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Abstract: Photoinduced charge separation from porphyrin (P) to benzoquinone (Q) moieties covalently attached to

the opposite chain ends of poly(methacrylic acid) (PMMA) was studied. The effect of polymer chain length, pH and

ionic strength of the aqueous solution on the rate constant of charge separation and efficiency of P+• – Q–• radical ion

pair formation was determined.
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Fotoindukowana separacja ³adunku pomiêdzy porfiryn¹ i chinonem przy³¹czo-
nymi kowalencyjnie na przeciwnych koñcach ³añcucha poli(kwasu metakrylo-
wego)

Streszczenie: Badano proces fotoindukowanej separacji ³adunku pomiêdzy cz¹steczkami porfiryny (P) i benzochi-

nonu (Q), kowalencyjnie przy³¹czonymi na przeciwnych koñcach ³añcucha poli(kwasu metakrylowego) (PMMA).

Okreœlono wp³yw d³ugoœci ³añcucha, pH, si³y jonowej wodnych roztworów polimeru na wartoœæ sta³ej szybkoœci

separacji ³adunku i wydajnoœci tworzenia pary rodniko-jonów P+• – Q–•.

S³owa kluczowe: poli(kwas metakrylowy), polimeryzacja anionowa, porfiryna, benzochinon, fotoindukowane

przenoszenie elektronu, fotoindukowana separacja ³adunku, para rodniko-jonowa, elektronowy rezonans paramag-

netyczny (EPR).

INTRODUCTION

Photoinduced charge separation is one of the most
fascinating and the most important photophysical phe-
nomenon which allows to convert the energy of light
photon to the electrical or chemical ones. The process is
proceeded by photoinduced electron transfer between
suitable electronically excited electron donor and elec-
tron acceptor molecules. Photoinduced electron transfer
can occur when redox process within an electron donor
and acceptor molecule pair is thermodynamically favor-
able. The efficiency of that process is additionally affec-
ted by the mutual orientation and the distance between
electron donor and acceptor [1—5]. Understanding of the
photoinduced charge separation is essential for further
development of photovoltaic solar cells, photocatalytic
processes, organic photochemical synthesis. The nature

utilizes solar light in photochemical process known as
photosynthesis, which is essential for life on our planet —
photoinduced charge separation is the primary step in
this process. Photosynthesis is mastered in green parts of
plants with exceptional efficiency and precision. Majority
of natural photosynthetic systems consist of antenna
complexes, in which chlorophyll pigment molecules are
specifically arranged within the protein membrane. The
charge separation is achieved through an unique spatial
arrangement of the pigments and elements of the electron
transport chain. Electronic excitations that reach the reac-
tion centers are converted to chemical energy in the form
of charge separation within chlorophyll-quinone mole-
cules across the photosynthetic membrane. In these orga-
nized arrays electrons flow rapidly (< ms) over distances
as great as 20 A

o

, with little loss of energy [6, 7]. The photo-
synthesis in plants is a source of inspiration for scientists
to engineer non-natural systems that similarly convert
light into chemical potential or electrical energy. In order
to achieve that goal there is a need to get the better under-
standing of these phenomena. There have been recently
some successful attempts to produce the ‘artificial leaf’
[6], to extract the natural pigments/reaction centres, mo-
dify them and study their activity in vitro, or to extract
photosystems from the plant, introduce them to the syn-
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thetic membranes and follow their activity in vitro
[7—10]. It has been realized, however, that mechanistic
studies require simpler and well defined systems. Thus,
considerable attempts have been directed on developing
the synthetic models of the reaction center or covalently
linked bichromphoric porphyrin-quinone (P-Q) systems.
They have been used to explain how variables such as
distance, orientation, type of solvent, and exothermicity
effect the rates of charge separation and a rate of back
reaction, the charge recombination [11—13].

