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Nanocrystalline MgO doped with potassium metal caused the
formation of highly basic sites that are capable of alkene isomeriza-
tion and alkene alkylation, including the conversion of propylene–
ethylene mixtures to pentenes and heptenes.

The total number of basic sites closely correlates with the esti-
mated number of ions that exist on edges/corners on the polyhedral
crystallites. Only a fraction of these sites are basic enough to cause
the alkylation reactions, and these were formed more prevalently
on nanocrystalline MgO as compared with microcrystalline MgO.
The results represent another example of nanocrystalline materials
possessing unique surface chemistry. c© 1999 Academic Press
INTRODUCTION

Solid super bases are created when some metal oxides
are treated with alkali metals; for example, Na–Al2O3 or
K–MgO. These materials are highly active catalysts for iso-
merization of alkenes, even at room temperature (1–3).
Successive treatment of Al2O3 with NaOH and Na metal
allowed Suzukamo to prepare catalysts that were active for
side-chain alkylation of alkylbenzenes as well as for isomer-
ization of alkenes (4, 5).

Generally it is believed that very strong base sites are
created at surface vacancy sites or other defects that trap
excess electron density due to the presence of the alkali
metal dopant (1).

Nanoscale materials have generated a great deal of in-
terest in recent years due to their unusual magnetic, opti-
cal, physical, and surface chemical properties (6–9). Simple
metal oxides such as MgO or CaO possess huge surface ar-
eas in nanocrystalline form as well as unusual morphologies
that allow them to possess high proportions of edge, corner,
and other surface defect sites, which are then intrinsically
more surface chemically active (9). These special properties
enable such materials to be highly effective adsorbents for
acid gases as well as destructive adsorbents for a variety of
unwanted chemicals (9, 12, 13). In addition, promising cata-
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lytic properties have been observed for dehalogenations,
acid gas sequestering, and other reactions (9, 10).

As a typical solid base, MgO has been shown to be active
for butene isomerization at elevated temperatures (11).
The major thrust of the work reported herein was to deter-
mine if superbase catalysts prepared from nanocrystalline
MgO would be superior to those prepared from normal,
fine MgO crystallites.

EXPERIMENTAL METHODS

1. Preparation of MgO Samples: AP-MgO (nanocrystals
prepared by an aerogel procedure) and CP-MgO (fine
crystals prepared by a conventional procedure)

The aerogel procedure to prepare AP-MgO has been
described previously (9, 13), and consists of hydrolysis of
Mg(OCH3)2 in a methanol–toluene mix. The resultant alco-
gel is dried under hypercritical conditions to form Mg(OH)2

aerogel, which is dehydrated under vacuum at 500◦C yield-
ing AP-MgO of 350–500 m2/g and 4.2 nm crystallites. Sur-
face areas were measured by nitrogen gas adsorption (BET
method).

Conventionally prepared (CP-MgO) samples were pre-
pared by boiling commercially available MgO (Aldrich) for
5 h, drying at 120◦C for 5 h, and then dehydration under
vacuum at 500◦C, yielding CP-MgO of 130–200 m2/g with
8.8 nm crystallite size.

2. Preparation of Super Base Catalysts

The apparatus used was an inert atmosphere Schlenk
tube bearing a side tube. The main tube was charged with
1.0 g MgO and the desired amount of freshly cut potassium
was placed in the side tube. The system was evacuated and
the side tube heated to about 300◦C for 30 min. All of the
potassium metal was evaporated and condensed/adsorbed
by the MgO (held near room temperature), while the MgO
was stirred magnetically. The potassium was very strongly
adsorbed as evidenced by no visual changes during use, such
as color change or deposits of potassium on other parts of
the catalytic reactor.
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3. Isomerization of Alkenes

2,3-Dimethyl-1-butene and 1-pentene (Aldrich) were
dried over 4 Å molecular sieves at room temperature. Liq-
uid alkene was injected onto the catalyst in the argon filled
flask. The K/MgO catalyst and alkenes were stirred for
30 min at a desired temperature. Analyses were carried
out on an OV-101 GC column at 120◦C with helium flow of
30 ml/min.

