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ABSTRACT

Acidic tetra-n-butylammonium (TBA) salts of Keggin type transition-metal-monosubstituted polyox-
ometalate TBA4HPW;;Co039 (Co-POM) have been chemically anchored to the amino-modified silica
(NH2-(CH;)x-SiO3, x=0, 2, 3) containing 40-710 pmol NH;-groups per 1g of support. The interaction
of Co-POM with NH,-(CH; ),-SiO, was studied by DR-UV-vis spectroscopy. Spectroscopic data revealed
that the type of interaction between Co-POM and support depends on the amount of anchored functional
NH,-groups. It was found that Co-POM was attached to NH,-(CH;)x-SiO, support both by the electro-
static NHsz*- - -Co-POM~ and dative (Si-OH- - -Co-POM) bonding. Both the amount of anchored NH,-groups
and the distance between NH;-group and surface of silica affect the nature of the interaction between
Co-POM and surface functional groups. The increase of the amount of anchored NH,-(CH; );-groups leads
to decrease in the contribution of dative bonding Si—OH. - -Co-POM and an increase in the contribution
of electrostatic bonding NH3*- - .Co-POM~. The activity of the immobilized Co-POM was tested in ben-
zyl alcohol oxidation with oxygen in CH3CN medium. It was found that catalytic activity and stability
of Co-POM depend on the nature of interaction between Co-POM and surface groups of support that is
adjustable both by the amount of anchored functional NH,-groups on silica support and the distance

between NH,-group and surface of silica.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The development of heterogeneous catalysts for the liquid-
phase oxidation of organic compounds is a challenging goal
[1]. Transition-metal-substituted polyoxometalates (POM) have
attracted much attention as oxidation catalysts due to their unique
physical-chemical properties such as thermal and hydrolytic sta-
bility, motile acidities and red-ox potentials, etc. [2,3]. One of
the disadvantages of POMs utilization as homogeneous catalysts
is the difficulty of their separation from reaction mixture and
their inevitable loss during recycling. The attempt to heterogeniza-
tion of homogeneous catalyst as alternatives to more traditional
reagents and catalysts has been one area of research that has seen
increasing interest. The high catalytic activity of supported sys-
tems is one of the lively motivates for heterogenization of POMs
on the support surface. Substantial efforts have been done for
the immobilization of POMs on the surface of supports, such as
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Si0,, carbon, Al;0s3, etc. [4-9]. Unfortunately, POMs physically
adsorbed on a support very easily leach into reaction solution,
especially in polar medium. One mode of solving this problem
is to use a support modified with functional groups such as car-
boxylic groups, lactam, amide, imide or amino-groups for the
anchoring of POMs [10-17]. Much recent work was focused on
the preparation of organically modified solid bases to heteroge-
nization of homogeneous amine catalyst. Thus, silicates containing
combinations of hydrophilic poly(ethylene oxide), hydropho-
bic poly(propylene oxide) and cationic quaternary ammonium
groups appeared to be good supports for HsPV,;Mo019049 and
[ZnWMn,(ZnWg039)2 ]2~ resulting in formation of active cat-
alytic assemblies for oxydehydrogenation of dihydroanthracene
with recycling possibility [13]. In Ref. [12] transition-metal-
substituted polyoxometalates of the type [M"(H,0)PW;1039]°>~
(M=Co and Zn) and [SiWq037{Co'(H,0)}3]'°~ have been suc-
cessfully anchored to amino-functionalized porous silica supports.
This method allowed obtaining high dispersion of the POMs,
essential accessibility of active site for reagents and mini-
mal leaching of POM. According to Ref. [11] TBA4HPW{;C0039
and TBAsPW;;Co0O39 were electrostatically bound to NH,- and
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NHs3*-groups located on the surface of mesoporous silica, corre-
spondingly. This permits to keep activity for at least 3 catalytic
cycles in selective aerobic oxidation of isobutyraldehyde due to the
low loss of POMs.

