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Highly ordered cubic mesostructured zirconium oxophosphate with Pm3n symmetry
analogous to SBA-1 silica is first obtained by using tri-headgroup quaternary ammonium
surfactant CH3(CH2)16CHzN(CHg)zCHQCHzN(CHg)QCH2CH2CH2N(CH3)3BF3 (Clg_z_g_l) as a
structure-directing agent and zirconium sulfate as an inorganic precursor under hydrother-
mal condition. X-ray diffraction (XRD), transmission electron microscopy (TEM), and 3!P
magic angle spinning nuclear magnetic resonance (MAS NMR) have been used to characterize
these mesostructured zirconium-based composites. The cubic mesostructured zirconium
oxophosphates are thermally stable up to 500 °C. In addition, a phase transition from Pm3n
through mixed mesophase to p6m symmetry is observed through finely tuning the spacer
methylene chain length among the hydrophilic headgroups in the multi-charged amphiphile
(from C1g_»-3-1 through Cig_3-3-1 t0 C1g-3-4-1). 3P MAS NMR spectra show that phosphorus
has four types of chemical environments in the cubic mesostructured zirconium oxophosphate
framework and three types of chemical environments in mixed or hexagonal zirconium

oxophosphate mesophases.

Introduction

Non-siliceous materials with well-ordered and con-
trollable structural features in mesoscale are greatly
attractive because of their potential applications in the
fields of catalysis, optics, electrics, and magnetism.12
Since the discovery of M41S in 199234 many great
efforts have been performed to extend the surfactant
templating strategy to the synthesis of mesostructured
non-siliceous materials.>~17 So far, several synthesis
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routes®7911.14-22 have been developed, including de-
signed inorganic—organic interplay via electrostatic,
covalent bonding, hydrogen bonding, and tunable inor-
ganic—inorganic interplay via “acid—base pairs”.2 As
far as zirconium-based composites are concerned, tem-
plating%22 and scaffolding?4~2% mechanisms have been
described, and several types of surfactants have been
used to prepare zirconium-based mesostructured com-
posites. For example, Yang et al.%12 synthesized the
mesoporous zirconia with hexagonal and cubic structure
from block copolymers under nonaqueous solution via
templating mechanism. Using amphoteric cocamido-
propyl betain as a template is another pathway to obtain
a hexagonal mesophase zirconium compound.?? Long
chain primary alkyamines can lead to the formation of
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a lamellar phase.?’” Anionic surfactants?82° have also
been used to synthesize the mesoporous zirconium via
scaffold mechanism, but a disordered product was
obtained. In addition, the cationic surfactant, alkyltri-
methylammonium bromide3.20:3233 s the most popular
in the synthesis of mesostructured zirconium oxide
sulfate and zirconium oxophosphate. On the basis of a
postsynthetic treatment with phosphoric acid to replace
the sulfate groups with more thermally stable phos-
phate groups within the framework,'3 Schith et al. have
synthesized the zirconium oxide sulfate and thermally
stable zirconium oxophosphate with two-dimensional
(2D) hexagonal symmetry using alkyltri-methylammo-
nium bromide.3213 However, most previous reports were
focused on 2D hexagonal and disordered mesophase,®
and up to now, only one stable cubic mesostructure
(1a3d) has been reported by Schith and co-workers.33:34
Such cubic mesostructured materials with intercon-
nected pores may have more advantages for potential
applications than 2D hexagonal mesophases.35-38

The difficulties to obtain the cubic mesophase zirco-
nium-based composites are mainly attributed to the lack
of suitable surfactants that have a proper interaction
with inorganic precursor species.? Recently, Schith and
co-workers3® reported the mesoporous zirconium oxo-
phosphate with a cubic la3d symmetry analogous to
MCM-48 silica using a specific surfactant (benzyl-
dimethystearl-ammonium chloride) via Zr*X—S— path-
way (where X—is SO42~ and S— is cationic surfactant),
suggesting that the careful design of surfactants and
increase of the interaction are essential to the synthesis
of stable cubic mesostructued zirconium-based compos-
ites. The tri-headgroup quaternary ammonium surfac-
tants (C13H37N(CH3)2-(CH2)S-N(CH3)2-(CH2)mN(CH3)3,
denoted Ci5-s—m-1) are a type of multi-charged cationic
amphiphiles closely related to Gemini surfactant.40-43
The spacer methylene chain length can strongly effect
the curvature of the surfactant layers, and thus the
micelle shape and the properties of the solution.*4—47
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Furthermore, higher charge in the tri-headgroup am-
phiphile may make it more favorable to interact with
the inorganic precursor species, which may lead to the
successful synthesis of a new mesophase material.

