
1. Introduction

Structured materials from nature have been a great
model for functionalized materials in various cases.
Typical examples are the osage orange tree as tem-
plate for barbed wire, the lotus plant as model for
water repellent surfaces and burdock as natural ex-
ample for hook-and-loop fasteners, commonly known
as velcro. The latter is realized on a molecular scale
by nature, too, leading to functionalized materials with
unique adhesive properties in some cases. The most
popular example for a velcro-like connectivity is
probably double stranded deoxyribonucleic acid
(DNA) with a selective non-covalent hydrogen
bonding between both strands. Bacteria use a velcro-
like adhesive interaction to bind their biofilm onto sur-
faces [1]. Some sort of ‘molecular velcro’ has been

described for peptides, which self-assemble on sur-
faces and subsequently bind to the surface by (usu-
ally irreversible) covalent bonds [2]. A true velcro-
like behaviour has been described for polymer
brushes in tendon fibrils [3]. The binding of the cat-
echol moiety of L-3,4-dihydroxyphenylalanine (L-
DOPA) onto surfaces used by marine mussels is prob-
ably the most known example for underwater adhe-
sives [4, 5]. Consequently, copolymers containing
catechol side chains have shown to exhibit strong ad-
hesive interactions [5]. It has to be noted, that in these
cases irreversible binding towards the surface and ir-
reversible curing of the polymer by crosslinking play
an important role beyond a velcro-like interaction.
Some purely synthetic approaches have been per-
formed to mimic velcro-like interactions on a
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molecular scale. One of the first concepts is based on
block-copolymers to improve the attractive interac-
tion at the interface of immiscible polymer blends
[6]. The binding of a crosslinked polymer matrix with
grafted polymer chains via entanglements picks up
the idea of reversibly bound surfaces by interactions
on an molecular level [7]. Based on selective host-
guest interactions, more sophisticated molecular
counterparts of the both components of hook-and-
loop fasteners have been created. Polyacrylamide gels
functionalized with cyclodextrin as host have shown
a strong binding towards polyacrylamide gels func-
tionalized with adamantane and other nonpolar moi-
eties as guest molecule on a macroscopic level [8].
Comparable cyclodextrin-adamantyl complexation,
as well as selective peptide interactions, have been
used for the patterned immobilization of vesicles and
liposomes on surfaces [9]. The host-guest interaction
of cucurbit[7]uril with ferrocene, both immobilized
in a polyethyleneimine matrix grafted onto silicon,
has been used to obtain two functionalized silicon
surfaces which act as reversibly binding velcro on a
molecular scale and provide strong underwater ad-
hesion [10]. The interaction of immobilized fer-
rocene with immobilized cyclodextrin has been used
to synthesize crosslinked polyionic membranes which
show a strong adhesion towards each other [11].
Overall, only very few systems suitable for molecu-
lar velcro are known. As part of our work on molec-
ular polymer structures [12, 13], herein we investi-
gated the synthesis and intermixing of metallopor-
phyrin containing polymers with pyridine containing
polymers based on n-butyl acrylate with regard to an
attractive velcro-like supramolecular interaction
(Figure 1).

Metalloporphyrin containing polymers are well-
known in literature and have been synthesized for
various reasons. Due to their activity as photosensi-
tizer, porphyrins have been immobilized on insolu-
ble and crosslinked polymer resins [14, 15]. Obtaining
non-crosslinked and soluble copolymers with por-
phyrins is more complex. While monomers derived
from tetraphenylporphyrin (TPP) functionalized with
four polymerizable substituents are easy to achieve,
the polymerization can only be carried out at low
amounts of the porphyrin and low conversion to pre-
vent crosslinking by the multifunctional porphyrin
monomer [16]. As a consequence, the copolymers
frequently contain a statistical amount of porphyrin
which is significantly below one porphyrin unit per
polymer chain. A comparable problem arises in the
case of the postfunctionalization of soluble polymer
chains with tetrafunctionalized porphyrins. To prevent
crosslinking during the functionalization step, low
concentrations of the porphyrins have to be applied
[17]. The copolymerization with monofunctionalized
TPP derivatives overcomes these problems. Unfor-
tunately, the first step of the synthesis of these deriv-
atives following the standard TPP synthesis out of
benzaldehyde and pyrrole [18, 19], but with a mix-
ture of benzaldehyde and a second functionalized
benzaldehyde such as p-nitrobenzaldehyde or p-1-
hydroxyethylbenzaldehyde and other combinations,
leads to a mixture of the unsubstituted, mono, cis- and
trans-bis, tris as well as tetrakis functionalized por-
phyrin which needs to be separated. Consequently,
the resulting yields are low and usually in the range
of 2–4% [20–22] although slightly higher yields are
seldomly reported [23, 24]. The careful separation,
potentially by repetitive column chromatography, of
higher functionalized derivatives [22] is a crucial
step, since each of them would act as a crosslinking
reagent.
Fortunately, rather recently elegant synthetic routes
towards selectively substituted porphyrins have been
published [25–27]. Especially the synthetic pathway
developed by Lindsey has proven to be extremely
versatile and applicable for various functional groups
such as ethynyl, pyridyl, halogeno and other func-
tionalities [22, 25, 26, 28, 29].

