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Applications of mesoporous titanium phosphonate
functionalized with carboxylic groups

Dongdong Li* and Yuping Zhang

Mesoporous titanium phosphonate functionalized with —COOH was synthesized by a simple co-
condensation process with the use of 2-phosphonoacetic acid and titanium tetrachloride under acid
conditions. The obtained mesoporous materials show high surface area and large pore volume, which
were supported by XRD, TEM, SEM and N, adsorption analysis. The integrity of the organophosphonate
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groups were further characterized by FTIR and NMR. Palladium nanoparticles were successfully

supported onto the materials combined with a metal adsorption-reduction procedure, showing high
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Introduction

Inorganic-organic hybrid materials have been a hot research
topic because of their combining properties of the inorganic
and organic components.' These types of materials have the
advantage of possessing a uniform distribution of functional
organic groups within their framework, which allows us to
tailor their density, chemical reactivity, and thermal stability.”
To date, a large number of hybrid porous materials with
various chemical compositions and organic groups have been
well documented, showing interesting properties, such as
catalysts and adsorbents.? Since the first periodic mesoporous
organosilicas (PMOs) was reported in 1999, the preparation of
nonsilica-based inorganic-organic hybrid mesoporous mate-
rials has been regarded as one of the recent breakthroughs.*
Compared with the silica-based materials, metal organo-
phosphonates are more promising because of their unique
properties, such as proton conductivity, nonlinear optical
effects, electron transfer, topochemical reactivity and
photochromism.”

Carboxylic acid is a well-known reactive group, so carboxyl
functionalized mesoporous materials are of significant interest
for applications in separation, adsorption, catalysis, drug
delivery, and nanotechnology because of the created negative
charge and polarity.® Traditional carboxyl-modified meso-
porous materials are more concentrated in silicon-based
materials.” To date, carboxylic acid functionalized meso-
porous phosphonate has been applied to enzyme adsorption,
such as Shi et al. who have prepared mesoporous aluminum
organophosphates with chiral t-proline groups in the pores.®
Carboxylic groups have strong interaction with cationic species

Department of Materials Science, Jilin University, Changchun, 130012, P. R. China.
E-mail: lidongdong@jlu.edu.cn; Tel: +86-43185168540

This journal is © The Royal Society of Chemistry 2014

activity for the Suzuki reaction. Furthermore, the obtained catalyst can be recovered and reused without
significant decrease in catalytic activity.
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Scheme 1 The synthetic route of PAC.

in aqueous solution, which could serve as anchor sites for
adsorbing metal cations.’

In this work, we first prepared 2-phosphonoacetic acid (PAC)
according to the synthetic route as shown in Scheme 1. Then, we
synthesized high surface area mesoporous titanium phospho-
nate functional with -COOH by a simple co-condensation
process. The synthesized material was fully characterized
using XRD, TEM, N, adsorption, NMR and FTIR. This meso-
porous titanium phosphonate material exhibited high adsorb-
ing ability on Pd nanoparticles for catalysis, making it a
promising reaction carrier for practical applications.

Experimental section
Materials

Titanium tetrachloride (Tianjin Fengchuan Chemical Co., Ltd.),
ethyl bromoacetate (J&K Chemical Co., Ltd.), triethyl phosphite
(Chengdu Kelong Chemical Reagent Factory), hexadecyl-
trimethylammonium Chloride (CTAC, Tianjin Guangfu Chem-
ical Co., Ltd.). All the materials were purchased without further
purification.

Synthesis of ethyl-2-(diethoxyphosphoryl)acetate

A mixture of ethyl bromoacetate (2.2 g, 13.2 mmol) and triethyl
phosphite (2.19 g, 13.2 mmol) was heated in a flame-dried flask
to 90 °C for 10 h. The mixture was allowed to cool down to afford
the desired product (2.83 g, 98%). "H NMR (CDCl;, 300 MHz): 6
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1.297-1.375 (m, 9H), 2.923-3.000 (d, 2H), 4.130-4.241 (m, 6H).
BC NMR (75 MHz, CDCl;): 165.7, 62.6, 61.4, 33.5, 16.2, 14.0.

Synthesis of 2-phosphonoacetic acid (PAC)

Ethyl-2-(diethoxyphosphoryl)acetate (2.3 g, 10 mmol) and HCI
(50 mL) was heated to reflux for 9 h, after cooling to room
temperature the water was removed by distillation under reduced
pressure. The crude product was added to ethyl acetate (100 mL)
to stir at room temperature, then the white suspension was fil-
trated and washed with ethyl acetate, the resulting white powder
was dried under vacuum (1.3 g, 93%). "H NMR (D,0, 300 MHz): 6
2.950-3.019 (d, 2H). *C NMR (75 MHz, D,0): 168.7, 32.3.