Here, we report the synthesis of a new cubic meso-
structured zirconium oxide sulfate and zirconium oxo-
phosphate materials by using tri-headgroup quaternary
ammonium surfactant (CH3(CH2)16CH2N(CH3),CH»-
CHzN(CH3)2CH2CH2CH2N (CH3)3'BF3 (C18_2_3_1) under
the hydrothermal condition. The products exhibit well-
ordered cubic mesostructure with Pm3n symmetry
analogous to SBA-1 mesoporous silica. In addition, a
phase transition from Pm3n through mixed mesophase
to p6m symmetry structure is observed by tuning the
spacer methylene chain length among the hydrophilic
headgroup.

Experimental Section

Chemicals. 1-Bromooctadecane, N,N,N’,N'-tetramethyl-1-
2-ethyldiamine, and N,N,N’,N'-tetramethyl-1,3-propanedi-
amine were purchased from Acros. (3-Bromopropyl)trimeth-
ylammonium bromide was obtained from Aldrich. (4-Bromo-
butyl)trimethylammonium bromide was synthesized according
to the gerneral procedure.*® Zr(SQ,),-4H,0 and orthophospho-
ric acid were obtained from China Chemical Reagent Corpora-
tion. All chemicals were used as received.

Surfactant Preparation. Tri-headgroup quarternary
ammonium surfactants were prepared through two steps by
thereaction of 1-bromooctadecane with corresponding N,N,N’,N'-
tetramethyl-1,2-ethylenediamine or N,N,N',N’-tetramethyl-
1,3-propanediamine in acetone under refluxing condition,
followed by reaction with (3-bromopropyl)trimethylammonium
bromide or (4-bromobutyl) trimethylammonium bromide in
propanol under refluxing condition. The resulting products
were purified by re-crystallization from ethanol/acetone mix-
ture. Detailed synthesis procedure was as follows: 50 mL of
an acetone solution containing 10.5 g (31.5 mmol) of 1-bromo-
octadecane was added slowly to 150 mL of acetone containing
183 g (157.6 mmol) of N,N,N’,N’'-tetramethyl-1,2-ethylenedi-
amine. The mixture was stirred for 24 h under refluxing
conditions. The white intermediate product was cooled to room
temperature, filtered, then washed with dry ether.A 4.49-g
portion (10 mmol) of the intermediate product was further
dissolved in propanol, and 2.61 g (10 mmol) of (3-bromopropyl)-
trimethylammonium bromide was added to this solution. The
resulted mixture was heated while stirred at 90 °C for 5 days
under refluxing condition. The solvent was evaporated until
a white viscous liquid was obtained, using a rotary evaporator
at 40 °C. The white viscous liquid turned to solid upon cooling
to room temperature. The product was obtained by re-crystal-
lization from ethanol/acetone mixture for several times and
was identified as Cig-2-3-1 by *H NMR spectrum after dissolu-
tion in D,O.

Other tri-headgroup quarternary ammonium surfactants,
i.e.,, Cig—3-4-1 and Cis—3-3-1 were also synthesized by the
reaction of 1-bromooctadecane with N,N,N’,N’'-tetramethyl-1,3-
propanediamine, followed with (4-bromobutyl)trimethyl-am-
monium bromide or (3-bromopropyl)trimethylammonium bro-
mide.