In spite of amino-modified silica materials were widely used
for immobilization of POMs, the effect of physicochemical proper-
ties of NH,-modified supports on catalytic properties of POMs is
less studied. The amount and the basicity of anchored functional
NH;-groups can be expected to be important in determining the
strength and the nature of interaction between functional groups
of support and reagents/or POMs. Thus, various NH,-modified sil-
ica matrixes, such as SiO,-xerogels (1.15mmol NH,-groups/g),
MCF (2.59mmol NH,-groups/g), and SBA-15 (0.64 mmol NH,-
groups/g) were used for electrostatic binding of TBA4;HPW{1C0039
(Co-POM) in Ref. [18]. It was found that the nature of the
support hardly affects the selectivity of a-pinene epoxide in «-
pinene co-oxidation with isobutyraldehyde, while the effect of
amount of NH,—(CH;)3-groups on the selectivity was appreciable.
In this paper we have synthesized (NH,—(CH;)x-SiO,, x=0, 2, 3)
supports with different amounts of NH,-groups (40-710 wmol/g
SiO,). The proton-acceptor properties (basicity) of these amino-
containing materials were investigated by IR spectroscopy with
CDCl3 as probe molecule. These NH,-(CH;)x-SiO, samples were
used for the immobilization of acidic tetra-n-butylammonium
salts of Keggin type transition-metal-monosubstituted polyox-
ometalate TBA4HPW;1Co039 (Co-POM). Catalytic properties of
Co-POM/NH;-(CH;)x-SiO, samples were tested in benzyl alcohol
oxidation with oxygen.

2. Experimental
2.1. Materials

Benzyl alcohol, 3-aminopropyltriethoxysilane (APTES) and
HO(CH,);NH; were purchased from Aldrich and used without
further purification. Silica Davison 952 was used as support.
TBA4HPW,1Co039 was synthesized by the methods described in
Ref. [11]. CDCl3 was purified under P,05 with subsequent distil-
lation. Toluene was dried over molecular sieves (4A), and then
distilled from molten sodium metal and stored under an inert atmo-
sphere.

2.2. Synthesis of supports and catalysts

The synthesis was performed using “break seal” techniques [19].
Prior to functionalization, silica was heated in air at 500 °C for 3 h,
then placed into the quartz ampoule and dehydroxylated in vac-
uum at 700°C for 3 h.

2.2.1. Synthesis of NH,—(CH )x-SiO, supports

Synthesis of NH,-SiO, support. SiO, was treated with SO,Cl,
(50, Cl,/Si-OH =10/1 mol/mol, where [Si-OH] is the amount of OH
groups per 1g of support) for 1h at 200 °C and dried in vacuum at
200°C (residual pressure 0.001 Torr). Then the sample was treated
by NH3 (400 Torr) for 1h at 400°C and dried in vacuum for 4 h at
400°C (residual pressure 0.001 Torr).

Synthesis of NH,—(CH;),-SiO, support. A  weighted
amount of silica (1g) was mixed with liquid HO(CH,),NH,
(HO(CH;);NH;]/[Si-OH] =5/1 mol/mol). This mixture was heated
at 150°C for 30h. Then NH;-(CH;),-SiO, was washed with
toluene and dried in vacuum at 80°C for 4 h.

Synthesis of NH,-(CH;)3-SiO, support. A weighted amount of
silica (1 g) was mixed with a liquid 3-aminopropyltriethoxysilane
(0.05-1.0 mmol). This mixture was heated at 150°C for 30 h. Then
NH;,-(CH;)3-SiO, sample was washed with toluene and dried in
vacuum at 80°C for 4 h.

2.2.2. Synthesis of Co-POM/NH,-(CH, )x-SiO, supported
catalysts [10]

Asample was prepared by dissolving 0.13 g of TBA;HPW{1Co039
in 15ml CH3CN and adding 1g of NH,-(CH;)x-SiO5, stirring for
1h at room temperature, filtering, washing with CH3CN until the
filtrate becomes colorless, and then drying in air at room temper-
ature. The percentage of Co-POM on support was determined by
both weight difference and elemental analysis. The Co-POM loading
was about 12 wt.%. The amount of NH,-groups was determined by
titration with 0.02 M HCl aqueous solution and analytical analysis.

2.3. Physical measurements

Samples of NH,—(CH;)x-SiO, in form of dry powders were
placed into a special cell for DRIFT measurements under vacuum.
The samples were exposed to saturated CDCl3 vapor for 3 min at
room temperature. IR spectra of adsorbed CDCl; are presented as
difference spectra of the sample before and after CDCl3 adsorp-
tion. The DRIFT spectra were recorded on a Shimadzu FTIR-8300
spectrometer with a DRS-8000 diffusion attachment in the range
of 400-6000 cm~! with a resolution of 4cm~1.

