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Abstract

The thermodynamic properties of hydride and phenyl groups on the surface of amorphous silicon dioxide are investigated
in the presented work. The characteristics of the surface silane cert®ksH) are determined from the data obtained by
infrared spectroscopy and caloric measurements. The conversions of hydrogen and benzene with the surface are described b
thermodynamic calculations at reactions take place in the gaseous phase.

To model the reaction between hydrogen and the surface the thermodynamic data for, &H): = 0-4) in the gaseous
phase are used. The surface groups and the model molecules are comparable because the thermodynamic characteristic
depend only from the local environment.

The thermodynamic properties of (O48—CsHs in the gaseous phase are determined to describe the reaction between
benzene and the surface. The predications of these calculations are confirmed by the spectroscopic results. The properties o
the surface phenyl groups6i—GsHs) are concluded from these data.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction The thermodynamic properties of hydride and
phenyl groups on the surface of Aerosil 300 are inves-
The surface modification of amorphous silicon tigated in the presented work. The surface modifica-
dioxide has attained increasing technical importance. tion is modeled with help of calculations at reactions
Complex molecules such as organometallic cata- take place in the gaseous phase. The comparison with
lysts and pharmaceuticals are immobilized on the the vapor phase arises from the low group density on
surface[1,2]. The liquid phase is used with priority the surface. Lateral interactions between the surface
for the reactions. The problems with the infiltration groups are negligiblg3-5]. The siloxan linkages on
are avoidable by application of gaseous precursors. the surface are replaced by hydroxyl groups in the
The surface modification with gaseous molecules is gaseous state. The local environment do not change.
limited to simple structures but the reactions and the Thus the surface centers and the molecules in the

surface groups are thermodynamic describable. gaseous state should be comparable. The predications
of the calculations are reviewed by experimental data
* Corresponding author. Fax:49-371-5311371. from infrared spectroscopy and thermal analysis on
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2. Experimental of band structures and measurements within the range
to 5000 cnt!. The disks with a mass of 10 mg have a
2.1. Information about the adsorbent small thickness. Therefore they are suitable for mea-

surements in the range from 4000 to 400¢m

Aerosil 300 is a hydrophilic silicic acid and is
supplied as a powder by the Degussa AG, Ger- ) )
many. Because of the high specific surface area of 3. Results and discussion
(300 + 30 g1) the amourphous silicon dioxide
is very suitable for analytical measurements. The
powder is not porous but the small particles (8 nm
diameter) are arranged into agglomerates. Aerosil
300 is of high purity (Si@ content> 99.8%) and is
made from SiCJ and H/O2 in a high-temperature
hydrolysis procesf].

3.1. Thermochemistry of hydride groups on the
surface

3.1.1. Reactions in the gaseous phase
The reactions (1)-(4) take place in the gaseous
phase. They are in accordance with the hydrogenation
of different surface silanol groups. The reaction (1) is
a model for the conversion of isolated silanols whereas
2.2. Preparation of the modified samples the reaction (2) takes place on geminal silanol groups.
The reactions (3) and (4) are additional conversions
Before the reaction 10 or 50 mg of the powder is which are helpful for the discussion.
compressed to disks (19 mm diameter) at a pressure

of 10’ Pa. Then the surface modification takes place (OH)4Si+ Hz = (OH)3SIH + H20 @
in a flow reactor. The hydride groups are produced at (OH),Sj+ 2H, = (OH),SiH, + 2H,0 )
different temperatures (1123, 1223 and 1323K) in a
stream of hydrogen. (OH)4Si+ 3H; = (OH)SiH3 + 3H,0 (3)
The phenyl groups are made from the hydrogenated : .
(OH)4Si+ 4Hy = SiH4 + 4H,0 4)

samples at 873 K. The benzene is placed in a vapor-
izer which is temperated at 283K and vaporized by  With Egs. (I)-(lll) the thermodynamic functions
nitrogen. DfH(T), DsS(T) andD;G(T) are calculated from the
The modified disks are suitable for characterization C,(T) data for the molecules (OHl), SiH, (n = 0-4)
by IR spectroscopy and differential thermal analysis. [6,7].
There is no need for further sample preparations. T
DD = Ditt®+ [ Drcanr ()
2.3. Differential thermal analysis 298
. T psC
The differential thermoanalyzer DTA 7 from DyS(D = Dy S + /zgszP(T) dT (n
Perkin-Elmer calibrated in the DSC mode works
with synthetic air (20 mIimint). Thermal data of DiG(T) = D H(T) — TDy S(D) (i

the oxidation are collgcted in the temperature range  The values for the heat capacities and entropies of
of 673-1073K. Heating rates of 10, 7.5, 5 and y, and H,0 at the different temperatures are from the

