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Silica-based hybrid materials having covalently immobilized vinyl (SiO,Hs), chloropropyl (SiQ—
R—CI), trimethylsilyl (SiG,—SiMe;), ethyl sulfonic acid (Si@—R—SO;H), and aminopropyl (Si@-R—
NH,) groups, as well as the salt of the latter with HNGiO,—R—NH,*HNO3) were studied by different
thermoanalytical methods: thermogravimetry (TGA), differential thermal analysis (DTA), and temperature-
programmed desorption mass spectrometry (TDP-MS). It was demonstrated that TPD MS can be
successfully used for the investigation of the interfacial layer in such materials. Particularly, it was shown
that a side reaction between the grafted group and aromatic solvents is possible during the preparation
of Si0,—C;Hz and SiQ—R—CI. For SiQ—SGO;H the formation of 2-Si-ethanesulfonic, 1-Si-ethanesulfonic,
and 2,4-Si-butanesulfonic acid grafted groups with the predominance of the 2-Si isomer was found. The
process of Si@—-NH,-HNO; decomposition at 500 K may be applied for the preparation of silica modified
by aldehyde groups. Mechanisms of thermal transformations of bonded layer were established and the
key role of the reactions of grafted groups with silanols in such processes was demonstrated. As was
found for SIQ—R—CIl and SiQ—R—NH,, the decomposition process with participation of silanols is
realized in two stages. The first one occurs in the-4000 K range and includes the interaction between
organic groups and the neighboring silanol. The second decomposition stage occurs above 700 K and
includes migration of the bonded groups on the silica surface.

[. Introduction mobilized layer is most crucial. Only in the simplest cases
(for CMS obtained in one-step immobilization reaction) the
composition of the surface layer can be determined from
CMS chemical analysis. Most of the CMS can only be
synthesized by the multistage chemical transformations of

the chemical nature of their interfacial layer and particularly th€ organic groups grafted on the silica surface (this is so-
by its compositiorf;8 geometry? and topography (micro- called surface assembling method). In such transformations

heterogeneity}®1! Certainly, the composition of the im- the conversion of one grafted group to another commonly
has a low yield! Thus, the interfacial layer for most CMS

* To whom correspondence should be addressed. E-mail: zaitsev@univ.kiev.ua.nas a multifunctional nature and its composition cannot be
(1) Papirer, E. EAdsorption on Silica Surface$larcel Dekker: New determined from the results of CMS chemical analysis.

Porous silicas having an immobilized organic layer
(chemically modified silicas, CMS) are widely used as
adsorbent$,chromatography phaségand catalyst$® Use-
ful properties of such hybrid materials are determined by

York, 2000. .
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(3) Davankov, V. A.; Navratil J. D.; Walton, H. AH.igand Exchange _ .

ChromatographyCRC Press: Boca Raton, FL, 1988. grafted layer. Many characteristic FTIR bands of the organic

(4) Smith, G. V.; Notheisz, FHeterogeneous Catalysis in Organic  groups are located in the region of Si@bsorbance. Strong
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Scheme 1. Silanization Reaction
m Si0,)-OH + X,,SiR4.;, = Si0)-0} m-SiXpmRan + HX
on air: =Si-X + H,O ==Si-OH + HX
n = 1-3; m<n; X= Hal, -OR, efc.

Aleksee et al.

Table 1. List of CMSs Obtained by Silanization Together with
Silanes Used for This, Synthesis, Conditions, and ConcentratiorC()
of Bonded Groups mol/g) Determined from Chemical Analysis
and TGA

reaction conditions

programmed desorption mass spectrometry (TPD-MS) proved
to be useful? TPD-MS was successfully applied in the study
of carbosil$® and silica gels with grafted alcoky and
aminoalkyt>1 groups.