The samples were placed into a special cell (0.2 cm path length)
for DRS measurement. The DRS spectra were recorded on an
UV-2501 PC Shimadzu spectrometer with an IRS-250A diffusion
reflection attachment in the 190-900 nm range with a resolution
of 2nm.

N, adsorption measurements were carried out using an ASAP-
2400 Micromeritics instrument.

2.4. Investigation of NH,—(CH;)3-SiO; samples by pH titration
method [20]

0.1-0.3 g of NH,-(CH;)3-SiO, sample was dispersed in 20 ml
H,0. The mixture was titrated by 0.02M HCl aqueous solution.
The titration speed was 0.03 mlmin~! to ensure diffusion of the
reactant to all the active centers in the porous solid.

2.5. Catalytic test

Benzyl alcohol oxidations with O, in the presence of Co-
POM/NH;-(CH;)x-SiO, were carried out in autoclave for 24h
at 60°C. Catalyst and benzyl alcohol in acetonitrile were added
into autoclave and subjected to 3 atm oxygen. Benzyl alcohol and
benzaldehyde were determined by GC using a gas chromato-
graph ‘Tsvet-500’ equipped with a flame ionisation detector and
a 2m x 3mm column filled with SE-30. Cyclohexanol was used as
an internal standard for GC.

3. Results and discussion
3.1. Structure of NH,—(CH, )x-SiO, samples

Fig. 1 shows DRIFT spectra of SiO, dehydroxylated in vacuum at
700 °C before and after amino-modification. The band at 3745 cm™!
attributed to terminal Si-OH groups [21] is observed in the spec-
trum of SiO, (Fig. 1, spectrum 1) and the intensity of this band
decreases after a modification of silica with amino-groups. The
DRIFT spectra of NH,—(CH;)x-SiO, samples exhibit the bands in
the regions of 2700-3000cm~! and 3000-3550 cm~!, which can
be attributed to stretching vibrations of CH,- and CHs-groups
[20,22] and NH,-groups [20,21], respectively. One can see from
Fig. 1 that the position of the vyy bands strongly depends on the
value of x in the NH,-(CH;)x-SiO, samples. Two bands at 3540
and 3455 cm™! are observed in spectrum of NH,-Si0,(70) (Fig. 1,
spectrum 2). At the same time in spectra of NH,-(CH;),-Si0,(710)
and NH,-(CH;)3-Si0,(390) supports the shift of both vyy bands
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Fig. 1. DRIFT spectra of SiO, (1), NH,-Si05(70) (2), NH~(CH; )2-Si02(710) (3) and
NH,~(CH, )3-Si02(390) (4).

to the lower frequency region was observed (Fig. 1, spectra 3
and 4, respectively), i.e. the longer the distance between NH;-
group and surface of silica, the larger the shift of the vyy bands
to low frequency region. Interestingly, NH,-SiO(70) mainly pos-
sesses terminal NHj-groups, while NH,-(CH;),-SiO,(710) and
NH,—-(CH;)3-Si0,(390) samples have both terminal NH,-groups
and hydrogen-bonded NH,-groups (-NH>- - -HO-Si, -NH,—- - -H3C-
and -NH;----NH,-) [23].

The effect of the amount of NHj-groups on the sur-
face of silica has been studied for silica modified with
3-aminopropyltriethoxysilane (NH,—(CHj;)3-SiO, samples). It has
been shown by IRS [20], 'H and !3C NMR MAS [24] that APTES is
immobilized on the silica via chemical interaction of ethoxy-groups
of APTES with Si—OH groups of silica (Eq. (1)):

HoN

°H,
=SiOH + NH,CH,CH,CH,Si(OCH,CHz); — HSCLWTI-cJ '
(8]

30 _ 12
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Fig. 2. DRIFT spectra of SiO; (1), NH,-(CH;)3-Si0,(40) (2), NH2—(CH;)3-Si02(90)
(3), NH2-(CH3)3-Si02(270) (4), NH2-(CH3)3-Si02(390) (5) and UV-vis spectrum of
APTES (liquid) (6).

that for NH,-(CH, )3-Si0,(40) and NH,-(CHj )3-Si0,(90) (compare
spectra 4 and 5 with spectra 2 and 3 in Fig. 2). This phenomenon
is very likely caused by the appearance of hydrogen-bonded NH,-
groups due to the interaction of NH,-groups with Si-OH groups
(-NH;- - -HO-Si), because in the case of NH,—(CH;)3-Si0,(270)
and NH,-(CH,)3-Si0,(390) samples the amount of NH,-groups
anchored is comparable with the amount of Si—OH groups.