Synthesis. Mesostructured zirconium-based composites
were obtained by adding the surfactant (Cig—3-4-1, C1g-3-3-1,
or Cis-2-3-1) solution to the zirconium sulfate solution under
stirring, followed by hydrothermal reaction and posttreatment
with aqueous solution of phosphate acid. A typical synthesis
was as follows: 4.0 g (11.2 mmol) of zirconium sulfate was
dissolved in 50 g of distilled water at room temperature. To
this solution, 3.0 g (4.2 mmol) of Cy5-2-3-1 dissolved in 80 g of
H.0O was added. The mixture was vigorously stirred at 18 °C
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Figure 1. XRD patterns for the mesostructured zirconium-
based composites: (a) as-synthesized zirconium oxide sulfate,
(b) fresh zirconium oxophosphate, and (c) calcined zirconium
oxophosphate.

for 2 h and then transferred to a Teflon bottle and stored for
4 days at 100 °C under static conditions. After cooling to room
temperature, the zirconium oxide sulfate product was collected,
filtered, and dried in air. The corresponding zirconium oxo-
phosphate sample was further obtained!®323° by adding the
intermediate zirconium oxide sulfate products to an aqueous
solution of 200 mL of H3PO,4 (1.0 M), and stirred for 24 h at
room temperature. The resultant products were filtered,
washed with water, and dried in air. Template free products
were obtained via calcination at 300 °C for 3 h, followed by 6
h at 500 °C (the heating rate was 1 °C/min) under oxygen
condition (the ramp rate was 50 mL/min).

Characterization. Small-angle powder X-ray diffraction
(XRD) patterns were recorded with a Bruker D4 powder X-ray
diffractometer using Cu Ka radiation. Transmission electron
microscopy (TEM) images were taken with a JEOL JEM2011
electron microscope operating at 200 kV. Solid-state 3P magic
angle spinning nuclear resonance (MAS NMR) sprectra were
collected on a Bruker DMX 300 at 121.49 MHz. An 85%
H3PO, solution was used as the external reference.

Results and Discussion

Synthesis. Figure 1 shows typical XRD patterns for
mesostructured zirconium oxide prepared by using
Cis-2-3-1 as a structure-directing agent. The as-synthe-
sized mesostructured zirconium oxide sulfate composite
shows six resolved diffraction peaks with d = 4.70, 4.21,
3.84, 2.51, 2.35, and 2.05 nm; in addition, a broad peak
in the region of 260 = 4.5—7.5 can also be observed
(Figure 1a). After the treatment with phosphoric acid,
the diffraction peaks for the mesostructured zirconium
oxophosphate are shifted to a little lower 26 angles with
d = 4.84, 4.33, 3.95, 2.59, 2.42, and 2.11 nm (Figure 1
b), and the broad peak disappears. Both sets of diffrac-
tion peaks can be indexed to the (200), (210), (211),
(321), (400), and (421) reflections of 3D cubic meso-
structures with Pm3n space group.*®% The unit cell
parameters of a are 9.41 and 9.68 nm for the untreated
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and treated samples, respectively. After calcinations at
500 °C for 6 h in air, three well-resolved diffraction
peaks can be observed at d = 4.03, 3.61, and 3.29 nm
(Figure 1c), which can be indexed to (200), (210), and
(211), respectively, indicating that the mesostructured
zirconium oxophosphate composites are thermally stable.
The unit cell parameter (a) of the calcined product is
8.06 nm, suggesting structural shrinkage upon thermal
treatment.

TEM images and corresponding Fourier diffracto-
grams of calcined mesostructured zirconium oxophos-
phate composites are shown in Figure 2. The images
exhibit typical [100], [110], and [210] projection planes
of the cubic Pm3n mesophase, clearly indicating that
the mesostructured zirconium oxophosphates have well-
ordered cubic mesostructure analogous to mesoporous
silica SBA-1. To the best of our knowledge, the cubic
mesostructured zirconium-based composites with Pm3n
symmetry have not been reported previously.

XRD measurements show that zirconium sulfate-
based composites are thermally unstable, and collapse
upon calcination at 350 °C. The stable mesostructured
zirconium oxophosphates can be obtained after treat-
ment with aqueous solution of H3PO4 (1.0 M). The S/Zr
molar ratio for the zirconium oxide sulfate meso-
structure is evaluated to be 0.28 by EDX (energy-
dispersive X-ray) analysis. After the phosphatation, no
sulfate can be detected and the P/Zr molar ratio for the
calcined zirconium phosphate mesophase is around 0.99.

