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Catalytic Polymerization of Anthracene in a Recyclable SBA-15
Reactor with High Iron Content by a Friedel-Crafts Alkylation**
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Mesoporous materials that contain metallosilicate frame-
works have been receiving considerable attention in recent
years because of their excellent texture characteristics. These
properties include high specific surface area, large pore
volume, and well-ordered pores that are significantly larger
than in microporous aluminosilicate and aluminophosphate
molecular sieves. Such materials are remarkably active as
catalysts for various acid-catalyzed transformations, such as
Friedel-Crafts acylation, alkylation, cracking, and isomer-
ization.'"”] The well-ordered mesopores and the high surface
area of these materials allow the reactant or adsorbate
molecules to access the active sites without any diffusion
limitation, and can also dictate the efficiency of the catalyst in
organic transformations. Despite these interesting properties,
these materials have not yet been extensively utilized for the
transformation of bulky molecules, which includes polymer-
ization into high molecular weight (M,,) polymers. Lin et al.
reported the synthesis of a conjugated polymer through an
oxidative polymerization of 1,4-diethynylbenzene by using
the Cu-substituted mesoporous silica MCM-41.) Although
the polymeric materials were prepared by using this catalyst,
unfortunately the average molecular weight of the resultant
polymer was small. The mesostructure of the catalyst
completely collapsed after the polymerization process and
the broken silica particles remained as an impurity in the final
product. The smaller pore diameter and the low amount of Cu
in the wall structure of MCM-41 are responsible for its poor
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activity, whereas a thin wall and a weak mechanical stability
caused the collapse of the structure after the polymerization.
In addition, it is extremely difficult to prepare an MCM-41-
type material with a high copper content, an ultralarge pore
diameter, and thick walls without affecting the mesoporous
structure. These drawbacks hinder the efficient use of these
metal-substituted MCM-41 materials for the synthesis of
polymers with high molecular weights.

SBA-15 is a material which has a hexagonally ordered
porous structure and has thicker pore walls, as well as better
mechanical, thermal, and solvent stabilities than MCM-41.['
However, the incorporation of metal species into the silica
framework, which is generally neutral and does not provide
any acidic or redox-active sites, is extremely difficult because
the preparation of such materials requires a highly acidic
medium, in which the solubility of the metal species is very
high. Recently, Vinu et al. reported a novel method for
incorporating metal species in a silica framework by tuning
the water to the hydrochloric acid molar ratio of the synthesis
gel.”?l However, the amount of the metal in the final product
is less than that added in the synthesis gel. Herein, we
demonstrate the preparation of Fe-substituted SBA-15 with
an extremely high Fe content and a large pore diameter. To
produce this material we combine a pH-adjusting method and
a high temperature technique to simultaneously control the
Fe content as well as the pore diameter of the final product.

We have previously reported the polymerization of
anthracene in the presence of chloromethyl methyl ether
(CME) by using FeClj as a catalyst through a simple Friedel-
Crafts reaction."! The resulting poly(methylene anthracene)
(PMAnN) was highly fluorescent and photopatternable, and
can be used for the fabrication of organic displays.'"!?
However, the use of the homogenous catalyst has several
disadvantages, such as toxicity, handling hazards, difficulty in
separating and recovering the catalyst, isolation of the
product, and the formation of a large amount of waste.
These drawbacks limit the commercialization of the process
and push researchers to find an alternative synthesis strategy.
Herein, we also report the catalytic polymerization of
anthracene inside the nanochannels of Fe-substituted SBA-
15 that has a large pore diameter. As the polymerization is
initiated with the help of the Fe centers in the silica walls and
the polymers are formed inside the nanochannels (Figure 1),
we have fabricated SBA-15 with different Fe contents and
pore diameters to control the polymerization process.

FeSBA-15 materials were prepared by mixing Pluro-
nic P123 and tetraethyl orthosilicate in the presence of ferric
nitrate, and subsequent calcination at 540°C as described in
the Supporting Information. The amount of Fe and the pore
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Figure 1. Representation of Fe™® incorporated into mesoporous silica
(FeSBA-15-x-y) catalysts for the catalytic polymerization of anthracene
into the highly fluorescent functional polymer PMAn with a high
molecular weight by a Friedel-Crafts alkylation. CME = chloromethyl
methyl ether.

diameter of the FeSBA-15 materials were varied by adjusting
the synthesis temperature. The catalysts are denoted FeSBA-
15-x-y, where x and y are the synthesis temperature of the
FeSBA-15 and the ng/ng, molar ratio, respectively. Elemental
analysis showed that the amount of Fe in the samples that
were prepared at 130°C and 150°C is much higher than in the
sample that was prepared at 100°C, which revealed that
a high-temperature synthesis favors the incorporation of
more Fe into the silica framework (Table S1 in the Supporting
Information).

