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A series of MgO-SiO2 catalysts were prepared by coprecipitation from the mixed solution of magnesium chlo
ride and sodium silicate. Some of the sample were modified with 1 N H2SO4 and used as modified catalysts. 
The addition of MgO to SiO2 caused the increase of acidity and the shift of O-H and Si-0 stretching bands of 
the silanol group to a lower frequency in proportion to the MgO content. The acid structure of MgO-SiO2 agre
ed with that proposed by Tanabe et al.. Catalytic activity for 2-propanol dehydration increased in relation to 
the increase of acidity and band shift to a lower frequency.

Introduction

In many cases, the components are inactive while their 
mixtures have a high catalytic activity. Thus, recently many 
kinds of mixed oxides were reported to show catalytic ac
tivity for particular reactions.1^ TiO2 alone is impractical as 
a catalyst because of its low catalytic activity. However, 
mixed oxide systems combining TiO2 with such oxides as 
V2O5, MoO3, P2O5, SiO2 and ZnO are known to be effective 
for various reactions.7~11 Pure silica gel, which has no ca
talytic activity with respect to dehydration of isopropyl al
cohol, exhibits considerable acidity and catalytic activity on 
addition of o미y 0.1% ZrO2.12 These combinations seem to 
induce an unexpectedly great change in the catalytic beha
vior.

Acid catalyzed reaction is correlated with acid amount 
and acid strength. In cumene dealkylation the more acidic 
the catalysts, the higher catalytic activity they show.1314 On 
the other hand, tert-butanol dehydration takes place on re
latively weaker acid sites, while skeletal isomerization of 
isobutylene requires exceedingly strong acid sites.15 Thus to 
incorporate acidity and stronger acid strength, single or bi
nary oxide catalysts are modified with sulfuric acid in many 
cases.16-22 High cat시ytic activity of catalyst modified with 
sulfuric acid is attributed to the enhanced acidic property by 
the inductive effect of S=O bonds of the complex formed 

by the interaction of oxides with sulfate ion.21,23
Pure silica gel shows no acidic property and is used main

ly as the support of catalysts, while magnesium oxide is typ
ical solid base catalyst. So far, however, only a small 
amount of work was done for the MgO-SiO2 catalyst.24,25 In 
this work, the catalytic activities of MgO-SiO2 series ca
talysts prepared by coprecipitation method and their corre
lations to the acidic properties have been studied. Also the 
catalytic activities of MgO-SiO2 modified with H2SO4 are 
compared with those of unmodified catalysts. For this pur
pose the 2-propanol dehydration was used as test reaction.

Experimental

Catalysts. The coprecipitate of MgO-SiO2 was ob
tained by adding aqueous ammonia slowly into the mixed 
aqueous solution of magnesium chloride and sodium silicate 
solution at 70 °C with stirring until the pH of the mother li
quor reached 8. The ratio of magnesium chloride to sodium 
silicate was varied. The coprecipitate thus obtained was 
washed thoroughly with distilled water until chloride ion 
was not detected and dried at room temperature. The dried 
coprecipitate was again washed with successive portions of 
a 5% ammonium nitrate solution and then with hot distilled 
water to remove sodium ion in the coprecipitate. The dried 
precipitate was powdered below 100 mesh and was used a동 

catalyst after calcination at 400 °C for 1.5 hr. Some samples 
were modified by pouring 30 mL of 1 N H2SO4 into each 2 
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g of the powdered sample on a filter paper and then dried 
in air, followed by calcining at 400 °C for 1.5 hr, much as 
in previous work.20~22 All the catalysts prepared are ta
bulated in Table 1 together with their surface area. The ca
talysts are denoted by following a mole percentage of MgO. 
For example, 10-MgO-SiO2 means the catalysts having 10 
mole% of MgO and 10-MgO-SiO^SO^ means 10-MgO- 
SiO2 catalyst mod迁ied with 1 N H2SO4.

Procedure. 2-Propanol dehydration was carried out at 
180 °C in a pulse micro-reactor connected to a gaschro
matography. Fresh catalyst in the reactor made of 1/4 inch 
stainless ste이 was pretreated at 400 °C for Ihr in the ni
trogen atmosphere. Diethyleneglycol succinate on Simalite 
was used as packing material of gaschromatography and the 
column temperature was 180 °C for analyzing the product. 
Catalytic activity for 2-propanol dehydration was represent
ed as mole of propylene converted from 2-propanol per ca
talyst gram.