Interesting studies have been initiated some time ago
in the research laboratories of late Professor James E.
Guillet at the University of Toronto, on photoinduced
electron transfer between the chromophore units atta-
ched to the polymer chain. The results of preliminary stu-
dies on polyelectrolytes decorated with chromophores
for which the photophysical studies could be carried out
in aqueous solutions were especially interesting [14—17].
These studies have been continued in our laboratories.
The current paper presents the photoinduced electron
transfer and charge separation in aqueous solution of po-
ly(methacrylic acid) polymers characterized by the well
defined length of the chain having the chain ends capped
with porphyrin and quinone moieties. The effect of pH
and ionic strength of aqueous polymer solution on the
conformation of the polymer chain and end-to-end dis-
tance, (what translates to P-Q distance) directly influen-
cing the efficiency of charge separation, was evaluated. It
was assumed that in the systems studied the tenability of
the electron transfer rates can be achieved which is not
available in P-Q systems attached by the rigid linkages
with fixed dimensions.

EXPERIMENTAL PART

Materials

Series of polymers used in this work, varied with
number of methacrylic acid repeating units (MA) and
containing porphyrin (P) and quinone (Q) at the opposite
chain ends were prepared by anionic polymerization. As
reference systems the respective polymers with the same
number of MA units but having porphyrin (P) and phe-
nol (PhOH) were obtained. Detailed description of the
synthesis and physicochemical characterization of these
polymers has been presented earlier [17].

Methods of testing

— UV spectra of the samples were measured using a
Hewlett-Packard 8451A diode-array spectrophotometer.

— FT-IR spectra were obtained on a Nicolet 5DX spec-
trometer.

— 1H NMR spectra were measured using Varian
XL400 spectrometer or a Gemini 200 spectrometer. A
XL400 spectrometer was used for characterization of the
polymers.

—Steady-state fluorescence spectra of the samples
were recorded at room temperature on an SLM fluores-
cence spectrometer. Transient fluorescence decay curves
were measured using a single-photon counting appara-
tus. The samples were bubbled with argon prior the mea-
surements for 30 min. The samples were excited at
420 nm and the emission was measured at 650 nm. The
nonlinear iterative deconvolution technique was applied
to fit the decay curves.

—The pH value for each sample was monitored by
using a digital pH meter (Corning pH/ion meter model
150). For pH adjustment, 0.1 N NaOH and 0.1 N HCl
solutions were used.

— GPC analyses were performed on a Waters Liquid
Chromatography system using a Dupont Bimodal co-
lumn pair and tetrahydrofuran (THF) as an elluent
(1 cm3/min). Both spectrofluorometer (Bio-Systems, Mo-
del 900) and refractometer (Waters, Model R410) were
used as detectors. Uniform poly(methyl methacrylate)
standards of molecular weights of 4 100 to 60 000 were
used for calibration.

— Elemental analysis were carried out by Galbraith
Laboratories, Inc., Knoxville, Tennessee, USA.

— Electron paramagnetic resonance measurements
(EPR) were conducted on a Varian E-12 EPR spectrometer
equipped with a temperature controller and quartz win-
dow. For EPR measurements at X-band (~9 GHz), solu-
tions were placed in 4-mm Pyrex tubes, which were intro-
duced into a quartz dewar of the temperature controller
in the EPR cavity. The measurements were conducted at
195 K. The samples were irradiated in the EPR cavity
using a 100 W Xenon lamp mounted in a PTI 02-A1000
water cooled housing with f 4.5 reflector (focal point at
288.4 mm from the front of the housing) and a glass cutoff
filter (� > 400 nm or � > 300 nm).

2,2-Di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH)
was used as a standard. In order to determine the g factor
precisely for the free radicals formed in the polymer solu-
tions, the spectrum of DPPH powder was recorded after
each measurement. The concentrations of the radicals
formed in the polymer solutions were calculated from the
relative intensities of the EPR signals. The EPR spectro-
meter was calibrated using several DPPH solutions in
carbon tetrachloride.

