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We studied radical polymerization in methyl methacrylate solution with methyl pheophorbide a and its copper complex. 
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Introduction

Tetrapyrrole macroheterocyclic compounds and 
their metallic complexes, including metallic porphyrins 
and similar substances, are widely distributed in nature 
in the composition of chlorophylls, cytochromes, 
certain enzymes, and show promise in various practical 
applications, also in the synthesis of bioactive substances. 
The use of natural porphyrins and their metallic complexes 
in the synthesis of bioactive substances contrasts favourably 
with the use of synthetic compounds in that the resulting 
products are considerably less toxic. Today natural metallic 
porphyrins are widely used as effective catalysts, heat 
and light stabilizers, diagnostic and medicinal products, 
organic semiconductors, colouring pigments and dyes etc. 
In addition, these compounds are studied as ingredients 
in the design of supra-molecular functional systems 
comprising porphyrin polymers.[1] The properties of 
porphyrin polymers are determined not only by the nature 
and peculiarities of macro-heterocyclic compounds but 
also the method of including them in the system. There are 
two methods of obtaining porphyrin-containing polymers, 
namely, polymer-analogous conversion[1-2] and (co)poly- 
merization of monomers, one of which is porphyrin or a 
similar substance.[3-8] 

All chemical conversions of natural porphyrins and 
their metallic complexes,[9] including polymer-analogous 
conversions involving tetra-pyrrole macro-heterocyclic 
compounds are conducted in solutions.[10] Research into 
the latter’s condition in organic solvents enables us to 
establish the main patterns characterizing the interaction 
of porphyrins and their metallic complexes with their 
reaction medium and determine the optimal conditions 
for reactions involving these compounds.[11] Currently, 
porphyrin polymers have been synthesized using both 

natural porphyrin[12] and synthetic porphyrins[5-7] as the 
base. However, such polymers have hardly been studied. It 
is therefore necessary to conduct comprehensive research 
into the nature of the process of obtaining porphyrin 
polymers in different media, and to determine the influence 
of solvents and initiators on the reactive ability of (co)mono- 
mers and on polymerization and copolymerization process 
parameters in order to establish  the possibility and 
conditions of purposeful synthesis of copolymers with 
improved alternation of links and properties suitable for 
producing new functional polymers. 

The purpose of the present investigation was the 
synthesis and study in solution of copolymers methyl 
pheophorbide a (MPP) and its cuprous complex (CuMPP, 
Chart 1) with methyl methacrylate (MMA) of different 
composition. 

Chart 1.
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Experimental

MMA was cleansed of stabilizer by shaking in a 10% KOH 
solution, washed with water till a neutral reaction was obtained, 
dried with CaCl2 and purified by vacuum distillation (200 mm 
mercury pressure) at 63ºС in the presence of a hydroquinone as an 
inhibitor to prevent polymerization.[13]   

As a second comonomer, imparting new properties to the 
polymers being synthesized, we used methyl pheophorbide a or its 
cuprous complex, which has a vinyl group at the periphery of its 
molecule and is characterized by acceptable solubility in organic 
solvents. 

Methyl pheophorbide a was obtained by extraction from 
Spirulina microalgae. After standing, the extract was evaporated 
up to 1/3 of its volume and poured into water, while the precipitate 
was filtered through a celit 545 washable filter, washed with hot 
water and then hexane, then washed off the filter with acetone 
and a mixture of acetone and chloroform. The MPP-containing 
solution was evaporated to remove organic solvents and wiped off 
with methanol, then filtered and washed in a calculated quantity of 
methanol and hexane. The precipitate was dried in the air. 

The resulting product was then subjected to prolonged 
purification by chromatography  on a column filled with silica 
gel, using a dichlormethane-ether mixture as an eluent. The 
degree of purification was monitored by means of thin-layer 
chromatography.[14] 

Mass spectrum MALDI-TOF (ditranol) m/z: 607 [M + H]+, 
629 [M + Na]+, 645 [M + K]+. UV-Vis (chloroform) λ nm (lgε): 
668 (4.63); 610 (3.91); 538 (3.98); 508 (4.00); 413 (4.96). IR (KBr) 
ν cm-1: 3391, 2957, 2918, 2869, 1739, 1700, 1619, 1499, 1434, 1347, 
1204, 1164, 1035, 991, 910, 722, 673, 607.

Methyl pheophorbide a complex with copper was obtained 
by the interaction of a free ligand with copper acetate(II) in 
dimethyl formamide at room temperature (Figure 1).[15]  After 
standing, the reaction mass was poured into water, while the 
precipitate  was filtered and washed with water, dried in the air 
and then chromatographed on a column filled with silica gel, and 
eluted with chloroform-acetone mixture.