2. Experimental part

2.1. Equipment and materials

All air-sensitive operations were performed at a high
vacuum line using Schlenk techniques. If not noted
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Figure 1. Sketch of supramolecular network formation by
coordination of copolymers containing pyridine
(light grey circle) to copolymers containing met-
alloporphyrins (dark grey).



differently, chemicals were bought from Sigma-
Aldrich (Sigma-Aldrich Chemie GmbH, Munich,
Germany). 2,2′-Azobis(2-methylpropionitrile) (AIBN)
was recrystallized from dry ethanol and dried in high
vacuo before use. Dichloromethane (DCM) and
toluene were passed through a PS-MD-4 solvent pu-
rification system (Inert Corporation, Amesbury, MA,
United States) for drying (<10 ppm H2O). 4-Vinyl -
pyridine and triethylamine were degassed, dried with
CaH2 over night and distilled before use. n-Butyl
acrylate was washed with NaOH (4 wt%) and water,
dried with CaCl2 and freshly distilled before use.
Pyrrole (abcr GmbH, Karlsruhe, Germany) was fresh-
ly distilled before use. 3-Vinylbenzaldehyde, acetic
acid, chloroform, deuterated chloroform (Deutero
GmbH, Kastellaun, Germany), trifluoroacetic acid,
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
2-(ethoxycarbonyl)-2-propyldithiobenzoate and
Zn(OAc)2 have been used as received. 2,2′-Phenyl-
methylene-bis(5-(hydroxyphenylmethyl)-1H-pyrrole)
(1) [25, 26, 30], tetraphenylporphyrin (TPP) [18] and
the zinc(II) complex thereof (TPP-Zn) [31] have been
synthesized according to literature.
A Heraeus Labofuge 400R (ThermoFisher Scientific
Messtechnik GmbH, Oberhausen, Germany) was
used for centrifugation at 4500 rpm. Elemental analy-
ses were performed with a Vario EL system (Elemen-
tar Analysensysteme GmbH, Langenselbold, Ger-
many). Infrared (IR) spectra were recorded on an
Alpha-T FT-IR spectrometer (Bruker Corporation,
Billerica, MA, United States) equipped with a Plat-
inum diamond-ATR unit. Ultraviolet–visible (UV/Vis)
absorbance spectra were recorded on a V650 (Jasco
Germany GmbH, Gross-Umstadt, Germany) UV-Vis
spectrophotometer. For electron impact (EI) ioniza-
tion mass spectra, a 320 MS TQ (Agilent Technolo-
gies, Inc., Santa Clara, CA, United States) mass spec-
trometer and for electrospray ionization (ESI) mass
spectra a 1100 Series (Hewlett-Packard/Agilent Tech-
nologies, Inc., Santa Clara, CA, United States) LC/MS
mass spectrometer were used. Size exclusion chro-
matography (SEC) measurements were carried out
with a Waters 515 HPLC pump (Waters GmbH, Es-
chborn, Germany) and a Knauer Smartline RI 2300
detector (Knauer Wissenschaftliche Geräte GmbH,
Berlin, Germany). For low molecular weight samples,
1 Ultrastyragel 100 A, 2 Ultrastyragel 200 A from
Waters GmbH and 1 Oligopore column from Polymer
Laboratories (Agilent Technologies, Inc., Santa Clara,
CA, United States) were used. For high molecular

weight samples, 4 mixed-A columns from Polymer
Laboratories were used. Tetrahydrofuran (THF) with
a flow rate of 1 mL·min–1 at 25°C was used as elu-
ent. Molecular weights were obtained relative to
polystyrene calibration. All molecular weights are ref-
erenced relative to poly(n-butyl acrylate) according
to the universal calibration with Mark-Houwink co-
efficients given in literature (KPS = 11.4·10–5 dL·g–1,
αPS = 0.716, KPBA = 12.2·10–5 dL·g–1 and αPBA =
0.765) [32]. Nuclear magnetic resonance (NMR)
spectra have been recorded on a Bruker Avance 400
(400 MHz (1H), 100 MHz (13C)) and Avance III 600
(600 MHz (1H), 150 MHz (13C)) FT-NMR spectrom-
eter (Bruker Corporation, Billerica, MA, United
States). Chemical shifts are given in ppm relative to
the residual solvent signal. Diffusion ordered NMR
spectroscopy (DOSY) data were recorded on the
Bruker Avance III 600 spectrometer equipped with
a broad band observed (BBO) probe with z-Gradient.
The spectrometer was additionally provided with the
NMR thermometer hardware (Bruker Corporation)
that ensured highly stable temperature conditions.
Calibration of the gradient strength G was conducted
by means of a deuterium oxide sample containing
H2O-traces and was found to be 0.548 T·m–1 for the
BBO probe, respectively. The diffusion ordered spec-
tra were performed in 3 mm NMR tubes Wilmad 335
(Wilmad-LabGlass, Vineland, NJ, United States)
under calibrated (methanol thermometer) and care-
fully stabilized temperature conditions, i.e. T =
298±0.1 K. The probe head nitrogen gas flow was
adjusted to 800 L·h–1. Optimized pulse repetition de-
lays (d1 = 10 s) were obtained from inversion-recov-
ery experiments. Sample spinning was used in order
to avoid convection. The applied pulse sequence was
the DOSY Oneshot experiment creating a series of
16 1-D spectra with squared increase of the gradient
field strength from 10 to 80% [33]. The intergradient
delay (diffusion time) ∆ (d20) was set to 0.25 s. The
corresponding length of the gradient pulse (p30; δ/2)
was adjusted to 2.0 ms. Each single spectrum was
processed with a line-broadening factor (LB) of
1.0 Hz. The DOSY data were analyzed with the
DOSY Toolbox in order to calculate diffusion co-
efficients and generate the common DOSY plot [34].
A viscosity of 0.538·10–3 Pa·s (25°C) for CDCl3 has
been used for the calculation of the hydrodynamic
radii [35].
Restricted and unrestricted density-functional theory
(DFT)-calculations were carried out by using the
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Jaguar 9.1.013 software (Schrodinger, Inc., New York,
NY, United States) [36] running on Linux 2.6.18-
238.el5 SMP (x86_64) on five AMD Phenom II X6
1090T processor workstations (Beowulf-cluster)
parallelized with OpenMPI. Molecular Mechanics
(MM2) optimized structures were used as starting
geometries. Complete geometry optimizations were
carried out on the LACVP* (Hay-Wadt effective
core potential (ECP) basis on heavy atoms, N31G6*
for all other atoms) basis set and with the hybrid
PBE0 density functional. All calculated structures
were proven to be true minima by the absence of
imaginary frequencies. Plots were obtained using
Maestro 10.5.013, the graphical interface of Jaguar.