4. Alkylation of Alkenes

A Hastaloy-C 250 ml autoclave was placed in an inert
atmosphere box and loaded with 0.3 g of K/MgO catalyst.
The autoclave was removed from the inert atmosphere box
and evacuated. Propene gas was allowed to expand into the

autoclave at a desired pressure, usually 100 psig. Then the intermediates. For example, Suzukamo and co-workers

propene was condensed by placing the autoclave in a dry-
ice/acetone bath. Then ethylene gas was allowed to expand

(4, 5) found Na/NaOH/Al2O3 to be active for isomerization
of 2,3-dimethyl-1-butene at room temperature. Similarly,
FIG. 1. Effect of K loading on the activity of K/AP-MgO and K/CP-Mg
The % conversion refers to the percentage of starting material that was cons
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into the autoclave to a desired pressure. Moles of alkenes
were calculated by PV relationships. The sealed autoclave
was heated to a desired temperature for a specified time
(usually 2 h) with stirring. After reaction, volatile products
were collected in cold traps (−78◦ and−196◦C) under vac-
uum. The conversion of reactants is defined as the total
mass of products/mass of reactants. Analyses were carried
out on a 30-m Rex-1 capillary column. The temperature was
raised from room temperature up to 230◦C at 10◦C/min.

RESULTS AND DISCUSSION

1. Isomerization of Alkenes

It is well known that strong solid base catalysts can
cause isomerization of alkenes through allylic carbanion
O. 2 ml 2,3-dimethyl-1-butene, 0.1 g K/MgO, room temperature, 30 min.
umed.
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Malinowski and co-workers also reported high activity of
Na/MgO for isomerization (14).

We have been interested in determining if solid bases
in nanocrystalline form behave differently compared
with more conventional crystalline samples (8, 9, 12, 15).
Therefore, we chose to investigate nanocrystalline MgO
(AP-MgO for aerogel prepared), which has been well
characterized in earlier studies (9, 13). This material has a
surface area ranging from 350–500 m2/g and the crystallites
are polyhedral in shape exhibiting many crystal edges and
corners (9).

For comparison, fine crystalline MgO (CP-MgO for con-
ventionally prepared) was also studied, and this material
has a surface area of 130–250 m2/g and exists as hexago-
nal platelets or cubes, thus possessing a much lower ratio
of edge–corner ions/total surface ions (9). Commercially
available MgO (CM-MgO) possesses much lower surface
area, about 30 m2/g, and was found to be quite unreactive
compared with either CP or especially AP samples.

These undoped samples were prepared and heat treated

at 500◦C under vacuum, cooled to room temperature, and loadings were 5% or lower. This is probably due to the

then exposed to various alkenes, and no isomerization ac-
tivity was found. Therefore, even nanocrystalline MgO does

sacrificial reaction of K metal with residual surface -OH
groups (2K+ 2-OH→2-OK+H2). Indeed, it is known that
FIG. 2. Effect of K loading on the activity of 1-pentene isomerization. 3
percentage of starting material consumed, and trans/cis ratio refers to the 2-
ABUNDE

not possess base sites strong enough to catalytically remove
allylic protons from 1-pentene or 2,3-dimethyl-1-butene.
Both AP-MgO and CP-MgO were treated with potassium
vapor, which adsorbed onto the powders. Loadings of K
ranged from 1 to 20% by mass. Each sample (0.1 g) was then
allowed to contact 2 ml of liquid 2,3-dimethyl-1-butene at
room temperature for 30 min. Analysis by GC showed %
conversion of starting material (Fig. 1) and the main prod-
uct to be tetramethylethylene.

