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The immobilization of APTMS(3-(2-aminoethylamino)propyltrimethoxysilane) and AAPTMS(3-(2-(2-aminoet-
hyl)aminoethylamino)propyltrimethoxysilane) on the surface of high quality mesoporous molecular sieves
MCM-41 and MCM-48 have been confirmed by F.T.-IR spectroscopy, Raman spectroscopy, 29Si solid state
NMR, and a surface polarity measurement using Reichardt's dye. The formation of metal (Co(II), Ni(II), and
Cu(II)) complexes by immobilized aminosilanes have been investigated by photoacoustic spectroscopy(PAS).
The assignment of UV-Vis. PAS bands makes it possible to identify the structure of metal complexes within
mesoporous molecular sieves. Co(II) ion may be coordinated mainly in a tetrahedral symmetry by two APTMS
onto MCM-41, and in an octahedral one by two AAPTMS. Both Ni(II) and Cu(II) coordinated by aminosilanes
within MCM-41 form possibly the octahedral complexes such as [Ni(APTMS)2(H2O)2]2+, [Ni(AAPTMS)2]2+,
[Cu(APTMS)2(H2O)2]2+, and [Cu(AAPTMS)(H2O)3]2+, respectively. The PAS band shapes of complexes onto
MCM-48 are similar to those of corresponding MCM-41 with the variation of PAS intensity. Most of metal
ion(II) within MCM-41 and MCM-48 are coordinated by aminosilanes without the impregnation on the sur-
face.
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Introduction

The preparation and its potential applicability of the func-
tionalized mesoporous silica surface have attracted consider-
able interest in recent years. Mesoporous molecular sieves,
which was synthesized by Mobil group in 1992,1,2 have a
space enough to provide new heterogeneous catalytic envi-
ronment within regular mesopores and the silanol group
consisting of significant portion of surface.2~4 MCM-41
exhibits a hexagonal array of one-dimensional mesopores,
whose diameter was tuned from 15 to 100. Another mesopo-
rous molecular sieve MCM-48 of cubic array which have a
higher catalytic activity than MCM-41 consists of three-
dimensional bicontinuous channels. However, the reports on
MCM-48 are limited compared with MCM-41, probably due
to the difficulty of its synthesis.

The chemical modification of mesoporous materials by
anchoring of organometallic complexes to their surface of
MCM-41 and MCM-48 with well ordered channels, unlike
mesoporous silicas and acid treated clays, is an important
area of research in heterogeneous catalysis and green chem-
istry. Liu et al. reported the alkene oxidation by ruthenium
porphyrin encapsulated MCM-41,5 Rao et al. achieved the
immobilization of triazacyclononane ligands on a glycilated
surface,6 and O'Brien et al. could modify the surface of
MCM-41 via ring opening of a ferrocenophane.7 It is
expected that the channel of mesoporous molecular sieves
can be modified to a nanometer-sized reactor with specific
function and shape by anchoring of transition metal com-
plexes on the wall. 

In the present work, we elucidate the immobilization of
aminosilanes (3-(2-aminoethylamino)propyltrimethoxysilane
(APTMS, (CH3O)3Si(CH2)3NHCH2CH2NH2, 97%, Aldrich) and

3-(2-(2-aminoethyl)aminoethylamino)propyltrimethoxysiane
(AAPTMS, (CH3O)3Si(CH2)3NHCH2CH2NHCH2CH2NH2,
tech, Aldrich)) within the mesopore of high quality MCM
41 and MCM-48 and the characteristics of the metal (Co(
Cu(II), and Ni(II)) complexes formed by the immobilize
aminosilanes using UV-Vis photoacoustic spectroscopy. 

Experimental Section

The chemicals used in the synthesis were fumed si
(99.8%, metal-free, Sigma), cetyltrimethylammonium bromi
(CTABr, 99%, Aldrich) and tetramethylammonium hydrox
ide (TMAOH, 25 wt% aqueous solution, Aldrich). Purel
siliceous MCM-41 was synthesized following a literatu
procedure.8 The molar composition of final gel mixture wa
1.0 SiO2 : 0.27 CTABr : 0.19 TMAOH : 40 H2O. Purely sili-
ceous MCM-48 was synthesized following literature proc
dure.9 The sodium silicate solution was prepared usi
colloidal silica (Ludox HS40 (39.5 wt% SiO2, 0.4 wt%
Na2O, and 60.1 wt% H2O), Aldrich) added to the heated
NaOH solution, whose molar composition is 0.25 Na2O :
1.0 SiO2 : 12.5 H2O. This solution was added into the auto
clave containing the surfactant solution of a mixture 
CTABr, ethanol, and H2O. The molar composition of result
ant gel mixture is 1.4 SiO2 : 1.0 CTABr : 0.35 Na2O : 5.0
EtOH : 140 H2O. The mixture was heated for 16 h at 413 
After additional treatment for improvement of hydrotherm
stability with NaCl solution, the product was then slurried 
an ethanol-HCl mixture (0.1 mol of HCl per L of ethanol
filtered, washed with ethanol, dried in an oven, and calcin
in air at 550 oC for 8 h. 