The textural analysis of NH,—(CH,)3-SiO, samples indicates
that 3-aminopropyltriethoxysilane was effectively grafted onto the
silica surface. As one can judge from Fig. 3, the specific surface area,
pore volume and pore diameter decrease with the increase in the
amount of APTES grafted. This phenomenon may be explained by
a result of blocking of some pores by grafted NH,—(CH; )3 —groups.
Taking into account that one aminopropylsilane covers approxi-
mately 50A2 [25] we estimated the surface area covered by the
organic layer on the surface of samples (Saprgs). It was found that

HoN HoN

Si=
4 \I

% UJIM %

As emerges from Fig. 2, the grafting 3-aminopropyl-
triethoxysilane to silica favours the decrease of intensity of the
band at 3745 cm~!. Simultaneously new bands appear in region of
stretching vibrations of the NH,-groups (3000-3550cm~!). The
intensities of vyy bands increase with increase of the amount of
APTES.

According to Ref. [21], silica dehydroxylated at 700°C con-
tains 1.15 wmol Si-OH groups per m? of SiO,. Therefore silica
used for the preparation of NH,-(CH,)x-SiO, samples contains
300 wmol OH groups per g. Based on these data it can be calculated
that in NH,-(CH;)3-Si0,(40) and NH;-(CH,)3-Si0,(90) samples
the amount of NH,-functional groups anchored is lower than the
amount of free Si—-OH groups remained in the surface of silica
after dehydroxylation at high temperature (see Coy/Cnn, Values in
Table 1). As emerges from spectra 2 and 3 in Fig. 2, the intensity of
the band at 3745 cm™! attributed to terminal Si—-OH groups sharply
decreases and intensity of the vyy bands at 3380 and 3300 cm™!
increases for NH,—(CH,)3-Si0,(40) and NH,—(CH)3-Si0,(90)
samples, respectively. The intensities of vyy bands are higher for
NH,—(CH;)3-Si0,(270) and NH;-(CH>)3-Si05(390) samples than

— i (1)
the increase of the amount of APTES grafted leads to the linear
increase of the Saprgs/Ssample atio (Fig. 3A), that can indicate mono-
layer coverage of silica surface by 3-aminopropyltriethoxysilane.
Therefore, the blocking of pores leads to decrease in the average
pore diameters of the samples and the formation additional pores
with small diameter (Fig. 3D).

3.2. Base properties of NH,—(CH; )x—SiO, samples

Base properties of NH,—(CH5)x-SiO, samples have been stud-
ied by IR spectroscopy with CDCl3 probe molecule. CDCl5 is a soft
probe molecule for basic sites such as amines, ketones, oxides,
base zeolites [23,26-29]. Spectra of CDCl3 adsorbed on the pure
SiO, and NH;-(CH,)3-SiO, samples with different amounts of
anchored NH;-groups are shown in Fig. 4. A gas phase frequency
ve_p of CDCl3 is equal to 2268 cm~! [26,27]. This frequency becomes
lower (vc_p 2265cm™1) after adsorption of CDCl3 on the silica
(Fig. 4, spectrum 1). According to Ref. [27] this band is attributed
to the complex of CDCl3 with Si-OH groups. The DRIFT spec-
tra of NH,—(CHj,)3-Si0, samples exhibit the absorption bands in
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Table 1
Spectral characteristics (vc_p) of NH,-groups for NH,-(CH; )x-SiO, samples and parent silica support according to adsorption of CDCl; probe molecule.
Sample Amount of NH; (wmolg=1) Con/Cnh, (molmol™") vep (cm™1) Avcp (cm™1) PA (kjmol~1)
CDCls - - 2268 - -
Si0,? - - 2265 3 733
APTES - = 2197 71 941
NH,-Si0,(70) 70 43 2255 13 829
NH,-(CH>);-Si05(710) 710 0.4 2215 53 919
NH,—-(CH, )3-Si05(40) 40 7.5 n.d.b = =
NH,—-(CH,)3-Si0,(90) 90 33 2206 62 932
NH,-(CH>)3-Si0,(200) 200 15 2206 62 932
NH,-(CH,)3-Si0,(270) 270 1.1 2203 65 935
NH;-(CH;)3-Si02(390) 390 0.8 2200 68 938
2 Si0, was dehydroxylated in vacuum at 700°C for 3 h.
b Not determined.
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Fig. 3. Effect of NH;-groups content on the specific surface area and the change of APTES surface area based on the specific surface area (Sapres/Ssample ratio) (A), pore
volume (B) pore diameter (C) and pore-size distribution plots from N, adsorption experiments (D): SiO; (1), NH2—-(CH3)3-Si02(40) (2), NH2-(CH;)3-Si02(70) (3) and