RESULTS AND DISCUSSION

Polymers characterization

The studies were carried out using three PMA poly-
mers characterized by different numbers of the repeating
units (47, 94 and 277, respectively), capped with 5-(4’-car-
bonylphenyl)-10,15,20-tri(p-tolyl)-porphine (P) at one
chain end and with 2-(1’-phenylhexyl)-p-benzoquinone
(Q) on the other [Q-(MA)n-P]. The polymers capped with
P at one chain end and with 2-(1’-phenylhexyl)phenol
(PhOH) at the other one served as the reference com-
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pounds. The dispersity of the polymers was about 1.1. Po-
lymer characteristics are presented in Table 1. The com-
parison of the electronic absorption and emission spectra
of Q-(MA)n-P polymers in methanol solutions (see Fig. 1)
with the model porphyrin and quinone chromophores
indicated that the attachment of P and Q to the polymer
chain does not perturbed their electronic structures.

Photophysical studies

All polymers studied are soluble in water. As expec-
ted, their absorption and emission characteristics are
strongly pH dependent (see Fig. 1, insert). That can be ex-
plained considering the pH-induced changes in the de-
gree of ionization of MA units in the polymer backbone
and the shift in the equilibrium of protonation of porphy-
rin free-base. The emission spectra measured at the exci-
tation in the porphyrin Soret band (�~400 nm) display
two bands with the maxima at 654 nm and 603 nm whose
relative intensities are strongly pH dependent. It was ob-
served that the fluorescence intensity in the acidic solu-

tions for the quinone-containing polymers are lower than
for the respective polymers containing phenol at the
chain ends. That suggest that porphyrin is quenched by
the quinone moiety in these systems as a results of inter-
actions of P and Q being in a short distance allowing the
occurrence of the electron transfer process. These obser-
vations are in agreement with the results of model studies
which have shown that the efficient electron transfer in
the P-Q molecular pair can occur when their separation
distance is less than 20 A

o

. Thus, it is not surprising that
there is no P quenching by Q in basic polymer solutions
where, due to ionization of MA units, the polymer chain
becomes extended and the distance between P and Q is to
large to make electron transfer possible (see Table 1). That
was confirmed by the observation of the ionic strength ef-
fect on the quantum yield of porphyrin fluorescene in
Q-(MA)n-P polymers at various pH. It was observed that
an increase in ionic strength of the solution results in re-
duction of porphyrin fluorescence, but the extent of that
process is dependent on the length of the polymer chain
and on pH of the solution. The changes are much more
pronounced in basic than in the acidic solutions. That re-
flects the changes in the conformation of the polymer
chain induced by the screening of the charged carboxyl
groups on backbone by ions of the salt (NaCl) added.

Based on the measurements of the porphyrin fluores-
cence quantum yields in the polymer solutions the rate
constant of the photoinduced electron transfer and
charge separation (kcs) can be calculated using the equa-
tion [18]:

kcs = [(�rel/�) – 1]/�ref (1)

where: �rel — fluorescence quantum yield of the porphy-
rin reference system, 5-(4-carboxyphenyl)-10,15,20-tri-
tolylporphine (TCP) (�rel = 0.13 for 0.01 M solution in
CH2Cl2) [19]; � — fluorescence quantum yield of
Q-(MA)n-P polymer, �ref — fluorescence lifetime of the
porphyrin reference system, TCP (�ref = 9.2 ns in CH2Cl2

solution) [19].
The values of the respective rate constants for the

polymers at various ionic strength and pH values are pre-
sented in Table 2.
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T a b l e 1. Characteristics of the studied polymers�)