The aim of the present work is to demonstrate the potential
of TPD-MS in the investigation of the interfacial layer
composition for organosilicas having covalently immobilized
groups, including those where the immobilized layer has a
multifunctional nature. We also tried to determine the general
peculiarities in the thermal decomposition pathways of such
CMS. For the investigation chromatographically important
CMS were selected: silica gel with immobilized vinyl
(SiO,—C;H3), chloropropyl §iO,—R—Cl), trimethylsilyl
(SiO,—SiMe3), and aminopropyl $i0,—R—NH;) groups.
Nitrate salt of aminopropyl silicaSiO,—R—NH2:HNO3)
was also studied. In addition, new potentially catalytically
important silica with immobilized ethylsulfonic aci&O,—
R—SO:H)" was analyzed. Methods of thermogravimetry
(TGA) and differential thermal analysis (DTA) were used
in addition to TPD-MS for the examination of the bonded
layer composition, establishing of decomposition mecha-
nisms, and determination of organic loadig?®

Il. Experimental Section

11.1. Materials. Silica gel with a surface area of 300y and

sample ID silane solventT/K t/h C_. C_(TGA)
SiOZ*C2H3 (1) ClgSi*CzHg toluene 353 6 690
SiO,—CoH3 (2) o-xylene 408 7 283
SiO,—CoH3 (3) toluene 373 36 280
SiO,—R—Cl  CLSi(CHs)(CH2)sCl o-xylene 408 20 472 496
SiO,—SiMe;  CISi(CHg)s o-xylene 408 10 800 753
SiO,—R—NH; (EtO)Si(CHy)sNH, toluene 373 8 180 180

Table 2. List of Some Characteristics of SIQ—R—SO3;H Samples

CL(SGsH) CL(CoH3)

sample ID ID of the source  (umol-g) (umol-g)
Si0,—R—SO:H (1) Si0—CzHs3 (1) 302 235
SiO,—R—SG:H (2) Sig—CoHs3 (2) 102 103

One sample of vinyl-silica (Si©-C;Hs (1)) was prepared in the
presence of water (1 mmol) and pyridine (5 mmol) in toluene. Such
conditions for the silanization promote silane hydrolysis and further
condensation prior to immobilization. This CMS has a “polymeric”
structure of the grafted lay@rAll other CMS were obtained under
conditions preventing the hydrolysis of silane; they have a
“monomeric” grafted layef.

The SiQ—R—SGO;H was obtained from Si©-C,H3 by a radical
initiated addition of NaHS@in 20% water solution at 343 K, as
described previously. Two samples of Sig-R—SO;H having a
high and low loading of immobilized ethylsulfonic acids were
obtained, Table 2.

I1.2. Methods of Characterization. The concentration of grafted
acidic and basic group€() in SiO,—R—SGO;H and SiQ—R—NHj,
respectively, was determined by pH titration of those CMS in water
suspension. The concentration of vinyl groups in Si0O,;H3 and

mean pore diameter of 6 nm (Lachema, Czech Republic) was usedSiOZ—R—SQH was determined by bromometric titratihFor

as the starting material for the syntheses of ;SiOH;, SiO,—
R—CI, and SiQ—SiMe;. Macroporous silica with a surface area
of 80 n¥/g (silochrome C-80 from Stavropol Luminophore Plant,
Russia) was used for preparation of $#R—NH,. The materials
listed above were prepared by a one-step silanization reaction,
giving a monofunctional hydrolytically stable grafted layer (Scheme
1).

Before silanization the silanes were distilled and the silicas were
annealed at 823 K f#8 h inair. To obtain a CMS1 g ofbulk dry
silica was stirred with 1 mmol (0.3 mmol for (Et€i(CH;)sNH>)
of silane in 10 mL of organic solvent at the elevated temperature.
The resulting solid was washed on a glass filter by the solvent in
which the synthesis was carried out, followed by acetonitrile in a
Soxhlet extractor. The washed product was dried at 400 K in air
and then in vacuum. The reaction conditions and the grafted group’s
concentrations are listed in Table 1.

(12) Gun’ko, V. M.; Pokrovsky, V. Alnt. J. Mass Spectrom. lon Processes
1995 148 45.