UV-Vis (chloroform) λ nm (lgε): 391 (4.77); 413 (5.14),  
645(4,6). IR (KBr) ν cm-1: 2960, 2929, 2863, 1728, 1636, 1560, 
1450, 1383, 1283, 1073, 995, 924, 823, 746.

Azobis-iso-butyronitrile (AIBN) and benzoyl peroxide (BP) 
were used as copolymerization initiators. The first was purified 
to remove additives by triple recrystallization from ethanol and 
dried in a vacuum at room temperature to a constant mass. The 
recrystallised product’s purity was determined by its melting point 
using the standard method in a sealed capillary (Тm=103ºС).[13] 

Benzoyl peroxide was purified by recrystallisation from 

methanol and dried in a vacuum at room temperature to a constant 
mass, Тm=106ºС.[13] 

The solvents used to synthesize copolymers (ethanol, 
chloroform, dimethyl formamide) were purified using the methods 
indicated in the references below.[16,17] Tetrahydrofuran (THF) 
was monitored for the presence of peroxides, traces of which 
were removed by boiling with a 0.5% suspension of CuCl2 for 30 
minutes, followed by distillation.  THF was then dried over KOH 
granules, boiled under reflux and distilled   over calcium hydride.
[16] The physical and chemical characteristics of the purified, 
distilled solvents conformed to published data.[16,17]  

Radical copolymerization of MPP with methyl 
methacrylate and the latter with CuMPP was carried out in 
tetrahydrofuran contained in previously cleaned and dried 
glass ampoules, filled with a certain quantity of initiator. 
Filling with AIBN was followed by filling with MPP (its copper 
complex), then the required quantity of methyl methacrylate 
and the same quantity of solvent (THF) were poured through a 
funnel from a calibrated pipette. Total reaction mixture volume 
in the ampoule did not exceed 2/3 of the latter’s volume. Argon 
was blown through the cooled ampoules to remove oxygen. 
After cooling and sealing the ampoules were shaken until 
the initiator (MPP or its copper complex) was completely 
dissolved and a homogeneous solution obtained, and then 
placed in a thermostat at 60°C. When the required time had 
elapsed, the ampoules were removed from the thermostat and 
cooled. Polymer formation was monitored visually, according 
to increasing viscosity of the reactive mixture. To separate the 
polymer, the contents of the opened ampoules was dissolved in 
THF, and the resulting solution was precipitated with triple its 
volume of ethanol.  Chemically non-bonded MPP (its metallic 
complex) was removed by repeatedly precipitating products 
from THF into ethanol until no MPP (CuMPP) was present in 
the liquid phase, and by extraction lasting many hours, using a 
copolymer selective solvent, namely, ethyl alcohol, after which 
the copolymers were dried to a constant mass at 50ºС.  

Number-average (Mn) and weight-average (Mw) molecular 
weight of copolymers was determined by means of gel-penetrating 
chromatography using a LC-20 “Prominence” (“Shimadzu”) 
liquid chromatograph equipped with two columns (GMHHR-L 30 
cm⋅7.8mm; G2500-HHR 30 cm⋅7.8mm), at 40°С. Chloroform was 
used as a solvent, with a flow speed of 0.75 ml/min. The column 
system was calibrated to polystyrene standards with narrow 
molecular weight distribution (Мw/Мn ≤ 1,05). 

Electronic absorption spectrum of porphyrin and its metallic 
complex, and the resulting porphyrin polymers was measured in 
MMA, THF and their mixtures, also in chloroform using a Lambda 
20 Perkin-Elmer spectrophotometer over a range of 300-750 ±1,0 

Figure 1. 
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nm. Measurement was carried out in standard quartz cells of 1.0 
cm thickness. 

The composition of the synthesized copolymers was 
determined by elemental analysis using a FlashEA 1112 analyzer. 

Infrared spectra of copolymers was registered using an Avatar 
360 FT-IR ESP infrared Fourier spectrometer over a range of 3500-
400 cm-1, with film supported by TlBr-TlI mixed crystal.   

