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can be intercalated into the two-dimensional interlayer space
of layered materials. The two-dimensional layer structure of

layered materials is expandable with the size of the inter-

calated molecule. The intercalated molecule can form mono-
layers or bilayers in the interlayer space of layered materials
independent of molecular size, due to the interaction between
the layer plate and the molecule. Some novel chemical and
physical properties can be obtained in two-dimensional

layered molecular spaces that are different from the macro-
scopic spacé® 3! Thus, two-dimensional layered materials

(11) Darder, M.; Lpez-Blanco, M.; Aranda, P.; Leroux, F.; Ruiz-Hitzky,
E. Chem. Mater2005 17, 1969.
(12) Frey, G. L.; Reynolds, K. J.; Friend, R. H.; Cohen, H.; Feldman, Y.

Nanospace materials can be used to influence and control ~ J. Am. Chem. So@003 125 5998.

chemical processes in their nanospaces, because they providg
molecular reaction spaces with special properties. Layered

3) Hu, G.; O'Hare, DJ. Am. Chem. So@005 127, 17808.
4) Liu, Z. P.; Ma, R. Z.; Osada, M.; lyi, N.; Ebina, Y.; Takada, K.; Sasaki,
T.J. Am. Chem. So@006 128 4872.

materials, such as clay minerals and layered double hydrox-(15) Xu, Z. P.; Stevenson, G. S.; Lu, C. Q.; Lu, G. Q.; Bartlett, P. F;

Gray, P. PJ. Am. Chem. So2006 128 36.

ides (LDHs), have been investigated extensively as Nano-(16) Gardner, E.; Huntoon, K. M.; Pinnavaia, T Aly. Mater. 2001, 13,

space materials, as they provide a stable two-dimensional

nanospace for chemical processe$ A variety of molecules

1263.

(17) Triantafillidis, C. S.; LeBaron, P. C.; Pinnavaia, TChem. Mater.
2002 14, 4088.

(18) Yao, K.; Taniguchi, M.; Nakata, M.; Takahashi, M.; Yamagishi, A.

*To whom correspondence should be addressed. E-mail: yaoj@mail.shu.edu.cn. Langmuir1998 14, 2410.

T Shanghai University.
* Donghua University.
(1) Vakarin, E. V.; Badiali, J. PJ. Phys. Chem. B002 106, 7721.
(2) Vaysse, C.; Guerlou-Demourgues, L.; Delmas, C.; DugueMat-
romolecules2004 37, 45.
(3) Leroux, F.; Besse, J. Bhem. Mater2001, 13, 3507.
(4) Vieille, L.; Taviot-Guéo, C.; Besse, J. P.; Leroux, Ehem. Mater.
2003 15, 4369.
(5) lyi, N.; Kurashima, K.; Fujita, TChem. Mater2002 14, 583.
(6) Roland-Swanson, C.; Besse, J. P.; Lerouwxirem. Mater2004 16,
5512.
(7) lyi, N.; Matsumoto, T.; Kaneko, Y.; Kitamura, KChem. Mater2004
16, 2926.
(8) Miller, R.; Hrobarikova, J.; Calberg, C.;rdme, R.; Grandjean, J.
Langmuir2004 20, 2982.
(9) Kooli, F.; Khimyak, Y. Z.; Alshahateet, S. F.; Chen, F.angmuir
2005 21, 8717.
(10) Beaudot, P.; De Roy, M. E.; Besse, JOhem. Mater2004 16, 935.

10.1021/cm0620842 CCC: $37.00

(19) Yao, K.; Taniguchi, M.; Nakata, M.; Takahashi, M.; Yamagishi, A.
Langmuir1998 14, 2890.

(20) Yao, K.; Nishimura, S.; Imai, Y.; Wang, H. Z.; Ma, T. L.; Abe, E.;
Tateyama, H.; Yamagishi, A.angmuir2003 19, 321.

(21) Zhong, Z. H.; Ding, W. P.; Hou, W. H.; Chen, €hem. Mater2001,
13, 538.

(22) Allada, R. K.; Pless, J. D.; Nenoff, T. M. Navrotsky, Bhem. Mater.
2005 17, 2455.

(23) Moujahid, E. M.; Dubois, M.; Besse, J.; Leroux, Ehem. Mater.
2002 14, 3799.

(24) Fuijita, S.; Sato, H.; Kakegawa, N.; Yamagishi,JAPhys. Chem. B
2006 110, 2533.

(25) So, H.; Jung, H.; Choy, J.; Belford, R. . Phys. Chem. R005
109, 3324.