Synthesis of mesoporous titanium phosphonate
functionalized with carboxylic groups (TiP)

In a typical synthesis procedure, CTAC (0.2 g, 0.625 mmol) and
PAC (0.14 g, 1 mmol) were added into deionized water (9 mL)
with vigorous stirring, and then TiCl, (P/Ti molar ratio: 1.2/1) of
ethanol (2 mL) solution was added very slowly. The mixture was
placed in an ice water bath to slow down the hydrolysis of TiCl,,
and the pH value was adjusted to be ca. 4.0. A homogenous
colloidal solution was obtained after another 3 h of stirring. The
obtained mixture was transferred to a Teflon-lined autoclave
and crystallized statically at 120 °C under autogenous pressure
for about 24 h. Then, the obtained precipitate was filtered and
refluxed in ethanol for 24 h to remove the template. The mes-
oporous titanium phosphonate functionalized with carboxylic
groups was obtained after drying at 60 °C, marked as TiP.

Catalysis experiments

Preparing palladium nanoparticles on the support TiP:palla-
dium(n) chloride (10 mg, 0.056 mmol) and NaCl (70 mg, 1.2
mmol) were dissolved in water (10 mL) for 15 min under a
nitrogen atmosphere. TiP (200 mg) was then added to the
solution and further stirred for 1 h at room temperature. The
reaction mixture was filtered, washed with ethanol, and dried
overnight under vacuum. Then, the material was dispersed in
ethanol (10 mL), and a freshly prepared 0.05 M NaBH, ethanol
solution (5 mL) was slowly added with vigorous stirring. After
reduction for about 6 h, the mixture was filtered and washed
thoroughly with deionized water and dried under vacuum at
room temperature. The amount of Pd loaded in TiP was
0.12 mmol g~ ' according to the ICP analysis.

In a typical reaction, p-iodoanisole (50 mg, 0.21 mmol) was
reacted with a slight excess of boronic acid derivative (0.32 mmol)
at 80 °C in DMF (2 mL) in the presence of K,CO; (78 mg) and the
catalyst (10 mg), and the reaction mixture was stirred under N,.
After reacting for about 2 h, the mixture was cooled to room
temperature. The catalyst was filtered and washed with EtOAc.
The pure product was isolated by column chromatography.

Characterizations

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/MAX 2500/PC X-ray diffractometer with Cu Ka radia-
tion. N, adsorption-desorption isotherms at 77 K were
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measured on a Micromeritics Gemini V analyzer. Transmission
electron microscopy (TEM) images were recorded with a JSM-
3010 electron microscope. Scanning electron microscopy
(SEM) images were recorded with a JSM-6700F electron micro-
scope. Infrared (IR) measurements of the samples dispersed in
KBr pellets were performed on a Perkin-Elmer spectrum 430
FTIR spectrometer. Solid-state *'P MAS NMR experiments were
taken on a Varian Infinity-plus 300 spectrometer operating at
resonance frequency of 121.4 MHz, using a chemagnetic 4 mm
double-resonance probe with a spinning rate of 8 kHz. "*C MAS
experiments were performed on a Varian Infinity-plus 400
spectrometer at a resonance frequency of 100.6 MHz using a 5
mm probe with a spinning rate of 8 kHz. The *C and *'P
chemical shifts were referenced to hexamethylbenzene (HMB)
and 85% H3PO,, respectively.

Results and discussion

The compound PAC was prepared according to the synthetic
route as shown in Scheme 1. Then, it was introduced into
mesoporous titanium phosphonate through P-O-Ti covalent
bonds by a one-pot condensation process by using CTAC as the
surfactant (Scheme 2). After removing the surfactant, the
material functionalized with carboxylic groups was obtained,
marked as TiP. The content of PAC introduced in TiP deter-
mined by ICP analysis was 1.2 mol g~ ' (Table 1).

Fig. 1 shows the X-ray diffraction patterns of TiP and TiP-Pd
samples. It can be seen that the samples exhibit only one single
broad low-angle reflection at 26 = 1.5° (Fig. 1a), indicating these
hybrid materials have a “wormlike” mesoporous structure,
which may be because the incorporation of PAC disturbed the
formation of a well-ordered structure. With the incorporation of
Pd nanoparticles, the intensity of the diffraction peak decreased
and produces a large platform (Fig. 1b), suggesting more
disordered structure of TiP-Pd.

Pd*
reduction

hydrothermal

removalof
surfactant

@ Pd(0)nanoparticles

Scheme 2 The synthesized route of Pd nanoparticles supported on
mesoporous titanium phosphonate.

Table 1 Physicochemical data for surfactant-extracted TiP and
TiP-Pd

Sample PAC mol g ' Pd mmol g " Sgerm’g ' Vem®g ' Dy nm

TiP 1.2 — 458 0.53 2.6
TiP-Pd 1.2 0.12 300 0.33 2.5

This journal is © The Royal Society of Chemistry 2014
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Fig.1 Low angle XRD patterns of (a) TiP, and (b) TiP—Pd; (inset picture)
wide angle of TiP-Pd.

The mesoporous structure was further confirmed by
nitrogen adsorption at 77 K. Fig. 2 exhibits the N, adsorption-
desorption isotherms and the corresponding pore size distri-
bution curves of the materials. The isotherm of TiP is type IV
according to the IUPAC classification, with the H, hysteresis
loop at relative low pressure, characteristic of mesoporous
materials. It has a specific BET surface area of 458 m> g~ ', pore
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Fig. 2 (a) N, adsorption—desorption isotherms of TiP, TiP-Pd at 77 K
and (b) corresponding pore size distribution curves (BJH method).