Polymer Mn
Rn, A

o

pH = 4.5

Rn, A
o

pH = 9
RH, A

o

Rex, A
o �f ·102 ± 0.3

pH = 4.5

�f ·102 ± 0.2

pH = 9

PhOH-(PMA)47-P 4 400 9.3 60 39 119 5.9 15.9

Q-(PMA)47-P 4 400 9.3 60 39 119 3.3 15.8

PhOH-(PMA)94-P 8 400 13.1 88 55 238 6.0 14.7

Q-(PMA)94-P 8 400 13.1 88 55 238 3.7 14.1

PhOH-(PMA)277-P 24 100 22.6 146 95 700 9.3 14.0

Q-(PMA)277-P 24 100 22.6 146 95 700 8.1 14.0

�) Mn — number average molecular weight of polymer; Rn — the root-mean-square end-to-end distance of the polymer chain; RH — hydro-

dynamic radius of the polymer chain; Rex — theoretical length of fully extended chain; �f — quantum yield of P fluorescence in aqueous

polymer solution.
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Fig. 1. Electronic absorption spectra of PhOH-(PMA)94-P (1) and

Q-(PMA)94-P (2) in methanol solution (cpol = 2·10-5 M, cell thick-

ness l = 1 cm), insert: fluorescence spectra of Q-(PMA)94-P in aque-

ous solution at pH = 4 (dashed line) and pH = 9.5 (solid line) (cpol =

3·10-5 M, �ex = 420 nm)



Electron paramagnetic resonance measurements

EPR measurements were performed for all Q-(MA)n-P
polymers in frozen aqueous solution (at 193 K) at several
pH and ionic strength values. EPR signals were detected
in all the studied samples. They differ, however, in their
intensities. Typical light-induced EPR spectrum for
Q-(MA)94-P in aqueous solutions at pH = 13 is presented
in Fig. 2. The characteristic, asymmetric signal of
g = 2.0037±0.00002 appeared in the sample [20, 21]. The g
factor is in excellent agreement with the value calculated
based on the assumption that it is a spin-exchange aver-
age of P+• (g = 2.0025) [22] and Q–• (g = 2.0047) [20, 22]. The
value of g = 2.0037 was reported earlier for the radical pair
P+• – Q–• in bichromophoric low-moleclar-weight sys-
tems [22] and in the copolymer of acrylic acid with
5-(10,15,20-tritolylporphinyl)phenyl methacrylate and
2-isopropenylanthraquinone [21].

The values of the amplitudes (A) and peak-to-peak
line widths (�Hpp) for the Q-(MA)94-P polymer at several
different pHs are summarized in Table 3. The highest in-
tensities of the EPR signal assigned to P+• – Q–• and the

concentrations of these species were observed for the po-
lymer solutions in pH range 6 to 10. Interestingly, signals
of high intensities were detected in alkaline solutions e.g.,
at pH =13 (see Fig. 2) or pH = 10.2 (see Fig. 3), where the
methacrylic acid units in a polymer backbone are almost
fully ionized. The effect can be rationalized considering
the high ionic strength of these solutions. Assuming a to-
tal ionization of the MA units and taking into account the
concentration of the polymer used (3·10-3 M) and concen-
tration of NaOH added to adjust pH, the ionic strength of
the solution of pH = 10.2 was estimated to be about 0.3. At
this level of the ionic strength the rate constant of photo-
induced electron transfer followed by charge separation,
determined from the fluorescence measurements was
about 5·108 s-1. The appearance of the strong signal shows
that the recombination process is inhibited under these
conditions. It was shown, however, that further increase
in ionic strength results in reduction of the intensity of the
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T a b l e 2. The rate constants (kcs) of photoinduced charge separation in aqueous acidic and basic polymer solutions determined from

fluorescence measurements at various ionic strength (I)

