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Introduction

The design and synthesis of novel solid chiral materials, es-
pecially organic–inorganic hybrid chiral materials, have con-
tinued to be an area of extensive interest, because these ma-
terials have enormous and important applications in asym-
metric catalysis,[1,2] chiral separation, sequestration, and
chromatography,[3,4] for obtaining enantiopure chemicals and
pharmaceuticals. Moreover, they may also exhibit nonlinear
optical effects, piezoelectricity, and pyroelectricity, which
are technologically important for the development of polar-
izer-sensitive electrooptical devices.[5] It has been recognized
that such properties and potential applications depend not
only on the structure of the building units, but also largely
on the building process.

Recent developments of ordered mesoporous materials
have enabled one to control the pore structure and the dis-
persion of the active components on the nanometer
scale.[6–8] Introduction of uniform and ordered mesopores in
solid chiral materials will enhance the accessibility of the
active sites, provide easier inclusion of guest species, and
allow for further modification of the materials and fine-
tuning of the host–guest interactions towards specific de-
mands. Among the various hybrid mesoporous materials re-
ported so far, periodic mesoporous organosilicas (PMOs)
present one of the most important innovations.[9–11] With
bridged organosilane (R’O)3-Si-R-Si-(OR’)3 as the precur-
sor, PMOs feature highly porous structures and organic–in-
organic backbones hybridized at the molecular scale. The or-
ganic groups are covalently bonded and homogeneously dis-
tributed throughout the framework. Thus, by altering the
type and content of the bridging organic groups, the chemi-
cal/physical properties of both the pore surface and the
framework can be tuned. To date, numerous organic groups
have been incorporated into PMOs, including small aliphatic
and aromatic groups,[12,13] even some ferrocene,[14] cyclam,[15]

dendrimer,[16] and cubic oligomer compounds.[17] Specifically,
incorporating chiral moieties into PMOs has given rise to a
new family of promising solid chiral materials.[18–21]

Although chiral PMOs have already been proposed in
1999 shortly after the discovery of PMOs,[18] the report of
chiral PMOs built exclusively with chiral blocks did not
emerge until 2006.[19] This is due to the difficulties in the
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synthesis and purification of enantiomerically pure chiral or-
ganosilanes suitable for the synthesis of PMOs. Polarz and
Kuschel reported the first chiral PMOs with the framework
composition of [O1.5SiCH2C*H(OH)SiO1.5] from a boron-
ester-protected chiral silane.[19] However, owing to the harsh
basic synthesis conditions, some Si�C bonds were cleaved.
Moreover, no information about the chirality of the final
material was given. Also starting from a hydroborated chiral
silane, Thomas et al. reported the synthesis of chiral amine-
functionalized mesoporous organosilicas by post-ammonoly-
sis.[20] More recently, Inagaki et al. reported the synthesis of
(R)-(+)-phenylethylene-bridged chiral microporous organo-
silicas and characterized the chirality of the materials after
dissolution by HF.[21] However, the above-mentioned chiral
PMOs still lack the necessary functionalities to be ready for
practical applications. Moreover, it is difficult to build or-
dered and rigid porous structures from 100% organosilanes
owing to the steric hindrance of the chiral moieties on the
assembly process.

In an alternative approach, organosilanes with bulky and
flexible chiral moieties can be admixed with small silane
compounds (e.g., tetraalkoxysilane) to generate ordered and
rigid porous structures.[22–26] Corma et al. first reported the
synthesis of chiral PMOs through the condensation of chiral
vanadyl Schiff base complexes and tetraethoxysilane
(TEOS).[22,23] In the cyanosilylation of benzaldehyde, the
material gave 30% enantiomeric excess. GarcLa et al. report-
ed chiral diaminocyclohexane- and binaphthyldiamine-de-
rived chiral PMOs using a similar co-condensation
method.[24] In the di-p-methane rearrangement of 11-formyl-
12-methyldibenzobarrelene, an ee value of 24% was ob-
served.[25] We have recently reported the synthesis of diami-
nocyclohexane-derived mesoporous organosilicas.[26] After
complexation with a Rh complex, the material exhibited up
to 30% ee for the asymmetric transfer hydrogenation of ace-
tophenone. These chiral organosilanes have been based only
on cyclohexadiyl or binaphthyl derivatives; therefore abun-
dant chiral blocks still remain to be explored for the synthe-
sis novel chiral mesoporous organosilicas.