A thermogravimetric profile for as-synthesized cubic
mesostructure zirconium oxophosphate is shown in
Figure 3. A weight loss (6%) below 115 °C can be
attributed to the removal of physisorbed water. A second
weight loss of 53% occurs between 115 °C and 440 °C
resulting mainly from the combustion of the surfactants.
A slight weight loss (2%) after 440 °C may be attributed
to the loss of carbonaceous species in the pore chan-
nels.! These results suggest that nearly all organic
species can be burned after calcined at 500 °C

Although the calcined zirconium oxophosphates are
thermally stable up to 500 °C, N, adsorption/desorption
measurements show that the BET surface area is very
low. One of the possible reasons may be that the cubic
mesostructured zirconium oxophosphates with Pm3n
symmetry has a cage type structure whose pore window
is quite small*950 and easy to be closed upon calcination
induced shrinkage process, although the mesostructure
is retained.

It should be noted that careful control of the crystal-
lization temperature is essential for obtaining the 3D
cubic (Pm3n) mesostructured zirconium oxide sulfates.
The synthetic temperature should be altered in the
range of 10—25 °C; the increase of the temperature will
lead to the less ordered cubic mesophase. The optimum
temperature for the synthesis of the cubic mesostruc-
tured zirconium oxide sulfates is 18 °C, probably
because this low temperature facilitates the formation
of the Pm3n globular mesophase. In addition, increasing
the hydrothermal temperature (from 100 to 130 °C) can
shorten the synthesis time from 4 to 2 days.

Phase Transition. More interestingly, a phase trans-
fer is observed by finely tuning the spacer methylene
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Mater. 2001, 44—45, 95.
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v

Figure 2. TEM images and Fourier diffractogram patterns
for the calcined mesostructured zirconium oxophosphates
along (A) [100], (B) [110], and (C) [210].

chain length among the hydrophilic headgroups of the
templates. Figure 4 shows XRD patterns for as-
synthesized zirconium oxide sulfate prepared by using
three kinds of tri-headgroup quaternary ammonium
surfactants (C18727371, Cig-3-3-1, and C13737471) as
structure directing agents. It is clear that upon increas-
ing the spacer chain length among the hydrophilic
headgroup (froms=2, m=3tos=3, m=3,ands =
3, m = 4), cubic (Pm3n symmetry), mixed and a 2D
hexagonal mesophase (p6m symmetry) zirconium oxide
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Figure 3. TG/DTG curves of as-synthesized cubic mesostruc-
tured zirconium oxophosphate prepared from tri-headgroup
surfactant Cig—>-3-1.
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Figure 4. XRD patterns for as-synthesized mesostructured
zirconium oxide sulfate composites templated from tri-head-

group surfactants (a) Cig—2-3-1, (b) C18-3-3-1, and () Cig-3-4-1.

sulfates can be obtained, respectively, implying that
from Cyg—2-3-1 through Cig-3-3-1 to C1g-3-4-1, & phase
transfer occurs. XRD patterns for mesostructued zirco-
nium oxophosphates treated with aqueous solution of
H3;PO,4 and their calcined analogues with 2D hexagonal
or mixed mesophase structure are also shown in Figure
5.

TEM images further reveal that the mesophase
transfer can be achieved by finely tuning the spacer
methylene chain length among the hydrophilic head-
groups of the multi-charged cationic surfactants. Figure
6 shows a 2D hexagonally mesostructured zirconium
oxophosphate with p6m symmetry prepared by using
Cis-3-4-1 as a structure-directing agent, recorded along
the [001] and [100] directions. By using Cig-3-3-1 as a
template, a mixed mesophase of hexagonal (p6m) and
cubic (Pm3n) symmetries can be observed in one domain
(Figure 7), further indicating the mixed mesophase is
formed.

31P MAS NMR. Changes in the mesostructured
zirconium oxophosphate frameworks caused by the
phase transition can be further characterized by 3P
MAS NMR (Figure 8 and Table 1). 3D cubic mesostruc-
tured zirconium oxophosphate (ZrPO-1) shows four
resonance peaks centered at —7.6, —14.9, —20.9, and
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Figure 5. XRD patterns for the fresh (left) and calcined (right)
mesostructured zirconium oxophosphate composites prepared
by using different tri-headgroup surfactant as the templates.