I ·103, M

kcs ·10-7, s-1

Q-(PMA)47-P

pH = 4

Q-(PMA)47-P

pH = 9.5

Q-(PMA)94-P

pH = 4

Q-(PMA)94-P

pH = 9.5

Q-(PMA)277-P

pH = 4

Q-(PMA)277-P

pH = 9.5

1.3 18.0 0 14.0 4.0 3.0 0

2.3 18.5 8.2 13.0 4.1 1.5 0

10.5 20.1 75.0 12.9 4.5 1.0 7.2

100 29.3 150.0 12.1 11.2 3.3 98.0

500 35.1 385.0 11.0 96.0 2.4 99.1

1000 42.0 860.0 13.2 335.0 3.2 288.0

2000 56.3 900.0 24.2 350.0 3.4 292.0

10 G

Fig. 2. Typical light-induced EPR signal for Q-(PMA)94-P at

pH = 13 (cpol = 3·10 -3 M, I = 0.39 M, frozen aqueous medium, T =

193 K, modulation amplitude 1.6 G, microwave power 5 MW,

microwave frequency 9.153 GHz)

10 G

Fig. 3. The light induced EPR signals for Q-(PMA)94-P at several

different ionic strengths (I) — from top: I = 0.29, 0.33, 1.29, 2.29 M

(cpol = 3·10-3 M, pH =10.2, frozen aqueous medium, T = 193 K, mo-

dulation amplitude 1.6 G, microwave power 5 mW, microwave

frequency 9.162 GHz)



EPR signal (see Fig. 3) although it increases the kcs values.
This indicates the growing importance of the reverse re-
action. Thus, by adjusting the pH and ionic strength of
the solution one can optimize the polymeric system to
obtain a higher efficiency of charge separation.

As it was mentioned earlier, higher intensities of the
EPR signal assigned to the P+• – Q–• were observed for the
polymers at a higher degree of ionization (in neutral and
alkaline solutions). This may be explained considering
both the more efficient charge separation and the exis-
tence of conditions favoring the charge stabilization. Pos-
sible mechanism of the charge stabilization involves the
occurrence of the repulsive Coulombic interactions be-
tween an anion radical Q–• and the carboxyl anions sur-
rounding the porphyrin moiety (P+•) thus preventing
their recombination.

T a b l e 3. EPR data for Q-(PMA)94-P aqueous solutions at seve-

ral different pH values�)

pH 2Y’ �Hpp, G I c
P Q�� 	 �	

· 105, M c c
P Q P�� 	 �	

/ 0 , %

2.8 3.7 6.0 66.5 0.4 1.8

3.6 3.6 6.5 75.0 0.5 2.1

4.5 20.0 6.5 422.5 2.7 12.6

6.0 12.0 9.5 618.0 4.0 15.5

9.5 13.0 9.7 580.0 4.5 17.5

10.2 13.1 9.3 566.5 3.7 16.0

13.0 9.0 9.3 389.0 2.5 11.0

�) Polymer concentration c = 3·10-3 M, initial concentration of por-

phyrin cP
0 = 2.28·10-4 M, T = 193 K; 2Y’ — the peak-to-peak first deri-

vative amplitude; �Hpp — the peak-to-peak width; I is a relative

intensity of the signal, I ~ Y(�Hpp) [23].

It was observed that the intensities of the EPR signals
for all polymers decrease considerably in solutions of low
pH (e.g. solution at pH = 2.8, see Table 3). This may be due
to the low efficiency of charge separation, lack of stabili-
zation via repulsive electrostatic interactions and the oc-
currence of secondary processes with participation of the
primarily formed radical pair. The occurrence of the se-
condary reactions can be easily proven by simple compa-

rison of the EPR signals obtained in alkaline (Fig. 2) and
in acidic solutions (see Fig. 4). The line shapes of these
two signals are noticeably different. That can be explai-
ned considering difference in the surrounding of the ra-
dical-ion pair formed. One can observe, however, that the
spectra recorded in the acidic solutions seem to contain
two components. The appearance of the second compo-
nent can result from the hydrogenation of the primarily
formed Q–• to benzosemiquinone radical, QH•. Thus, al-
though in acidic solution the concentration of the origi-
nally formed radical pair is low, the protonation of Q–•

probably assists in preventing the electron back-transfer.
In acidic solutions, similarly to the case described previo-
usly in alkaline medium, the increase in ionic strength re-
sults in a decrease of the total intensity of the EPR signals.
This can be caused by acceleration of charge recombina-
tion.

