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A series of mono-functionalized metallo-porphyrin polystyr-

enes have been synthesized using atom transfer radical

polymerization and their self-assembling behavior was studied

by electron microscopy showing that the polystyrene tail-length

influences the aggregate architecture.

The construction of well-defined functional nano-objects is nowa-

days one of the main topics in supramolecular chemistry. The use

of porphyrins as components of the nano-system is of interest since

they may introduce functional properties such as energy transfer

and catalysis. To construct such porphyrin-functionalized nano-

structures we decided to prepare amphiphilic porphyrins, since

these can be expected to self-assemble into a large variety of

structures. Small molecular weight amphiphilic porphyrins have

already been shown to assemble into interesting architectures.1 The

need to increase the stability of the aggregates prompted us to

develop polystyrene-based porphyrin amphiphiles. Polymeric

amphiphiles, for example block copolymers, are known to

assemble into various (kinetically) stable structures.2 Our goal is

to control the aggregate morphology by adjusting the ratio

between the polar and apolar part of the amphiphile and thereby

influence the functionality of the aggregated system. To this end,

we have utilized atom transfer radical polymerization (ATRP) to

construct porphyrin-functionalized polystyrenes. ATRP is a rather

well established polymerization process, allowing good control

over the degree of polymerization and chain length distribution.3,4

Recently, Beil and Zimmerman have used ATRP in combination

with a porphyrin complex to perform polymer imprinting.5

We prepared a series of ATRP initiators, all based on a

mono initiator-functionalized tritolylporphyrin, which differ in

porphyrin inner-core functionalization. Scheme 1 depicts the

synthesis of the free-base porphyrin initiator 2a, the copper

porphyrin initiator 2b, the manganese porphyrin initiator 2c

and the zinc porphyrin initiator 2d. With these initiators we

performed bulk-polymerization reactions of styrene under ATRP

conditions (Scheme 1).{
Polymerization of styrene with free-base initiator 2a did not take

place with one equivalent of copper, due to preferential insertion of

copper(II) into the porphyrin core. UV-vis spectroscopy showed

that this insertion was already complete after the first 15 min of the

reaction.6 As a result, no Cu(II) was left to be converted into Cu(I)

to enter the catalytic cycle. However, both with two and ten

equivalents of copper, polymerization did take place (Fig. 1).

Using 2 equivalents of copper bromide the polymerization

progressed in a controlled fashion resulting in polystyrene-

functionalized Cu(II)–porphyrin with low polydispersity, as was

confirmed by GPC (Table 1 and Fig. 2a) and MALDI-TOF mass

spectrometry. When 10 equivalents of copper bromide were used

GPC showed that the formed polystyrene had a much higher

molecular weight than expected. Also, a low molecular weight

peak was observed, which had a strong absorption at 420 nm

pointing to the presence of a high concentration of free porphyrin.

Probably, the large amount of copper leads to the cleavage of the

ester bond between the porphyrin and the growing polymer chain.

This alters the initiator : monomer ratio in favour of high

molecular weight polymer. Another possible explanation is that
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Scheme 1 Synthesis of porphyrin-functionalized polystyrene.

Fig. 1 First order log plots of the conversion of styrene as a function of

time for the polymerization of styrene with porphyrin initiators 2a–2d.
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the increase in Cu(I) concentration results in an increased number

of radicals at the start of the polymerisation and hence to an

increase in termination reactions. When Cu–porphyrin 2b was

applied as the initiator, 1 equivalent of CuBr proved to be

sufficient to perform a controlled polymerization, as expected.

In order to construct amphiphilic polystyrenes with catalytic

properties polymer 3c was prepared from initiator 2c having a

positively charged manganese headgroup. The Mn(III)–porphyrin–

polystyrene 3c showed a relatively high polydispersity of 1.5.

Only a limited number of metals inside the porphyrin catalyst

can be used, since these metals may interact with the copper

catalyst. The use of free-base initiator followed by insertion of the

metal after polymerization is not an option due to insertion of

copper during the polymerization of styrene. In addition, the

copper is difficult to remove from the porphyrin core and will

result in decomposition of the macromolecule. We decided

therefore to synthesize Zn–porphyrin–polystyrene 3d. Zinc is easily

removed from the porphyrin in this compound under mild acidic

conditions. This will give the possibility to insert any metal after

the polymerization reaction. The polymerization of styrene from

the Zn–porphyrin initiator 2d was performed in a similar

controlled fashion yielding a Zn–porphyrin–polystyrene with low

polydispersity (Table 1).