(13) Pokrovsky, V. A.; Leboda, R.; Turov, V. V.; Charmas B.; Ryczkovsky,
J. Carbon1999 37 (7), 1047.

(14) Pokrovsky, V. AAAdsorp. Sci. Technoll996 14 (5), 301.

(15) Beliakova, L. D.; Gerasimova, G. A.; Zhuravley, L. T.; Kudryavtsev,
G. V.; Lisichkin, G. V.; Ovchinnikova, N. S.; Platonova N. P;
Shevchenko, T. YBull. Acad. Sci. USSR, biChem. Sci1989 38,
983.

(16) Pakhlov, E. M.; Voronin, E. F.; Pokrovsky, V. A.; Chuiko, A. Zh.
Prikl. Khim. 1996 69 (3), 423.

(17) Alekseev, S. A.; Zaitsev V. N.; Fraissard,Russ. Chem. Bull., Int.
Ed. 2003 52 (2), 364.

(18) Cestari, A. R.; Airoldi, C. JJ. Therm. Anal. Cal1995 44, 79.

(19) Jaroniec, C. P.; Gilpin, R. KI. Phys. Chem. B997, 101, 6861.

(20) Alekseev, S. A.; Genina, M. A.; ZaitseV. N. Ukr. Khim. Zh.200Q
66 (9—10), 61.

SiO,—R—Cl and SiQ—SiMe; the concentration of grafted groups
was determined from elemental analysis of chlorine and carbon,
respectively. Additionally, the total concentration of grafted organic
groups for several CMS was determined from DTA data. Assuming
that the samples of bulk and modified silicas heated to 973 K have
the same extent of surface hydroxylation, the following formula
was used for the calculations

Am473_973(sample)_ Amy;5 574 SI0y)

m(Si0,)

m(sample)

C = M—9xN

where Amyzs-g73(sample) is the mass loss of the experimental
sample in the 473973 K interval,m(sample) is the mass of the
dried at 373 K sampleAnmy73-974SiO;) and m(Si0,) are the
corresponding values for the initial silica, pretreated before the
synthesis at 823 KM [g/mol] is the molecular weight of organic
residues (R in Scheme 1), 9 [g/mol] is the molecular weight of 0.5
mol of H,O, produced by elimination of one-SDH group, andN
is the number of silanols, which have been substituted by one silane
molecule. The silane with general formula XgiRas supposed to
substitute one, with 3SiR, two, and with X%SiR one silanol. In
the latter case formation of{&5i0,)—0} ,—Si(OH)R structure was
assumed.

TPD-MS measurements were carried out by heating the CMS
sample in high vacuunp(< 103 Pa) with a heating rate of 0.167
K/s. The evolving products were analyzed by mass spectrometry

(21) Mazor, K. L.Methods of analysis of organic analysiscademiaai
Kiado: Budapest, 1983.
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on the instrument MX7304A (Selmi, Ukrain&)Before TPD-MS a Temperature (K)
measurements the samples were evacuated toP) for 20 min. 300 500 700 900 1100
Thermal analysis was performed on a Q-1500 PatHikulik—
Erdey instrument (Hungary) in air at atmospheric pressure with
Al,O3 as a reference material and a 0.167 K/s heating rate. The
diffuse reflection infrared spectra with Fourier transformation 2
(DRIFT) were recorded on a Bruker Vector 22 instrument equipped
with Harrick Scientific Praying Mantis diffuse reflection accessory.
MAS NMR spectra were measured on a Varian UNITY/nova 300
MHz instrument with a MAS spinning rate of 4 kHz. Samples of
CMS were dried at 400 K in a vacuum prior to any spectral
measurements.