Results and Discussion

Since a metallic complex’s structure determines the 
nature of its behaviour in various chemical processes taking 
place in solutions, we first determined the solubility of the 
copper complex in tetrahydrofuran, methyl methacrylate 
and their mixtures (1:1) at 25ºС and 60ºС, as well as free 
MPP.[18] This temperature range was chosen for our purpose 
because many syntheses involving chlorophyll derivatives 
are performed at temperatures of up to 60ºС; at higher 
temperatures these compounds are highly vulnerable to 
destruction by oxidation.[19] 

Copper complex solubility was determined by iso-
thermal saturation of the solution, with spectrophotometric 
control of the level of porphyrin and its complex.[20,21] The 
sample was dissolved till maximum optical density of the 
resulting solution was achieved, while retaining the bottom 
phase and nature of the electronic spectrum of porphyrin 
absorption. Their solubility (S) was calculated from the 
maximum optical density of the metallic complex solution. 
Solubility values (mol/l) were determined in identical 
conditions. The experimental data in Table 1 are compared 
with those for free MPP.

Analysis of the results shows that MMP is twice as so- 
luble in THF-MMA mixture than in methyl methacrylate 
(0.0168 mol/l), but less so than in THF. Transition from 
porphyrin ligand to its CuII complex reduces solubility in THF 
2.5 times at 25°С и 60°С and 1.5 times in a tetrahydrofuran-
methyl methacrylate mixture at 60°С. However, solubility 
of the metal complex of methyl pheophorbide a in MMA is 
more than twice as high both at 25°С and 60°С than solubility 
of non-metallic porphyrin. 

Stability of metallic porphyrin in the reaction medium 
and in the presence of radical polymerization initiators 
was determined by studying the interaction of MPP and its 
metallic complex with benzoyl peroxide and AIBN using a 
spectrophotometric method in a thermostatically controlled  
chamber, with  a temperature range of 35-55°С. Interaction 
of MPP and CuMPP with benzoyl peroxide and AIBN in a 
chloroform medium is accompanied by characteristic spectral 
changes (Figures 1, 2). 

With initiator concentrations of 2.03∙10-4 - 1.01∙10-3 
mol/l for benzoyl peroxide and  3.06∙10-4 - 1.02∙10-3 mol/l 
for AIBN (20-100-fold excess), we noticed the eventual 
disappearance of the absorption band at 668 nm for MPP 
and 646 nm for CuMPP, and a fall in the Soret band, 
indicating macrocycle destruction. At  55-45°С destruction 
of porphyrins in the presence of benzoyl peroxide occurs 
significantly faster, whereas at lower temperatures  methyl 

Table 1. Solubility (S) and band position in electronic absorption spectra for methyl pheophorbide a and its Cu complex. 

Solvent
S.102 , mol/l λmax, nm (ε)

25ºС 60ºС I II III Soret

For MPP[18]

THF 4.83 13.32 667.3
(44000)

609.1
(8750)

534.6
(10580)

505.7
(11980)

410.9 
(92410)

MMA 1.68 4.20 667.1 
(30870)

609.1
(5980)

534.7
(7080)

505.8
(8010)

411.0 
(63090)

MMA:THF (1:1) 3.09 9.05 667.9 
(42220)

609.2
(7680)

534.6
(9270)

505.8 
(10720)

410.3 
(85500)

For CuMPP

THF 1.9 4.75 645.9 
(45500)

544.3
(7031)

500.0
(7904)

395.2
(62953)

412.79 
(79892)

MMA 3.92 9.0 645.0
(47900)

541.8
(8609)

498.3
(10230)

392.7
(68900)

411.8
(86570)

MMA:THF(1:1) 2.75 5.75 645.7
(45400)

544.1
(6193)

500.8
(7231)

394.1
(63453)

412.3
(81005)

Figure 2. Changes in electronic absorption spectra for CuМPP 
(1.01⋅10-5 mol/l) when oxidized with benzoyl peroxide (1.01⋅10-3 
mol/l) in chloroform at 55°С: 1- initial CuМPP spectrum in 
chloroform; 2- spectrum after completion of reaction (after 2 h).
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pheophorbide a and its cuprous complex are quite stable in 
the presence of both initiators. 

At concentrations of benzoyl peroxide or AIBN taken 
in equimolecular ratio and with a 10-15 fold initiator excess, 
the porphyrin-initiator system is quite stable, without 
destruction of the macrocycle  even at  55 ºС. Clearly, the 
formation of an isoporphyrin structure, as distinct from 
synthetic porphyrins[22] does not occur spectrally in the cases 
of MPP and CuMPP. 

Since ligands and complexes are destroyed in 
approximately the same period of time, it may be concluded 
that the presence of metal in the macrocycle’s coordinating 
cavity does not lead to increased molecular stability.

Using the data in Table 2, we have selected optimal 
conditions for copolymerization of CuMPP and methyl 
methacrylate (similar to those for MPP and MMA) in 
accordance with Chart 2.