In contrast to the ever-expanding composition of chiral
mesoporous organosilicas, the synthetic approach to such
materials has been mostly conducted under strongly basic
conditions with an alkylammonium surfactant as the tem-
plate.[19,21–26] In most cases, the pore size is restricted to
3 nm, and the structural regularity is remarkably affected by
the amount of the bulky chiral bridging organosilanes.
Moreover, since many chiral species are prone to decompo-
sition or racemization under harsh acidic or basic condi-
tions,[19, 21] a mild synthetic method for chiral mesoporous or-
ganosilicas is highly desirable. Poly(ethylene oxide)-poly-
(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
block copolymers, such as P123 and F127, have been suc-
cessfully utilized as the template for the synthesis of meso-
porous silicas and organosilicas with pore sizes larger than
6 nm.[27] More importantly, with block copolymer P123 as
the template, mesoporous materials can be synthesized
under a wide range of pH values,[28,29] which provides more
opportunities for the synthesis of chiral PMOs under mild
conditions. However, to the best of our knowledge, no chiral
PMOs with highly ordered large mesopores have been syn-
thesized with a block copolymer as the template.

Among the various chiral blocks, tartaric acid and its de-
rivatives represent one of the earliest discovered, most ex-
tensively investigated and versatile families of chiral com-
pounds. Tartaric derivatives have been widely used in optical
devices,[30] asymmetric catalysis as ligands or modifiers,[31–34]

and chiral separation.[35,36] Integration of abundant chiral tar-
taric derivatives into mesoporous materials will generate a
brand new group of chiral materials with potential chirality-
revelant applications. Herein, we report the first synthesis of
highly ordered large pore mesoporous organosilicas with l-
tartardiamide in the framework. A mild synthetic approach
was employed with block polymer P123 as the template
under weakly acidic conditions (Scheme 1). The materials
show optical activity by rotating the plane of polarized light
by a specific angle after being dissolved in NaOH solution.
Moreover, in the epoxidation of allyl alcohol the materials
show moderate chiral-induction ability.

Results and Discussion

Synthesis and Structural Characterization of Tartardiamide-
Containing Chiral Mesoporous Organosilicas (TarMOs)

The chiral block used in this study is l-tartardiamide-bridg-
ed organosilane 1 (Scheme 1). Control experiments showed
that under highly acidic conditions (2.0m HCl aqueous solu-
tion) or basic synthesis conditions, decomposition of com-
pound 1 occurred during the synthesis (see the Supporting
Information for details). Since the amide bond in 1 is labile
under highly basic or acidic conditions, to preserve the
chiral structure during the preparation, we attempted to
conduct the synthesis under mild conditions. Block copoly-
mer P123 was used as a template because it presents several
advantages. Poly(ethylene oxide) block copolymers can be
more easily extracted from the pore channels than the ionic
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surfactants which have been frequently used in the syntheses
of chiral PMOs.[19,21–26] The materials templated by P123
have additional framework micropores interconnecting the
primary large mesopores into a 3D porous structure, which
is beneficial for the adsorption and diffusion of guest mole-
cules. More importantly, P123 can direct the formation of
ordered mesostructure under a wide range of pH values,
even under near-neutral conditions,[29, 37] which is important
for the preservation of reactive organic functionalities
during the synthesis. Sodium chloride was used as an addi-
tive to increase the structural regularity because the salting-
out effect can enhance the assembly ability of micelles.[38]

Samples thus obtained are denoted as TarMO-x, abbreviat-
ed from tartardiamide-containing mesoporous organosilica,
wherein x= [1/ ACHTUNGTRENNUNG(1+TMOS)]N100 (TMOS= tetramethoxysi-
lane; compounds in equation represent molar equivalents),
representing the molar percent of 1 in the silane mixture.