Mass loss (%)

—0— Si02-C2H3(1)
—e— Si02-R-Cl
—¢—Si02-SiMe3
I1l. Results and Discussion —a— Si02-R-NH2
10 - —a— Si02-R-NH2°HNO3

To evaluate the thermal stability of experimental CMS and
to determine the overall loading of organics, the thermo-
gravimetric method was used as described in refs28 .
For all studied samples the mass loss at-3980 K (Figure
1a,b) along with the endothermic effect in the DTA (Figure 1 ) Jpuves
1c) was observed. Commonly, the process of mass loss in ' g o e W
this low-temperature region is attributed to desorption of
physically adsorbed water.

In the higher temperature region (478073 K), unmodi-
fied silica gel loses its mass linearly with a broad endothermic
effect (Figure 1). This mass loss is attributed to the
elimination of water by condensation of surface silartols. i

In contrast to unmodified silica, CMS decompose at473
973 K with stepwise processes of mass loss (Figure 1a,b) . — . .
accompanied by strong exothermic effects in the DTA 300 500 700 900 1100
(Figure 1c). Since the decomposition of the bonded organic Temperature (K)
phase is the reason for those effects, the value of mass loss
at 473-973 K can be used for the calculation of the total €
organic loading. The results of such calculations, presented
in Table 1, show that TGA can be correctly used for
determination ofC_ only for CMS with a monofunctional
immobilized layer: Si@—R—Cl, Si0,—SiMes, and SiQ—
R—NH,. For these CMS the data obtained are in good
agreement with the data of their titration and elemental
analysis.

To follow the desorption of water from bulk silica gel,
ions withm/z 18 (H,O") and 17 (OH) were monitored by
TPD-MS. Figure 2 demonstrates the temperature profile of
water desorption for silica preliminarily dried in vacuum at
ambient temperature to remove physically adsorbed water.
As can be seen from Figure 2, chemically bonded water is
evolved from the silica surface in two steps. The maximum Temperature (K)
of water desorption observed at 500 K is due to the Figu_re 1. Results of the thermogravim(_etry and differential thermal a_nalysis
condensation of vicinal sianol groupsThe higher tem-  Sides of he CUS: (&) ermagimety cunves (16) (5 deruaive
perature maximum at 923 K is a result of condensation of (DTA).
isolated and geminal silanols. The reason for such a big
difference in temperature for silanols dehydroxylation is as H,O desorption profile, such migration occurs at temperatures
follows: the average distance between two isolated silanolshigher than 700 K.

(7 A) is significantly larger than the SIO—Si distance The thermochemical behavior of silanols on a CMS surface
(2 x 1.63 A)?2 Therefore, the condensation of isolated was expected to be similar to that on bulk silica. Indeed, for
silanols is only possible if their migration along the silica all studied CMS, water formation from vicinal silanols was
surface, occurring as consecutive reactions betwee@Hi observed at 500600 K (Figures 3-6). However, the high-
and Si-O—Si groups, takes place. As can be seen from the temperature maximum of water evolution, associated with
dehydroxylation of isolated silanols, is not observed for most
(22) ller, R. K. The chemistry of silicayviley: New York, 1979. of the studied CMS (see Figures 3 and 4, for example). This

on

Mass loss derivative

Tsample - Tref (K)

300 500 700 900 1100
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Figure 2. TPD-MS profiles of SiQ—OH for the ions withm/z 17 (OH")
and 18 (HO").
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Figure 3. TPD-MS profiles of SiQ—CzHsz (2) for the ions withnvz 17
(OH"), 27 (GH3s"), 91 (GH7"), and 132 (GgH12", dimethylstyrene).
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Figure 4. TPD-MS profiles of Sig—R—Cl for the ions withmyz 17 (OH"),
38 (H¥7CI), 41 (GHs), and 91 (GH7Y).
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Signal intensity (a.u.)
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Temperature (K)

Figure 5. TPD-MS profiles of SiQ—SiMe; for the ions withnv/z 15
(CHs™), 18 (HO"), 73 (Si(CH)s*), and 75 (HOSI(CH).*).

Signal intensity (a.u.)

300 500 700 900
Temperature (K)

Figure 6. TPD-MS profiles of SiQ—R—NH, for the ions withm/z 17
(NHz" 4+ OH™), 18 (H,O"), and 41 (GHs") and calculated intensity of the
NHj3 signal.

