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Abstract The synthesis of organic–inorganic composite

materials was performed by the surface modification of

mesoporous material type MCM-41 by chlor-

odimethylphenylsilane and dichloromethylphenylsilane.

Applying IR spectroscopy, low temperature nitrogen

adsorption/desorption (isotherms BET), thermogravimetric

measurements and technique of competitive adsorption of

toluene and water it was shown that the degree of silyla-

tion, hydrophobicity, surface and volume properties (pore

size distribution, pore volume) strongly depends on the

nature of silylation agent and the ratio of calculated amount

of silanol groups to the modifier. Two types of condensa-

tion reaction take place: (1) the reaction of the modifier

with surface silanol groups, and (2) an inter-molecular

condensation of the modifier, resulting in additional pore

blocking. Only 24–36 % of the surface silanol groups react

with modifier agent. The materials are stable up to tem-

peratures of about 170 �C that is higher than the corre-

sponding polymeric resins. The TG/DTA data allowed

concluding that the degree of grafting depends on the ratio

silylation agent to SiOH groups. As shown by Fourier

transform diffuse reflectance mode spectroscopy only free

silanol groups react with modifier.

Keywords Organic–inorganic composite material �
Silylation � Mesoporous material � DRIFT � TG/DTA

1 Introduction

Organic–inorganic composites attract significant interest as

polyfunctional materials. The combination of properties of

various materials leads to an increase in the efficiency of

material use. Changes in structural characteristics on a

nanoscale and the use of more ordered structures allows for

the development of more targeted and inexpensive

processes.

Classic synthetic resins are widely used in liquid chro-

matography [1–3]. However, the use of such resins in high

pressure liquid chromatography (HPLC) is generally

unfeasible [4] due to swelling [5]. The porous materials

used as the stationary phase in chromatography are char-

acterized by low mechanical and thermal stability. Natural

and modified inorganic materials based on alumosilicates

are not widely used as stationary phases for chromatogra-

phy because of low mechanical and chemical stability, low

sorption capacity and low homogeneity [5, 6]. Moreover,

such materials cannot be applied in aqueous media for

chromatography because they could be hydrolytically

destroyed. Composite materials that are widely used as

chromatographic sorbents combine the properties of inor-

ganic matrices and ion-exchange properties [7], leveling

the disadvantages of synthetic polymeric ion exchangers.

In 1990, Kuroda and coworkers first reported the prep-

aration of mesoporous silica with uniform pore size dis-

tributions, named FSM-16 [8, 9]. Beck et al. [10]

synthesized a material with hexagonal geometry containing

large uniform pore structures, high specific surface area

and high specific pore volume (MCM-41). The ordered

mesoporous material MCM-41 is of particular interest as

an inorganic matrix. The pore system of MCM-41 consists

of parallel tubes with a hexagonal structure with mesopores

with diameter of 40 Å [10]. In addition, MCM-41 has a
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high surface area, enabling access of organo-functional

groups during the modification.

The application of functionalized mesoporous materials

with high pressure and chemical stability is very promising

in catalytic [11], chromatographic [12, 13] and sorption

[14–16] processes. The process of grafting is frequently

used for mentioned purposes and could be reserved for

adsorptive methods (e.g., the removal of toxic or envi-

ronmentally relevant contaminants by adsorbent materials,

or the separation of proteins and biocatalysts by restriction

of the freedom of movement) [17].

The hydrolytic stability and the adsorption capacity of

water are strongly influenced by the nature of the applied

silylating agent [18]. In the case of silylation with tri-

methylchlorosilane (TMCS), its small molecular size can

aid in achieving high coverage on material surfaces, while

the large size of the chlorodimethylphenylsilane (CDMPS)

molecules could produce steric hindrance effects that may

retard the reaction of the silylation compound with silicate

backbone [18]. Obviously, the conditions of modifications

applied to the material can change surface properties,

thermal stability, adsorption properties [19] of the final

material consequently changing their possible applications.