The activity of the nanocrystalline sample K/AP-MgO
was much higher than the K/CP-MgO. In fact the differ-
ences are striking, with nearly 100% conversion for 10, 15,
or 20% loadings of potassium for K/AP-MgO, but only
about 10% conversions for similar loadings on K/CP-MgO.
It is clear that surface area differences (128.3 m2/g for K/AP-
MgO and 83.4 m2/g for K/CP-MgO; note that the potassium
treatment lowered surface area from about 400 to 130 m2/g
for AP-MgO and from 150 to 83 m2/g for CP-MgO) cannot
explain such large reactivity differences.

Note that none of the samples were reactive when K
ml 1-pentene, 0.1 g K/MgO, 0◦C, 30 min. The % conversion refers to the
pentene products.
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4–5 -OH groups/nm2 exist on AP-MgO and CP-MgO after
500◦C vacuum treatment (8, 9). This is approximately two
surface -OH groups to one potassium atom, implying that
conversion of about half the -OH group is sufficient for the
onset of the formation of active superbase sites (16).

Similar results were observed for 1-pentene isomeriza-
tion (Fig. 2). With low K loadings, no activity was evident,
while at 10% loading the K/AP-MgO caused 90% conver-
sion even at 0◦C, again showing much higher activity than
corresponding K/CP-MgO samples. On the other hand, se-
lectivities to tran/cis-2-pentene were nearly the same for
AP or CP samples.

2. Alkylation of Toluene and Propylene by Ethylene

At higher reaction temperatures, these catalysts are
capable of alkylation reactions, although only cer-

tain types. Suzukamo and co-workers report that their took place as low as 140◦C, with maximum conversions at

Na/NaOH/Al2O3 was active for ethylene alkylation of
cumene> ethylbenzene> toluene; e.g., C6H5CH(CH3)2+

210◦C for K/AP-MgO, and that activity decreased upon
going to 240◦C (18). There are two interesting points:
FIG. 3. Alkylation of ethylene and propylene. 0.3 g K/MgO, 100 psig e
products/mass of reactants.
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C2H4 → C6H5C(CH3)2(C2H5) (4, 5). Moreover, K/Al2O3

has been found to be active for the cumene–ethylene reac-
tion as well (17).

Interestingly, our catalysts were not active for cumene–
ethylene alkylation, although the K/AP-MgO was active
for toluene- ethylene alkylation and for toluene–propylene

C6H5CH3 +H2C=CH2 → C6H5CH2CH2CH3

C6H5CH3 + CH3CH=CH2 → C6H5CH2−CH(CH3)2

The most striking results were obtained when propylene–
ethylene mixtures were studied. At a molar ratio of 1 : 1
propylene–ethylene alkylation

CH3CH=CH2 +H2C=CH2 → pentenes+ heptenes
thylene, 100 psig propylene. The % conversion refers to the total mass of
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(a) again the AP sample was much more active than the
CP samples, and (b) that above 210◦C the catalytic reaction
is suppressed (see Figs. 3 and 4). We believe this may be due
to loss of potassium dispersion, perhaps by causing loss of
strongly basic sites due to K sintering.

3. Base Site Characterization of Samples

The base strength of a solid can be defined as its proton–
accepting ability and is quantified by the Hammett–Deyrup
H-function (19). It is assumed that if a solid base can change
the color of an indicator, the base strength of the solid is
greater than or at least equal to the pKBH of the indicator.