The powder XRD patterns of samples of FeSBA-15 with
ng/ng, =2 that were prepared at different temperatures are
shown in Figure 2. The XRD patterns of all of the FeSBA-15
materials have a sharp peak at a lower angle and several well-
resolved, higher order peaks that can be indexed to the (100),
(110), and (200) reflections of the hexagonal space group
P6mm. These well-defined patterns are similar to those of the
highly ordered pure SBA-15 that has a hexagonal porous

Intensity

5

Figure 2. Powder X-ray diffraction patterns of unused FeSBA-15-x-2
prepared at different temperature: a) x=100, b) x=130, c) x=150,
and recovered FeSBA-15-x-2 after polymerizations d) x=100,

e) x=130, f) x=150.
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structure, which was prepared by Zhao et al."" These patterns
confirm the well-ordered nature of the materials. Interest-
ingly, the structures of the FeSBA-15 samples that have
different ng/ng, ratios and were prepared at different temper-
atures are also highly ordered, which was confirmed by the
presence of well-resolved (100), (110) and, (200) reflections at
a lower angle. The presence of incorporated Fe was also
demonstrated (Figures S1-S4 and Table S1 in the Supporting
Information). It should be noted that the unit-cell constant of
the FeSBA-15 samples decreased with an increase in Fe
content in the sample that was prepared at 100°C. On the
other hand, the peaks are shifted towards the lower angle
region with increasing synthesis temperature, which results in
a significant increase in the unit-cell constant of the samples
that were prepared at higher temperature (Table S1 in the
Supporting Information). These results indicate that the
structural properties of the material depend on the Fe content
and the synthesis temperature. The structure and the Fe
content can be easily controlled by adjusting the reaction
temperature.

The texture of the materials was also significantly affected
by the synthesis temperature and the amount of Fe in the
silica framework of SBA-15 (Figure 3, see also Figure S5 in
the Supporting Information). All of the samples have
a type IV adsorption isotherm, which is typical for this type
of mesoporous material. This finding reveals that the
mesoporous structure is retained in all of the samples, even
after the incorporation of huge amount of Fe. Increasing the
synthesis temperature from 100°C to 150°C resulted in the
specific surface area of the samples decreasing from
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Figure 3. N, adsorption/desorption isotherms of FeSBA-15-100-2
(green), FeSBA-15-130-2 (blue), and FeSBA-15-150-2 (red). A) Before
and B) After PMAn polymerization for 60 h. Adsorption: closed sym-
bols; desorption: open symbols.

Angew. Chem. 2012, 124, 29132917



Angewandte

Table 1: Catalysts used and the results of catalytic polymerizations of anthracene.

Entry Catalyst Surface area Pore size Pore volume Catalyst Temperature M, Yield [%] 4
[m?g™] [nm] [em*g™] content [wt %] [°q [gmol™]

R1 FeSBA-15-100-2 710 9.2 0.90 2.5 45 4300 90

R2 FeSBA-15-130-2 485 11.4 1.02 2.5 25 2500 65

R3 FeSBA-15-130-2 485 11.4 1.02 2.5 45 8500 93

R4 FeSBA-15-130-2 485 1.4 1.02 5 45 9700 67

R5 FeSBA-15-130-2 485 11.4 1.02 10 45 A -

R6 FeSBA-15-150-2 514 13.5 1.79 2.5 45 3200 86

[a] Catalyst content: wt % with respect to the monomers. [b] Polymerization temperature. [c] Yield of isolated product. [d] Yield after removal of

insoluble byproducts. [e] Insoluble products.