The products resulting from copolymerization were 
identified by electronic spectroscopy, infrared spectroscopy 
and elemental analysis. 

In general, electronic absorption spectra for the obtained 
copolymers of copper complex of MPP a and MMA are 
similar in character, which may serve to confirm the presence 
of metallic porphyrin fragments in the composition of the 
synthesized compounds. However, when comparing spectra 
for solutions of cuprous complex of MPP a and copolymers 
in tetrahydrofuran that are equally concentrated as regards 

Table 2. Conditions for copolymerization of copper complex of methyl pheophorbide a and methyl methacrylate.

Initial CuMPP:MMA  
weight ratio  

MMA concentration  
C⋅103, mol/l 

Copolymerisation 
temperature T, °С 

Initiator quantity, 
% 

Reaction time,  
h   

Copolymer yield,  
% 

1:122 (Сp1) 4.68

60 0.5 8

31
1:61 (Сp2) 4.68 36
1:31 (Сp3) 4.68 62
1:23 (Сp4) 4.68 57

1:61 (Сp2*) 6.24

60 0.5 8

84

1:31(Сp3*) 6.24 74

1:23 (Сp4*) 6.24 40

*- without oxygen

their metallic complex, in the case of porphyrin-containing 
copolymers we observe a 8-9 nm hypsochromic shift of the 
1st absorption band, and a slight hypsochromic shift of the 
Soret band relative to the absorption band for monomeric 
metallic porphyrin.  In the case of spectra for solutions of 
free ligand and copolymers, both in tetrahydrofuran and in 
dimethylformamide that are equally concentrated as regards 
porphyrin, in porphyrin-containing copolymers we observe 
a 5-7 nm hypsochromic shift of the 1st absorption band, and 
also a slight hypsochromic shift of the Soret band relative 
to the absorption band for monomeric porphyrin. This is 
evidently related to the altered electronic structure of the 
metallic complex of methyl pheophorbide a due to opening 
of the C=C bond participating in the copolymer formation 
process. Similar spectral changes are observed in electronic 
absorption spectra during hydration of the double C=C bond 
of methyl pheophorbide a.[23] 

The composition of the copolymers was determined 
spectrophotometrically according to optical density at 
the peak of the 1st absorption band for cuprous complex 
of methyl pheophorbide a, making allowance for the 
insignificant influence of the polymer environment on its 
extinction coefficients. The quantity of porphyrin attached 
to the carrier polymer is usually assessed by using the value 
called the degree of molar immobilization (MID), which 
determines the number of immobilized porphyrin moles per 
100 moles of elementary carrier polymer units.[24] Electro- 

Chart 2.
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Table 3. Position of absorption peaks for solutions of MPP, CuMPP and their copolymers (Cp) in THF. 

Compound Degree of molar immobilization 
of metallocomplex,  mol %

λmax, nm (ε)
I II III IV Soret

MPP - 667.3
(43996)

609.1
(8750)

534.6
(10573)

505.7
(11975)

410.9
(92406)

(Сp1) 0.40 660.0 603.7 532.1 502.8 407.0
(Сp2) 0.50 660.0 603.4 532.1 502.5 407.0
(Сp3) 0.83 660.0 603.2 532.1 502.8 407.1
(Сp4) 1.01 660.0 603.8 532.1 502.4 407.0

(Сp2*) 0.58 660.4 603.8 532.4 502.8 407.0
(Сp3*) 1.01 660.1 603.5 532.3 502.7 407.1
(Сp4*) 1.45 660.0 603.6 532.4 502.9 407.1

CuMPP - 645.9
(45500)

544.3
(7031)

500.0
(7904)

395.2
(62953)

412.79 
(79892)

(Сp1) 0.03 638.5 542.2 497.1 391.7 410.5
(Сp2) 0.18 637.3 544.3 498.0 392.5 410.0
(Сp3) 0.21 638.2 543.1 498.6 392.5 409.7
(Сp4) 0.20 638.1 542.8 498.0 393.0 409.9

(Сp2*) 0.13 637.8 543.0 498.8 393.1 409.8
(Сp3*) 0.20 638.5 545.0 498.2 395.2 409.9
(Сp4*) 0.40 638.1 545.0 499.0 393.1 410.0

Table 4. Molecular weight characteristics of obtained copolymers. 