Several indicators have been used to determine base
strength and base strength distributions, and we have
employed 2,4-dinitroaniline (pKBH= 15), 4-chloro-2-nitro-
aniline (pKBH= 17.2), aniline (pKBH= 27) and toluene
(pKBH= 35) and employed the method of Take and co-

workers (20).

p

higher ratio of edge/corner ions to total surface ions than

In Table 1 the data are collected and show that AP-MgO

ossesses more and stronger basic sites than CP-MgO. Since
CP-MgO (9), these data could be rationalized by the argu-
ment that low coordination O2− ions on edges and corners
FIG. 4. Alkylation of toluene and ethylene. Total conversion refers to th
ABUNDE

TABLE 1

The Basic Strength Distribution of Different Samplesa

pKBH 15 to 17.2 17.2 to 27 27 to 35 >35 Total meq/g

CP-MgO 0 0.35 0 0 0.35
AP-MgO 0.2 0.4 0.2 0 0.8

10% 0 0.9 0.5 0.15 1.55
K/AP-MgO

15% 0 0.95 0.45 0.2 1.6
K/AP-MgO

10% 0.1 0.6 0.1 0 0.8
K/CP-MgO

a The pKBH ranges and the method used are taken from Take and co-
workers (20) and is an indicator–color change procedure done in hexane
solvent.

AP-MgO exists as polyhedral-shaped nanocrystals with a
e weight percentage of liquid products over weight of starting materials.
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FIG. 5. Schematic structure of K/AP-MgO. K+ are located at the
edge/corner and adjacent sites. All particles are drawn to scale.

are less stabilized by adjacent Mg2+ ions (fewer of them)
(1) and so could exhibit higher basicities. Actually, earlier
calculations predict that about 20% of surface ions on AP-
MgO are on corners or edges (9). Since 4-nm crystallites are
approximately 30% surface, then 0.2× 0.3 would suggest
that 6% of all the ions are on edges or corners, and this cor-
responds to 1.5 mmol MgO on edges–corners/g MgO. This
value of 1.5 mmol/g is reasonably close to the 0.8 mmol/g
total base sites observed experimentally (Table 1).

Nevertheless, these base sites are in the range of 15–
35 (not above 35) and are not strong enough to catalyze
alkene isomerization or alkylation reactions, as discussed
previously. Upon potassium doping, surface base site con-
centrations increase and, most importantly, stronger sites
are generated, and these are likely to be the active sites in
the isomerization and alkylation reactions observed, since
AP-MgO and CP-MgO are not active in the absence of
potassium. Also, it should be noted that the surface concen-
tration of strongly basic sites correlates with the observed
catalytic activities; that is, K/AP-MgO>K/CP-MgO.

Comparing the 10 and 15% potassium loadings, there is
only a very slight increase in total base sites generated, and
it is rather startling that the total base sites agree almost
exactly with the calculated edge/corner sites predicted or
1.5 to 1.6 mmol/g of AP-MgO. It would appear that the
structural nature of the active sites clearly has a great deal
to do with low coordination ions (edges/corners) available

on the surface.

Based on a recent ESR study of paramagnetic sites gener-
ated by Na doping of MgO (21), it is apparent that the Na+
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e− pair does not have to be local. In other words, trapped
electrons near edge/corner sites could cause enhancements
in basicity at the edge/corner sites. Perhaps such a model
is the best working hypothesis for the evidence that highly
basic sites are generated by Na or K doping, and the num-
ber of total base sites correlates with the estimated number
of corner/edge sites available. A drawing of such a trans-
formation is shown in Fig. 5 (23).

CONCLUSIONS

Nanocrystalline MgO doped with potassium metal pos-
sesses basic sites capable of alkene isomerization and
dimerization, including propylene–ethylene conversion to
pentenes and hexenes. The activities of the AP samples
exceed those of the CP samples, and greatly exceed those
of CM-MgO. Furthermore, the active sites available cor-
respond closely with the expected surface concentration
of edge/corner sites on a polyhedral nanocrystal of MgO.
Turnover number can be estimated based on the conver-
sion per unit time and the strongly basic sites available. For
example, 0.1 g 10% loaded K/AP-MgO sample possesses
0.015 mmol strongly basic sites (H≥35), and converts 0.016
moles of 2,3-dimethyl-1-butene to tetramethylethylene in
1800 s, yielding a TON of 0.59 s−1 for 10% K/AP-MgO
(22).
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