710 m*g ' to 514 m*g !, whereas the specific pore volume and
the pore diameter increased from 0.90 cm*g~' to 1.79 cm®g ™!
and from 9.2 nm to 13.5 nm, respectively (Table 1). All of the
samples have a narrow pore size distribution, except for the
sample that was prepared at 150°C, which has a broad pore
size distribution (Figure S4 in the Supporting Information).
Therefore, the structural order of FeSBA-15-150-2 was not as
good as that of FeSBA-15-130-2 and FeSBA-15-100-2.

These novel FeSBA-15 materials that have different pore
diameters and Fe contents were used for the catalytic
polymerization of anthracene inside the nanopore
(Figure 1). FeSBA-15 catalysts (2.5-10 wt % with respect to
anthracene) were added to the mixture of CME and
anthracene in a solution of chloroform under N,. The detailed
experimental procedure is given in the experimental section.
In general, the reaction was carried out at 45°C. After the
reaction, the catalyst was removed by filtration and the
polymer product was recrystallized from methanol to give
highly fluorescent and soluble PMAn in a high yield. The
yield of the polymerization was highly sensitive to the Fe
content in the catalyst. The yield was less than 50 % when the
Fe content was low (y =5 or 7). However, the yield increased
to more than 90 % when ng/ng, =2, which indicates that Fe is
the active site for polymerization. Of the catalysts studied,
FeSBA-15-130-2 had the highest activity. The reaction with
FeSBA-15-130-2 afforded the highest yield of PMAn with
a high molecular weight, although FeSBA-15-150-2 has the
largest pore diameter. This could be because of the well-
ordered mesoporous structure together with the large pore
diameter and pore volume of FeSBA-15-130-2 relative to the
broad pore size distribution and the slightly distorted
mesoporous structure caused by the high temperature syn-
thesis of FeSBA-15-150-2.

The reaction temperature and the weight of the catalyst
play a critical role in controlling the yield and the molecular
weight of the product. When the reaction temperature was
25°C, the yield and molecular weight of PMAn were as low as
65 % and 2500, respectively (Table 1, entry R2), but the yield
and molecular weight increased to 93 % and 8500, respec-
tively, when the reaction temperature was 45 °C. On the other
hand, the molecular weight of PM An was higher but the yield
was lower when more than 2.5 wt % of the catalyst was used in
the reaction (Table 1, entry R4). When the amount of catalyst
was increased to approximately 10wt%, the reaction
afforded insoluble dark brown particles (Table 1, entry R5),
possibly because of an oxidative polymerization of anthra-
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cene that results in insoluble polymers with a high molecular
weight. It should also be noted that the PMAn that was
produced in most of the reactions catalyzed by FeSBA-15 was
soluble in many different organic solvents, and that films of
PMAn were also successfully fabricated. The PMAn solutions
as well as the thin films that were prepared from the solution
were highly fluorescent. To our knowledge, the use of
mesoporous materials that were directly synthesized in
a highly acidic medium and have a high metal content as
well as ultra large pores to synthesize functional polymers in
powder and film forms has not been reported.

To check the stability of the catalysts for reuse, the
catalysts that were recovered from the reactions were
collected and characterized by XRD as well as N, adsorption
measurements. These analyses revealed that the structure of
the catalysts was preserved even after the polymerization
process (Figure 2 and Figure 3, see also Figure S5 and
Table S2 in the Supporting Information). As can be seen in
Figure 3 and Figure S5, the amount of N, that was adsorbed
by the recovered catalysts is much lower than that of the
unused catalysts because of residual polymers inside the
nanochannels. These results confirm that the active Fe centers
catalyze the reaction, and that the mesopores help the
formation of polymers with a high molecular weight. Fur-
thermore, the recovered catalyst was washed several times
and heated at high temperature to remove the residual
polymers from the nanochannels. Interestingly, the weight of
the catalyst that was recovered from each of the reactions
after washing and the heat treatment is almost same as that
added to each reaction, which demonstrates that the PMAn
was not contaminated with the FeSBA-15 catalysts, and that
the iron or iron oxide active centers were not leached out
from the FeSBA-15. These results further confirm that the
catalysts are highly stable and can be reused several times
without affecting the structure or the texture of the catalysts.