2.2. Synthesis of

3-(bis(1H-pyrrol-2-yl)methyl)styrene (2)

A round-bottom Schlenk flask equipped with a mag-
netic stirring bar was evacuated, heated and back-
filled with nitrogen several times. The flask was
charged with freshly distilled pyrrole (13.09 mL,
12.70 g, 0.19 mol) and 3-vinylbenzaldehyde
(0.96 mL, 1.00 g, 7.57 mmol). The reaction was start-
ed by addition of trifluoroacetic acid (74 µL, 0.11 g,
0.97 mmol). After stirring for 5 min at ambient tem-
perature, the reaction was stopped by addition of 0.1 M
aqueous KOH (10 mL). Ethyl acetate (50 mL) was
added to the black solution, the organic phase was
washed with water (2×50 mL) and dried over Na2SO4.
After removal of the solvents in vacuo, the oily residue
was purified by column chromatography (hexane:
DCM 6:1 v/v, Rf = 0.15). After removal of the sol-
vent, 2 was received as viscous liquid. Yield: 1.01 g
(54%).
1H-NMR (600 MHz, CDCl3): δ = 5.22 (dd, J = 10.7,
0.8 Hz, 1H, H-19a), 5.44 (s, 1H, H-1), 5.70 (dd, J =
17.7, 0.8 Hz, 1H, H-19b), 5.90–5.93 (m, 2H, H-10
+ H-14), 6.15 (dd, J = 5.8, 2.9 Hz, 2H, H-11 + H-15),
6.61–6.71 (m, 2H, H-12 + H-16), 6.66 (dd, J = 17.7,
10.7 Hz, 1H, H-18), 7.06–7.11 (m, 1H, H-9), 7.21–
7.34 (m, 3H, H-5 + H-8 + H-7), 7.88 (br. s, 2H, H-13
+ H-17) ppm; 13C-NMR (150 MHz, CDCl3): δ =
44.0 (1C, C-1), 107.3 (2C, C-10 + C-14), 108.5 (2C,
C-11 + C-15), 114.2 (1C, C-19), 117.3 (2C, C-12 +
C-16), 124.8 (1C, C-7), 126.5 (1C, C-5), 127.9 (1C,
C-9), 128.9 (1C, C-8), 132.4 (2C, C-2 + C-3), 136.7
(1C, C-18), 138.0 (1C, C-6), 142.4 (1C, C-4) ppm;
IR (ATR): 3485–3218, 3086, 3007, 2979, 2858,
1627, 1598, 1578, 1557, 1480, 1464, 1418, 1400,
1373, 1292, 1254, 1112, 1087, 1026, 990, 970, 908,

883, 811, 767, 755, 711, 664, 647, 611, 607, 556,
546, 541 cm–1; ESI-MS: m/z [%] = 247 (100)
[M–2H+H]+, 182 (46) [M–pyrrole]+. HRMS: MH+,
found: 249.1390. C17H17N2 requires 249.1392.

2.3. Synthesis of 5,10,15-triphenyl-20-

(3-vinylphenyl)porphyrin (3)