Copolymer (Cp)
Copolymer level, mol% Mn·10-3 Mw·10-3

CuMPP MPP * CuMPP MPP * CuMPP MPP  *
(Cp1) 0.03 0.40 41 61 100 79
(Cp2) 0.18 0.50 52 73 108 86
(Cp3) 0.21 0.83 64 74 112 84
(Cp4) 0.20 1.01 61 55 100 75

(Cp2*) 0.13 0.58 69 94 131 141
(Cp3*) 0.20 1.01 60 91 112 134
(Cp4*) 0.40 1.45 41 80 82 120

*- previously obtained data[18,25]

nic absorption peaks for MPP, CuMPP and the correspon-
ding copolymers in THF, also extinction coefficients 
(ε) for free ligand and metallic porphyrin are given  
in Table 3.

Table 4 shows initial monomer weight ratios 
and molecular weight characteristics of the obtained 
copolymers.

The data in Table 4 show that with increased levels 
of methyl pheophorbide a or its copper complex in the 
initial reaction medium the number of MPP or CuMPP 
links increases. Number-average and weight-average 
molecular weights of the synthesized copolymers decrease 
with increased levels of MPP or CuMPP in the initial 
reaction medium (Table 4), which is evidently related to 
increasing participation of radicals, both of porphyrin and 
its metallic complex, in bimolecular breaking reactions, 
including significant steric obstacles.  The observed chain 
break (more commonly manifested in systems containing 
metallic complexes), is probably due to intramolecular 

electron transfer.[26,27] The polydispersity parameter  (Pd) for 
nonmetallic porphyrin is within the range of 1.35÷1.5, while 
for Cu complex of methyl pheophorbide a it is 1.6÷2.4 (as 
determined by using narrowly fractioned samples).  

In the case of lower MMA concentrations (4.68∙10-3 mol/l) 
in the reaction medium, a higher copolymer yield is observed 
with increased CuMPP concentrations. At MMA concen-
trations of   6.24∙10-3 mol/l, medium viscosity increases in a 
shorter period of time – 4 hours and more, with increased 
levels of Cu complex of methyl pheophorbide a in the reac-
tion medium (Table 2). It has been suggested in the available 
literature,[26,27] that where metallic porphyrins are present, 
there is a catalytic transfer of the chain to the monomer due to 
coupled reactions of dehydration of the growing radical and 
monomer hydration. Both copper and cobalt complexes can 
be components of an initiating  system.[28] 

Like the spectral method, the method of elemental 
analysis enables us to determine the composition of 
copolymers thanks to the presence of nitrogen atoms in the 
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cuprous complex of methyl pheophorbide a, absent in methyl 
methacrylate (Table 5). 

The results of our experiments, as given in Table 5, agree 
with theoretically calculated data.  The minor discrepancies 
regarding elements C and H may be explained by the fact 
that the process of decomposition is considerably harder for 
polymers than for low-molecule organic compounds, starting 
with degradation to the state of low molecule species, which 
then interact with oxygen. 

To confirm the structure and composition of CuMPP 
and MMA copolymers we used IR spectroscopy as well as 
elemental analysis. 

Infrared spectra of synthesized copolymers show 
absorption bands typical for initial comonomers. The 
principal information is carried by signals located in the range 
of 1500-1800 cm-1. Infrared spectra of CuMPP and MMA 
copolymers show new bands in the range of 1550-1650 cm-1, 
characterising carbonyl vibrations, the intensity of which 
increases with increased CuMPP in the resulting products as 
compared with the spectrum for methyl methacrylate. 

Intensification is particularly observed in bands 
CaCm (vibrations of around 1600 cm-1). According to data 
presented in the cited literature,[29] the 1624-1634 cm-1 band 
(the strongest in the infrared porphyrin spectrum), belongs 
to  γ vibrations of δ- methine bridges both for porphyrin 
itself[18] and its metallic complex. Greater intensity of this 
band indicates increased levels of the cuprous complex of 
methyl pheophorbide a in the copolymer’s composition. 
The infrared spectroscopic method thus shows that the Cu 
complex of methyl pheophorbide a is among the copolymer’s 
components. 

Analysis of our results enables us to conclude that the 
introduction of methyl pheophorbide a or its Cu complex 
into a polymer chain significantly influences the optical 
and molecular weight characteristics of the resulting 
products. The presence of metal in the coordination centre 
of porphyrin influences both the copolymerization process 
and the characteristics of the resulting products. This is 
clearly related to the formation of the specific CuMPP-MMA 
complex. Therefore, by varying the conditions of copolymer 
synthesis and the comonomer ratio, using solvents, the 
reactive ability of monomers may be purposefully changed 
and (co)polymers produced with definite molecular weight 
characteristics and structure. 
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