NH;—(CH;)3-Si0,(340) (4) samples.

the regions of 2190-2210cm~! and 2230-2260 cm~!. The band at
2247 cm~! can be attributed to the complex of CDCl; with ethoxy-
groups of APTES, that is in a good agreement with spectrum of
Si(OEt)4—CDCl3 solution (Fig. 4, spectra 7 and 8). The bands in
the region of 2190-2210cm~! can be attributed to the interac-
tion between CDCl3 and NH,-groups. The position of these bands
depends on the amount of immobilized APTES. The increase of
the amount of APTES leads to the low frequency shift. Probably
the change of nature of interaction of NH,-groups with functional
groups of support causes this shift. It is worth to note that the spec-
trum of NH,-(CH;)3-Si05(390) is similar to the spectrum of the
mixture of APTES and CDCls (Fig. 4).

2259

Interestingly, the NH,-groups remoteness from surface of sil-
ica support affects the position of the vc_p band in spectra
of NH,-(CH;)x-SiO, samples (Table 1). The longer the distance
between NH,-group and surface of silica, the larger the bands shift
to low frequency region.

The strength of NH,-groups was calculated from shift of vc_p
band using Eq. (2) [26-28]:

log Ay, = 0.0066 x PA — 4.36 )

where PA is proton affinity, kfmol~!. Calculated PA values of
NH;—-(CH; )x-SiO, samples are presented in Table 1. Proton affinity
for SiO, is equal to 733 kJmol~1. As shown in Table 1, for NH,-
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Fig. 4. DRIFT spectra of CDCl3 adsorption on SiOy (1), NHy—(CH;)3-Si02(40) (2), NH2—(CH3)3-Si02(90) (3), NH2—-(CH3)3-Si02(200) (4), NHy—(CH;)3-Si0,2(270) (5),
NH;—(CH;)3-Si0,(390) (6), APTES:CDCls 1:1 (mol/mol) (7) and Si(OEt)4: CDCl3 1:1 (mol/mol) (8).
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Fig. 5. Titration curves obtained for NH,-(CH;);-Si0»(140) (1) and
NH»—-(CH;)3-Si02(340) (2) samples with adding 0.02M HCl. The titration
speed was 0.03mlmin~'. Inset: Correlation between first equivalent point and
second equivalent point determined by titration of NH,—(CH;)3-Si0, samples.

modified SiO, support the range of PA value is 829-940 k] mol~1. As
emerges from the data presented in Table 1, the PA value increases
with the increase of the value of x in the NH,—(CH> )x-SiO, samples
in the following order:

NH,-Si05(70) < NHy-(CH,),-Si05(710)
< NHz—(CH2)3—5102(390)

PA increases with growth of APTES amount and runs up to PA
value of the mixture of APTES and CDCl3. The increasing of the basic-
ity of NH,-(CH> )3-SiO, with the increase of the amount of APTES
anchored is likely caused by the decreasing effect of free Si-OH
groups.

In all likelihood, one of the main reasons is the change of the
nature of interaction of NH;-groups with silica support. Thus, the
higher the amount of APTES anchored on the surface of support, the
lower amount of unreacted free Si-OH groups. These interchanges
are accompanied by the decrease of the contribution of hydrogen-
bonded NH,-groups (-NH,---HO-Si). Moreover, the longer the
distance between NH;-group and surface of silica, the weaker the
interaction between NH,- and Si-OH groups, and therefore, the
higher the PA value.