(26) Sasai, R.; lyi, N.; Fujita, T.; Arbeloa, F. L.; Mamaz, V. M.; Takagi,
K.; Itoh, H. Langmuir2004 20, 4715.

(27) Matsumoto, Y.; Unal, U.; Kimura, Y.; Ohashi, S.; Izawa,XPhys.
Chem. B2005 109, 12748.

© 2007 American Chemical Society

Published on Web 01/03/2007



336 Chem. Mater., Vol. 19, No. 3, 2007 Communications

are promising materials for influencing and controlling 2.3.4.5.6 2,3, 4.5, 6
molecular reaction processes in the interlayer spaces.

However, it is difficult to influence and control molecular
reaction processes in the interlayer space utilizing current
layered materials as a result of a lack of functional properties
and unchangeable layer structure. Therefore, it is very
important to synthesize novel two-dimensional layered
materials with regular functional groups in the layer structure
to influence and control the molecular reaction processes in
the two-dimensional layer space. The regular arrangement PPm 500 150 100 200 130 100
of functional groups is a key point to influence and control a b
molecular reactions in the two-dimensional molecular space. Figure 1. Solid-state!3C NMR spectra of (a) layered APhTMS-CI and
The regular arrangement of functional groups in the two- () layered AAPhS.
dimensional structure would form a controllable molecular
reaction space through utilization of the interaction between
the regular functional groups and the guest molecule.

Previously, we reported a novel layered aminophenylsilica
material (CI/NH3;"CgH4SiO15, APhTMS-CI) with amino
groups in the layer structufé33® APhTMS-CI exhibited a
stable layer structure and better intercalation response. Here,
we report the development of a novel two-dimensional
molecular space material with regular double bonds. Layered
acrylamidephenylsilica (1;CONHGH,SIO, 5, AAPhS) was
synthesized by liquigtsolid reaction between layered ami- 1800 1600 1400 1300 1000 80 &0
nophenylsilica and acrylic acid. The two-dimensional layered v (em")
molecular space with regular double bonds can be used as Figure 2. IR spectra of (a) layered APhTMS-CI and (b) layered AAPhS.
functional molecular reaction space for chemical and physical
processes by utilization of the functionality of double bonds. respectively, as shown in Figure 1a.

The double bonds regularly arranged in the two-dimensional The solid-state’®*C NMR spectrum of AAPhS clearly
layer space can be used in end-functionalized polymerizationindicated amide formation and the presence of double bonds
and addition reactions with other functional molecules. in the structure, as shown in Figure 1b. The new resonances

The layered APhTMS-CI was prepared as described & 176.5, 149, and 110.7 ppm were observed corresponding
previously3234 Layered AAPhS was synthesized by adding 10 C(=O)—N, —CH= and =CH. from the acrylic acid
1.303 mL of acrylic acid to a mixture of 0.168 g of APhTMS- Moiety in AAPhS, respectively (Figure 1b). The aromatic
Cl and 84 mL of deionized water, and the suspension was Peaks shifted from 135 and 125 ppm in APhTMS-CI (Figure
stirred at room temperature for 2 days. The reactant changed!@) to 136 and 116.4 ppm, respectively, as a result of amide
color from red to yellow. The precipitates were then filtered, formation in AAPhS (Figure 1b).
washed with deionized water and ethanol, and then dried in  The IR spectra were also used to examine amide formation
vacuum. between the amino group of layered APhTMS-CI and the

The solid-state®C NMR spectra of APhTMS-CI and carboxyl group of acrylic acid. A new peak appeared at 1716

—1; o _
AAPHAS are shown in Figure 1. Only two resonances were cm ' in the IR spectrum of AAPhS compared with APRTMS

observed at 125 and 135 ppm referenced to tetramethylsilaneCI (Figure 2). The peak at 1716 cfwas assigned to the

(TMS) for APhTMS-CI (Figure 1a). This was attributed to amide formed between the amino group of layered APhTMS-

the superposition of resonances of carbon species in theCI and the carboxyl group of acrylic acid. The carbonyl peak

aromatic rings of APhTMS-CI due to the aromatic rings fixed ata h|gher wavenumber in the I.R spectrum'of, APRS was
) - considered to be due to the existence of vinyl groups and
in the framework of silica as a layer plate and §Hons

formed. The resonances at 125 and 135 ppm were assigne e carbonyl groups fixed in the layer structure of AAPhS.

to the carbon species connecting with amino groups and other he double bonds coulld not be clearly confirmed in the IR
carbon species in the aromatic rings of APhTMS-CI, spectrum of AAPhS, because the stretching vibration peak