The acid strength of catalyst was measured qualitatively 
using a series of the Hammett indicators. The catalyst in a 
glass tube was pretreated at 400 °C for Ihr and filled with 
dry nitrogen. For the determination of acid strength of the 
catalyst the color changes of indicators were observed by 
spot test. Chemisorption of ammonia was employed as a 
measure of acidity of catalysts. The amount of chem
isorption was obtained as the ineversible adsorption of am
monia.23,26

The specific surface area was determined by applying the 
BET method to the adsorption of nitrogen at - 196 °C. IR 
spectra were recorded using a Brucker FTIR spectrometer. 
X-ray diffractogram of catalysts were by Rigaku model 
2125D2 using copper target and nickel filter at 30 kV and 
1000 cps.

Results and Discussion

Infrared spectra of catalysts. During the pre
paration of binary oxide catalysts such as SiO2-NiO and 
SiO2-Al2O3 by the precipitation method, a chemical reaction 
occurs between the two components.27 It is possible to iden
tify the silicate compound formed during the preparation by 
IR spectroscopy.28,29 A series of MgO-SiO2 catalysts cal
cined at 400 °C was examined by IR absorption. The IR 
spectra of the catalysts are given in Figure 1, together with 
those of MgO and SiO2 alone. The bands at 1200, 1103 
and 800 cm-1 are characteristic bands of SiO2 assigned to

Table 1. Specific surface areas of catalysts calcined at 400 °C
八 , Surface area 八 ， Surface ar
CMalyst (卩幅 Catalyst (心)

SiO2 416 MgO 107
5-MgO-SiO2 453 5-MgO-SiO2/SO42 432
10-MgO-SQ 447 lO-MgO-SiOySO/- 418
20-MgO-SiO2 440 20-MgO-SiO2/SO42 410
33-MgO-SiO2 435 33-MgO-SiO2/SO42 402
50-MgO-SiO2 428 SO-MgO-SiO^SO/ 398
60-MgO-SiO2 420 dO-MgO-SiOySO/- 490
75-MgO-SiO2 347 75-MgO-SiO2/SO42 320
90-MgO-SiO2 232 90-MgO-SiO2/SO42 202

Si-0 stretching vibrations, while the band at 470 cm-1 is as
signed to the Si-O bending vibration.30 The band of SiO2 at 
974 cm1 is assigned to the Si-0 stretching vibration of the 
silanol group.31,32 Comparing these IR spectra with those of 
MgO and SiO2, it is clear that there are no new bands due 
to the chemical compound formed between MgO and SiO2, 
indicating no formation of a new phase between them. The 
X-ray diffraction an시ysis of the calcined MgO-SiO2 sample 
showed no detectable reflections of crystalline MgO or mag
nesium silicate phases. The binary oxides consisted mostly 
of amorphous regions. However, the band around 1200-1100 
cm-1 due to the Si-0 skeletal vibrations and the Si-0 
stretching vibration band of the silanol group at 974 cm-1 
were shifted to lower wavenumber with increasing MgO 
content, suggesting the presence of some interaction 
between SiO2 and MgO.33

It is expected that the O-H bond of the silanol group is 
weakened by adding the MgO component to SiO2 and by 
withdrawing electrons in the O-H bond due to the in
teraction between SiO2 and MgO. This is supported by the 
shift of OH stretching band of silanol group in the MgO- 
SiO2 samples. As illustrated in Figure 2, the IR spectra of 
some samples evacuated at 500 °C for 2 hr show some 
bands in the region 3800-3500 cm1 which could be as
signed to O-H stretching vibration of surface hydroxyl 
groups. The spectrum(a) is the usual one for pure silica.34 
The high-frequency band at 3745 cn" had been assigned 
to the v(OH) of free silanol groups, while the lower-fre
quency absorption at 3640 cm1 is due to that of hydrogen- 
bonded hydroxyl groups. The addition of MgO seems not 
only to decrease the intensity of free silanol groups but also
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Figure 1. Infrared spectra of MgO-SiO2 series of catalysts cal
cined at 400 °C; (a) MgO, (b) 75-MgO-SiO2, (c) 60-MgO-SiO2, 
어) 33-MgO-SiO2, (e) 5-MgO-SiO2, (f) SiO2.
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Figure 2. Infrared spectra in the O-H 메etching region of (a) 
SiO2, (b) 5-MgO-SiO2, (c) 10-MgO-SiO2, (d) 33-MgO-SiO2, (e) 
MgO.
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Figure 4. Model structure of MgO-SiO2 pictured according to 
Tanabe's postulates (a) when MgO is major oxide, (b) when SiO2 
is major oxide.

