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Dimerization of a-methylstyrene over Nafion/silica
composite catalysts
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The dimerization of a-methylstyrene (AMS) 1 over highly dispersed strongly acidic ion exchange resins based on Nafion® and
entrapped in a porous silica matrix has been investigated in the continuous liquid phase. Over these new catalysts the dimerization
rate is independent of the choice of solvent, which highlights the increased accessibility of the acid sites. Depending upon the reac-
tion conditions different dimerization products are obtained. Complete conversion is achieved even at very high space velocities.

Keywords: a-methylstyrene, heterogeneous catalysis, Nafion, ion-exchange resin, solid acid, dimerization, continuous liquid

phase, contact time

1. Introduction

The use of the acidic ion exchange resin Nafion® NR
50 in organic synthesis is described in several papers [1—
4]. Due to the extremely low surface area of the polymer
beads the activity of the polymer in some solvents and in
gas phase reactions can be restricted. Reactions carried
out in less polar solvents are less efficient. In polar sol-
vents the polymer swells improving the material effi-
ciently, due to an increase of accessibili% [5]. On the
other hand, entrapping nanosized Nafion™ resin parti-
cles within a porous silica network extends the surface
area by several orders of magnitude [6]. This new mate-
rial shows improved performance in several acid cata-
lyzed reactions, for example the successful isomerization
of 1-butene [7]:

The products in the acid-catalyzed dimerization of
AMS 1 are the unsaturated dimers 4-methyl-2,4-diphe-
nyl-1-pentene 2, 4-methyl-2,4-diphenyl-2-pentene 3 and
the saturated dimer 1,1,3-trimethyl-3-phenylindan 4
according to eq. (1) as well as 4,6-dimethyl-2,4,6-triphe-
nyl-1-heptene etc. as trimers. The unsaturated dimers
are used as molecular weight controlling agents in the
production of copolymers, such as acrylnitrile-buta-
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diene-styrene resins (ABS) or styrene-butadiene rubber
(SBR). The 1-pentene dimer 2 is an alternative substitute
for tetrachloromethane or dodecylmercaptane and the
hydrogenated forms of both isomers are of industrial
value as components in lubrication compositions.

The homogeneous catalyzed dimerization with an
aqueous solution of p-toluenesulfonic acid achieves high
selectivity of about 92% to the desired dimer 2 [8].
However, the disadvantages of homogeneous catalyzed
processes such as catalyst separation and disposal are
well known. Therefore several solid acidic materials
have been tested in this reaction. The use of ion exchange
resin Amberlyst 15 achieves about 92% selectivity to 2 at
85% conversion in a discontinuous reactor [9]. With acid
clay a batch process using carbonic acid ester as a reac-
tion controlling agent gives a selectivity of more than
84% to 2 at conversion of 92.5% [10]. In the presence of
microporous silicon aluminium phosphate a highly
selective process is described carried out in the continu-
ous gas phase [11]. The yield of 2 is about 92-95% at a
low space velocity of about 1.2h~".

In the present study we investigated the formation of
the unsaturated dimers over the new strongly acidic
Nafion® /silica composites in a continuous liquid phase
with high space velocities in order to realize high space
time yields.

2. Experimental

In batch experiments before the catalyst had been
added, AMS and the solvent were preheated in a two-
necked glass flask, equipped with a reflux condenser and
a magnetical stirrer. Continuous experiments have been
carried out in an up-flow stainless tube reactor with an
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internal diameter of 0.6 cm and a length of 12 cm. AMS
was obtained from Fluka and dried over molecular sieve
before use. Since the reaction is very fast and exothermic
toluene was added for dilution and temperature control.
The toluene was freshly destilled, stored under argon
and pumped into the reactor by a metric pump. The com-
posite catalysts have been prepared as described pre-
viously [6]. The Nafion® resin content was varied from
13 to 40 wt% and the catalyst was dried at 140°C for 4 h
under vacuum. The products were identified by GC-MS,
GC-IR and the saturated dimer 4 additionally by 'H-
and 3C-NMR. Products were analyzed by GLC.