The optical properties of the PMAns were also inves-
tigated. The absorbance and emission maxima of PMAn were
red-shifted relative to those of pure anthracene (Figure 4),
but were comparable to the PMAn that was synthesized
under homogeneous conditions by using FeCl;, at the same
concentration of anthracene unit.'!! Although only to a small
extent, the absorption and emission maxima were red-shifted
as the molecular weight of PMAn increased (Table S3 in the
Supporting Information). The fluorescence quantum yield
(Pg) of the polymers was between 29-74 %, depending on the
molecular weight of PMAn, as determined by using anthra-
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and the  polymerization
At indeed occurs inside the nano-
—_— Sé channels of the catalyst. Fur-

R3 thermore this result promises
a convenient method for con-
trolling the structure of the
product by tuning the pore
: size and the Fe content of the
S FeSBA-15 catalysts.
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b i In summary, we have dem-
onstrated for that a FeSBA-15
catalyst with a high Fe content
and a large pore diameter can
be employed as a highly active
and reusable catalyst for the
synthesis of highly fluorescent
and soluble PM An with differ-
ent molecular weights. We
also demonstrated that the
yield, molecular weight, struc-
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Figure 4. A) Normalized UV-Vis and B) Fluorescence emission (excited at 370 nm) spectra of anthracene
(Ant) and PMAn from the reactions R1-R6 in Table 1 in chloroform solution (107 m). C) Plot of the
emission intensity ratio at 430 nm and 515 nm against pore size of the nanoreactor Fe(2)SBA-15(y). D) Plot
of the emission intensity ratio at 430 nm and 515 nm against solution concentration (107*~107"m) of

PMAn obtained from reaction R1 in Table 1.

cene (@y=29%) as a reference. The PMAn with a low
molecular weight (M,,=2500) had the highest @ value of
74 % without anthracene excimer emission, possibly because
of a low concentration quenching effect. It is interesting to
note that an intense anthracene excimer emission centered at
515 nm was detected for high molecular weight PMAn."™ As
can be seen in Figure 4C, the pore size of the catalyst
significantly affects the anthracene excimer emission. The
excimer emission may be more favorable if the anthracene
molecules are bound close together, which would enhance
anthracene-anthracene (A-A) interactions.'" If polymeri-
zation takes place in a nanoreactor with smaller pore sizes,
structures with more A-A interactions may be generated as
aresult of the close arrangement of the molecules. In contrast,
if the polymerization takes place in a matrix with large pores,
thermodynamically more stable structures with less A-A
interactions may be generated. The extreme case would be for
the PMAn that is produced under homogeneous reaction
conditions with FeCl;, where there is no nanoreactor and the
molecules are formed in an open planar surface. A highly
intense excimer emission was detected when the concentra-
tion of PMAn was high, which is mainly a result of the
favorable A-A interaction at higher concentrations (Fig-
ure 4D). Further studies on the excited dynamics and the
structure of PMAn are required to clarify this interesting
issue. However, the relationship between the pore size of the
catalyst and the intensity of excimer emission is clear. This
finding further confirms that the FeSBA-15 catalyst as well as
the nanopore reactor promotes the polymerization reaction,
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1e-6 175 14 PMAn can be controlled by
tuning the specific surface
area, pore diameter, pore
volume, and the Fe content
of the catalysts. The pore size
of the catalyst with a high Fe
content was critical to control
the emission properties of the
resultant polymer, and the
polymer that was synthesized by using the catalyst with the
smallest pore diameter gives a strong excimer emission.
Importantly, the catalyst is highly stable and recyclable. We
believe that these highly reactive catalytic systems offer
a platform for the development of a series of functional
polymers that have exciting and tunable optical properties.
Such materials could find applications in various fields, which
include sensing, drug delivery, adsorption, catalysis, and
optoelectronic nanodevices.

Concentration / m

Experimental Section
Preparation of FeSBA-15 catalysts:* FeSBA-15 materials with
various Fe®* content and pore diameters were prepared by using
the procedure given in the Supporting Information. The molar
composition of the gel synthesis mixture was 1:0.143-
0.5:0.016:0.46:127 = TEOS/Fe,05/P123/HCI/H,0.

Synthesis of poly(methylene anthracene) from catalysts: FeSBA-
15 catalysts were used for catalytic polymerization, the details of
which are given in the Supporting Information. The prepared polymer
and the used catalysts were characterized by several techniques, such
as XRD, N, adsorption, and 'H NMR spectroscopy. 'H NMR
(CDCly): 6 =4.22 (s, CH,, between anthracene, 2H), 7.4-8.54 ppm
(m, anthracene, 8 H).["*
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