Direct titration of NH,—(CH,)3-SiO, samples by 0.02M HCI
allows determining two types of basic sites on the surface of solid.
As shown in Fig. 5, two successive pH jumps are observed in the
characteristic titration curves of NH,—(CH;)3-SiO, samples. The
first one with a constant of proton exchange (KIE’,) 9.4-9.6 and sec-
ond one with a K,‘}, 6.7-7.0 are ascribed to protonation of the free
amino-groups (I) and the protonation of the zwitterion-like species
(1), correspondingly [19]:

HzN

HO-Si=OH  HO-Si-OH N’
o §_@
| ! I

ey (1)

As can be seen from Fig. 5, the increase in amount of APTES
grafted on silica leads to the linear correlation between these two
equivalent points. This shows that these two type of amino-groups
co-existin the surface of NH,-(CH, )3-SiO, samples with a constant
(D/(1I) ratio, which is about 1:2.
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Fig. 6. DR-UV-vis spectra of TBA4HPW;;C0039 (solid) (1), Co-POM/SiO,
(2), Co-POM/NH,—(CH;)3-Si02(40) (3), Co-POM/NH;—(CH,)3-Si02(90) (4),
Co-POM/NH>—(CH>)3-5i02(200)  (5),  Co-POM/NH,-(CH;)3-Si02(270)  (6),
Co-POM/NH>-(CH;)3-5i02(390) (7).

3.3. Preparation and investigation of Co-POM/NH;—(CH3)x-SiO,

The interaction between TBA4HPW;1C0039 and NH;-(CH;)x—
SiO, support was studied by DR-UV-vis spectroscopy. DR-UV-vis
spectra of TBA4HPW{1Co03g salt and Co-POM immobilized on pure
SiO, and NH;—-(CH;)3-SiO, samples are presented in Fig. 6.

The bands at 570, 546 and 510nm are observed in spec-
trum of Co-POM (Fig. 6, spectrum 1). The band at 570 nm and
a small shoulders at 510 nm are attributed to d-d electron tran-
sition (4T14(P)— *Tqg) for octahedral Co"" coordination with six
oxygen bound ligands [13,29]. Other bands appeared due to the
distortion of crystalline structure of Co-POM. Changes of the
ligand-field band in the 450-750 nm region are observed after
supporting Co-POM on SiO, and NH,—(CHjy)3-SiO, support. The
shift of bands (510 — 503 nm, 570 — 580 nm and 546 — 531 nm)
and lines spreading are observed in spectra (Fig. 6). The shape
of the spectrum of Co-POM/NH;-(CH;)3-Si0,(40) is almost the
same as that of Co-POM/SiO,, indicating the similar character of
interaction between Co-POM and both supports (Fig. 6, spectra 2
and 3). Co-POM is datively linked to support in both samples. It
is believed that this dative bond forms by means of interaction
Si—OH. - -Co-POM due to the high amount of free Si-OH groups
on the surface of NH,—(CHj;)3-Si0,(40) sample with the lowest
amount of anchored NH;-groups (Table 2)[12]. The shape of spectra
of Co-POM/NH,—-(CH;)3-Si0,(90-390) samples changes signifi-
cantly with increasing amount of anchored NH,-groups (Fig. 6,
spectra 4-7). One broad line in the region of 570-531nm is
observed in the spectrum of all samples, which is also observed in
the spectra of five-coordination high spin complexes of cobalt (II)
[30].Itisreasonable to expect that the change in symmetry of cobalt
ion is due to the formation of electrostatic bonding NH3™- - -Co-
POM-~. The increase of APTES amount leads to hypsochromic shift
of band from 580 to 560 nm. The observed shift can points to the
re-allocation of electron density in heteropoly anion, because the
value of shift proportionate to the change of the electron density
distribution in Co-POM molecule [31]. The changes in spectra of
Co-POM/NH,-(CH,)3-SiO, samples with the change of amount of
APTES grafted on silica can be attributed to the alteration of the
character of interaction of Co-POM with surface functional groups,
because the increase in the amount of APTES results in the decrease
of Con/Cnh, ratio and increase of NH,~/Co-POM ratio, simultane-
ously (Table 2).

A series of impregnation experiments were performed to esti-
mate the effect of distance between NH,-group and surface of
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Table 2
Benzyl alcohol oxidation with oxygen in the presence of Co-containing systems?.