3. Results and discussion
3.1. Experimentsin the liquid phase in a batchreactor

Table 1 shows the product distribution over two com-
posite catalysts with different Nafion® contents and
over the pure resin (Nafion® NR 50). Under these condi-
tions all catalysts achieve virtually full conversion of
AMS. Over the pure material the unsaturated dimer 2 is
obtained predominantly whereas over both composite
catalysts due to the higher activity and the consecutive
nature of the reaction the saturated dimer 4 is formed
exclusively.

These materials have already been investigated in a
batch dimerization of AMS in different solvents. We
have shown previously that by controlling the reaction
conditions (shorter time) the main products 2 and 3 can
beisolated in high yield (~ 90%) [12].

3.2. Experiments in the liquid phase in continuous flow
fixedbed

The reaction was studied in a fixed bed reactor vary-
ing the temperature, concentration of the starting mate-
rial in toluene, space velocity and contact time.

3.2.1. Influence of temperature

In diagram 1 the product distribution is depicted for
experiments at different temperatures. Even at 0°C and
a space velocity of 6.8 h~! nearly complete conversion is
achieved. The selectivity to the dimeric products is less
than 70% of which the unsaturated product 2 predomi-

Table 1
Product distribution in the discontinuous liquid phase. Reaction condi-
tions: T = 60°C, ¢t = 6.5 h, catalyst loading 10 wt%, toluene in four-

fold excess
Content of Nafion
in the catalyst (%) 13 40 100
conversion (%) 98 100 97
product 4 4 4/3)2
selectivity (%) 91 99 24/15/47
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Diagram 1. Selectivities at different temperatures (oligomers 5),
TOS =1 h. Reaction conditions: 50 wt% AMS in toluene, 1.5 g cat-
alyst, WHSV = 6.8 h~!. Figures above the columns = %conversion.

nates having 63.4% selectivity. Raising the temperature
always causes complete conversion but at the same time
the selectivity to the unsaturated dimeric products drops
due to the increased reaction rate of 2, 3to 4. At 60°C the
indane derivative 4 is produced almost exclusively with
95% yield. For comparison, an experiment carried out at
20°C using the pure polymer Nafion” NR50 as catalyst
achieves less than 5% conversion after 1 h time on
stream. In addition to the dimeric products the oligo-
mers 5 such as different trimers or tetramers are formed.
Raising the reaction temperature causes two effects:

— The oligomerization equilibrium is shifted to the
side of the shorter compounds; the ceiling temperature
of pure AMSisabout 61°C[13].

— The reaction escapes via intramolecular alkylation
to the very stable indane derivative 4.

3.2.2. Influence of space velocity

In diagram 2 experiments were carried out at different
space velocities in a smaller amount of toluene. Again
two effects are observed:

— The amount of the desired 1-pentene 2 is increased

melactvily %
&

a4 51
WHEY 1]

Diagram 2. Selectivities of the dimerization at different space veloci-
ties. Reaction conditions: TOS = 1 h, 20 wt% AMS in toluene, 1.5 g
catalyst, T = 20°C. Figures above the columns = %conversion.
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at higher space velocity. The conversion begins to
decrease at WHSV = 6.8 h~!.

— On the other hand the amount of oligomers grows
in the same way as the selectivity to 2 increases.