2.5Kmin~* are used for the measurements. literature[8]. From these data the Gibbs free energy of

_ The sample mass amounts to 15mg and an unmod-yeaction for the conversions (1)—(4) is plottediyy. 1.

ified sample is in the comparison crucible. The thermodynamic equilibrium is on the side of the
educts. This is also confirmed by the values of the

2.4. IR spectroscopy equilibrium constant at the reaction temperatures usu-

ally used in our experiments (Table 1). High temper-
The IR spectroscopic measurements take place inatures and non-equilibrium conditions are necessary
transmission with a FTIR spectrometer IFS 48 from for the formation of Si—H groups. These requirements
Bruker. The resolution of 0.5 cnt is used for studies  are given by our experimental conditions. The species
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Fig. 1. Gibbs free energy of reaction as function of temperature for the reactions (1)—(4).

(OH)3SiH is favored. The content of (ObBiHy is
smaller and the formation of (OH)Sgr SiH; should
be nearly excluded.

3.1.2. IR spectroscopy

An IR spectrum of a hydrogenated sample shows
different absorption bands efSi—H centers (Fig. 2a).
The value of the Si—H stretching vibration is influ-
enced by the number of oxygen bonds (Table 2).
The values from Pacchioni and Vitiello are harmonic
stretching vibrations calculated from ab initio mod-
els [10]. Therefore these values are higher than the
experimental ones. The experimental values given
in Table 2are fromFig. 2a—c. The sample was hy-
drogenated at 1323 K for 5h. On this condition the
species=SiH(OH) is observable. The reasons are
structural changes on the surface of Aerosil which
run simultaneous to the reaction at the silanol groups.

Table 1
Equilibrium constantK for the reactions (1)—(4) at different re-
action temperatures

Reaction T =1123K T =1223K T =1323K

1 7.60x 10°° 1.97 x 104 4.39x 1074
2 3.18 x 10°° 2.13 x 1078 1.06 x 1077
3 5.05x 10713 7.97 x 10712 8.15x 10711
4 1.40 x 10716 3.63x 10715 5.65x 1014

According to reaction (5) strained siloxan linkages
are broken at higher reaction temperatures.

=Si(OH)-O-SE= + Hp — =SiH(OH) + HO-Si=
(%)

It is difficult to detect the surface species at lower re-
action temperatures in spite of the same reaction time.
Although =SiH(OH) groups exist on the surface the
concentration ofSiH, centers is small. They are ver-
itably on samples with bigger thickness. The stepwise
replacement of two Si—O bonds is identical with the
reaction (2) and is not preferred in the light of the ther-
modynamic statements made for the gaseous phase.

Spectroscopic and thermodynamic properties of the
bond between silicon and hydrogen on the surface
are experimentally determined by investigations of the
first overtone. The first overtone of Si—H centers is
covered by combination bands from the silanols. These
bands disappear after reaction with vapour of heavy
water [4]. The two modes ofig. 3 are assigned to
the both most intensive absorption bandsFig. 2a.
The anharmonic oscillator model is used to charac-
terize the bond between silicon and hydrogen on the
surface. With Egs. (IV) and (V) the data dable 3
are calculated.

Vo1 = we — 2wexe (v)
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Fig. 2. (a) IR spectrum in the range of absorption of hydride groups. (b) IR spectrum in the range of absorption of silanol groups. (c)
Deformation vibration of=Si-H groups.
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Table 2
Wave numbers of infrared absorption bands of different hydride species on the surface, comparisons with data from the literature
Species b (cm™1; experimental, this work) Assignment b (cm~1; experimental9]) b (cm~1; ab initio [10])
=Si-H 2291.5
2300.1
2310.6 P(Si-H) 2300 2323
887.9
873.7 8(0-Si—H)
=SiH(OH) 2267/3738.2 D(Si—H)M(SiO-H) 2270/3739.4 2308/
=SiH, 22235 Vs(Si—H)Mag(Si—H) 2225 2269/2286

Vo2 = 2we — Bwexe

V)

wherevg_1 is Si—H stretching vibratiorjg_» the first
overtone of Si—H stretching vibratiome the wave

Table 3

Spectroscopic and thermodynamic characteristics of =H$-H
centers on the surface from the two most intensive infrared bands

Parameter

o1 (cmY) 2291.5 2300.1
o_2 (cm1) 4516 4532
we (cm™1) 2358.5 2368.3
weXe (cm 1) 335 34.1
Eo (kJmol 1) 482 478

number of harmonic Si—H stretching vibratiog,the
anharmonicity constant.