Kim et al. reported that pure mesoporous silica with a
highly ordered mesostructure could be synthesized under
neutral condition with fluoride as the hydrolysis catalyst.[29]

We first prepared TarMOs under neutral conditions
([HCl]=0m) using F� as the hydrolysis–condensation cata-
lyst. However, only disordered materials were obtained
after the removal of the template, as evidenced by the fea-
tureless XRD pattern (Figure 1). As will be discussed below,
these may be due to the weak interactions between the
silica oligomers (especially the organosilica oligomers) and
the template molecules under neutral conditions, as well as
the perturbation of the long-chain silane 1 on the assembly
process.

For mesoporous silica synthesized with PEO-PPO-PEO
type block copolymers as the template, the assembly process
is driven by the interaction between the hydrophilic PEO
chain of P123 and the silica oligomers. Under neutral condi-
tions, a hydrogen-bond-driven assembly is proposed
(N0I0),[39] while under acidic conditions an anion-mediated
assembly is proposed (S0H+X�I+).[28] The perturbation of 1
on the assembly process may arise from several aspects.
First, the hydrophobic bridging organic group may interfere
with the interface assembly between the PEO chains and
the silica and break the structure of the micelle. Second,
owing to the presence of the bridging organic groups, the

Scheme 1. Synthetic approach toward chiral mesoporous organosilicas with l-tartardiamide in the framework.

Figure 1. a) XRD patterns of chiral mesoporous organosilicas TarMO-8
synthesized with different HCl concentrations; b) TarMO-x samples with
varying tartardiamide content synthesized with 1N10�2m HCl.
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density of the effective interaction sites of the organosilica
oligomers (�SiOH or �SiO�) in a given dimension is sig-
nificantly lowered compared with that of the silica oligo-
mers, which is detrimental to the silica–template interface
interaction. Third, the long bridging organic group in silane
1 can exert strong steric hindrance and retard the hydrolysis
and condensation rates of 1, further reducing the density of
�SiOH or �SiO� sites. We then introduced HCl into the
synthesis medium to strengthen the interaction between the
organosilica and the PEO corona of the P123 micelles. To
keep the structure and configuration of 1 intact, we in-
creased the concentration of the HCl solution gradually to
find the lowest acid amount necessary for obtaining a highly
ordered mesostructure. Figure 1a shows the XRD patterns
of TarMO-8 samples [1/ ACHTUNGTRENNUNG(1+TMOS)=8%] synthesized with
different HCl concentrations after the extraction of the tem-
plate. When the HCl concentration was 1N10�3m, the as-
synthesized sample showed a very broad peak at low diffrac-
tion angle, indicative of short-range ordering (data not
shown). However, the diffraction peak disappeared after the
template was removed, suggesting that the pore structure
collapsed after the relief of the template. When the concen-
tration of HCl was increased to 5N10�3m, the XRD pattern
of the as-synthesized TarMO-8 sample showed a strong dif-
fraction with a broad shoulder. After the template extrac-
tion, the intensity of the first peak was greatly enhanced, in-
dicating the preservation of the mesostructure. Upon further
increasing the HCl concentration to 1N10�2m, the XRD pat-
tern of the extracted sample showed three distinct peaks
which could be readily indexed to (100), (110), and (200)
peaks of a highly ordered P6mm mesophase. As will be
shown below, the tartardiamide bonds were preserved in the
materials synthesized with 1N10�2m HCl. We thus synthe-
sized TarMO materials with a higher loading of 1 (17% and
25%) at a HCl concentration of 1N10�2m.