20 nm
I

Figure 6. TEM images and Fourier diffractograms patterns
for the calcined mesostructured (p6m) zirconium oxophosphate
template with Cis-3-4-1 along (A) [001] and (B) [100].

—29.5 ppm, which can be assigned to tetrahedral
phosphorus-connected one, two, three, and four zirconia

Shen et al.

Figure 7. TEM images for the mixed mesophase of calcined
zirconium oxophosphate templated by Cis—3-3-1: (@) is the
hexagonal mesophase along [001] direction; (b) is the cubic
mesophase along [110] direction.

-10 -30 -50 -70 -90
(PPM)

Figure 8. 3P MAS NMR spectra of calcined zirconium

oxophosphate templated by different tri-headgroup am-

phiphiles: (a) Cig-2-3-1, (b) Cig-3-3-1, and (C) Cig-3-4-1.

(corresponding to surface (HO)sPO—Zr, (HO),P(O—Zr),,
HOP(O—Zr)s, and P(O—Zr)4 groups),>27%6 whereas in the
mixed mesophase (ZrPO-2), the resonance at —7.6 ppm
disappears, and the other three resonance peaks cor-
respond to (HO),P(O—Zr),;, HOP(O—Zr)3, and P(O—Zr),
species appear at —16.7, —21.3, and —28.8 ppm, respec-
tively. Three resonance peaks corresponding to phos-
phorus environment in 2D hexagonal mesophase
(ZrP0O-3) are shifted to —16.2, —20.6 and —28.3 ppm.
The changes may be related to the phase transfer and
resultant from different curvature of the inorganic walls
of the mesostructures.
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Table 1. 3P NMR Chemical Shift (ppm) and P/Zr Ratio of Calcined Mesostructured Zirconium Oxophosphate

(HO)sPO—-Zr (HO),P(O—2r), HOP(O—Zr); P(O—Zr)4 P/Zr ratio
ZrPO-1 -7.6 —-14.7 —-20.9 —29.5 0.99
ZrPO-2 —16.7 —-21.3 —28.8 0.98
ZrPO-3 —16.2 —20.6 —28.3 1.05

x

g

v §

Spherical Micelle Mixture

Rodlike Micelle
Pm3n Pm3n and pém pbm

Figure 9. Representative schematic drawings of phase trans-
formation of the tri-headgroup quaternary ammonium sur-
factants via finely tuning the spacer methylene chain length:
(A) Cig-2-3-1; (B) Ci-3-3-1; (C) Cig-3-4-1.

We speculate that the phase transfer upon the tuning
of spacers is related to surface charge density and the
volume of the headgroup of the surfactants®’ (Figure 9).
In the aqueous solution, the surfactant molecular
Cis—2-3-1 is favorable to aggregate a spherical micelle,
which leads to generate the caged cubic (Pm3n) meso-
structured zirconium-based composite. In constrast,
increasing the spacer methylene chain length among the
hydrophilic headgroup (in the case of Cig—3-3-1 and
Cis-3-4-1), Will reduce the average surface charge
density and the volume of the headgroup, namely

(57) Zana, R. Adv. Colloid Inteface. Sci. 2002, 97, 205 and references
therein.

(58) Huo, Q.; Lein, R.; Petroff, P. M.; Stucky, G. D. Science 1995,
268, 1324.

lowering the effective interaction between the head-
groups and the inorganic species and decreasing the
surface curvature. Therefore, the mixed mesophase and
the hexagonal mesophase with lower surface curvature
are formed.

Conclusions

A new highly ordered thermally stable cubic mesos-
trucured zirconium oxophosphate with Pm3n symmetry
has been synthesized by using tri-headgroup quaternary
ammonium surfactant as a structure-directing agent.
A phase transformation is occurred from Pm3n through
mixed mesophase to p6m symmetry by finely tuning the
spacer methylene chain length among the hydrophilic
headgroup in the multi-charged amphiphile. The me-
sophase is much dependent on the average surface
charge density and the volume of the headgroup of the
surfactants. The phosphorus in the cubic mesostruc-
tured zirconium oxophosphate framework has four types
of chemical environments and is different from that in
the hexagonal zirconium oxophosphate mesophase, as
the latter shows three types of chemical environments.
Such cubic mesostructured zirconium based composites
can be of great interest in terms of catalysis and other
areas.
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