The binding energy between silicon and hydrogen
on the surface is calculated from Eq. (VI).

1 1
Eo = 2hCNAa)e <2xe 1) (VI
The binding energies determined by the Birge—Sponer
extrapolation are often higher than the values con-
cluded from caloric measuremenf$l]. The data
preparation fronj12,13]gives a value of 1.145 for the
quotientEy/D(Si—H). D(Si—H) is the binding energy
determined by caloric measurement. The corrected
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Fig. 3. First overtone of£Si—-H centers.

values are in very good agreement with the results of =Si—H centers=SiH, deformations are not detected
other works (Table 4). (Fig. 2c).

The two most intensive absorption bands are as-
signed to two Si—-H modes because the properties of 3.1.3. Differential thermal analysis
the two modes are nearly equal. In consideration of the  According to reactions (6) and (7) the enthalpy of
theoretical work on silasesquioxanes there are severalcombustion for (OH3Si-H and (OH)SiH; is calcu-
modes which can assigned to Si—H vibrati¢bs]. In lated for the gaseous phase at different temperatures
ordered systems there is almost one mode which is ac-(Fig. 4).
tive in the infrared region. Because of the amorphous , 1 .
structure of Aerosil the other modes are also active (OH)3Si=Hg) + 302 = (OH)4Sig) (©)
and a splitting into separate peaks can be observed.(OH),SiH; ) + O2 — (OH)4Si(g) (7)

This is also valid for the deformation vibration of the
The calculated values depend hardly from the tem-

perature. They differ from the result of our caloric

Table 4 1:
Bond energy (after correction) of the Si—-H bond on the surface, m.easurements' A mean Value'9251. kJmot = is Ob'_
comparisons with data from the literature tained for the enthalpy of combustion of the hydride
Reaction Value Method groups on th_e SL_lrface. This is the result from our ex-
(kJmol1) periments with different surface group concentrations
=Si—H — =Si* + H* 421/417 IR (this work) (Fig. 5) [4,5]. Every point inFig. 5is a mean value
=Si—H — =Si* + H* 418+ 9  Kinetic data (EPR of experiments with different heating rates. The heat-
spectroscopyj14] ing rate has no influence on the combustion enthalpy.
=Si-H - =Si* + H* 440 FromDe, ab initio The experimental value is compared with the calcu-
_ _ (o] lated data in the gaseous phaselle 5). The differ-
(OH)3Si—H — (OH)3Si® + H* 422 Ab initio [6]

ence come from the condensation of the new formed




M. Braun et al./ Thermochimica Acta 405 (2003) 73-84 79

-300
B0l g o o 6 & & & o o o o o o
400 - combustion of (OH);Si-H
< -450 -
g
-500 -
-
X
A
~ -550 -
I
3]
Q 600
-650
combustion of (OH),SiH,
-700 +
E E ®E E E E E E E E E E =
-750 r T T T T T
250 450 650 850 1050 1250 1450 1650

T/K

Fig. 4. Combustion of (OH)SIH and (OH)SiH, in the gaseous state as function of temperature.

silanols on the surface given by reaction (8) which The heat of condensation depends from the distance
is not considered in our calculations for the gaseous of the silanols on the surfagé6]. Thus a part of the

phase. enthalpy of combustion is used. The concentration of
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Fig. 5. Combustion enthalpy of hydride groups as function of the surface concentration (both units are related to 1g Aerosil).
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Table 5 Table 6
Enthalpy of combustion of hydride groups on the surface, com- Enthalpies of combustion for octaphenylcyclotetrasiloxane,
parison with values for the molecules (Q33)—H and (OH)SiH, hexaphenylcyclotrisiloxane and diphenylsilanol at 298K in the
at 298K in the gaseous state gaseous state, enthalpy of combustion per phenyl group
Species DcH (kdmot 1) Molecule D.H? D.H® (per phenyl @
kJ mol?t ro kJ mot?t