The intensities of the EPR signals in both alkaline and
acidic solutions are dependent on the length of the poly-
mer chain. The net efficiency of charge separation increa-
ses in the following order: Q-(MA)277-P, Q-(MA)47-P,
Q-(MA)94-P. This can be explained considering lower rate
constants for electron transfer in the polymer with the
longest chains (MA)277 and the higher probability of
charge recombination in the case of the polymer with
short chains (MA)47.

The observed dependence of the intensity of EPR sig-
nals on the polymer chain length, pH and ionic strength
of the solution confirms that the charge separation obser-
ved in aqueous Q-(MA)n-P solutions is really an intra-
molecular process.

In the control experiments performed using phe-
nol-capped polymer, PhOH-(MA)94-P, it was found that
under the same conditions as for quinone-capped poly-
mers, for phenol-capped one there was no EPR signal
detected.

It was also demonstrated that the process is light indu-
ced since no EPR signal was observed in any of the samp-
les studied in the dark. Analysis of the data presented in
Table 3 shows that in the case of Q-(MA)94-P polymer,
about 18 % of the porphyrin originally present can be
converted to the stable P+• – Q–• radical pair. In the expe-
riment in which radiation of spectral distribution closer
to that of solar light, � > 300 nm, was applied (light was
absorbed almost exclusively by porphyrin, Q absorbed
only 3 % of radiation at 324 nm where transmission of the
filter is about 20 %), the typical EPR signal for P+• – Q–•

was also observed [23].

CONCLUSIONS

The steady-state fluorescence spectra and EPR mea-
surements performed in aqueous solutions of poly(me-
thacrylic acid) with covalently attached porphyrin and
benzoquinone moieties [Q-(MA)n-P] clearly demonstrate
the occurrence of photoinduced electron transfer from
the lowest excited singlet state of porphyrin to the qui-
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10 G

Fig. 4. Photoinduced EPR signal for Q-(PMA)94-P in a frozen

acidic aqueous medium (cpol= 3·10-3 M, T = 193 K, modulation

amplitude 1.6 G, microwave power 5 mW, microwave frequency

9.162 GHz)



none. Both the rate constant of charge separation and the
efficiency of formation of a stable radical pair P+• – Q–•

can be controlled by changes in the length of the polymer
chain, as well as, by changing the pH and ionic strength
of the aqueous polymer solutions. The highest values of
kcs were found for the polymer with shortest chain length,
Q-(MA)47-P, at high pH and ionic strength (pH = 9, I =
1 M). However, the highest efficiency of formation of
stable radical pairs was observed for Q-(MA)94-P, in neu-
tral and basic solutions, at relatively high ionic strength.
This can be rationalized taking into account the high va-
lues of kcs under these conditions and the operation of the
protection mechanism (P+• are protected against recom-
bination with Q–• by negatively charged ionized carboxyl
groups). The importance of this protective mechanism
was demonstrated by findings that further increase in
ionic strength of the solution, although accompanied by
further increases in the kcs values results in a decrease in
the concentration of the stable P+• – Q–• radical ion pair.
This probably occurs because of neutralization of the
charged carboxylic units. In acidic solutions, protonation
of Q–• is believed to inhibit charge recombination. The ge-
nerally higher values of kcs and higher concentration of
stabilized free radical in basic medium may be also due to
the more appropriate mutual orientation of the chromo-
phores. At low pH the unionized PMA chain adopts the
compact conformation with the polymer chain ends clus-
tered together due to the unbalanced hydrophobic inter-
actions. At high pH that conformation is broken via ioni-
zation of the methacrylic acid units. Thus, the chain can
adopt a new equilibrium conformation in which the elec-
tron donor (P) and electron acceptor (Q) molecules are
not clustered. Partial or total neutralization of the charges
distributed along the polymer chain bring the P and Q
chromophors closer, thus allowing for electron transfer
and charge separation.
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