Figure 1b displays the XRD patterns of the extracted
TarMO-x with different loadings of 1 (x= [1/ ACHTUNGTRENNUNG(1+TMOS)]N
100) . When x reaches 25, the intensities of the (110) and
(200) peaks become lower and less resolved for TarMO-25
compared with those of TarMO-8 and TarMO-17. This may
be due to the weakened interaction between the silica/orga-
nosilica oligomers and the PEO corona of P123 induced by
the increased amount of the organic bridging group and the
reduced density of silanol groups at the silica–template in-
terface. Also, the flexibility of 1 renders the framework less
rigid and lowers the pore regularity. Nevertheless, the perio-
dicity of TarMO-25 is still comparatively high for chiral mes-
oporous organosilicas reported so far, taking into account
the high content of bridged organosilane 1 (25% based on
the silane molar ratio and 40% based on the silicon atom
molar ratio). Interestingly, the peak intensity ratio of (110)/ ACHTUNG-
TRENNUNG(200) for TarMO-x samples is smaller than those of most
SBA-15 materials. Previous reports showed that the intensi-
ty of peak (110) was related to the degree of framework
condensation.[40–43] Zhao et al. also observed this phenomen-
on for the ethylene-bridged PMOs[43] and ascribed it to the
rapid condensation of organosilica around the micelles,

which resulted in poorly defined pores. Based on previous
studies and the structure of 1, we suggest that the large
bridging organic groups occluded inside the pore walls dis-
turb the condensation of the framework, which results in a
lower degree of condensation and hence reduces the scatter-
ing intensity of the (110) peak. Moreover, the organic
groups in the framework have intrinsic scattering intensity
different from that of silica, which could also affect the scat-
tering intensity contrast. Figure 2 shows the TEM images of

TarMO-17. Honeycomb structure as well as parallel fringe
structure can be observed with the incidence direction paral-
lel and perpendicular to the pore axis, respectively. This con-
firms that TarMO-17 has a highly ordered P6mm phase.[28]

The results shown above indicate that highly ordered chiral
PMOs with high tartardiamide content can be synthesized
under mild acidic conditions.

Figure 3 shows the nitrogen sorption isotherms and the
corresponding pore size distribution curves of TarMO-x
samples synthesized with 1N10�2m HCl. All three samples
exhibit typical IV isotherms with H1 hysteresis loops in the
relative pressure P/P0 range of 0.5 to 0.8, which is character-

Figure 2. TEM images of sample TarMO-17 with the incidence direction
a) perpendicular to the pore axis and b) parallel to the pore axis.

Figure 3. a) Nitrogen sorption isotherms and b) pore size distribution
curves of TarMO-x samples with different tartardiamide contents synthe-
sized with 1N10�2m HCl. All data were collected at STP.
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istic of mesoporous materials with large mesopores.[28] The
steepness of the hysteresis reflects the pore size uniformity
of the three samples. Increasing of the amount of 1 induces
a gradual decrease in the BJH pore size from 7.6 to 5.5 nm,
BET surface area from 498 to 180 m2g�1, and total pore
volume from 0.65 to 0.22 cm3g�1 (Table 1). Considering the
flexibility of 1, the higher amount of 1 incorporated, the less
rigid the framework will be. After the removal of the tem-
plate, the pore may shrink and cause a decrease in the pri-
mary mesopore surface area (Sp) and the mesopore volume
(Vp, Table 1). Moreover, upon increasing the content of 1 in
the framework, the micropore surface area (Smic) and micro-
pore volume (Vmic) dropped gradually. The generation of mi-
cropores inside the pore walls of SBA-15 type materials has
been attributed to the penetration of the copolymer tem-
plate into the silica framework during the assembly pro-
cess.[41] The decrease in micropores could be ascribed to the
enhanced hydrophobicity and lowered silanol density in the
framework, which would weaken the interaction of the pore
wall with the template.