=SiH 251[4,5] : ( ) group) ( )
(OH)sSi—H 361 [(CeH5)2SiOls —26461.9 —-3307.7 —3295.7
(OH)2SiH, —719 [(CeH5)2SiOs —19886.7 —3314.5 —3295.7

(CeH5)2Si(OHY, —6529.8 —3264.9 —3295.7

these surface centers has no influence on the experi-

mental data. in Table 6. The enthalpy of combustion per phenyl

group is calculated from these data. With the mean

3.2. Thermochemistry of phenyl groups on the value the enthalpy of formation for (OBi—CsHs in

surface the gaseous phase is determined according to reaction

The thermodynamic information eESi—H groups scheme 2.
are used for a description of the surface modification ; 1

2 2H —1342.3k
with benzene. The conversion ireSi—CsHs species Sl(s_))jLSi(ng;( ) 2 342.3kJ mof
|shlggztrated by reaction (9) takes place in the gaseous 6Cs) + 602 — 6COs(g) _2361.1 kJ motl
phase. ' 2H, + O — 2H,0y, ~571.6kImot™
(OH)3Si-H+ CeHg = (OH)3Si-CGsHs + Hz  (9) (OH)4Si(g) + 6CO (g) +3295.7 kI mot?
The thermodynamic properties of (O39i—CsHs are + 2H20¢) —~
necessary to investigate this reaction. (OH)sSi-GeHs )
+ 15/20%,

3.2.1. Thermochemistry of (O§8i—-GsHs Sis) + 3120, + 4H DfH®

According to reaction scheme 1 the enthalpy of + 6C¢s) — = —979.3kJmot?

combustion at 298K is calculated for octaphenylcy-  (OH)3Si—GsHs (g)
clotetrasiloxan in the gaseous phase. The necessary
data are from the literatur®,8,17]. The combustion

leads to Si(OHj ) because of the formation of new
silanols during the oxidatiof#,5]. A condensation is

not considered.

Reaction Scheme 2.

This agrees with a value calculated from an increment
system (PH® = —947.70 kJ mot! [18]).
The binding energies between silicon and sub-

[(CeHs)2SiOl s) + 600; _ 26989 kJ mot? stituents X for the molecules (OgBi—X are com-
— 4Si0y(s) + 20H0y) pared inTable 7. The enthalpy of formation data
+48CQy(g) necessary for the calculation are from the literature

[(CeHs)2SiOla g) —148kJImot?

— [(CeHs)2Si0ls) L Table 7

4Si0y s) + 8H20¢,) +675.1 kI mof Binding energies for the bond between silicon and substituents X
— 4Si(OH) (g) in the molecules (OHBI—X

[(CiHZ)SZi?IO?‘]S:g) + 600 —26461.9kamolt g oGee D(Si-X) (ki mol-)

() .
(OH)3Si—F 695
+12H0q) +48C0y g (OH)sSi-OH 604
Reaction Scheme 1. (OH)sSi-Cl 495
(OH):Si-Br 429
The enthalpies of combustion for gaseous hexaphe- (OH)sSi-Cl 433

nyltrisiloxan and diphenylsilanol at 298K are given (OH)sSi-CehHs %31
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[6,8,18]. The Si-C bond is stronger than the Si—-H Table 8
bond. The Si—-C bond in phenylsilantriol is not Entropy contributions of Si-OH and SisHs increments from

only a single bond and has parts of a double 298 to 1500K
bond. T (K) P(Si-OH)r D(Si—GsHs) 7

k-1 1lk-1

The entropy for the molecules ,8iYs_, (n = (I mor™” K™ (Jmor“K™7)
0-4) is available by an increment system devel- 298 750 149.2
300 75.2 150.2
oped by van Dalen and van den Bef$9]. The 400 848 1805
molecule is separated in its bonds Si—-X and Si-Y. ggg 92.5 210.9
According to Eqg. (VII) the entropy of the molecule 600 98.9 239.1
is calculated from the contributions of its several 700 104.5 265.3
800 109.4 290.4

bonds.

900 113.8 314.4
. ) 1000 117.9 335.3
S(D) =np(Si— X)r + (4 —n)p(Si—Y)r 1100 121.7 356.3
+ %Rln M—Rlno D) 1200 125.1 375.1
1300 128.4 393.9
. I 1400 131.4 410.7
whered(T) is contribution to the entropiR the molar 1500 1343 427 4

gas constantyl the molecular weighty the symmetry
constant.

