanied by the disappearance of typical
C—H vibration (2820 cm™ and 2714 cm™) of aldehyde group
(Fig. 7). This may infer the C=0O bond is weakened due to
bonding to the unsaturated Eu sites.

Transimttance

2820

2714
-C(=0)-H

1726 1709
-CH=0

T A T T
2800 1800 1600 1400

Wavenumber / cm”

3000

Fig. 7 FT-IR spectra of carbonyl group interaction with open Eu sites of
Eu-CPs. (a) Eu-CPs; (b) n-octanal adsorbed on the Eu-CPs flake; (c) using
(a) as backgroud and (d) n-octanal.

We then tested the activity of the Eu-CPs in the
cyanosilylation of benzaldehyde (Figure S10), which is one of
the most efficient methods for the synthesis of silylated
cyanohydrins. This reaction is almost inactive without catalyst.
The catalytic activities of Eu-CPs increase with decreasing the
size of Eu-CPs particle. The highest activity with 96% vyield at 6
h was achieved over the Eu-CPs with a diameter of 100 nm.
When the size increased to 400 nm, the reaction slowed down
with 80% yield at 6 h. The microscale Eu-CPs with diameter of
1000 nm showed the lowest activity with 20 % yield at 7 h. The
results may be due to the difference in surface area, i.e., the
smaller Eu-CPs with more accessible outer surface, easier for the
substrate/product diffusion to-and-from the active sites.

The stability and reusability of the Eu-CP was tested. Eu-CP
were stable under reaction conditions and could be reused at least
three times without obvious loss of activity (Fig. S11). The
removal of Eu-CPs by filtration after 2 h completely stopped the

This journal is © The Royal Society of Chemistry 2012

reaction, affording only 41% yield upon further 5 h reaction (Fig.
S10). Because Eu ion has fluorescence, this property can be used
to check the leaching of Eu ion after reaction. No fluorescence in
the filtrate was observed, indicating the concentration of Eu ion
in the filtrate was below the detection limits (Fig. S12). All the
above results indicate the catalyst was heterogeneous in nature.

Table 1 The cyanosilylation of carbonyl substrates by Eu-CPs with diameter
of 100 nm.?

Eu-CPs Me;Si0  CN

o
+ MeSICN — 5
R1)J\Rz CH,Cly, r.t. R! R?

3 4
cN cN
©)\ _SiMes /©)\ _SiMes /@/ko,SiMes /@/ko,sm%
o \rlq

96%/6h

5
CN
/@/KO,SiMea
cl

96%/4h

9
CN
N o SiMes
|
N

>99%/3h

13
CN
S. o,SiMe3
A\ |

74%/10h

90%i8h 94%/8h 81%/10h

8 cN
©/§)\ o SiMes

99 %/12h

G)\ _SiMe;

82%/12h

O/ S|M93

92%/36h

7

6
CN CN
/@/ko,SiMeg /©)\O,SiMe3
Br O,N

94%/4h 95%/4h

SlMe3

10
CN
XN o,SiMe:,
I A
S|Me3

>99%/3h 99"//4h

14 15 CN
O.q: "
SiMe; o,SlMe3
CN

95%i/3h 95%/3h

2 Reaction conditions: 5 mg catalyst, 0.25 mmol substrates, 0.5 mmol
Me;SiCN, 1.5 mL CH,Cl,, room temperature, under Ar. Results were showed
as yield/reaction time. ® 1 mmol MesSiCN.

A wide range of carbonyl substrates was converted to the
corresponding silylated cyanohydrins with good to excellent
yields with the nanosized Eu-CPs at r.t. (25 °C) (Table 1).
Substituted benzaldehydes with electron-withdrawing groups
were more reactive than those containing electron-donating
groups (Table 1, entries 1-7). The decrease of electron density of
the carbon atom in carbonyl groups by electron-withdrawing
groups facilitates the nucleophilic reaction. The olefin C=C
double bond is not affected in the case of cinnamaldehyde (Table
1, entry 8). Pyridinecarboxaldehyde was converted to silylated
cyanohydrin with 99% vyield (Table 1, entries 9 and 10).
Isophthalaldehyde with two aldehyde groups gave 99% vyield in
4 h (Table 1, entry 11). Reactions with heterocyclic compounds,
such as furfural and 2-thenaldehyde, gave 82% conversion at 12
h and 74% conversion at 10 h, respectively (Table 1, entries 12
and 13). Aliphatic aldehydes were more reactive than aromatic
aldehydes. Yields of 95% were achieved at 3 h for both n-octanal
and phenylacetaldehyde (Table 1, entries 14 and 15). Ketones,
like cyclohexanone, were smoothly converted with high
conversions at extended reaction time (Table 1, entry 16).

J. Name., 2012, 00, 1-3 | 5
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Conclusions

We have shown the geometry of carboxylic acid groups in
organic linker determines the morphology of final CP material.
Spherical unitary and multinary CP were obtained at the
geometric angle of 120°. In addition, the yolk-shell metal oxides
were prepared by further calcination of the corresponding CP
precursor. The crystalline phase of multinary oxides was
homogenous. We believe the present strategy may open a new
avenue of controlling the CP morphology and preparing the yolk-
shell metal oxides. The conclusions section should come at the
end of article, before the acknowledgements.
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