The hydrophobing of the microenvironment of acid sites on

a material is an important challenge to reduce poisoning/

deactivation by water molecules. In all cases, it is neces-

sary to choose appropriate synthesis methods of property-

defined materials. It is important to study the influence of

the nature and quantity of the modifier on the surface

properties and the activity of the remaining silanol groups

of the modified material.

The aim of this work is to synthesize and characterize

composite inorganic–organic materials based on MCM-41

modified by phenylsilanes to control the degree of grafting,

hydrophobicity, thermal stability, sorption ability and per-

meability of the material. The desired sorbent should have

high surface area, pore volume and a uniform pore size

distribution.

2 Experimental

2.1 Materials

Mesoporous material of type MCM-41 (Süd Chemie, Ger-

many) was used as an inorganic matrix (200–300 lm parti-

cle size, SBET = 1,250 m2/g) for the synthesis of composite

materials. Chlorodimethylphenylsilane (CDMPS) (Lancas-

ter) and dichloromethylphenylsilane (DCMPS) (Aldrich)

were used as silylation reagents. Mesoporous material

modified by CDMPS and DCMPS will be denoted below as

MP and MDC, respectively.

2.2 Surface modification of MCM-41 by CDMPS

and DCMPS

First, samples of MCM-41 were activated in a nitrogen

stream at 130 �C for 12 h. 5.0 g samples of activated

MCM-41 were placed in 100 mL two-necked flasks under

nitrogen. Solutions of 0.025 mol of imidazole and 0.0125,

0.025 and 0.050 mol of CDMPS or DCMPS dissolved in

50 mL of dry dichloromethane were added. To keep the

temperature of modification constant all reactions were

carried out in jacketed flasks at the boiling point of

dichloromethane (T = 41 �C) under reflux for 4 h. The

products of reaction were washed with 200 mL dichloro-

methane and were dried at 130 �C for 24 h. The amount of

used silanes calculated from the ratio of surface OH groups

(vide infra) to amount of modifier, 1:2 (0.0125 mol mod-

ifier), 1:1 (0.025 mol modifier) and 2:1 (0.05 mol modi-

fier). Modified material is denoted as MP12 (MDC12),

MP11 (MDC11) and MP21 (MDC21), respectively.

2.3 Characterization of modified MCM-41 samples

Nitrogen adsorption/desorption isotherms were obtained at

77 K and relative pressure range p/p0 = 0.10–0.99 using

Autosorb—1 (Quantachrom, USA). Prior to each mea-

surement, the samples were degassed at 130 �C K for 8 h

under vacuum. The method of BJH [20] was used to

determine the pore size distribution.

IR spectra were recorded using a Bruker Equinox 55

infrared spectrometer in Fourier transform diffuse reflec-

tance mode (DRIFT) with the wave number range

400–4,000 cm-1 and a resolution of 4 cm-1. Samples were

prepared for IR by mixing the sample with KBr (Merck,

Germany) in a ratio of 1:4. The device ‘‘Harricks cell’’ for

in situ heating was applied to remove adsorbed water from

the samples and observe the structural changes of the

sample during the heating process. Nitrogen passed over

the sample with a flow rate of approximately 60 mL/min,

to remove the products of desorption and decomposition.

IR spectra were recorded after the samples were heated

in situ for 90 min at 30, 150 and 250 �C.

The hydrophobicity index of the final materials (HI) was

estimated according to the procedure proposed by Weitkamp

[21, 22] applying competitive adsorption of toluene and

water from the gas phase. The adsorbent was used as pressed

at p = 40 N/mm2, crushed and sieved to a particles size

fraction with diameter ranging from 200 to 315 lm The

samples were activated at a temperature of 110 ± 5 �C for

13 h in the reactor under a continuous flow of nitrogen to

remove adsorbed water. A mixture of water vapor

(pw = 3.13 kPa) and toluene (pt = 3.82 kPa) was passed

through a fixed bed of sorbent (1.0 g) with a bed height of

15–20 mm at a temperature of 55 ± 5 �C. Nitrogen was
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used as a carrier gas with a flow rate of *11.0 mL/min. The

carrier gas, saturated with a mixture of toluene and water,

passed through the column and was analyzed using a Hewlett

Packard 5,890 gas chromatograph (GC), equipped with

capillary column and thermal conductive detector by taking

samples via six-port valve every 3 min.