Composition Characterization of TarMOs

Figure 4 shows the IR spectrum of TarMO-8 synthesized
with 1N10�2m HCl. For comparison, the spectra of com-
pound 1 and a SBA-15 sample grafted with 1 are also
shown. TarMO-8 gives a similar spectrum to that of the
SBA-15 grafted with 1, implying the preservation of integri-
ty of the organic groups during the synthesis. A band result-
ing from the coupling of nC-N with dN-H vibrations of amide
bonds appears at 1546 cm�1. No peak corresponding to car-
boxyl (ca. 1710 cm�1) was observed for TarMO-8, indicating
that no amide bonds were hydrolyzed during the synthesis.
The band at 1664 cm�1 arising from the nC=O mode is over-
lapped with the peak of adsorbed water. For compound 1
and the grafted sample, the double peaks at 1374 and
1384 cm�1 with comparable intensity are characteristic of
the isopropyl group in 1. For sample TarMO-8, however, the
peak intensity at 1384 cm�1 is remarkably lower than that of
1374 cm�1, indicating partial detachment of the protecting
isopropyl group during the synthesis.

To further confirm the incorporation of the tartardiamide
moieties in TarMOs, 29Si MAS NMR and 13C CP-MAS
NMR were performed. 29Si MAS NMR data of TarMO-17

shows both the T and Q silicon sites (Figure 5a). The signals
at d=�108.8, �100.0, and �91.0 ppm arise from the Si spe-
cies Q4 [Si ACHTUNGTRENNUNG(OSi)4], Q3 [Si(OH) ACHTUNGTRENNUNG(OSi)3], and Q2 [Si(OH)2
ACHTUNGTRENNUNG(OSi)2], respectively. The signals at �64.5 and �57.8 ppm
can be ascribed to the organosilicon species T3 [SiC ACHTUNGTRENNUNG(OSi)3]
and T2 [SiC(OH) ACHTUNGTRENNUNG(OSi)2], respectively. The absence of a T0

[SiC(OH)3] site indicates that the chiral moiety is actually
integrated with both ends in the pore walls, instead of dan-
gling in the pore as a pendant group. Integration results
show a peak area ratio of SST/ ACHTUNGTRENNUNG(SST+SSQ)�28.3%, which
agrees well with the initial precursor composition [17N2/ACHTUNG-
TRENNUNG(17N2+83)�29.0%].

Figure 5b shows the 13C NMR data of TarMO-17. The
signal at d=173.5 ppm can be ascribed to the carbonyl
group (C=O, f). Signals at d=42.3, 22.6, and 9.8 ppm can be
attributed to the propyl carbon atoms linked to the silicon
atom (a, b, and c). The broad signals in the range of 70 to
80 ppm with a central peak around 73.0 ppm can be ascribed
to the chiral carbon atoms (d, d’). According to the previous
study,[32] the chiral carbon atom in 1 shows a signal in the
range of 78 to 80 ppm, whereas the signals corresponding to

Table 1. Textural parameters of chiral mesoporous organosilicas with varying tartardiamide content synthesized with 1N10�2m HCl.

Sample a0
[a]

[nm]
SBET

[b]

ACHTUNGTRENNUNG[m2g�1]
Smic

[b]

ACHTUNGTRENNUNG[m2g�1]
Sp

[b]

ACHTUNGTRENNUNG[m2g�1]
Vt

[c]

ACHTUNGTRENNUNG[cm3g�1]
Vmic

[c]

ACHTUNGTRENNUNG[cm3g�1]
Vp

[c]

ACHTUNGTRENNUNG[cm3g�1]
Dp

[d]

[nm]
tw

[e]

[nm]
Tartardiamide content[f]

ACHTUNGTRENNUNG[mmolg�1]
[a]D

[h]

[8]