The quality of MCM-41 and MCM-48 was confirmed b
X-ray diffraction pattern and N2 sorption measurement
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XRD patterns were recorded using a Philips 1710 powder
diffractometer with Cu Kα radiation (40 kV, 40 mA), 0.02o

step size and 1 s step time. N2 adsorption isotherms were
measured at -196 oC using a gas sorption analyzer (Quan-
tachrome Corp., Nova-2000). The calculation of the pore
size distribution (PSD) was performed using the Barrett-
Joyner-Halenda (BJH) formula.10 The cumulative surface
area of the mesopores were obtained from PSD curves.

The procedure for immobilization of aminosilanes (ATPMS
and AAPTMS) was as follows : MCM-41(0.1 g) degassed at
300 oC for 12 h in a vacuum (ca. 10–3 torr.) was saturated
with a dry chloroform. The samples were stirred in a dry
chloroform solution of aminosilanes (10 mL, 0.1 M) at room
temperature for 12 h. After stirring, the samples were filtered
and washed with chloroform and dichloromethane (1 : 1 (v/
v)), dried at 40 oC for 12 h, and placed in an oven at 80 oC
for 12 h to complete Si-O-Si formation, which were desig-
nated by APTMS/MCM-41 and AAPTMS/MCM-41, respec-
tively. IR spectra were recorded on FT-IR spectrometer
(Shimadzu Corp. FTIR-8201PC) with 2 cm–1 resolution and
100 scan times using the KBr pellet technique. 

The APTMS/MCM-41 and AAPTMS/MCM-41 were im-
mersed in a aqueous solution of 0.04 M-Co(CH3CO2)2·
4H2O, NiCl2, and CuCl2·2H2O at room temperature for 2 h,
respectively. The samples were filtered and washed with a
deionized water, and dried at 80 oC for 12 h, which were
design-ated by M(=Co(II), Ni(II), and Cu(II))/APTMS/
MCM-41 and M/AAPTMS/ MCM-41.

According to Rosencwaig-Gersho theory for the photoa-
coustic effect,11 the acoustic signal in optically opaque and
thermally thick solids is proportional to the optical absorp-
tion coefficient of the solid sample for the wavelength and
varies as (the chopping frequency)–3/2. PAS technique made
it possible to detect quantitatively the metal complexes coor-
dinated by aminosilanes immobilized on the wall of MCM-
41. PAS spectra were obtained using a home-made photoa-
coustic spectrometer as illustrated in other literature.12

29Si MAS NMR spectra were recorded at 7.05 T using a
Varian Unity Plus 300 spectrometer with zirconia rotors 7.5
mm in diameter spun in air at 5 kHz. Spectra were acquired
at 59.6 MHz with 90o pulses and 600 s recycle delays.
Chemical shifts are given in ppm from external tetramethyl-
silane (TMS).

In order to demonstrate the immobilization of aminosi-
lanes, Raman spectrometer (Bruker Analytische Messtech-
nik GMBH) with InGaAs detector has been also used. 

Results and Discussion

The quality of MCM-41 and MCM-48 was confirmed by
XRD and N2 sorption measurement. The XRD pattern of
MCM-41 (Figure 1(a)) reflects the high quality of the crys-
tallites. The (100) peak is sharp and intensive. The (110) and
(200) peaks are well resolved, and the (300) peak is
observed clearly. The calcined MCM-41 has a d100 value of
44.4 Å, a pore diameter of 32.5 Å, and a surface area of 1185
m2/g (Figure 2). The XRD pattern of MCM-48 (Figure 1(b))

shows typical peaks of the cubic crystallographic spa
group Ia3d, which indicates that the crystallites are partic
larly well-developed. The calcined MCM-48 has a po
diameter of 26.4 Å and a surface area of 972 m2/g as shown
in Figure 2.