It seems that the substantial source of oligomers is
the amount of the unsaturated dimer 2 which is in equili-
brium with the oligomers as well as the other unsat-
urated dimer 3:

AMS 1 1-pentene 2 2-pentene 3 ——=—  saturated dimer 4

oligomers § oligomers 5

3.2.3. Influence of concentration

The reduction of the amount of oligomers can be
achieved via diluting the reaction solution. In diagram 3
the product distributions of runs carried out at the same
temperature and the same space velocity but at different
concentrations of the starting material in toluene are
shown. At higher concentration of the starting material
in toluene the selectivity to 2 decreases at the same time
the quantity of oligomers is raised. With the subsequent
reduction of the quantity of AMS 1 from 50 to 20% a
constant decrease of the amount of oligomers occurs. In
addition the selectivity to the non-desired products 2 and
3isalso decreased, which is probably due to a better tem-
perature control in the reactor. This seems to be a further
hint that the amount of oligomers is influenced by the
selectivity to 2.

However, increasing the concentration of the starting
material at constant space velocity leads to a longer con-
tact time on the catalyst. This parameter also influences
the product distribution.

3.2.4. Influence of contact time

At higher reaction temperatures the reaction rate of
the consecutive reactions significantly increases.
Therefore, the space velocity has been enhanced signifi-
cantly. Experiments carried out at 40 and 60°C and a
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Diagram 3. Selectivities of the dimerization at different concentrations.
Reaction conditions: TOS =1 h, WHSV = 6.8 h™!, 1.5 g catalyst,
T = 20°C. Figures above the columns = %conversion.
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space velocity of 13.6 h™! are shown in diagram 4. In
order to study the influence of the contact time the cat-
alyst has been mixed with glass beads of similar particle
size before starting the run. In conclusion the mixed cat-
alyst leads to a catalyst fixed bed in the reactor twice as
long as the one without glass beads. The product distri-
bution indicates a considerable influence of the contact
time. At both temperatures the shorter fixed bed causes
smaller conversion and simultaneously higher selectiv-
ity. At 60°C the amount of oligomers is very small
although the selectivity to the dimer 2 is more than
60%.

In experiments carried out at higher temperatures
only the indane derivative 4 is obtained as a single prod-
uct even at very high space velocity. For example, at
100°C and a space velocity of 61.2 h~! the indan deriva-
tive 4 is obtained at about 97%, which is a space time
yield of about 59.4 kg (kgh)~!.

3.2.5. Lifetime of the catalyst

The selectivity to the dimeric products of the reaction
considerably influences lifetime of the catalyst. In parti-
cular the oligomeric compounds distinctly tend to deac-
tivate the catalyst.

Diagram 5 demonstrates the product distribution
over a longer reaction period. The selectivity to all oligo-
meric compounds is in an area of about 10%. As a result,
at constant selectivity to the dimeric products the activ-
ity of the catalyst drops by about 15% at least after 10 h.
Though, in order to improve the lifetime of the catalyst
the selectivity to all dimeric products has to be increased
at least. To achieve a high selectivity at elevated tem-
perature the contact time has to be adjusted very ser-
iously. In addition to that, the selectivity will likely be
raised by further reduction of the concentration of the
starting material in the solvent.

4. Conclusions

Using highly dispersed Nafion” in

silica catalyst

Diagram 4. Selectivities at contact times of 7 = 6.7 and 7 = 13.3 min

(mixed catalyst). TOS =1 h; reaction conditions: 20 wt% AMS in

toluene, 0.75 g catalyst (mixed with 0.75 g glass beads of similar particle
size); WHSV = 13.6h 1. Figures above the columns = %conversion.
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Diagram 5. Dimerization over longer reaction period. Reaction conditions: 20 wt% AMS in toluene. 0.5 g catalyst mixed with 1 g glass beads,
WHSV =20.4h~!, T = 40°C.

shows much higher activity in the dimerization of AMS
than the pure Nafion™ NR50, which is due to the
improved accessibility of the acid sites in this material.
In the continuous liquid phase the industrial favored
dimeric products 2 and 3 can be obtained in a selectivity
of more than 86% at conversion > 95%. In general the
product distribution is mainly influenced by the contact
time and the concentration of the starting material in the
solvent. The amount of oligomeric products likely
causes the decrease of the activity with time on stream.
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