TarMO-8 10.6 498 146 316 0.65 0.062 0.51 7.6 3.0 0.60 (0.81)[g] +8.42
TarMO-17 11.1 329 71 238 0.42 0.029 0.35 6.5 4.6 0.93 (1.17)[g] +12.34
TarMO-25 10.4 180 20 146 0.22 0.005 0.19 5.5 4.9 1.24 (1.28)[g] +15.53

[a] Unit cell parameter determined by (d100N2/
p
3). [b] SBET is the BET surface area. Smic and Sp are the micropore surface area and the primary meso-

pore surface area, respectively, both determined by t-plot analysis. [c] Vt is the total pore volume determined at relative pressure P/P0=0.99. Vmic and Vp

are the micropore volume and primary mesopore volume, respectively, both determined by t-plot analysis. [d]Dp is the mesopore diameter determined
from the adsorption branches of the N2 sorption isotherms using the BJH method. [e] tw is the pore wall thickness determined by a0�Dp. [f] The amounts
of tartardiamide in the materials were determined by elemental analysis based on the N contents. [g] Numbers in parentheses are the tartardiamide con-
tent determined by TG analysis. [h] Determined by dissolving 0.05 g of sample in 10 mL of NaOH solution (1.0m) at 10 8C; analysis conditions: JASCO
P-1020, 5 s integration, 10 repeat times, 100 mm cell length.

Figure 4. IR spectra of compound 1 (top curve), SBA-15 grafted with 1
(middle), and sample TarMO-8 synthesized with 1N10�2m HCl (bottom).
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this carbon atom shift to 70–73 ppm after the detachment of
the isopropyl group. This indicates the partial removal of
the protecting isopropyl group during the synthesis.[32] The
presence of the small peak at 114 ppm corresponding to a
quaternary carbon atom shows that some isopropyl groups
are still present in the materials. After removal of the iso-
propyl group, the materials with chiral hydroxy groups may
be useful as ligands in asymmetric catalysis as well as chiral
discrimination and separation.[31–36] NMR data together with
FTIR spectra confirm the successful incorporation of the
tartardiamide group into the framework.

To determine the amount of the tartardiamide group in-
corporated into the resultant materials, thermogravimetric
analysis (TGA) and elemental analysis (EA) were conduct-
ed on the TarMO-x samples. From the TGA profiles, two
major steps of weight loss can be observed (Figure 6).
Weight loss below 120 8C is due to the desorption of the
physically adsorbed water and ethanol inside the pores. The

weight loss of TarMO-25 in
this range is much lower than
that of TarMO-8 and TarMO-
17, which can be ascribed to
the lower pore volume and en-
hanced surface hydrophobicity
owing to the higher loading of
organic groups. The weight loss
from 200 to 600 8C arises from
the decomposition of the
framework organic groups and
some remnant template.
Weight loss in this temperature
interval increases with the in-
cremental loading of 1. Weight
loss from 600 8C can be ascri-
bed to the further condensa-
tion of the framework and the
surface silanols. The contents
of the tartardiamide groups
calculated from the TG results
are shown in Table 1. Elemen-

tal analysis results based on the N atom content are also in-
cluded. The incorporation amount of tartardiamide obtained
by the TG profiles are higher than those from EA analysis,
which may be caused by the remnant template in the mate-
rials.