A round-bottom Schlenk flask equipped with a mag-
netic stirring bar was evacuated, heated and back-
filled with nitrogen several times. The flask was
charged with 2,2′-phenylmethylene-bis(5-(hydrox-
yphenylmethyl)-1H-pyrrole) (1) (1.00 g, 2.30 mmol),
m-(bis(1H-pyrrol-2-yl)methyl)styrene (2) (0.57 g,
2.30 mmol) and dry DCM (900 mL) as solvent. The
reaction was started by addition of trifluoroacetic
acid (2.09 mL, 3.10 g, 27.19 mmol). After stirring for
1 h, triethylamine (4.82 mL, 3.50 g, 34.59 mmol) and
subsequently DDQ (1.57 g, 6.92 mmol) were added
to the dark red solution. After stirring for 1 h, the sol-
vent was removed in vacuo and the black residue was
purified by column chromatography (hexane:DCM
6:1 v/v, Rf = 0.40). After removal of the solvent, 3
was received as violet crystals. Yield: 0.53 g (36%).
1H-NMR (600 MHz, CDCl3): δ = –2.76 (s, 2H, H-9
+ H-21), 5.38 (d, J = 11.0 Hz, 1H, H-50a), 5.95 (d,
J = 17.8 Hz, 1H, H-50b), 6.97 (dd, J = 17.8, 11.0 Hz,
1H, H-49), 7.69 (dd, J = 8.5, 7.5 Hz, 1H, H-35),
7.71–7.78 (m, 9H, H-30 + H-31 + H-32 + H-40+
H-41 + H-42 + H-45 + H-46 + H-47), 7.82 (d, J =
8.5 Hz, 1H, H-36), 8.10 (d, J = 7.5 Hz, 1H, H-34),
8.19–8.23 (m, 6H, H-29 + H-33 + H-39 + H-43+ H-
44 + H-48), 8.26 (s, 1H, H-38), 8.81–8.89 (m, 8H,
H-2 + H-3 + H-6 + H-7+ H-12 + H-13 + H-18 + H-
19) ppm; 13C-NMR (150 MHz, CDCl3): δ = 114.85
(1C, C-50), 119.86 (1C, C-24) , 120.22 (2C, C-17 +
C-28), 120.24 (1C, C-11), 125.58 (1C, C-36), 126.72
(6C, C-30 + C-32 + C-40 + C-42 + C-45 + C-47),
126.89 (1C, C-35), 127.76 (3C, C-31 + C-41 + C-46),
131.12 (br., 8C, C-2 + C-3 + C-6 + C-7 + C-12 + C-13
+ C-18 + C-19), 132.51 (1C, C-38), 134.10 (1C,
C-34), 134.60 (6C, C-29 + C-33 + C-39 + C-43 +
C-44 + C-48), 135.95 (1C, C-37), 136.87 (1C, C-49),
142.21 (2C, C-23 + C-26), 142.23 (1C, C-27), 142.49
(1C, C-25) ppm; C-1, C-4, C-8, C-10, C-14, C-16,
C-20, C-22 are broad and not detectable; IR (ATR):
3314, 3052, 2954, 2918, 2849, 1809, 1799, 1594,
1574, 1557, 1538, 1471, 1441, 1400, 1394, 1361,
1348, 1311, 1260, 1221, 1191, 1177, 1152, 1092,
1078, 1071, 1056, 1032, 1001, 979, 969, 905, 898,
875, 843, 815, 796, 784, 756, 746, 725, 706, 699, 655,
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638, 620, 558 cm–1; EI-MS (0 eV): m/z [%] = 641
(100) [M+H]+, 564 (15) [M–Ph+H]+. HRMS: MH+,
found: 641.2706. C46H33N4 requires 641.2705.

2.4. Free radical polymerization (P1, P2, P3)

A glass tube was charged with dry toluene (5.0 mL),
n-butyl acrylate (1.10 mL, 1.00 g, 7.80 mmol), AIBN
(11 mg, 0.07 mmol) and, if appropriate, 1 mol% of
TPP (48 mg, 0.08 mmol) or 3 (50 mg, 0.08 mmol), re-
spectively. The sealed tube was shaken for 4 h at 80°C
and subsequently the polymerization was stopped by
cooling down to room temperature. The polymer so-
lution was poured into cold water (50 mL) and after
phase separation the polymer phase was dissolved
in THF (20 mL) and precipitated in cold water again.
The isolated polymer phase was dried in high vacuo.
In case of the polymerization in presence of TPP, P2

was dissolved in warm 2-propanol and passed two
times through a strongly acidic ion exchange column
with Amberlyst 15 (Sigma-Aldrich Chemie GmbH)
for the removal of TPP.
In case of the copolymerization with 3, P3 was dis-
solved in warm 2-propanol and free 3 was removed
by twofold centrifugation through a Vivaspin 6 (Sar-
torius AG, Göttingen, Germany) polyethersulfone
microcentrifuge filter membrane (MWCO 30 kDa).

2.5. Controlled radical copolymerization (P4)

A glass tube was charged with dry toluene (5.0 mL),
n-butyl acrylate (1.10 mL, 1.00 g, 7.80 mmol),
8 mol% 4-vinylpyridine (68 µL, 66 mg, 0.63 mmol),
AIBN (11 mg, 0.07 mmol), and the reversible addi-
tion-fragmentation chain transfer (RAFT) reagent 2-
(ethoxycarbonyl)-2-propyldithiobenzoate (16 µL,
18 mg, 0.07 mmol). The tube was shaken for 4 h at
80 °C and subsequently the polymerization was
stopped by cooling down to room temperature. The
polymer solution was poured into cold water (50 mL)
and after phase separation the polymer phase was

dissolved in THF (20 mL) and precipitated in cold
water again. The isolated polymer phase was dried in
high vacuo.