Scheme 2. Thermal Decomposition of a Vinyl Group on
SiO, Surface

o o

. . — ./O\ .+
csF—siy * G

gained its mass by about 610 K, Figure 2. This effect may
be explained by the addition reaction of oxygen to the double
bonds of the grafted-C,H; groups. A further increase of
temperature (to 713 K) leads to decomposition of the
immobilized organic layer and mass loss. In vacuum;SiO
C.H3 thermodegrades at 66®@00 K, releasing ethylene,
which is observed in the mass spectra as ions with28
(C:Hy), 27 (GH3), and 26 (GH,™) (Figure 3). Ethylene can
form as the result of the reaction between immobilized vinyl
groups and silanols, according to Scheme 2.

The proposed scheme of bonded layer decomposition is

observation is explained by consumption of isolated silanols in good agreement with the wide temperature range of
during the silane immobilization (Scheme 1). Reaction of ethylene evolution observed by TPD-MS. Indeed, the reaction

silanes with isolated silanols is confirmed by FTIR, for

illustrated by Scheme 2 includes intermolecular interaction

examplel! Also, as will be concluded below, the silanols between two neighboring surface groups and so strongly
can be consumed during the decomposition of the CMS depends on the interfacial layer microstructure (distance and

organic layer.

orientation of reacted bonded groups). In addition to ethylene,

The thermal decomposition of the interfacial layer on the formation of aromatic compounds (ions witliz 132

SiO,—C,H3 proceeds differently in air and in vacuum. In
contrast to all other studied CMS, Si©C,H; in air has

(CioH12"), 91 (GH-"), and others) was also detected in the
TPD-MS of SiQ—C,H; (Figure 3).
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Scheme 3. Pathways of Thermal Decomposition of

—-— 27
Cl Chloropropy! Groups | 42
663K, the reaction - —— 64
(I)H ,CH with near Si-OH /o\ CH, < —%—91
-HCI £
c
<
kS
©
773K, the reaction - c
663K \;HCI with far Si-OH %
OH

300 500 700 900

Temperature (K)
The thermal decomposition of Si©R—Cl in air (Figure Figure 7. TPD-MS profiles of SiQ—R—SQ;H (2) for the ions withm/z
1), as well as in vacuum, occurs in two steps (Figure 4). 27 (GHs"), 42 (GHs"), 64 (SQ*), and 91 (GH7*).

i i i 5C |+ 1+
First, HCI (ions withm/z 36 (HE5CI™) and 38 (HCIY)) and Scheme 4. Formation and Thermal Decomposition of

CaHe (ions withm/z 42 (GHg") and 41 (GHs")) simulta- Silica-Bonded Alkylaromatic Groups
neously evolve at 663 K; second, at 773 K additional CH,
evolution of GHe occurs again (Figure 4). ﬁi_\\ + @[ .

It can be assumed that the low-temperature elimination CH,

of CgHe takes place when immobilized organic groups are

CH, CH,

surrounded by silanols. If such a fine structure of the bonded ﬁi 53K, N\
layer is not achieved, then the thermal decomposition of CH, CH
immobilized organics takes place at higher temperature, when
migration of surface silanols becomes possible. Since suchthe DRIFT and MAS NMR spectra of the CMS. In the
migration is initiated at temperatures higher than 700 K (see DRIFT spectra of Si@-C,Hs (2) in addition to bands at
above), the maximum intensity of high-temperaturH€ 3069, 3029, 2992, and 2965 chmttributed to the/(C—H)
desorption is observed at 773 K. Both thermochemical yibrations of the—C,Hs group, bands at 2927, 2890, 2860
pathways of Si@—-R—Cl decomposition can be presented c¢m- assigned to the(C—H) vibrations of alkyl groups were
by Scheme 3. observed. A weak signal at 6.5 ppm in thé MAS NMR