The amounts of adsorbed water and toluene were cal-

culated as described in [23] from the breakthrough curves.

The mass of adsorbed water or toluene was calculated as

mi ¼ Mi �
PiV

RT
;

where mi, Mi and Pi—mass, molecular weight and partial

pressure of water and toluene in mixture, respectively.

The hydrophobicity index was calculated as [21]:

HI ¼ Xtol=Xw;

where Xtol and Xw are the loading, i.e. the mass of adsorbed

compounds per mass of dry adsorbent, determined from the

competitive adsorption of gaseous toluene and water under

specified conditions [21].

Determination of thermal stability of the modified

samples and the total hydroxyl group content in MCM-41

and organic modifier groups content in organic–inorganic

composites of MCM-41 were made with Mettler-Toledo

GmbH TGA/SDTA 851e instrument using sample amount

of 16–30 mg. Heating rate was 5 �C per minute in the

temperature range of 25–800 �C in a nitrogen atmosphere.

Calculation of the mass of desorbed water was per-

formed by the formula:

mðH2OÞ ¼ ðm0 � mtÞ=m800 ð1Þ

where m (H2O), the weight of water (mg); m0, mass of the

sample at 25 �C; mt, mass of the sample at upper range of

temperature (135, 280, 800 �C respectively); m800, mass of

the sample at 800 �C.

The amount of adsorbed water:

nH2O ¼
mH2O

MH2O

ð2Þ

where nH2O the amount of water (mol), MH2O the molar

mass of water (g/mol).

Number of OH groups was calculated according to Ek

et al. [24] and Kozlova et al. [25]:

nOH ¼ 2nH2O ¼
2ðW25 �W800Þ

100 �MH2O

ð3Þ

where, W25 - W800, is the weight loss, (wt%) in the tem-

perature region 25–800 �C; n OH, the number of OH

groups (mol).

The number of water molecules and OH groups per

1 nm2 (N), respectively, was calculated according to Ko-

zlova et al. [25]:

N ¼ n � NA � 10�18

S
ð4Þ

where, n, is the number of moles of water or OH groups per

gram mole sorbent; NA, Avogadro number (mol-1); S,

surface area of the sample; m2/g.

3 Results and discussion

3.1 Modification of MCM-41

Post-synthesis grafting assumes that at the first stage of

synthesis, the hydrophobic groups of aromatic organosi-

lanes are covalently attached to the surface of the meso-

porous material, utilizing the surface hydroxyl groups of

the silica support (Schemes 1, 2).

Preliminary calculations of the optimum quantity of si-

lylation agent were carried out. As shown by Das et al.

[26], three types of SiOH groups are distributed over sili-

ceous MCM-41 surfaces, single, hydrogen-bonded and

geminal SiOH groups with a total density of 2.5–3.0/nm2.

From the density of SiOH groups and the surface area from

BET, the specific quantity of OH-groups was calculated.

As shown later, the surface area of parent MCM-41 used in

this work was 1,250 m2/g, according to nitrogen adsorp-

tion/desorption. For this mesoporous material the specific

quantity of OH-groups was estimated as 5–6 mmol/g

assuming a density of silanol groups of 2–3 per nm2 [26].
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Thus, it was necessary to add the equivalent quantity of the

silylation reagent, to totally cover the organic groups.

Using IR-spectroscopy it was shown [24] that silanol

groups cannot completely be replaced by organic modifier.

The band corresponding to OH-stretching

(3,200–3,600 cm-1) is still present after modification and

remains at the same intensity. It is possible that the hydrogen-

bonded SiOH groups remain inaccessible for silylation.