2.6. Synthesis of P3-Zn

A round-bottom flask equipped with a magnetic stir-
ring bar was charged with P3 (0.10 g, 0.009 mmeq.
porphyrin), Zn(OAc)2 (50 mg, 0.27 mmol), chloro-
form (10 mL) and acetic acid (40 mL). After stirring
for 4 h at 65°C, the solvents were removed in vacuo.
The residue was dissolved in DCM (50 mL) and
washed with water (5×10 mL) to remove excess
Zn(OAc)2. Subsequently, the organic phase was dried
over Na2SO4 and the solvent removed in vacuo to
yield P3-Zn as violet polymer. Yield: 0.10 g (quan-
titative).

3. Results and discussion

3.1. Monomer synthesis

Herein, we applied the general synthetic route given
by Lindsey and coworkers for the straightforward syn-
thesis of a mono-vinyl substituted derivative of TPP.
According to the general concept, the dipyrromethane-
dicarbinol 1 has been synthesized following literature
procedures  [25, 26, 30, 37] in a three step synthesis
starting from pyrrole and benzaldehyde, subsequent
diacylation of the dipyrromethane with benzoyl chlo-
ride and reduction of the diacyl dipyrromethane by
NaBH4. Independently, the m-vinyl functionalized
dipyrromethane 2 has been synthesized from com-
mercial 3-vinylbenzaldehyde and pyrrole following
general procedures for the synthesis of dipyrro -
methanes [25, 30, 38]. Finally, 1 and 2 have been con-
densed under acidic conditions given in literature and
oxidized with DDQ towards 5,10,15-triphenyl-20-
(3-vinylphenyl)porphyrin (3) (Figure 2). Due to the
rational concept of the synthesis, any contamination
with potentially crosslinking multi-functionalized
porphyrins is absent. With the help of 2D-NMR
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Figure 2. Synthesis of 5,10,15-triphenyl-20-(3-vinylphenyl)porphyrin (3) from 3-(bis(1H-pyrrol-2-yl)methyl)styrene (2) and
the dipyrromethane-dicarbinol 1.



techniques, the structure of 3 was confirmed unam-
biguously. The polar N–H protons are found at –
2.76 ppm in the 1H-NMR spectra in CDCl3, which
is consistent with the 1H-NMR spectra of TPP.

3.2. Polymer syntheses

Due to the limited solubility of porphyrins and their
high molecular weight in contrast to typical mono -
mers, the copolymerization of monofunctional por-
phyrins is not trivial. Copolymers of monoacrylami-
dophenyl functionalized TPP with styrene [20, 39],
lauryl methacrylate and vinylimidazole [20] as well
as triphenylvinylphenylporphyrin with styrene sul-
fonate and vinylpyridine [21] have been mentioned.
The copolymerization of vinylphenylporphyrins with
styrene and methyl methacrylate has been investi-
gated in more detail [40, 41]. An additional hinder-
ance of the copolymerization by the stabilization of
the radical at the terminal porphyrin unit by conjuga-
tion of the radical with the macrocycle [41] has been
revealed. The copolymerization is affected even
stronger by the metalloporphyrins [41]. Consequent-
ly, here we applied the non-metallized porphyrin as
comonomer. Additionally, since the addition of por-
phyrins limits the polymerization rate, we applied free
radical polymerization conditions to achieve a max-
imal molecular weight and a maximum number of
incorporated porphyrins per polymer chain. n-Butyl
acrylate bearing an unpolar side chain was chosen
as comonomer. The polymers achieved are summa-
rized in Table 1.
P1 was prepared by free radical polymerization of
n-butyl acrylate with AIBN as initiator for compari-
son in the absence of any porphyrin. To identify the
influence of porphyrins on the polymerization, iden-
tical conditions have been applied for the synthesis
of P2 in the presence of 1 mol% of TPP, which is not
in possession of polymerizable functionalities. The
molecular weight is lowered in the presence of TPP,
but still above 50 000 g/mol. The isolated polymer
P2 revealed an intense violet colour after workup,

which indicates significant amounts of TPP to be still
present in the polymer. For subsequent investiga-
tions of interactions with immobilized porphyrins,
obviously all free porphyrins need to be removed.
Even after several reprecipitation steps, it was not pos-
sible to remove residual TPP from P2. Still, in the
case of P2, removal was rather straightforward by
passing the diluted polymer solution in 2-propanol
through a strongly acidic ion exchange column. The
heterocyclic nitrogen atoms in porphyrins act as weak
bases and may be protonated by strong acids [42]
and consequently the free TPP is held back in the ion
exchange resin after protonation. The purified poly-
mer still exhibits a slight colouring, which indicates
an irreversible binding of few TPP units towards the
polymer via radical mechanism. The elemental analy-
sis (nitrogen content ~0.01 wt%) proved the absence
of any significant amounts of free or incorporated
TPP. Repeating the polymerization in presence of
1 mol% of 3 led to a comparable molecular weight
(P3) which again exhibited an intense colour. For
obvious reasons, purification could not be performed
via an ion exchange column in this case, as the func-
tionalized polymer would be retained, too. Since re-
precipitation was not sufficient to purify P3, the poly-
mer solution in 2-propanol was purified two times by
filtration with a microcentrifuge filter membrane with
a molecular cutoff weight around 30000 g/mol, which
holds back solely the high molecular weight polymer
P3. The intense colour as well as the elemental analy-
sis proof the incorporation of 3 into P3. Referred to
Mn, an average number of porphyrin ligands per poly-
mer chain can be calculated from the nitrogen content
of the elemental analysis to N ≈ 4, which obviously
increases slightly for the higher molecular weight
fraction (Mw = 75 800 g/mol). This functionality must
be accepted to be rather low. In agreement with liter-
ature results concerning the copolymerization of
styrene with vinylporphyrins [41], the fraction of in-
corporated porphyrin is in the range of 1–2 mol%.
The limited solubility prohibits a polymerization in
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Table 1. Characterization of the polymers used in this work.

aFrom SEC, rel. to poly(n-butyl acrylate). bPolymer composition calcd. from elemental analysis. cControlled radical polymerization.