TPD-MS enables us to determine the specific features of spectra of Si@—R—CIl assigned to the protons in an aromatic
Si0,—C;H; and SiQ—R—Cl if they were prepared by SiO ring also proved the side reaction of xylene immobilization.
silanization in anhydrous toluene or xylene (samplegl2 A sample of SiG—C,Hs (1) was synthesized in the presence
Table 1). In the TPD-MS of these silicas, in addition to of water, i.e., in conditions unfavorable for the Friedel-Krafts
common fragments generated by immobilized vinyl and reaction. As was expected, aromatic fragments were observed
chloralkyl groups, other fragments that only can be assignedneither in the TPD-MS nor in the FTIR spectrum of that
to the decomposition of aromatic compounds were found. sample.
These are as follows: dimethylstyrene (ions witfz 132 The DTA data show that S SiMe; is stable to air
(CioH12%), 117, 106, and 91) for SiS-C;Hs (2), (Figure 3); oxidation up to 673 K (Figure 1b). Its stability in vacuum is
methylstyrene (ions withn/z 118 (GH1o"), 117, and 91) for  about the same (Figure 5). From the TPD-MS data it can be
SiO—C5Hs (3); and dimethylpropylenebenzene (ions with concluded that the main fragments of $®iMe; thermall
m/z 146 (GiH14"), 132, 117, 105, and 91) for SiOR—-ClI degradation are as follows: GHions withm/z 16 (CH,"),
(Figure 4). When Si@-C;Hs (2) was used as the starting 15, and 14), HG-Si(CH)s (ions withnvz 90 (HOSIi(CH)s*),
material to prepare Si3-R—SO;H (2), ions with the same 75 (HOSi(CHy),"), and 47), and Si(Ch), (ions withnvz 88
masses were found in the TPD-MS of the last CMS (see (Si(CHs)4"), 73 (Si(CHy)s"), and 45). Two main pathways
Figure 7). The derivatives of toluene and xylene are evolved were observed for Sig-SiMe; thermodecomposition: con-
from CMS at 506-900 K in vacuum, so they cannot be densation of the bonded trimethylsilyl group with a neigh-
assigned to physically adsorbed solvents since the temperboring silanol producing methane or HOSiM&cheme 5.
ature of desorption is too high. Instead, the chemical binding ~ An additional minor pathway gives SiMas a product of
of toluene and xylene to the silica surface should be SiO,—SiMe; thermodecomposition. SiMecan form as a
considered. That binding can take place due to a Friedel-result of condensation between two neighborin@SiMe;
Krafts reaction between toluene (or xylene) and an im- groups (Scheme 5). This minor pathway can be explained
mobilized vinyl (or chloralkyl) group during CMS prepara- by the high loading of trimethylsilyl groups on the Si©
tion or post-treatment, as is shown in Scheme 4. SiMe; surface (see Table 1) and consequently by the low

The chlorosilanes used in excess for the preparation of concentration of water and silanols in this CMS interfacial
Si0,—C,H; and SiQ—R—CI may act as a catalyst for this layer. Since migration of-SiMe; can be expected at higher
reaction. The side reaction of solvent (toluene and xylene) temperatures, thenrOH migration, the evolving of SiMge
immobilization during silica silanization was confirmed by (Scheme 5), should be expected at high temperature. Experi-
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Scheme 5. Thermal Decomposition of Silica-Grafted Trimethylsilyl Groups

CH, ¢Hs CH,8
H,C=g; Si Si
9 ) H OIN
?H o °H9Q CH B _a73-823K ) ? A
| ] | |
673-923 K 473-973 K
H
H,C_.-CH, H,C_.-CH, ? :
H o~ >~ —S—05 o> e
I? | ?I+SiMe4 I? [ ] CI%3|+CH4

Scheme 6. Thermal Decomposition of an Aminopropyl Group
NH>H. .
§ (? _ "o r ITJH silanoles $I0, + NH, + C,H
|
; - max. at 500K . ; 2 processes: 2 36
S5 [ST—57] | ox a1 800 and 920 K