Characterization of the Chiral Properties of TarMOs

For solid chiral materials, one of the most important proper-
ties is their optical activity. Corma et al. evaluated the opti-
cal activity of VOACHTUNGTRENNUNG(salen)-containing chiral PMOs by measur-
ing the deviation angle of plane-polarized light using a con-
ventional polarimeter of a suspension of the solid sample in
1,2-dichloroethane.[22] However, the inhomogeneity of the
suspension may cause severe fluctuation of the measured
deviation angle. We thus evaluated the chiral properties of
TarMO-x samples indirectly by dissolving the material in
1.0m NaOH at 10 8C (0.05 g of sample in 10 mL of NaOH
solution). After the solution became clear, the deviation
angle was measured in a polarimeter using the yellow Na
emission at 25 8C. The NaOH solution (1.0m) was used as
the blank reference. As expected, all three samples rotated
the plane of polarized light by a specific angle. The absolute
rotation angle increases with the amount of tartardiamide
(Table 1). However, it is difficult to establish quantitatively
the relation between the rotation angle with the amount of
chiral groups because the rotation angle can be affected by
a number of factors, for example, the concentration of the
chiral moiety, residual template, substitution alteration of
the chiral center, and silica species in the solution, among
others. Also, racemization of the chiral groups during the
synthesis procedure can not be ruled out absolutely at pres-
ent. Nevertheless, this indirect method does give qualitative
evidence that TarMOs show optical activity by rotating the
plane of polarized light and the activity increases with the

Figure 5. a) 29Si MAS NMR and b) 13C CP/MAS NMR spectra of sample TarMO-17.

Figure 6. Thermogravimetric and differential thermogravimetric (DTG)
profiles of TarMO-x samples with varying tartardiamide content synthe-
sized with 1N10�2m HCl.
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increment of the chiral groups in the materials. It would be
interesting to fabricate transparent monolithic chiral PMOs
and explore their applications in optical waveguides and
nonlinear devices.

As the IR and NMR results show that most of the isopro-
pyl groups were detached during the synthesis, the active hy-
droxyl groups connected to the chiral carbon atom become
exposed and can interact with numerous guest molecules. To
probe the accessibility and the potential chiral-recognition
ability, the material was complexed with Ti and tested in the
epoxidation of allyl alcohol (Scheme 2). All the hybrid ma-

terials show enantioselectivity with ee values up to 20%.
Albeit lower than the optimal ee value of the heterogeneous
catalyst synthesized by grafting methods under similar reac-
tion conditions (80% ee),[32] this result demonstrates the
chiral-recognition ability of the materials. Corma et al. also
observed lower ee values for the VOACHTUNGTRENNUNG(salen)-containing
chiral PMOs than with the grafted counterpart.[22] This may
be due to the fact that the configuration of chiral groups
embedded in the framework is not appropriate to exert spe-
cific chiral induction needed for the epoxidation of allyl al-
cohol. On the other hand, the silanol groups may also coor-
dinate with Ti and reduce the enantioselectivity. In view of
catalysis applications, further work is needed to develop a
more efficient synthesis approach to enhance the exposure
and control the configuration of the stereogenic center.

Conclusions

We have synthesized a novel large-pore chiral mesoporous
organosilica with l-tartardiamide integrated in the frame-
work. Under mild synthetic conditions, a highly ordered
mesostructure can be obtained while keeping the chiral
bridging group intact. The resultant materials exhibit optical
activity by rotating the plane of polarized light by a specific
angle. Moreover, the materials show chiral inductivity in the
epoxidation of allyl alcohol, thus further demonstrating the
chiral nature of the materials. This work supplies the basis
for research to optimize the synthetic conditions of chiral
mesoporous organosilicas and exploit the chiral-recognition
ability for asymmetric catalysis and chiral separation. With
this mild synthetic approach, numerous novel chiral meso-

porous organosilicas with highly ordered mesostructure are
expected in the near future.

Experimental Section

Synthesis

Silylated tartardiamide 1 (Scheme 1) was synthesized from l-(+)-tartaric
acid according to a reported procedure,[32] except that 3-aminopropyltri-
methoxysilane (Sigma–Aldrich) was used instead of 3-aminopropyltrie-
thoxysilane.