ing high silica content, however, it was difficult to dis
tinguish between the absorption bands of SiO2 and those of 
sulfate ion, due to the IR overlap. The catalysts showed IR 
absorption bands at 1233, 1138, 1033 and 990 cm1 which 
are assigned to the bidentate sulfate ion coordinated to Mg2+
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Figure 3. Infrared spectra of (a) 20-MgO-SiO2 and (b) 20-MgO- 
sioyso/ .

to shift the position of free silanol groups toward a lower 
frequency. As shown in Figure 2, the positions are 3745 cm1 
for pure SiO2, 3743 cm1 for 5-MgO-SiO2, 3740 cm1 for 
10-MgO-SiO2, 3738 cm 1 for 33-MgO-SiO2, and 3730 cm1 
for pure MgO. It is also expected that the weakness of the 
O-H bond does influences both acidity and acid strength, 
and acid catalytic activity of the catalyst as will be des
cribed below.

The IR spectra of 20-MgO-SiO2 modified with 1 N H2SO4 
are given in Figure 3. In the case of SiO2 or c가alysts hav-

M—O 。

M——O O
The 니(SO) spectra from the adsorbed sulfate ion in the 니】 

and v3 frequency region (1400-900 cm1) support a species 
of reduced C2v symmetry, with four bands arising from 니】 

and splitting of the triply degenerate 니3 vibration.36 37
Metal oxide which is inactive or slightly active by itself 

induced a high catalytic activity by the addition of other me
tal oxides in many cases.38,39 A hypothesis regarding the 
acidity generation of binary oxides has been proposed by 
Tanabe et al..40 According to his hypothesis, acid sites are 
generated by an excess negative or positive charge in the 
model structure of binary oxide. The model structure can be 
pictured according to the following two postulates: i) The 
coordination numbers of positive elements in a binary oxide 
system are maintained even when mixed; ii) The coor
dination number of negative element (oxygen) in a major 
component oxide is retained for all the oxygen in a binary 
oxide. Model structures of MgO-SiO2 pictured according to 
Tanabe's hypothesis are illustrated in Figure 4. The coor
dination numbers of the positive elements in these binary 
oxides remain 6 for Mg and 4 for Si when they are mixed. 
As shown in Figure 4, however, the coordination number of 
negative element(oxygen) should be 6 when major com
ponent is MgO and that should be 2 when major com
ponent is SiO2. In the case of Figure 4a, where MgO is the 
major component oxide, the four positive charges of the sil
icon atom are distributed to four bonds, while the two ne-
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Ta미e 2. Acid strength of catalysts

Hammett indicator pKa of 
indicator SiO2 20-MgO-

SiO2
20-MgO-

SiOJSO 广
Dimethylacetone +3.3 + + +
Dicinnamalacetone -3.0 — + +
Benzolacetophenone -5.6 - + +
Antraquinone -8.2 - - +
m-Nitrotoluene -11.99 - - +

gative charges of the oxygen atom are distributed to six 
bonds. The difference in charge for one bond is +4/4-2/6=+ 
2/3, and for all the bonds the valence unit of +2/3 x 4=+8/3 
is excess. In this case, the Lewis acidity is assumed to ap
pear upon the presence of an excess of positive charge. On 
the other hand, when SiO2 is major component as shown in 
Figure 4b, the two positive charges of the magnesium atom 
are distributed to six bonds, while the two negative charges 
of the oxygen atom are distributed to two bonds. The diff
erence in charge for one bond is +2/6-2/2= 一 2/3, and for all 
the bonds the valence unit of -2/3 x 6= — 4 is excess. In this 
case, Bronsted acidity is assumed to appear, because four 
protons are considered to associate with six oxygens to 
keep electric neutrality. In both case, MgO-SiO2 is expected 
to show acidic property because of the excess of a positive 
or negative charge.