Scheme 7. Thermal Decomposition of an Aminopropyl
Group Nitrate

ment supports this assumption; the maximal intensity of
SiMe, evolving during SiQ—SiMe; thermal decomposition

was observed at 860 K (Figure 5). /\/L
Two thermochemical processes were observed during theHi/\/\NHz * HNO, 00K, Hi O +N,+2H,0
thermal decomposition of S| R—NH, in air. The first one
occurs at 486620 K and the second one at 72873 K
(Figure 1). The thermogravimetry method was used to loss process that is mirrored in its DTG as a sharp peak
calculate the mass loss for those processes. It was found thafFigure 1b) and gives a strong exothermic effect in the DTA
during the lower temperature process 18 g of a volatile (Figure 1c). Due to the oxidative ability of nitrate, the
compound is generated per 1 mol of immobilized amino formation of aldehyde groups is proposed as a main pathway
groups. This mass loss may correspond to the formation of for SiO,—R—NH>-HNO; thermal transformation, Scheme 7.
H>O (18 g/mol) or NH (17 g/mol) molecule. For further The proposed scheme is evidenced by the TG data. It was
investigation of the Sig-R—NH, thermal decomposition  found that at 500 K the mass loss of $S#R—NH,*HNO;
mechanism, a TPD-MS experiment was used (Figure 6). is about 64 g/1 mol of immobilized salt. This correctly
To interpret the TPD-MS data correctly, we considered corresponds to the formation of 2 mol of water and 1 mol
that NH;™ and OH™ ions have the samevz 17 and cannot  of nitrogen as shown in Scheme 7.
be distinguished by low-resolution mass spectrometry. But  Additional evidence for the formation of a silica-bonded
with use of the fact that the intensity of signal from OH  alkylaldehyde (Si@-A) as the result of the SiB-R—
ion in the mass spectrum of water is 5 times lower than the NH,*HNO; thermal transformation was obtained from DRIFT
intensity of HO* ion (m/z 18), the profile of NH desorption spectroscopy of Sig-A. The bands at 1520 and 1535 cin
can be obtained by subtraction of the OH ion signal found in SIiG—R—NH»HNO; and assigned t@&(N—H)
(calculated as 0:Bg) from the signal withm/z 17 (NHs* vibrations were absent in DRIFT spectra of $i@. Instead,
and OH ions). The results of a process, shown in Figure 6, a new band at 1735 crhwas developed. The latter band
demonstrate that under thermal treatment ,SiR—NH; was assigned to &(C=0) vibration in an immobilized
simultaneously releases ammonia angi£ This occurs at  aldehyde. Also, Si@-A reacts with 2,4-dinitrophenyl-
temperatures higher than 700 K. The only volatile product hydrazine (a reagent for functional analysis of aldehydes),
forming at lower temperatures (48620 K) is water. giving a bright orange hydrazone.
Therefore, the process of mass loss in the low-temperature As was mentioned above, CMS obtained by the surface
interval can be presented by the condensation reactionassembling method commonly have a multifunctional nature
between the silanol and amino group, as shown in Schemefor the bonded layett SiO,—R—SO;H is an example of such
6. a CMS. This CMS was obtained from Si©C,Hs; by
The SiQ—R—NH, decomposition at temperatures higher hydrosulfite addition to the carbercarbon double bond. As
than 700 K has two maxima on the temperature scale. Thisa result of this free-radical reaction, an immobilized layer
effect can be explained in the same manner as was done fowith a mixture of different alkylsulfonic acid groups and
SiO,—R—CI: if silanols occur in the vicinity of the bonded  residual vinyl groups is formed on the SOR—SO;H
molecules, the reaction of CMS thermal decomposition, surface, Scheme 8.
leading to the elimination of organics, takes place at lower |n the DRIFT spectrum of Si®-R—SQOsH (1), bands at
temperature; if not, silanol should migrate to initiate the 2934, 2914, and 2858 crhassigned to/(C—H) vibrations
reaction. of CH, fragments in 2-Si-ethanesulfonic aciB 6tructure
The thermal decomposition of SIOR—NH,-HNO; has in Scheme 8) were found. However, no absorption bands
the sharpest profile among any other studied CMS (Figure were observed at 2872 cr in the region of the—CH;
1). At about 500 K, Si@—R—NH,-HNO; has a quick mass  characteristic vibrations. This indicates a low contribution
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Scheme 8. Synthesis of Si-R—SO;H
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Scheme 9. Thermal Decomposition of 2-Si-ethanesulfonic