Catalystb COH/CNH2 NH,-/Co-POM CBzOH/CNHZ CgH5CH,0H Selectivity of
(mol mol ™) (molmol-1) (molmol ™) conversion (%) CgHsCHO (mol.%)
Without catalyst - - - <1 n.d.
SiO, - - - <1 n.d.
NH>—-(CH, )3-Si0,(270) 11 - 28.6 <1 nd.
Co-POM€ - - - 8 100
Co-POM/NH,-Si0,(70) 43 1.7 111.1 13 100
Co-POM/NH;-(CH3)>-Si02(710) 0.4 17.7 11.0 10 100
Co-POM/NH>~(CH; )3 -Si0,(40) 7.5 1.0 200.0 8(3)d 100 (100)¢
Co-POM/NH>~-(CH; )3-Si02(90) 3.3 2.2 90.9 10 100
Co-POM/NH,-(CH, )3-Si05(270) 1.1 6.7 286 22 100
Co-POM/NH, ~(CH> )3-Si02(390) 0.8 9.7 20.0 22 (21)¢ 100 (100) ¢
Co-POMs/NH,~(CH> )3-Si0(500) 0.6 12.5 15.6 20 98

2 Reaction conditions: 0.13 M C¢HsCH,OH in 3 ml CH3CN, 3 atm oxygen, 50 mg catalyst, 60°C, 24 h.

b 0.12 g Co-POM was supported on 1g of NH,—(CH; )x-SiO,.
¢ 5mg Co-POM.
d Catalyst was re-used in the second catalytic cycle.

silica. Spectra of Co-POM supported on NH,—(CHj;)x-SiO, are
shown in Fig. 7. As will readily be observed, the shape of spec-
tra depends on the nature of support. Thus, the shape of spectra of
Co-POM supported on SiO,, NH,-SiO,(70), NH,—(CH5)3-Si0,(40)
is similar (compare Fig. 7, spectrum 4 and Fig. 6, spec-
tra 2 and 3) that is likely due to the preferential dative
bond formed by means of Si—OH...Co-POM interaction. At the
same time spectra of Co-POM/NH,—(CH,),-Si0,(710) and Co-
POM/NH;-(CH;)3-Si0(90-270) exhibit the bands at 526 and
560 nm (Fig. 7, spectrum 3 and Fig. 6, spectra 4-6), respectively. It
may be suggested that the increase in the distance between NH,-
group and surface of silica results in decreasing of the contribution
of dative bonding Si-OH- - -Co-POM and increasing of the contribu-
tion of electrostatic bonding NH3*- - -Co-POM™, simultaneously.

3.4. Oxidation of benzyl alcohol with oxygen

The catalytic activity of Co-POM/NH;-(CH; )x-SiO5 for the aer-
obic oxidation of benzyl alcohol was evaluated and compared with
the catalytic properties of the homogeneous Co-POM. The results
are presented in Table 2. In the absence of catalyst the conversion
of CgH5CH,OH is very low (<1%). In the presence of Co-POM the
conversion of benzyl alcohol is 8%. Benzaldehyde is the main oxida-
tion product. The immobilization of Co-POM on NH,—(CH> )x-SiO,
favours the increase in the conversion of CgHsCH,OH (Table 2).

0,4

F(R)

= N WA

0,1

T T T . T 1
500 600 700 800
Wavelength, nm

TBA4HPW]1COO39 (SOlld) (1), Co-
Co-POM/NH;-(CH, )-Si02(710)  (3), and

Fig. 7. DR-UV-vis spectra of
POM/NH,-(CH;)3-Si02(270)  (2),
Co-POM/NH,-Si0(70) (4).