Surface properties of catalysts. The surface areas 
of MgO-SiO2 catalysts were checked by the BET method 
using nitrogen at -196 °C. The results are listed in Table 1. 
The surface area increases gradually upon the addition of 
SiO2 to MgO. That is, the more silica content the catalysts 
have, the larger surface area they show. This suggests that 
SiO2 has more effect on the surface area than MgO. How
ever, the surface areas of catalysts modified with H2SO4 
were smaller than those of unmodified catalysts.

Acid strength of the cataly아s was examined by color 
change method using Hammett indicator,41 when a powder 
sample was added to an indicator diss이ved in dried ben
zene. In Table 2, + indicates that the color of base form of 
an indicator was changed to that of the conjugated acid 
form. MgO prepared by calcining magnesium hydroxide at 
400 °C has been known to be a typical basic oxide, while 
SiO2 had very weak acid strength of H()<+3.3.42 However, 
as shown in Table 2, 20-MgO-SiO2 prepared by copre
cipitation was estimated to be Ho< - 5.6, indicating the for
mation of new acid sites stronger than those of single oxide 
components. The other binary oxides with various molar ra
tio of MgO-SiO2 also had the same acid strength of Ho< 
-5.6 as 20-MgO-SiO2. The acid strength of ZO-MgO-SiOJ 
SO42 was estimated to be Ho< -11.99 which corresponds 
to the stronger acid strength than 100% H2SO4. The in
crease of acid strength in the modified catalysts is attributed 
to the double bond nature of S=O which strengthen the acid 
sites by the inductive effect《어赢

Infrared spectroscopic studies of pyridine adsorbed on sol
id surfaces have made it possible to distinguish between Bro 
nsted and Lewis acid sites.40 Figure 5 shows the infrared 
spectra of pyridine adsorbed on 20-MgO-SiO2 and 75-MgO- 
SiO2 evacuated at 400 °C for 1.5 hr. The coordinated py
ridine band at 1445 cm1 and the pyridinium ion band at

1700 1600 1500 1400
cm 러

Figure 5. Infrared spectra of pyridine adsorbed on 20-MgO-SiO2 
and 75-MgO-SiO2. (a) background of 20-MgO-SiO2. (b) pyridine 
adsorbed on 20-MgO-SiO2. (c) background of 75-MgO-SiO2. (d) 
pyridine adsorbed on 75-MgO-SiO2, gas phase was evacuated at 
250 °C for 1 hr after adsorption in (b) and (d).

Figure 6. Acidity of catalysts as a function of MgO content.

1541 cm1 are found with 20-MgO-SiO2, where major com
ponent is SiO2. It is clear that the new Lewis and Bronsted 
acid sites which are not present on single MgO and SiO2 
are formed by mixing MgO with SiO2. However, the coor
dinated pyridine band at 1445 cm1 is found with 75-MgO- 
SiO2, where MgO is major component oxide, indicating the 
presence of only Lewis acid site. These results are in good 
agreement with those of acid model structures (Figure 4) 
suggested by Tanabe et al..

The acidity of catalysts, as determined by the amount of 
NH3 irreversibly adsorbed at 230 °C, is plotted as a function 
of the magnesium oxide content in Figure 6. Although sin
gle component, SiO2 showed little acidity, mixing of the 
two component, MgO and SiO2 resulted in remarkable in
crease in acidity. As shown in Figure 6, the acidity in-
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Figure 7. Variations of catalytic activity for 2-propanol dehy
dration with MgO content: (•) Catalyst modified with H2SO4 
(200 °C); (®) MgO-SiO2 catalyst (200 °C); (O) MgO-SiO2 ca
talyst (180 °C), where figure in parenthesis is reaction tem
perature.

creases gradually upon the addition of MgO to SiO2 reach
ing a maximum at 75-MgO-SiO2. This is not due to the in
crease of specific surface area, because in the view of Table 
2 and Figure 6 there is no correlation between specific sur
face area and acidity. These results are correlated with those 
of IR OH and Si——O band shifts of silanol group to lower 
frequencies upon the addition of MgO to SiO2 described 
above. That is, the more the band shift, the more acidity 
has the catalyst. Many kinds of combinations of two oxides 
were reported to generate acid sites on the surface.40 The 
combination of MgO and SiO2 generated the stronger acid 
sites and the more acidity as compared with the single com
ponents.