The contributions of the increments Si-OH and
Si—GsHs are calculated from the entropy values of ) _ _
(OH),SiHs_, and Si(GHs)a [6,20]. A compila- Gaussmrj .Ieast squares method is used to determine
tion of the data is given irTable 8. The entropy the coefficients (Fig. 6).
for the molecule (OHYSI—CsHs is determined from ds Cp
Eq. (VII). According to the literature a symmetry (—) =— WithCp=a1+axT

p

constant of unity is assumdd9]. Eq. (VIII) is used dr T
to calculate the heat capacity from the entropy. The + a3T? + agT2 + asT* (Vi)
900 400
850
800 + 350
—_
< 750 kY
< S(T) .
— 7004 GCp(T) 1300
<]
| £
E 650 a,=63.7743315 5
~ 600 4 a,=0.52839146 | 250 :
; a5=-0.00035961 o
550 - a,=9.5451E-08 &
500 4 a5=-5.01826-17 |
450 -
400 T T T T T T 150
250 450 650 850 1050 1250 1450 1650

T/K

Fig. 6. Entropy and heat capacity of (O4$)-CsHs as functions of temperature.
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Fig. 9. Gibbs free energy of reaction as function of temperature for reactions (9) and (11).

3.2.2. Comparisons with the experimental data action of benzene to biphenyl becomes significant at
The Gibbs free energy of reaction for the reactions a temperature of 933 K because of kinetical reasons.
(9) and (10) is compared iRig. 7. Above this temperature biphenyl is identified on the
surface by NMR measuremer2?]. The two curves
(OH)3Si-OH+ CgHg in Fig. 9 cross at a temperature of 979 K. Above this
= (OH)3Si~CsH5 + H20 (10) temperature the formation of biphenyl becomes dom-
inant.

The reaction (10) describes the conversion of the

silanol groups with benzene. Only for the reaction of

(OH)3SiH the thermodynamic equilibrium is on the 4. Conclusions

side of the reaction products. A reaction temperature

of at least 843K is necessary for the modification The reactions of hydrogen and benzene with the

because of kinetical reasons. The reaction of ((3)  surface of amorphous silicon dioxide are character-

to phenylsilantriol is excluded. These predictions are jzed with the help of model reactions take place in

confirmed by the experimental results. As can be the gaseous phase. The data obtained by infrared and

seen from the two IR spectra iRig. 8 the silanol  thermal measurements document the predications of

groups are not involved in the surface modification the calculations.

with benzene. Only the hydride group concentration At h|gh temperatures the reaction of hydrogen

gets smaller and phenyl groups arise. with the surface of amorphous silicon dioxide results
Reaction (11) hinders the modification of hydride preferably in Si-H groups. This is in accordance

groups and induces the condensation of benzene towith the thermodynamic statements obtained for the

polyaromatic hydrocarbons. gaseous state and add previous reqdls].

2CsHg = Ci1sH10 + Ho (11) The Si-H bpn_d is investigated by infrared measure-

ments. The binding energy between silicon and hydro-

The Gibbs free energy of reaction for the reactions (9) gen on the surface agrees with the value obtained in

and (11) is compared ifig. 9. The thermodynamic the gaseous phase. This energy is smaller than in other

data of biphenyl are from the literatuj®,21]. The re- molecules of the type (OHPi—X. Thus the hydride
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groups on the surface are a starting point for follow- [7] A.P. Altshuller, J. Chem. Phys. 23 (1955) 761.
ing reactions. This is discussed on the example of [8] D.R. Lide (Ed.), CRC Handbook of Chemistry and Physics,

the reaction with benzene. With the information avail- 73rd ed., CRC Press, Boca Raton, 1992-1993, pp. 5.51-5.74,
able from the literature the thermodynamic properties
of phenylsilanetriol are determined. The predictions

9.142-9.143.
[9] V.A. Radtsig, E.G. Baskir, V.A. Korolev, Kinet. Catal. 36 (1)
(1995) 142.

calculated for the gaseous state are confirmed by the[10] G. Pacchioni, M. Vitiello, Phys. Rev. B 58 (12) (1998) 7745.

spectroscopic results.
There are similarities between the thermodynamic

properties in the gaseous phase and on the surface[lz]

The thermodynamic characteristics depend only from
the local environment.
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