Acid Groups
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max. at 640K
of 1-Si-ethanesulfonic acid\(structure in Scheme 8) to the
total concentration of bonded groups. In i€ MAS NMR
spectrum of Si—R—SGOsH (1), signals at 129 and 136 ppm

|}i—OH +C,H, + SO,

Chem. Mater., Vol. 18, No. 7, 200887

Scheme 10. Vinyl Groups in the “Polymeric” Grafted Layer
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fragments are fingerprints of 2,4-Si-butanesulfonic acid
(moiety C on Scheme 8) decomposition. Interestingly, for
Si0,—R—SG;H (1) having a “polymeric” structure of the
surface layer (see Table 2), neitheHg nor GHg ions were
detected among the decomposition products. So 2,4-Si-
butanesulfonic acid probably is not formed from SiT,H;

with a “polymeric” structure of the grafted layer. This
difference between “monomeric” and “polymeric” samples
can be explained by the orientation effect. The immobilized

were detected and assigned to the carbon atoms of residuagiroups in “monomeric” interfacial layer had “excited” or

vinyl groups: —CH,=CH—Si and—CH,=CH-Si, respec-

“brushed” structurg® for which free-radical reaction with

tively. Peaks at 7 and 47 ppm were assigned correspondinglyNaHSQ can give specie€. Instead, in the “polymeric”

to the —CH,—Si and —CH,—SO;H fragments of 2-Si-

layer, the vinyl groups are disordered (Scheme 10). The

ethanesulfonic acid. The only weak signal observed at 23 rigidity of the polysiloxane matrix may prevent them from

ppm can be assigned to theCH; group in 1-Si-ethane-
sulfonic acid (but it can also be the-CH,—C fragment in
2,4-Si-butanesulfonic acid(structure in Scheme 8). It was

a challenge to try TPD-MS to characterize such a complex

interface. As can be seen from Figure 7, Si®—SO;H

decomposes upon heating in vacuum at 448 and 653 K,

evolving SQ (m/z 64) and GH, (ions withm/z 28 (GH4"),
27 (GHs™), and 26 (GH.")). A low-temperature feeble

process was assigned to the decomposition of 1-Si-ethane
sulfonic acid A), while the higher temperature process was

assigned to the decomposition of an acid having Ehe

structure (Scheme 8). This assignment is based on the

contribution of A and B isomers to the total loading of
immobilized alkylsulfonic acid (see DRIFT data above). The
thermal decomposition reaction of the $SHR—SO;H
bonded layer can be presented by Scheme 9. In the-SiO
R—SG;H interfacial layer, moietyC should have about the
same thermal stability as moie® (Scheme 8) since the
—SGOsH group is situated in thg-position relative to the Si

interacting with each other for the formation of a moiety
with structureC, Scheme 8.

IV. Conclusions

The thermal transformations of organic groups covalently
grafted on silica surface usually include reactions between
grafted groups and silanols. In this case the decomposition
processes have two steps: (1) at 4000 K immobilized

organic groups react with neighboring silanols; (2) only at
temperatures above 700 K when migration of silanols
becomes possible, the reaction of the grafted layer with
remote silanols is prompted. Thermal methods (TGA, DTA,
and TPD-MS), especially in combination with traditional
spectral methods (IR and MAS NMR), allow the investiga-
tion of the interfacial layer fine structure. Special attention
should be given to TPD-MS characterization of multifunc-
tional CMSs.
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