Figure 3 shows the IR spectra of (a) calcined MCM-4
(b) APTMS/MCM-41, and (c) AAPTMS/MCM-41. As
compared with the IR spectra of calcined MCM-41 (Figu
3(a)), some characteristic peaks for the immobilization
aminosilanes appeared as denoted by solid circle in Fig
3(b) and 3(c). Both 2870 cm–1 and 2960 cm–1 for aliphatic
CH stretching, 1558 cm–1 for NH scissoring, 1473 cm–1 for
CH2 bending and 1329 cm–1 for CH3 bending can be
assigned. The 960 cm–1 peak for silanol group of MCM-41
was weakened possibly due to the formation of Si-O-Si lin
age between aminosilane and MCM-41 with demethanoli

Figure 1. XRD patterns of (a) calcined MCM-41 and (b) calcine
MCM-48.

Figure 2. Pore size distribution curves of calcined MCM-41 an
calcined MCM-48 calculated from the desorption branch of t
nitrogen adsorption isothem using the BJH formula.
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tion. The presence of CH3 bending peak associated with
1329 cm–1 shoulder in Figure 3(b) and 3(c) indicates that all
the methoxy groups in aminosilane do not participate the Si-
O-Si linkage with surface silanol group of MCM-41. Chen
et al. reported that there are at least four distinguishable
types of silanol groups in MCM-41.13 Depending on the
local environment of silanol group, all or part of methoxy
groups in aminosilane could be removed by the linkage for-
mation. 

There is no peak in Raman spectrum of calcined MCM-41
resulting from the amorphous silica wall (Figure 4(a)). On
the other hand, the characteristic peaks of aminosilanes,
except of the peaks in the spectra of APTMS and AAPTMS
which are denoted by triangle (Figure 4(c) and 4(e)), have
appeared on treatment of MCM-41 with aminosilane solu-
tions (Figure 4(b) and 4(d)), indicating that aminosilanes

immobilized on the surface of MCM-41. The disappear
2839 cm-1 peak could be assigned to C-H stretching mode
aminosilane's CH3 removed during demethanolization.

The immobilization of aminosilanes is further confirme
by 29Si MAS NMR spectra. Figure 5 shows 29Si MAS NMR
of (a) Si-MCM-41, (b) APTMS/MCM-41, and (c) AAPTMS
/MCM-41, respectively. Peaks in the -100 ppm region a
due to framework silicon atoms, with peaks at -100 ppm a
-110 ppm for Si(OSi)3(OH)(Q3) and Si(OSi)4(Q4) structural
units, respectively. The Q3 peaks of APTMS/MCM-41, and
AAPTMS/MCM-41 are weakened with appearance of pea
at ca. -66 ppm, indicating that part of the surface hydrox
groups react with methoxy groups of aminosilanes. Peak
-65.5 ppm and -66.3 ppm in the spectra of modified MCM
41 by aminosilanes are assigned to tridentate species w
is the aminosilane bound to triple surface hydroxyl grou
as reported by De Haan et al.. The peak corresponding to
bidentate species of ca. 59 ppm is not clearly absent. 

Another evidence for the immobilization of aminosilane
the change of surface polarity of MCM-41. Reichardt's d
is a useful indicator of surface polarity of silica and al
mina.14,15 It is strongly solvatochromic and shows a range
energies for its π → π* absorption band depending on th
polarity of modified surface. The band of 700 nm range 
Si-MCM-41 treated with Reichardt's dye solution reflec
the hydrophobicity of MCM-41's surface, as shown in Fi
ure 6(a). Upon treatment of Reichardt's dye for APTM
MCM-41, λmax was blue-shifted to 500 nm, which is due 
organic group of APTMS bound on the surface of MCM-4
In case of AAPTMS/MCM-41, only weak band of 700 nm
was occurred. It may be attributable that it is difficult fo
Reichardt's dye to diffuse into mesopores of MCM-41 due
blocking of long organic chain of AAPTMS anchored on th
surface of MCM-41. 

Figure 7 shows the photoacoustic spectra of (a) APTM
MCM-41, (b) Co/APTMS/MCM-41, and (c) Co/AAPTMS/

Figure 3. IR spectra of (a) calcined MCM-41, (b) APTMS/MCM-
41, and (c) AAPTMS/MCM-41.

Figure 4. Raman spectra of (a) calcined MCM-41, (b) APTMS/
MCM-41, (c) APTMS, (d) AAPTMS/MCM-41, and (e) AAPTMS.