Acid catalysis. It is intere아ing to examine how the ca
talytic activity of acid catalyst depends on the acidic pro
perty. The catalytic activities for the 2-propanol dehydration 
are measured and the results are illustrated as a function of 
MgO content in Figure 7. In view of Figure 6 and 7, the 
variations in catalytic activities of MgO-SiO2 catalysts are 
well correlated with the changes of their acidity. In many 
cases good correlations have been found between the total 
amount of acid and the catalytic activities of solid acid ca
talysts. For example the rates of both the catalytic dealky
lation of cumene and the polymerization of propylene over 
SiO2-Al2O3 catalysts were found to increase with increasing 
acid amounts.43,44

As 사lown in Fugure 7, 75-MgO-SiO2 and 90-MgO-SiO2 
having high content of MgO which is known as a typical 
base oxide exhibit higher catalytic activities than those of 
the catalysts having low MgO content. From the above 
results, it is suggested that the catalysts containing high 
MgO content act not only as acid-catalyst but acid-base bi
functional catalyst. It is reported that the dehydration of vari
ous type of alcohols proceeds by a concerted mechanism of 
the acid-base bifunctional catalysis.45,46 However, from the 
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fact that the catalytic activity of 75-MgO-SiO2 showing max
imum acidity is higher than that of 90-MgO-SiO2 having 
high MgO content, it seems likely that acid-catalysis for 2- 
propanol dehydration occurs more predominantly than acid
base bifunctional catalysis.

As shown in Figure 7, the catalysts modified with H2SO4 
exhibit higher catalytic activity than unmodified catalysts. 
The high catalytic activity of modified catalyst seems to be 
due to the enhanced acidic property by the inductive effect 
of S=O bonds of the complex found by the interaction of 
oxides with sulfate ion.21,23

In view of Figure 1, 2 and 6, it is clear that for MgO-SiO2 
catalysts the addition of MgO to SiO2 causes the increase of 
acidity and the shift of O-H stretching and Si-0 stretching 
band of the silanol groups to a lower frequency. Con
sequently, catalytic activities for 2-propanol dehydration in
creased in relation to the increase of acidity and the band 
shift to a lower frequency. It seems likely that the addition 
of MgO to SiO2 produces new acid sites by weakening the 
O-H bond of the silanol group as described in the results of 
IR.
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Theoretical Studies on the Base-Catalyzed Deprotonation 
of Sulfonyl-Activated Carbon Acids
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Theoretical AMI MO studies are reported on the gas-phase deprotonations of N-methyl 4-((Y-phenylsulfonyl) 
pyridinium cations (IV) and N-(Y-benzyl) 4-((phenylsulfonyl)methyl pyridinium cations (V) using NH3 as a 
base. Bronsted a values for deprotonation of IV and V are 0.18 and 0.17, respectively. Bronsted & value of 
0.53 is found for the deprotonation of IV and V by substituted aniline bases. The negative transition state (TS) 
imbalances, I (=a-p)<0, are rationalized by the negative distance factor, /요 (=4广必)<°，where dp and 必 are 
the distance between anionic charge center and substituents in the product and in the TS, respectively. The 
inability of £/-j77r-conjugation in IV, where instead n-G*  type sigma delocalization occurs, causes very little lag 
in the structural reorganization in the TS.

Introduction

Transition state (TS) imbalances are a common 
phenomenon in many chemical reactions including proton 
transfers involving activated carbon acids.1 Such imbalances 
have been formulated as a rule by Bemasconi, called the 
principle of nonperfect synchronization (PNS).2 The PNS as
serts that whenever resonance (and/or solvation) is involved 
as product (or reactant) stabilizing factor in a reaction, this 
factor will develop late (or be lost early) in the transition 
state.2 In the proton transfers the TS imbalance (7) is ex
pressed as Z=occh-Pb, where (Xch is the Bronsted coefficient 
obtained by varying the pKa of the carbon acid and pB is ob
tained by varying the pKa of the base (amine or oxy anion). 

The I value is in most cases positive, but in some cases the 
sign of I becomes negative.le,2

In a previous work,3 we have shown theoretically that the 
negative I values for the base catalyzed deprotonations of 1- 
methyl-4-(Y-phenacyl)pyridinium, I - and R2=
CH3 in Scheme 1), and 1 -benzyl-4-(Y-phenacyl)pyridinium, 
II (R^QHg- and R2=Y-C6H4-CH2- in Scheme 1), cations
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Scheme 1.