Concentration of attached organosilane groups becomes 0.7/

nm2, corresponding to quantity of free SiOH groups [24].

Thus, the quantity of silanol groups participating in hydrogen-

bond formation can then be readily calculated to be 1.8–2.3/

nm2. The degree of silylation of SiOH groups on MCM-41

surface can, therefore, be estimated.

3.2 Surface properties

The quantity of the modifier depends on the quantity of

OH-groups of mesoporous material. The quantity of

CDMPS in the reaction mixture ranged from 5 to 10 mmol/

gram of MCM-41. As can be seen from the pore-size dis-

tribution data (Fig. 1), the identity of the modifier can

change the surface area (SBET) and pore volume. In Table 1

and Fig. 2, the results of the calculations of SBET, pore

volume (VP) and pore-size distribution with use of various

silylation agents and their quantities [20, 27–30] are pre-

sented. The analysis of the data shows that average diam-

eter sizes of the pore have the same value for MCM-41

(32.8 Å) and material modified by CDMPS (32.4 Å). After

CDMPS modification the surface area decreases from

1,250 m2/g (MCM-41) to 830 m2/g (MP11). Average

diameter of pore Dh, was calculated assuming existence of

a cylindrical pores by the formula Dh = 4Vp/SBET [28].

Silylation of the mesoporous material by dichlor-

omethylphenylsilane takes place in various ratios of

theoretically calculated quantities of silanol groups and

modifier agent (DCMPS) molecules (2:1—MDC21, 1:1—

MDC11, 1:2—MDC12). As it is shown in Table 1, there is

a significant decrease in SBET for MDC21, MDC11 and

MDC12 (from 750 to 515 and 590 m2/g correspondingly).

It seems that the greatest extent of surface modification, the

greatest decrease in surface area and pore volume is

observed at a ratio 1:1 of quantity of silylation reagent to

SiOH groups. The observed variation of surface properties

indicates a surface grafting of a layer of the modifier. The

higher degree of silylation is observed when DCMPS is

used as the modifier in equimolar ratios to the SiOH groups

present on the mesoporous material. The grafting

(Scheme 3) can be accompanied by a parallel process of

intermolecular condensation of additional dichlor-

omethylphenylsilane molecules. This could also contribute

to a pore filling and pore narrowing.

3.3 DRIFT spectra characterization

The proposed mechanism of modification, presented in this

work can be revealed and confirmed by IR-spectroscopy. In

the IR-spectra of mesoporous material MCM-41 (Fig. 2)

there is a band corresponding to vibrations of free OH groups

in Si–OH (3,734 cm-1—OH stretching) [31, 32]. Also, in

the same spectra, in the region of 3,500–3,100 cm-1 there is

a wide band of hydrated and hydrogen-bonded OH-groups.

The bands at 1,626 and 954 cm-1 correspond to bending

(scissoring) vibrations (in-plane and out-of-plane) of OH-

groups [31, 32].

The appearance of the bands 2,842, 2,969, (m C–H

groups in CH3) 3,058, 3,075 cm-1 (m C–H groups in aro-

matic ring) 1,583–1,588 cm-1 (m C=C stretching in aro-

matic ring) and 1,430 cv-1 (d C–H groups in Si–Ar) [31]

in spectra (Fig. 2) confirms the successful modification of

mesoporous material MCM-41. The broad absorption

bands at 1,630 and 3,200–3,400 cm-1 (Fig. 2) can be

assigned to the vibrations of adsorbed water associated

with the silanol groups by hydrogen bonds. The bands

appearing at 3,640 cm-1 (Fig. 2) are assigned to hydrogen

bonded SiOH groups (Scheme 4) [18].
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Table 1 Surface and bulk properties of parent MCM-41 and silylated