Polymer
Mn

a

[g/mol]
Mw/Mn Comonomer

X (Comonomer)b

[mol%]
N Comonomer/chain

P1 70400 1.83 – – –

P2 55340 1.58 ‘TPP’ – –

P3 48900 1.55 3 1.2 4

P4c 4800 1.26 4-VP 15.3 6



presence of higher amounts of 3 in the monomer feed
and P3 represents the achievable upper limit. In con-
trast to the results reported for the copolymerization
of vinylporphyrins with styrene [41], the formation
of insoluble polymers during the polymerization in
presence of the porphyrin monomer was not ob-
served.
To finalize the first macromolecular binding partner,
metal ions need to be inserted into the immobilized
porphyrin. Metalloporphyrins with paramagnetic
metal ions are known to be rather reactive and al-
though their catalytic activity is of interest in several
cases, catalytic oxidation and other catalytic activities
are undesired here. Consequently, we decided to
choose diamagnetic metal salts for complex forma-
tion. The Sn(II) (d10s2) metalloporphyrin is known to
be unstable and readily decomposes towards the
Sn(IV) species [43], which is in possession of two ad-
ditional monoanionic axial ligands and consequently
inadequate for subsequent axial coordination of pyri-
dine. The Mg(II) complex (s2p6) is rather reactive and
light sensitive [31], too, and consequently Zn(II) (d10)
was chosen as central metal. Following a general pro-
cedure for the synthesis of metalloporphyrins [31], P3

was treated with a thirty-fold excess of Zn(OAc)2 in
HOAc/CHCl3 and the reaction was monitored by
UV/Vis spectroscopy (Figure 3). For comparison, the
same reaction was performed with free TPP.
The insertion of Zn(II) in TPP leads to a significant
bathochromic shift of the intense porphyrin Soret (B)
band (S0-S2) from 418 to 422 nm (Figure 3a) which
is consistent with literature results in comparable sol-
vents [44]. The reaction of P3 with Zn(OAc)2 leads to
a significant bathochromic shift by 9 nm of the Soret
band, too (P3: λB = 420 nm, P3-Zn λB = 429 nm).

The UV/Vis spectra reveal a complete shift of the
Soret band proving the complete conversion of the
immobilized porphyrin to the Zn(II) complex (Fig-
ure 3b).
As molecular counterpart to P3-Zn, a copolymer of
4-vinylpyridine (4-VP) with n-butyl acrylate was syn-
thesized. To easily identify both polymers in a poly-
mer mixture, the molecular weight of the second
polymer was limited via controlled radical polymer-
ization conditions. The copolymerization of 4-VP
with n-butyl acrylate is generally well investigated
[45] and according to the copolymerization parame-
ters, preferred incorporation of 4-VP is expected. 2-
(Ethoxycarbonyl)-2-propyldithiobenzoate (ECPDB)
was chosen as chain transfer agent (CTA) for the rad-
ical copolymerization controlled by reversible addi-
tion-fragmentation chain transfer (RAFT). ECPDB
is known as CTA for acrylates, and dithiobenzoates
have successfully been applied for the controlled
radical homopolymerization of 4-VP [46]. After a
rather short polymerization time of 4 h, P4 with a
molecular mass of Mn = 4800 g/mol (see Table 1)
was isolated. The preferred copolymerization of 4-VP
leads to a fraction of 15 mol% of 4-VP in P4. Con-
sequently, the number of binding sites per polymer
chain is calculated to N ≈ 6. Overall, the polymer P3-

Zn and its counterpart P4 differ in molecular weight
by a factor of 10, but provide roughly the same num-
ber of binding sites per polymer chain.

3.3. Interaction

The axial binding of pyridine towards metallopor-
phyrins is generally well known [47, 48] and has been
used for the synthesis of supramolecular crystal struc-
tures [49]. The binding of one pyridine ligand to
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Figure 3. UV/Vis spectra of (a) TPP (grey) and TPP-Zn (black) and (b) P3 (grey) and P3-Zn (black) measured in chloro-
form.