Figure 5. 29Si MAS NMR spectra of (a) MCM-41, (b) APTMS/
MCM-41, and (c) AAPTMS/MCM-41.
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MCM-41. Figure 7(a) shows the PAS spectrum of APTMS/
MCM-41. There is no absorption band in this wavelength
range. After treatment with Co(II) solution, the triplet bands
around 600 nm and very intensive charge transfer band
below 400 nm appeared as shown in Figure 7(b). In a crystal
field environment of Td symmetry, the ground-state energy
level 4F of Co(II) is split into three level, 4A2, 4T2, and 4T1(F),
respectively.16 Electronic transition among these and the
next higher level 4T1(P) in a same spin state is allowed
according to the selection rule for the electronic transition.
The band due to the transition 4T1(P)← 4A2 occurs in the
range of visible and is split into triplet bands due to spin-

orbit coupling. Therefore, the triplet band around 600 n
can be responsible for the Co(II) complex coordinated te
hedrally by two APTMS/MCM-41. Scheme 1(a) show
Co(II) coordinated by four ligating N atoms of two neigh
boring immobilized APTMS. Especially, λmax values for
triplet bands deconvoluted by curve-fitting calculation a
512 nm, 579 nm, and 650 nm, respectively, at almost sa
space (an inset in Figure 7), which is attributable to high 
rahedral symmetry of Co(II) complex. However, it is diff
cult to rule out completely the presence of Co(II) in oct
hedral environment since the intensity of the correspond
bands will be an order of magnitude lower and hence will
masked by the intense bands of the tetrahedral Co(II). In
case of Co/AAPTMS/MCM-41, PAS spectrum (Figure 7(c
characteristic of octahedral structure, as shown in sche
1(b), was obtained. It is attributable to coordination of Co(
by six ligating N atoms of two neighboring immobilize
AAPTMS. The band around 500 nm is a characteristic o
for the octahedral complex [Co(H2O)6]2+.17,18 The weak band
around 650 nm due to some tetrahedral structure, whic
possibly related to Co(II) coordinated by the single AAPTM
was showed.

Another evidence for the oxidation state of cobalt ion w
obtained using VG Microtech. MT500 model electron spe
trometer with X-ray excitation from MgKα. Figure 8 illus-
trates the XPS spectra of Co/APTMS/MCM-41 and C
AAPTMS/MCM-41. Smoothed curves of spectra in Co 2
energy region as shown in an inset in Figure 8 have sate
peaks on high binding energy side of 2p1/2 and 2p3/2 peaks,
even though some obscurity due to low signal/noise ra
Frost et al. have reported that Co(II) complexes have sat
lite peaks while low spin Co(III) complexes do not.19 

Figure 9(a) and 9(b) show PAS's of Ni/APTMS/MCM-41
Ni/AAPTMS/MCM-41, respectively. Three spin-allowed tran
sition are expected from the energy level diagram for Ni(

Figure 6. Photoacoustic spectra of (a) calcined MCM-41, (b)
APTMS/MCM-41, and (c) AAPTMS/MCM-41 treated at room
temperature for 1 h with Reichardt's dye solution (10 mL, 10–4 M),
respectively.

Figure 7. Photoacoustic spectra of (a) APTMS/MCM-41, (b) Co/
APTMS/MCM-41, and (c) Co/AAPTMS/MCM-41. Inset shows
the deconvoluted curves of PAS for Co/APTMS/MCM-41 by
curve-fitting calculation.

Figure 8. X-ray photoelectron spectra of (a) Co/APTMS/MCM-4
and (b) Co/AAPTMS/MCM-41. Inset shows the smoothed a
enlarged XP spectra of the cobalt 2p photoelectron region of
spectrum (a) and (d) spectrum (b).
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ions in an octahedral complex, as reported in Ref(20). Two
observed bands in PAS of Ni/APTMS/MCM-41 at λmax of
380 nm and 600 nm can be assigned as the transitions corre-
sponding to 3A2g→3T1g(P) and 3A2g→3T1g(F) for octahedral
Ni(II) complexes, respectively.20 It seems that Ni(II) is coor-
dinated by two aminosilanes and two water molecules. The
band for 3A2g→3T2g transition at a higher wavelength range
can not be observed due to the limitation of light source for
PAS. In case of Ni/AAPTMS/MCM-41, though the value of
λmax for 3A2g→3T1g(P) is not clear, both bands are blue-
shifted comparing to those of Ni/APTMS/MCM-41, which
may be due to the coordination with six ligating nitrogen
atoms lying toward the stroger end of spectrochemical series
than ligating oxygen atom of water. Both Ni(II) complexes
coordinated by aminosilanes anchored to MCM-41 have an
octahedral geometry. The PAS intensity of Ni/APTMS/
MCM-41 is higher than that of Ni/AAPTMS/MCM-41, which
is attributable to the increased molar absorptivity resulted
from a lower symmetry of octahedral coordination sphere of
[Ni(APTMS)2(H2O)2]2+ than that of [Ni (AAPTMS)2]2+.