Tartardiamide-containing chiral PMOs, denoted as TarMOs, were synthe-
sized by the co-condensation of 1 and tetramethoxysilane (TMOS, Nanj-
ing Shuguang Chemical Group) with block copolymer P123
(EO20PO70EO20, Sigma–Aldrich) as a templating agent. In a typical syn-
thesis, 0.67 g of P123, 1.21 g of NaCl, and 0.20 mL of NH4F solution
(0.25m) were mixed with 20.8 mL of HCl solution of varying concentra-
tion (0, 1N10�3, 5N10�3, and 1N10�2m). The solution was stirred
at 40 8C for 3 h. Then, a mixture of TMOS and 1 was added to
above solution under vigorous stirring. The molar ratio between
the different components is (TMOS+1)/H2O/P123/NH4F/NaCl/HCl=
1:163:0.016:0.007:2.945: ACHTUNGTRENNUNG(0–0.029). The resultant slurry was further stirred
at 40 8C for 24 h and then aged at 80 8C for another 24 h. The as-synthe-
sized product was recovered by filtration, washed with deionized water,
and dried in air under ambient conditions. To extract the template, the
as-synthesized solid was stirred in ethanol at reflux for 24 h, and then fil-
tered, washed with ethanol, and dried in air.

Epoxidation of Allyl Alcohol

The conditions of the epoxidation experiment are similar to those in the
previous report.[32] Titanium tetraisopropoxide (0.5 mmol, Sigma–Al-
drich), the hybrid chiral material (with a molar ratio of tartardiamide to
titanium of 1.5:1), and dry CH2Cl2 (20 mL) were added to a 50-mL
Schlenk-type flask under argon. The mixture was cooled to 0 8C and
stirred for 4 h. Allyl alcohol (10 mmol) and n-nonane (internal standard)
were then added. tert-Butyl hydroperoxide (20 mmol, Fluka) in CH2Cl2
(5.5m) was added dropwise with stirring. The mixture was stirred at 0 8C
for 48 h. After the reaction, the solid material was filtered and the filtrate
was analyzed by Agilent 6890 gas chromatography on a chiral b-cyclo-
dextrin column.

Characterization

X-ray powder diffraction (XRD) patterns were recorded on a Rigaku D/
Max 3400 powder diffraction system using CuKa radiation of wavelength
1.542 Q. The nitrogen sorption experiments were performed at 77 K on
an ASAP 2000 system. Samples were degassed at 120 8C for 5 h prior to
the measurements. BET surface area was calculated from the adsorption
data in a relative pressure P/P0 range from 0.04 to 0.2. Pore size distribu-
tion was determined from the adsorption branches using the Barret–
Joyner–Halenda (BJH) method. Pore volume was estimated at a relative
pressure P/P0 of 0.99. Transmision electron microscopy (TEM) was per-
formed using a JEM-2010 at an acceleration voltage of 200 kV. FTIR
spectra were collected with a Nicolet Nexus 470 IR spectrometer with
KBr pellet. 13C (100.6 MHz) cross-polarization magic-angle spinning (CP-
MAS) and 29Si (79.5 MHz) MAS NMR experiments were recorded on a
Bruker DRX-400 spectrometer equipped with a magic-angle spin probe
in a 4-mm ZrO2 rotor using tetramethylsilane as reference: for 13C CP-
MAS NMR experiments, 8 kHz spin rate, 3 s pulse delay, 4 min contact
time, and 1000 scans; for 29Si MAS NMR experiments, 8 kHz spin rate,
3 s pulse delay, 10 min contact time, and 1000 scans. CHN elemental anal-
yses were determined on an Elementar Vario EL III. Thermal gravimet-
ric analysis was performed with a Perkin–Elmer Pyris Diamond TG ana-
lyzer in a nitrogen atmosphere from room temperature to 900 8C with a
heating rate of 10 8Cmin�1. The optical activity was measured with
JASCO P-1020, 5 s integration, 10 repeat times, 100 mm cell length.
Before the measurement, 0.05 g of the material was dissolved in 10 mL
of NaOH aqueous solution (1.0m) at 10 8C.

Scheme 2. Epoxidation of allyl alcohol on chiral mesoporous organosili-
cas TarMO-x complexed with titanium. TBHP= tert-butyl hydroperoxide.
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