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

volume of 0.53 cm® ¢~ and corresponding pore size distribu-
tion displays only one well-defined peak centered at 2.6 nm.
When Pd nanoparticles were incorporated into the material, its
N, adsorption is lower and the pore size distribution is slightly
decreased. The textural parameters of TiP and TiP-Pd are
summarized in Table 1.

The spherical particles morphology of the material TiP was
characterized by scanning electron microscopy (SEM) at
different magnification, as shown in Fig. 3. The TEM micro-
graph (Fig. 4a) indicates that all the spherical particles are
attached together and the presence of “wormlike” pore struc-
ture with about 2-3 nm, which is well consistent with XRD and
N, adsorption. After loading Pd nanoparticles, there is no
apparent change in the materials. As seen in the high magni-
fication TEM image (Fig. 4b), the Pd nanoparticles are clearly
distinguishable with the average size around 5 nm. This may be
a consequence of the good stability effect of carboxylic groups to
the palladium nanoparticles.

Fig. 5 is the FTIR spectra of TiP and PAC. According to the
literature, the broad band at 3405 cm ' can be attributed
mainly to the ~-OH stretching vibration of the residual water.
The strong band at 1718 ecm™ ' is attributed to the -COOH
stretching vibration.”® The wide band at 1034 cm ' is the
characteristic of Ti—-O-P framework vibration. In brief, the FTIR
data supports the conclusion that the organophosphonate PAC
was successfully incorporated into the materials.

The maintenance of organic groups in the synthesized
materials was further confirmed by *'P and '*C MAS NMR
spectra (Fig. 6). Fig. 6a shows the *'P MAS NMR spectra of TiP,
presenting one peak at around 17 ppm, which can be assigned
to the organic phosphorus species. In **C MAS NMR spectra,
TiP shows a peak at 177 ppm attributed to the carbon in
-COOH and -COO™ groups. The signals at 36 ppm are related
to the carbon atoms between the carboxyl group and the

1um

Fig. 3 The SEM images of the support TiP at different magnification.

Fig. 4 The TEM images of (a) TiP, (b) TiP-Pd.
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Fig. 5 The FTIR spectra of (a) TiP and (b) PAC sample.
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Fig. 6 >P MAS NMR spectra and *C MAS NMR spectra of TiP.

phosphonic group. In summary, the *'P and *C MAS NMR
data not only support the presence of organophosphonate in
the structures, but also confirm the integrity of PAC after the
template removal.

Carboxyl groups are uniformly distributed on the surface
of TiP, which are good ligands for inorganic species. Thus, the
synthesized materials may find potential applications in the
fields of catalysis. In this work, we used this material to
adsorb palladium(u) ion and reduce it to the zero valent
examined by XRD (Fig. 1, inset) and X-ray photoelectron
spectroscopic (XPS) technique (Fig. 7). We can see the
appearance of diffraction peaks at 39.4°, 46.1° because of Pd
in the metallic state (Fig. 1, inset). The presence of new Pd
3d;/, and Pd 3ds,, peaks at lower binding energies of 340.6 eV
and 335.1 eV further indicates that Pd metals are formed."
Fig. 4b shows that the palladium nanoparticles are almost 5
nm, which may show catalytic activity on the Suzuki reaction.
On the basis of the optimized reaction conditions, the
coupling reactions between a range of p-iodoanisole and
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Fig. 7 XPS Pd 3d spectra of TiP—Pd samples.

Table 2 The coupling reactions of p-iodoanisole with various aryl-
boronic acids

Entry 1 3

1 H A .O .O 92
2 pome o7

3 0-OMe /° 98
A=) 98

Yield (%)

4 Pp-Ac

various arylboronic acids were carried out under an N,
atmosphere. As shown in Table 2, the reaction afforded
almost a 100% yield, showing that this material is an effective
catalyst carrier for palladium nanoparticles. Furthermore, the
catalyst can be reused for five cycles without significant loss in
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Fig. 8 The reusability of the catalyst.
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activity by taking p-iodoanisole and phenylboronic acid, for
example, demonstrating the efficiency of the catalyst (Fig. 8).

B(OH) Rz
/O—Q—I + Rz_:<>/ 2 —_— >__\ (oG

Conclusions

In conclusion, high surface area mesoporous titanium orga-
nophosphonate materials functionalized with a carboxyl group
have been synthesized by the use of cationic surfactant CTAC as
the structure-directing agent. Organic carboxyl groups maintain
their integrity in the mesoporous materials, which was an
effective ligand for palladium nanoparticles. The as-prepared
nanosized palladium particles have a narrow size distribution
(5 nm), showing high catalytic activity on the Suzuki reaction.
Importantly, the catalyst can be reused for several times without
the sharp loss of catalytic activity. Because the carboxyl group is
a particularly useful reactive group, this material may find a
wide range of potential applications in other fields, such as
biomedicine etc.
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