TPP-Zn is rather strong [47] while coordination of a
second pyridine unit does not take place (Figure 4).
To investigate the selective binding of P4 towards
P3-Zn via the coordination of the immobilized 4-VP
towards the immobilized zinc(II) porphyrin here, the
two polymers were mixed and the mixing monitored
by diffusion ordered NMR spectroscopy (DOSY). In
DOSY NMR spectra, 1D-NMR spectra (usually
1H-NMR) are separated by the diffusion coefficient
of each component.
The most intense 1H-NMR signals corresponding
to the n-butyl side chain (δ = 4.04, 1.60, 1.38,

0.94 ppm) were used for the evaluation of the DOSY
data for both copolymers. The diffusion coefficient
of P4 in CDCl3 (Figure 5b) was estimated to D =
2.7·10–10 m2·s–1 which correlates with a hydrody-
namic radius of Rh = 1.5 nm according to the Stokes-
Einstein equation. For a rough comparison, recalculat-
ing this hydrodynamic radius to a molecular weight
of polystyrene (PS) in a good solvent [50] leads to
M ≈ 5000 g/mol which matches well with the molec-
ular weight determined by SEC. The diffusion coef-
ficient of P3-Zn is estimated to D = 1.1·10–10 m2·s–1

(Figure 5a) which correlates with Rh = 3.8 nm and is
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Figure 4. Supramolecular network formed by coordination of poly(n-butyl acrylate-co-4-vinylpyridine) to poly(n-butyl acry-
late-co-5,10,15-triphenyl-20-(3-vinylphenyl)porphyrin zinc(II)).

Figure 5. DOSY NMR spectra of (a) P3-Zn, (b) P4, (c) the 1:1 (w/w) mixture of P3-Zn and P4 and (d) the high molecular
weight fraction of the mixture. All NMR spectra measured in CDCl3 (lines are guide to the eye).



recalculated to M ≈ 30000 g/mol (rel. PS) which does
not exactly match with the SEC, but is in acceptable
agreement keeping in mind the assumptions made
for this rough estimation. In the mixture of P4 and
P3-Zn, clearly solely the polymer P4 can be identified
(Figure 5c). Since the signal intensity in 1H-NMR
spectroscopy is proportional to the fraction of chem-
ically identical protons, the mixture of P3-Zn and
P4 in a mass-ratio of 1:1 should reveal both poly-
mers with comparable signal intensity keeping in
mind both copolymers to be based on n-butyl acry-
late. Consequently, P3-Zn has been completely pre-
cipitated in the polymer mixture and only residual
P4 is observed. This result is well understandable as-
suming the networking formation visualized in Fig-
ure 4. Coordination of the immobilized pyridine to-
wards the immobilized TPP-Zn connects several
polymer chains of P3-Zn via P4 and the resulting
large polymer networks are not identified by DOSY
any longer. Although the number of binding sites per
polymer chain of P3-Zn and P4 is roughly the same,
the lower molecular weight polymer P4 leads to com-
plete binding of P3-Zn with a small amount of P4,
while free P4 remains in solution. The mixing ex-
periment was repeated with varying ratios of P3-Zn

and P4 and in all cases only residual P4 was visible.
Since the signal intensity of the NMR spectra is nat-
urally connected to the amount of polymer present,
the amount of P4 cannot be lowered infinitely. Dur-
ing some of the mixing experiments, we were able
to identify a very slow diffusing species (Figure 5d)
which correlates roughly to a molecular weight around
500000 g/mol and may belong to fragments of the
supramolecular network.
Additionally, the DOSY experiment was repeated at
increasing temperatures. Surprisingly, up to 60°C no
indication for the formation of two isolated polymers
was notified. This indicates a very strong binding of
the two polymers (see below.) Temperatures above
60°C could not be applied due to increasing convec-
tion inside the NMR tube.
To cross-check these results, the supramolecular
binding between P3-Zn and P4 was investigated by
size exclusion chromatography (SEC). The strongly
differing molecular weights, which only slightly over-
lap, easily allow identifying both polymers. In the
1:1 mixture of P3-Zn and P4, SEC proved the nearly
complete absence of residual P3-Zn, which has been
precipitated and filtered off by the prefilter column

of the SEC, while in good agreement with the DOSY
experiment free P4 is still detected (Figure 6).
It should be noted, that the copolymer composition
obviously has an effect on the signal intensity of the
refractive index detector, but both copolymers are
based on the same main comonomer (n-butyl acry-
late) and the nearly complete removal of the high
molecular weight signal can only be explained by
the removal of P3-Zn. The very small residual amount
of P3-Zn notified in the SEC experiment has not
been observed in the DOSY measurements, which
probably is caused by the higher detection limit of
the NMR spectroscopy. An explanation for this resid-
ual amount of free P3-Zn may be given by the still
rather low functionality of an average of four por-
phyrin moieties per polymer chain, which statistical-
ly has to lead to a small fraction of unfunctionalized
polymer chains, too.
The coordination of N-donors such as triethylamine
and pyridine towards TPP-Zn has been investigated
in detail via UV/Vis absorption spectroscopy in lit-
erature [47, 51, 52]. In chloroform, coordination of
N-donors towards the zinc(II) centre of porphyrins
leads only to a very small bathochromic shift around
1 nm [51]. Consequently, complex formation was in-
vestigated in dichloromethane. For comparison,
TPP-Zn has been treated with pyridine under the
same conditions, too. The UV/Vis spectra reveal a
bathochromic shift of the Soret band by 9 nm upon
addition of pyridine to the pink solution of TPP-Zn
and additionally a bathochromic shift of the Q-band
at 548 by 12 nm upon coordination of pyridine (Fig-
ure 7). The addition of 10 eq. of pyridine leads to a
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Figure 6. Molecular weight distribution analyzed by SEC of
P4 (dashed gray line), P3-Zn (dashed black line),
and the 1:1 (w/w) mixture of P3-Zn and P4 (black
line).