For the free-base porphyrin initiator with 2 equivalents of CuBr

as well as for all three metallo-porphyrin initiators the conversion

of styrene in time showed first-order kinetics (Fig. 1). The rate

constants varied from 5.1 6 1026 s21 to 8.9 6 1026 s21, depend-

ing on the initiator that was used.

The aggregation behavior of the Cu–porphyrin–polystyrene

prepared with 2 equivalents of CuBr (3a) was studied in water.

When the porphyrin-functionalized polystyrene was injected from

a THF-solution into water while sonicating at 60 uC, highly

monodisperse (DI 5 1.02) micellar structures, 20–35 nm in size,

were formed (Fig. 3a). In subsequent experiments, the aggregation

behavior of the Mn–porphyrin–polystyrene was investigated. 3c

was fractionated in different samples (f1–f5) with Mn’s ranging

from 1495 to 9973 and polydispersities ranging from 1.09 to

1.27 (Fig. 2b). With two of these fractions, f1 (Mn 5 9973,

PDI 5 1.24) and f5 (Mn 5 1495, PDI 5 1.11), aggregation studies

were performed. For the more hydrophilic Mn(III)–porphyrin–

polystyrene, sonication was not required to obtain well defined

architectures. The polymer was dissolved in THF and water was

slowly added until the solution turned cloudy. TEM studies

showed the formation of small spherical micellar aggregates for

f1 (Fig. 3b). The Mn(III)–porphyrin–polystyrene with the shortest

apolar tail (f5), showed the formation of large spherical

architectures 0.5–2 mm in size, which are vesicular-like in nature.

SEM studies showed that these structures are porous, suggesting

they are hollow spheres (Fig. 3c and 3d). In the case of f5 the

average length of the apolar tail is comparable to the diameter of

the porphyrin head (estimated from calculations). However, for f1,

the length of the polystyrene tail is ten times larger. The difference

in the ratio head : tail results in a different aggregation behavior.

The structures proved to be stable over time for at least one

month.

Table 1 Polymerization conditions and characterisation of polystyrene compounds

Initiator Polystyrene product Polymerisation conditions PDIa Mn/kg mol21a Mw/kg mol21a

2a 3a (2 equiv.) 2 equiv. CuBr, 2 equiv. PMDETAb 1.39 5.8 8.0
2a 3a (10 equiv.) 10 equiv. CuBr, 20 equiv. PMDETAb 1.28 16.0 20.0
2b 3b 1 equiv. CuBr, 2 equiv. PMDETAb 1.22 4.2 5.2
2c 3c 1 equiv. CuBr, 2 equiv. PMDETAb 1.57 3.9 6.2
2d 3d 1 equiv. CuBr, 2 equiv. PMDETAb 1.14 3.6 4.2
a Measured by GPC. b Pentamethyl diethylene triamine.

Fig. 2 (A) GPC-traces of Cu–porphyrin polystyrene measured at two

different wavelengths, 254 nm (polystyrene), 420 nm (Cu–porphyrin). (B)

GPC-traces (254 nm) of Mn–porphyrin polystyrene fractions collected

after size exclusion column.

Fig. 3 (A) and (B) Transmission electron micrographs of the aggregation

behaviour of amphiphilic Cu–porphyrin–polystyrene (A) and Mn–

porphyrin–polystyrene Mn 5 9973 (B). (C) and (D) Scanning electron

micrographs of the aggregation behaviour of Mn–porphyrin–polystyrene

with Mn 5 1495.
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In summary, it is shown that the polymerization of styrene

by ATRP using a series of metallo-porphyrin initiators proceeds

in a controlled fashion and yields well-functionalized

metallo-porphyrin polystyrenes with low polydispersities. The

Cu–porphyrin–polystyrene (3a) formed well defined highly mono-

dispersed spheres in water. Aggregation studies of the Mn–

porphyrin–polystyrene (3c) showed that the morphology of the

architectures formed in water was controlled by the polystyrene

tail length. Currently we are investigating the catalytic properties of

the different Mn(III)–porphyrin–polystyrene architectures.
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