in different ratio

No Sample n (SiOH)/n

(silylating

agent) ratio

SBET, m2/g VP, cm3/g Dh, Å

1 MCM-41 – 1,250 1.023 32.8

2 MP11 1:1 830 0.6695 32.4

3 MDC21 2:1 750 0.6977 37.2

4 MDC11 1:1 515 0.4625 35.9

5 MDC12 1:2 590 0.4736 32.2
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The fact that replacing chlorine atoms by methyl groups

in the molecule of CDMPS can result in a higher degree of

silylation in the final material was previously shown by low

temperature hydrogen adsorption/desorption data. The IR

spectra of composites after modification by CDMPS and
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DCMPS (Fig. 2) at various ratios of OH-groups and sily-

lation agent show not changes in comparison to the anal-

ogous pre-modification spectra. The optimum ratio (1:1)

for modification of the SiOH groups is confirmed by the

IR-spectra of the MP11 and MDC11 samples, which show

the absence of an O–H stretching band at 3,737 cm-1

associated with free—OH groups. Absence of bands in the

range maxima at 3,750–3,730 cm-1 in the IR-spectra of

these composites (see Fig. 2) shows that practically all free

SiOH groups reacts with molecules of modifier agents after

modification of the mesoporous material, unless they are

participating in hydrogen bond formation.

Processing IR spectra using the baseline correction

method allowed comparing the intensities of free silanol

groups of the different modified mesoporous materials.

Silylation by CDMPS in the ratio 1:1 results in increasing

intensity of a band at 1,583 cm-1 (stretching of C=C in

aromatic ring) and an increase in the absorbance corre-

spondent of the band to 1,430 (d C–H groups in Si-Aryl)

(Fig. 2). Introduction of a hydrophobic aromatic ring

results in the elimination of water molecules, which were

adsorbed on the surface of initial mesoporous material. The

presented fact of modification is accompanied by the

decrease of intensity of a band at 1,620–1,630 cm-1 (d
OH) [31, 32] assigned to bending vibration of water.

In situ heating of the samples MP12, MP11, MDC12,

MDC11 (Fig. 3) to temperatures in the range 200–400 �C

(Fig. 3) leads to a reduction of intensity of bands at

3,500–3,100 cm-1, 1,626 and 954 cm-1, which could be

explained by dehydration of the sample. At the same time

intensity of a band at 3,734 cm-1, which is affiliated with

free Si–OH groups, also increases. IR spectra (Fig. 3) of

samples MP12, MP11, MDC12, MDC11, heated in situ,

confirm a higher degree silylation of MCM-41 surface with

quantitative ratio 1:1 of silanol groups to modifier agents.

Furthermore, the relative intensity of bands at 3,665 cm-1

is higher than for the case of modification with CDMPS.

The hydrophobic aromatic rings are shielding the OH-

groups, forming hydrogen bonds with neighboring OH

groups. In situ heating of samples to 250 �C leads to

splitting of a band at 1,583 cm-1, 1,575 and 1,591 cm-1

(C=C stretching).

3.4 Hydrophobicity and sorption properties

of composites

Grafting of the mesoporous material results both in change

of surface properties and of the number of residual surface

SiOH groups. In addition, linkage of phenylsilanes gener-

ally influences on the hydrophobicity of the material. As

result, this fact changes the adsorption characteristics and

permeability of the composites. One of the most useful

methods to control adsorption properties and polarity of

materials is probing the hydrophobic properties of the

composite by the Hydrophobicity Index (HI) introduced by

Fig. 3 DRIFT-spectra of MP12

(1), MP11 (2), MDC12 (3),

MDC11 (4) recorded at

T = 250 �C
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Weitkamp [21, 22]. The breakthrough curves presented by

Gläser et al. [21] show that on MCM-41 water breaks

through first and on its curves a maximum can be seen.

Water is displaced by toluene from the adsorbent. Similar

curves are observed for modified mesoporous material

(Fig. 4, curves 2).