small decrease of the Soret band at 419 nm, while
the new Soret band at 428 nm is recognized as a
shoulder. Addition of 100 eq. of pyridine leads to a
pale yellow solution with an intense Soret band at
428 nm while residual free TPP-Zn is indicated as a
weak shoulder at 419 nm.
For the pale yellow 1:1 (w/w) mixture of P3-Zn and
P4, the Soret band at 426 nm as well as the complete
Q-band region indicate perfect agreement with the
pyridine coordinated complex, while any residual sig-
nals of the uncoordinated zinc(II) complex are barely
visible. Keeping in mind the 1:1 (w/w) mixture to
contain a molar ratio of immobilized zinc(II)por-
phyrin:pyridine of roughly 1:10, a significantly
stronger binding of the immobilized species in com-
parison to the molecular counterparts is observed.
This strong coordinative binding is in agreement
with the results of the DOSY measurements, which
did not reveal any indication for free P3-Zn up to
60°C and consequently no indication for the break-
ing of the coordinative zinc(II)-pyridine bond as dis-
cussed above. The binding of pyridine towards the
molecular complex TPP-Zn has been investigated in
literature and the equilibrium constant was found to
be strongly temperature dependent [47]. To further in-
vestigate the binding behaviour, the interaction of
pyridine with TPP-Zn was analyzed by density func-
tional theory (DFT) calculations. The calculated struc-
ture of the complex revealed a distortion of the zinc(II)
ion by d = 0.330 Å (TPP-Zn: 0.000 Å) out of the
porphyrin plane upon coordination of pyridine (Fig-
ure 8). This is in good agreement with the distortion

of the zinc(II) ion revealed by the crystal structure
of comparable compounds such as the zinc tetra -
phenylbacteriochlorin pyridine complex (d = 0.320 Å)
[53] and the zinc tetraphenylisobacteriochlorin pyri-
dine complex (d = 0.323 Å) [54]. Additionally, the
calculated pyridine-Zn(II) bond length of dPy-Zn =
2.243 Å is in good agreement with the crystal struc-
tures (dPy-Zn = 2.164 Å and dPy-Zn = 2.155 Å, respec-
tively).
The calculated free Gibbs energy of the coordination
of pyridine towards TPP-Zn was calculated to ∆rG298 =
–14 kJ/mol. This is in good agreement to data deter-
mined in literature (∆rG303 = –21 kJ/mol) [47] and
can not explain the strong binding even at elevated
temperatures. On the other hand, the pure reaction
energy neglecting the entropic part was calculated to
∆rE = –62 kJ/mol. Consequently, and not surprising-
ly, the binding strength is strongly affected by the en-
tropy. For the multifunctional polymers P3-Zn and
P4, a similar situation as in chelate complexes is pres-
ent. After the first coordination, the influence of the
entropy on the coordination of subsequent pyridine
moieties towards the other incorporated zinc por-
phyrins becomes more and more negligible and con-
sequently a strong binding is revealed. The binding
of two axial pyridine moieties towards one TPP-Zn
complex is unfavoured, as mentioned above.

4. Conclusions

Following a rational approach to monofunctionalized
tetraphenylporphyrins given in literature, the mono -
mer 5,10,15-triphenyl-20-(3-vinylphenyl)porphyrin
(3) was synthesized in a 5-step synthesis without
contamination of multifunctional and potentially
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Figure 7. UV/Vis spectra of TPP-Zn (light-grey dashed),
after addition of 10 eq. pyridine (grey, dashed),
after addition of 100 eq. pyridine (dark grey,
dashed) and the 1:1 (w/w) mixture of P3-Zn and
P4 (black line) measured in dichloromethane.

Figure 8. Calculated structure of the TPP-Zn pyridine com-
plex.



crosslinking porphyrins. The free radical copolymer-
ization with n-butyl acrylate led to an intensively
coloured polymer with a molecular weight around
50000 g/mol. The incorporation of the porphyrin into
poly(n-butyl acrylate) was found to take place up to
a fraction of 1 mol%, corresponding to 4 porphyrin
units per polymer chain. Subsequently, the immobi-
lized porphyrin was readily metallized with zinc(II)
towards the corresponding metalloporphyrin.
By controlled radical polymerization via the RAFT
process, poly(n-butyl acrylate-co-4-vinylpyridine)
with a molecular weight around 5000 g/mol and a
number of 6 pyridine moieties per polymer chain
was obtained. Finally, the two polymers were com-
bined to investigate their attractive interaction via
the coordination of pyridine towards the zinc(II) cen-
tres. With the help of DOSY NMR spectroscopy and
SEC, the complete precipitation of the porphyrin
functionalized polymer was observed, confirming
the expected network formation. Overall, we report
on the first evidence for a strong velcro-like binding
between a porphyrin-functionalized polymer with a
pyridine-functionalized polymer. The system based
on immobilized N-donors and metalloporphyrins
presented here may easily be adapted to control the
desired binding strength by the choice of the metal
ion and N-donor. Current work focuses on surface
functionalization via surface-initiated polymeriza-
tion with both polymers as the next step towards mo-
lecular velcro, and, owed to the limited incorporation
of the porphyrin monomer 3, the direct surface func-
tionalization with porphyrins.
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