As seen from Table 2, the catalytic activity of Co-
POM/NH;-(CH;)x-SiO, systems strongly depends on the amount
of NHy-groups and distance between NH,-group and sur-
face of silica. Thus, the increase in the amount of anchored
NH,-(CH;)3-groups up to 270 wmol of NH,-groups per 1 g of SiO,
(Con/Cnn, = 1.1 molmol™! and Cgzon/CnH, = 28.6 molmol ™)
resulted in an increase of the oxidation activity for benzyl alco-
hol (Table 2). The further increase of the amount of anchored
NH;-(CH;)3-groups tended to level off the benzyl alcohol
conversion. Interestingly that conversion of benzyl alcohol
over Co-POM/NH,-(CH;)3-SiO, is higher than that over Co-
POM/NH;-SiO, and Co-POM/NH;-(CH;),-SiO, catalysts. These
may have several explanations. First, it is necessary to mention
that the nature of interaction between Co-POM and surface
functional groups strongly depends on the type of NH,-precursor
and amount of NHy-groups grafted on the silica surface. Thus, we
may conclude that the lower the amount of free Si-OH groups,
ie. the lower Coy/Cnn, ratio, the higher catalytic activity of
Co-POM/NH,-(CH,)3-SiO,. Note that this assumption is feasi-
ble for one-type systems. For systems with different types of
NH;,-(CH; )x-groups we can believe that the shorter the distance
between NH,-group and surface of silica, i.e. the lower the x value,
the lower the catalytic activity due to increasing of Si-OH.-.Co-
POM interaction and the decrease of contribution of electrostatic
bonding NH;3*...Co-POM~. The effect of amine additions (a-
piperidine and pyridine) on activity was already demonstrated for
aerobic oxidation of benzyl alcohol over Co''/NaY system [32]. The
addition of small amount of pyridine caused an increase in the
oxidation activity for benzyl alcohol up to 0.006 pyridine/benzyl
alcohol mole ratio. The further addition of pyridine tended to level
off the yield of benzaldehyde. This phenomenon was related with
the formation of Co"-pyridine (or piperidine) complex within
the large cavities of NaY zeolite and blocking of active sites for
reagents adsorption. Moreover, amino-groups can be considered
as a poisonous additive of Si-OH groups for reagents adsorption,
which facilitate the sorption-desorption processes of reagents
[33]. The effect of the amount of anchored NH,—(CH, )3-groups on
the selectivity of a-pinene epoxide in a-pinene co-oxidation with
isobutyraldehyde over Co-POM/NH;—-(CH, )3-SiO, was observed in
Ref. [18]. Unfortunately, the effect of NH,-(CH;)3-groups content
on the selectivity of benzaldehyde was negligibly in our case.

It is worth noting that basicity and amount of NH,-groups
influence on the stability of catalytic system. It was demonstrated
that Co-POM/NH;-(CH> )3-Si0,(390) sample kept its activity dur-
ing two catalytic cycles (Table 2). At the same time the activity of
Co-POM/NH;—(CH>)3-Si0,(40) sample was low in the second run.
Leaching of Co-POM is one of the reasons for the loss of the activity.
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According to elemental analysis of Co-POM/NH;-(CH;)3-Si0,(40)
1.7 mg of Co-POM (34% from total amount of Co-POM) was leached
into solution during the reaction. This loss of Co-POM may be due to
the low amount of NH,-groups and weak basic sites on the surface
of catalyst (Table 1).

4. Conclusion

The amino-modified silica (NH,—(CH>)x-SiO5, x=0, 2, 3) have
been synthesized and characterized by DRIFT spectroscopy. The
proton-acceptor properties of NH,—(CH> )x—SiO, were investigated
by DRIFT spectroscopy using CDCl3 adsorption as probe molecule.
Two types of surface functional groups were identified on the
surface of supports. There are isolated Si-OH and hydrogen-
bonded NH,-groups (-NH;- - -HO-Si). It was demonstrated that the
amount of NH,-groups and the distance between NH;-group and
surface of silica affect the basicity of NH,-groups. The increase
in the amount of NH,-groups and/or distance between NH,-
group and surface of silica leads to increase in the basicity of
NH;-groups.

The Co-containing polyoxometalate TBA4HPW;;Co039 was
chemically immobilized on NH,-(CH;)x-SiO, type of supports.
DR-UV-vis spectroscopic data indicate that the character of inter-
action between Co-POM and support depends on type of functional
groups. The increase in amount of NH,-groups and distance
between NH,-group and surface of silica favours the formation of
electrostatic bonding NH3*- ..Co-POM~. The activity of the immo-
bilized Co-POM was tested in benzyl alcohol oxidation with oxygen
in CH3CN medium. It was found that catalytic activity of Co-POM
depends on the nature of interaction between Co-POM and surface
groups of support that is adjustable by both the distance between
NH,-group and surface of silica and amount of NH,-groups on
silica.
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