It has been noted [23] that for hydrophobicity interpre-

tation it is convenient to use the relation of mol fraction

instead of mass fraction of adsorbed water and toluene

[21]. At equality (HI = 1) the material has identical

affinity for both water and toluene molecules. Increasing

HI will have the effect that toluene and other organic

molecules are selectively adsorbed by the material. This

effect becomes more significant when difference the

between HI (mol fraction relations) and the value 1.0 is

significant. Calculations of HI [21, 22] demonstrate that

mesoporous material of type MCM-41 is hydrophobic and

possess high adsorption for organic molecules. In the case

of composite materials (MP11 and MP21) the hydropho-

bicity is close to the value of HI of MCM-41 (Table 2).

However, as shown in Fig. 4 water and toluene break

through earlier, which specifies a decrease in the general

adsorption abilities of the material. Moreover, the value of

HI remains almost constant (for MP21) and even decrease

(for MP11) which seems to be unexpected. The calculation

of the weight and mols both of adsorbed water and toluene

show the general decrease of sorption ability of mesopor-

ous composite. The decrease in the hydrophobicity index,

mentioned above, is caused by the smaller size of water

molecules and its higher mobility and permeability.

On one hand we can conclude that higher filling of

mesopores is reached at equimolar ratio of the amount of

modifier to number of SiOH groups. On the other hand it is

important to note that the increase in degree of modifica-

tion can sharply reduce sorption ability of the material.

This is especially demonstrated for mesopores of MCM-41.

It is also important to note that the sorption ability calcu-

lated from the data of water and toluene vapor adsorption

can be changed considerably by the use of composites in

liquid phases, e.g., for liquid chromatography.

3.5 Thermal stability

IR spectra recorded at high temperature show high thermal

stabilities of the composites—presence of the bands 2,842,

2,969, (m C–H groups in CH3) 3,058, 3,075 cm-1 (m C–H

groups in aromatic ring) 1,583–1,588 cm-1 (m C=C

stretching in aromatic ring) and 1,430 cv-1 (d C–H groups

of aromatic ring linked to Si) up to 250 �C (Fig. 3). More

in detail thermostability can be studied by thermogravi-

metric analysis.

Figure 5 and Table 3 show the weight loss curves of

composites MP11 measured in nitrogen, MDC11 measured

in nitrogen, and oxygen atmosphere.

Three maxima in the rate of weight loss can be

observed. The first peak with a minimum at 50 �C corre-

sponds to the removal of physically adsorbed water. This

correlates to infrared spectra discussed earlier (Fig. 3). The

layer of organic modifier is stable up to 250 �C. But, as

specified by TGA data, the process of destruction starts at

170 �C and reaches a maximum at T = 235 �C in nitrogen

and at T = 215 �C in oxygen atmosphere (Fig. 5). Those

peaks could be assigned to elimination of aromatic ring

from the surface. The third peak at T = 530 �C in nitrogen

and T = 430 �C in oxygen atmosphere is assigned to the

further decomposition of the grafted organic layer. Note

that the oxidative decomposition proceeds in a smaller

temperature range which indicates a similar composition of

the combusted species, i.e. one can speculate that the

organic layer is stable at least up to 400 �C. The figure

shows that destruction of grafted modifier starts at

T = 180 �C and ends at around T = 800 �C. The TG/DTA

analysis combined with DRIFT data demonstrates the high

stability of the grafted organic layer. Figure 5 shows that in

oxygen atmosphere, the third peak shifts to lower tem-

peratures. Under these conditions the organic layers have

less stability as in inert nitrogen atmosphere.