(1680-1620 cnt?) of vinyl groups was covered by the other
peaks in layered aminophenylsilica. However, the solid-state
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Scheme 1. Schematic lllustrations of the Layered Table 1. Elemental Analysis Results of AAPhS
APhTMS-CI Organosilica and Layered AAPhS Organosilica sample C(Wt%) N (Wt%) attempted formula
AAPhS  40.31 5.29 CP=CHCONHGH.)o.
@,ﬁfa eﬁf 0;% Cﬁ% ((CI*NH3+csH4§§.o4%?53.5-3.7wo
length from APhTMS-CI to AAPhS, as shown in Scheme
1. The better XRD response indicated that the layer structure
Si i had been retained during the formation of layered AAPhS
O‘L’dTO‘L’o’sILO Q&'Ol ok by the liquid—solid reaction between layered APhTMS-CI
and acrylic acid and the double bonds were arranged
regularly in the layer structure of layered AAPhS.
NH  NH .
oN oN acnylicacd =0 (=0 The results of elemental analysis of layered AAPhS shown
o o © CIGMde]mdiM\ > { \\ in Table 1 indicated that about 96% of the amino groups in
OnH,  Opm, O=N'H 0=t,?4 layered APhTMS-CI reacted with the carboxyl groups of
acrylic acid to form amides in layered AAPhS. The higher
liquid—solid reactive efficiency between layered APhTMS-
io ] o 1 o5, Cl and acrylic acid further confirmed that the double bonds
°\_E,.I°'T~°~sr°' ~o QSi‘ciq o were regularly arranged in the layer structure of layered
AAPHS.
Layered AAPhS was synthesized by ligtisiolid reaction
om0y PN G petyve_en layered APhTMS-CI and acrylic acid, and better
4 Q liquid—solid reactive behavior was obtained. The results of

solid-state'*C NMR, the IR spectrum, and the XRD pattern

indicated that layered AAPhS has functional regular double
bonds and a stable layer structure, as shown in Scheme 1.
The results of elemental analysis also further confirmed that
the amino groups in layered APhTMS-CI were almost
1.6um completely transformed to amide and the double bonds were
5 15nm a regularly arranged in the layer structure of layered AAPhS.
Otherwise, the regular vinyl groups in the layer structure of

AAPhS can easily be polymerized after treatment with
b K2S,0g. The polymerization of regular double bonds in the

layer structure of AAPhS can be confirmed by spectral
23456 789101112 . . ;
20, ol degree ) analysis. The interlayer distance of layered AAPhS decreases
Figure 3. Powder XRD patterns of (a) layered APhTMS-Cl and (b) layered after polymerization of regular_double bonds in the layer
AAPHS. structure of AAPhS. The reaction processes and structure
with regard to polymerization of layered AAPhS will be
existence of vinyl groups in the layer structure, as describedreported in detail elsewhere.
above. The novel two-dimensional molecular space with regular
The results of solid-statefC NMR and the IR spectrum  double bonds can be used as a functional molecular reaction

of AAPhS indicated that the amino group in the layered Space by utilization of the functionality of regular double
APhTMS-ClI reacted with the carboxyl group of acrylic acid bonds. The distances and the amounts of regular double
at room temperature and the vinyl groups were arranged asoonds in the layer structure can be understood and used as
end-functional groups in the |ayer structure, as shown key pOintS to influence and control molecular reaction
Scheme 1. The better responses of solid-$é@NMR and processes in the two-dimensional molecular space. The
the IR spectrum showed the stable chemical structure of double bonds regularly arranged in the two-dimensional layer

AAPhS and better liquigsolid reactive behavior between Space can polymerize and react with other organic molecules
the layered APhTMS-CI and acrylic acid through liquid-solid reaction. A series of novel layered

The X-ray diffraction (XRD) pattern of AAPhS was clearly rbna:]erti)a.lzlvyith regglar function;al groups can be.syr;‘th(Tsized
different from that of APhTMS-CI. The diffraction peak y hybridizing various types of organic groups in the layer

assigned to the 001 reflection was shifted froh=2 5.45 structure of layered acrylamidephenylsilica. The chemical

in APhTMS-Cl to 2 = 4.0# in AAPhS, as shown in Figure and physical processes in the two-dimensional molecular

3. The interlayer distance shifted from 1.6 nm in APhTMS- SPace can be influenced and controlled by utilization of two-
C.I to 2.15 nm in AAPhS. The changé in the interlayer dimensional layered materials with regular functional groups.

distance was consistent with the change in the molecular CM0620842
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