Figure 9(c) and 9(d) show PAS's of Cu/APTMS/MCM-41
and Cu/AAPTMS/MCM-41, respectively. Only strong band
at ca. 600nm, which is assigned to the spin allowed transtion
2E2g→2T2g, indicates that both complexes are an octahedral
geometry. It have been reported that absorption bands for a
series of [Cu(NH3)n(H2O)6-n]2+(n=0-4) move from ca. 800
nm to ca. 600 nm with the increase of value n due to a stron-
ger ligand field of ammonia.21 The band at 606 nm of λmax

for Cu/APTMS/MCM-41 can be attributable to the forma-
tion of [Cu(APTMS)2(H2O)2]2+. As shown in Figure 9(d),
PAS of Cu/AAPTMS/MCM-41 shows a intensive and broad
band of λmax value at ca. 646 nm. Because of Jahn-Teller
effect, it is expected that the Cu(II) in Cu/AAPTMS/MCM-
41 is not coordinated by two AAPTMS's but by a AAPTMS
and three water molecules. It is conformed by the slight

weakened intensity and the red shift of band of Cu/AAPTM
MCM-41 comparing to that of Cu/APTMS/MCM-41.

Comparing to MCM-41, the PAS band shapes of co
plexes onto MCM-48 are similar to those of correspondi
MCM-41 with the variation of PAS intensity. Though th
atomic ratios of metal to silicon for most of MCM-48 base
samples using EDX(KEVEX Corp. KEVEX superdry dete
tor) are larger than those of MCM-41 as listed in Table 1, 
PAS intensity decreased inversely in comparison with th
of MCM-41 based samples, as shown in Figure 10 (a)-(f)
may be due to the adsorbed water molecules within MC
48 samples. Exceptionally, PAS of Co/AAPTMS/MCM-4
shows higher intensity than that of Co/AAPTMS/MCM-41
which may be due to the increase of and a portion of tetra
dral complexes whose molar absorptivity is an order of m
nitude higher than octahedral one. 

Metal ions impregnated within MCM-41 and MCM-48
without immobilized aminosilane was removed complete
upon stirring in water for 2 h at room temperature. On t

Figure 9. Photoacoustic spectra of (a) Ni/APTMS/MCM-41, (b)
Ni/AAPTMS/MCM-41, (c) Cu/APTMS/MCM-41, and (d) Cu/
AAPTMS/MCM-41.

Table 1. The atomic ratios of silicon to metal(Co, Cu, and Ni) io
using EDX

sample Si/Co Si/Cu Si/Ni

 Co/APTMS/MCM-41 35.2
 Co/AAPTMS/MCM-41 33.0
 Co/APTMS/MCM-48 36.4
 Co/AAPTMS/MCM-48 22.4
 Cu/APTMS/MCM-41 16.9
 Cu/AAPTMS/MCM-41 17.0
 Cu/APTMS/MCM-48 13.8
 Cu/AAPTMS/MCM-48 10.2
 Ni/APTMS/MCM-41 32.8
 Ni/AAPTMS/MCM-41 28.7
 Ni/APTMS/MCM-48 27.2
 Ni/AAPTMS/MCM-48 19.6

Figure 10. Photoacoustic spectra of (a) Co/APTMS/MCM-48, (b
Co/AAPTMS/MCM-48, (c) Cu/APTMS/MCM-48, (d) Cu/AAPTMS
/MCM-48, (e) Ni/APTMS/MCM-48, and (f) Ni/AAPTMS/MCM-48.
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contrary, metal ions coordinated by amminosilanes immobi-
lized onto MCM-41 and MCM-48 were stable while treat-
ment with water. This result reflect that most of metal ions
are coordinated by ligating N atoms of aminosilanes without
the impregnation on the surface of MCM-41.
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