The parent MCM-41 contains 3.4 % of physically

adsorbed water, but modified samples contain approxi-

mately 8 % of adsorbed solvents. Heating of the sample

results in desorption of solvent molecules in which the

modification was made. The weight loss observed in the

region of temperatures 135–800 �C, arises from the com-

plete decomposition of the organic modifier. Using the

TGA data, the amount of grafted modifier, per 1 gram of

sorbent (mmod) and per 1 mol of OH groups (mmod/mOH) was

calculated by the weight loss in the temperature range

135–800 �C (Table 3), taking into account the molar

weight of the grafted group, i.e. molecular weight of

modifier minus molecular weight of chlorine atom(s). The

average amount of silanol groups on the surface of meso-

porous materials is 2.5–3 groups/nm2 [33]. Taking into

Table 2 Mass (m, mg/g) and the amount of substance (Q, mmol/g) of water and toluene adsorbed on MCM-41 and composites

Sample m (tol), mg/g m (water), mg/g Q (tol), mmol/g Q (water), mmol/g HI (mass) HI (mol)

MCM-41 750 30 8.19 1.64 25.5 5.0

MP21 305 14 3.31 0.76 22.2 4.4

MP11 520 71 5.65 3.93 7.4 1.4
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consideration the surface area of MCM-41 (1,250 m2/g),

the amount of OH groups is 5.5–6.6 mmol/g [33].

Reported quantity of modifier per 1 gram of sorbent

depends on the initial quantity of modifier. The highest

value of grafting was obtained at a ratio 1:1 of silylation

agent (CDMPS and DCMPS) to SiOH groups. But as seen

from the table 3, only 24–36 % of the silanol groups react

with modifier. As shown by DRIFT (see above) only free

silanol groups react with modifier. Therefore, it is possible

to estimate the quantity of free silanol groups of the parent

mesoporous material to be also a quarter of all silanol

groups.

4 Conclusion

Synthesis of organic–inorganic hybrid materials by chem-

ical modification of MCM-41 by phenylsilanes (CDMPS

and DCMPS) was carried out. Silylation of the mesoporous

material depends on the nature of silylation agent and the

ratio of theoretically calculated amount of silanol groups to

the modifier. Using low temperature nitrogen sorption/

desorption measurements it was shown that the most sig-

nificant grafting takes place with DCMPS. It was con-

cluded that higher filling of a mesopore is reached with

equimolar relations of the modifier and SiOH groups. On

the other hand an increase in the degree of modification can

sharply reduce sorption ability and permeability of the

material due to polycondensation reaction of silanol groups

formed after leaving of the two chlorine atoms. DRIFT

experiments confirmed the modification of MCM-41 and

in situ heating of the sample shows the structural changes

of the composites with stepped changes due to temperature.

From the data obtained using TG/DTA we can conclude

that the materials are stable up to temperatures of about

170 �C. The highest degree of grafting is 0.24 mol of

modifier to 1.0 mol of OH groups of MCM-41.
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Table 3 The results of thermogravimetric analysis of MCM-41 and MP11

Sample dm/m0 9 100 %a mmod, b mmol/g mmod/mOH,c mol/mol OH

25–135 �C 135–280 �C 280–800 �C

MCM-41 3.4 1.0 4.4 – –

MP11 8.0 8.2 8.7 1.04 0.28

MDC11–N2 6.7 9.2 11.7 1.20 0.32

MDC11–O2 4.3 8.5 13.0 1.11 0.29

a m0, initial weight of sample, dm - weight loss (wt. %)
b mmod, calculated amount of modifying agent assuming cleaving-off phenyl groups (M = 77 g/mol)
c mOH, calculated amount of OH groups
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201 (2001)

25. S.A. Kozlova, V.A. Parfenov, L.S. Tarasova, S.D. Kirik, J. Sib.

Fed. Univ. Chem. 1, 376 (2008)

26. D. Das, J.F. Lee, S. Cheng, Chem. Commun. 21, 2178 (2001)

27. S. Brunauer, P. Emmett, E. Teller, J. Am. Chem. Soc. 60, 309

(1938)

28. M. Thommes, R. Koehn, M. Froeba, J. Phys. Chem. 104, 7932

(2000)

29. M. Thommes, R. Koehn, M. Froeba, Stud. Surf. Sci. Catal. 142,

1695 (2002)

30. M. Hesse, H. Meier, B. Zeeh, Spektroskopische Methoden in der

Organischen Chemie (Thieme, Stuttgart, New York, 2002), p. 42
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