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Photoinduced Electron Transfer in Porphyrin—Quinone
End-Capped Poly(methacrylic acid). 1. Photophysical Studies
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ABSTRACT: Photoinduced electron transfer from porphyrin (P) to benzoquinone (Q) moieties covalently
attached to poly(methacrylic acid) (PMAA) chain ends was studied. The effect of polymer chain length,
pH, and ionic strength of the aqueous polymer solution on the rate constant of charge separation was

determined.

Introduction

It is now generally recognized that the primary
photochemical step in photosynthesis involves a one-
electron transfer from the excited singlet state of a
chlorophyll species to an electron acceptor.!=3 The
process takes place within the reaction center. In well-
characterized bacterial reaction centers, molecules of
ubiquinone or menaquinone act as the electron accep-
tors.* The photosystem 11 of green plants includes also
a quinone moiety, plastoquinone, as an electron accep-
tor.5 The main feature of the primary event is that
electron transfer leads to separation of the charged
species Chl*t and Q*~, which undergo further reactions
in the photosynthetic sequence.

During the past few years considerable progress has
been made in the understanding of photoinduced elec-
tron transfer in relation to the primary step in photo-
synthesis. Studies have involved the electron transfer
from chlorophylls or synthetic porphyrins to quinones.
Elegant model systems containing covalently linked
porphyrin—quinone molecules have been synthesized
and used to determine how variables such as distance,
orientation, type of solvent, and exothermicity influence
the rates of charge separation and charge recombina-
tion, a back-reaction.®

This paper reports experiments which suggest an
alternative approach to the construction of a model
photosynthetic reaction center. The concept is based on
the observation that photosynthesis actually occurs in
an agueous environment; the reaction center is usually
surrounded by a hydrophobic protein pool which, as a
whole, is suspended in aqueous medium.

In a previous paper from these laboratories, we have
shown that relatively efficient intramolecular photo-
electron transfer can occur in water solution between
porphyrin and quinone moieties attached at random in
a polyelectrolyte chain” and, furthermore, that the
efficiency of this process can be adjusted by changing
both the pH and the ionic strength of the solution.
Experimental studies by Liu et al.8 have shown that the
end-to-end distance in polyelectrolyte chains in aqueous
solution can be adjusted from very short (i.e., ~10 A) to
very long distances (>100 A) by changing the pH of the
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Figure 1. Dependence of end-to-end distance (R,) (a) and
degree of dissociation (o) (b) for PMAA (number of repeat
units n = 78) on pH of aqueous solution (data taken from
ref 8).

solution. For example, in poly(methacrylic acid) poly-
mers (PMAA) end-capped with naphthalene and an-
thracene groups, the end-to-end distance, R, is a sharp
function of pH as shown in Figure 1 (curve a). At low
pH the carboxylic acid groups of PMAA are not ionized
(Figure 1, curve b) and the polymer chain adopts a
dense, coiled structure in solution. At high pH (~9—
11) the carboxyls are almost completely ionized and the
chain is expanded due to the mutual repulsion of the
charged species along the chain, so that Ry, the root-
mean-square end-to-end distance, approaches that of a
fully extended linear chain.

Further studies of the end-capped polyelectrolyte
poly(N-tert-butylaziridine hydrogen chloride) (PTBA)
chains by Liu et al.® demonstrated that the end-to-end
distance of fully ionized polyelectrolytes could be re-
duced substantially by increasing the ionic strength of
the solution. This effect is well known in aqueous
solutions of polyelectrolytes and is attributed to the
screening effect of the additional ions which reduce the
repulsive interactions between the charged groups on
the polyelectrolyte backbone. In PTBA the R, was
reduced to one-half the original value on increasing the
ionic strength to 0.5 M by addition of sodium chloride
to the solution. Because of the pendant tert-butyl group,
PTBA is a relatively stiff chain compared to PMAA, so
even larger effects would be expected in the latter
polymer.

Based on this previous research, it would appear that
PMAA molecules containing porphyrin (P) and quinone
(Q) groups at opposite ends should provide models of
photoelectron transfer processes relevant to natural
photosynthesis in aqueous media, wherein the distance

© 1996 American Chemical Society



Macromolecules, Vol. 29, No. 5, 1996

between the two chromophores and hence the efficiency
of photoelectron transfer can be adjusted continuously
via changes in the pH and ionic strength of the aqueous
medium. This should provide a tunability of the elec-
tron transfer rates which is not available in porphyrin—
quinone systems attached by rigid linkages with fixed
dimensions.

Experimental Section

Ultraviolet—Visible Spectra Measurements. UV-vis
absorption spectra of the samples were measured using a
Hewlett-Packard 8451A diode-array spectrophotometer.

IR Spectra Measurements. IR spectra were recorded on
a Nicolet 5DX spectrometer.

NMR Spectra Measurements. H NMR spectra were
obtained using a Varian XL400 spectrometer or a Gemini 200
spectrometer. The XL400 spectrometer was used for charac-
terization of polymers. Chemical shifts are given in parts per
million from tetramethylsilane.

Fluorescence Spectra Measurements. Steady-state fluo-
rescence spectra of the samples were recorded at room tem-
perature on an SLM fluorescence spectrometer.

Transient Measurements of Fluorescence Decay. Fluo-
rescence decay curves were measured using a single-photon-
counting apparatus. The solutions were deaerated by bubbling
with argon gas for 30 min. The samples were excited at 420
nm and emission was measured at 650 nm. The nonlinear
iterative deconvolution technique was used to fit the decay
curves.

pH Measurements. 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 HCI
solutions were used.

GC Analysis. GC analysis was performed using a Varian
Aerograph Series 2700 gas chromatograph.

GPC Analysis. GPC work was performed on a Waters
liquid chromatography system using a DuPont bimodal column
pair and tetrahydrofuran (THF) as an eluent (1 mL/min). Both
spectrofluorometer (Bio-Systems, Model 900) and refractome-
ter (Waters, Model R410) were used as detectors. Four near-
monodisperse poly(methyl methacrylate) standards (MW =
4100—60000 were used for calibration.

Elemental Analysis. Microanalyses were carried out by
Galbraith Laboratories, Inc., Knoxville, TN.

Polymerization. (1) General Procedure. The polymers
used in this work were prepared by anionic polymerization.
In order to incorporate methacrylic acid into the polymer
chain in anionic polymerization, the carboxylic groups had
to be protected. This was accomplished by preparing the
trimethylsilyl derivative of methacrylic acid. Trimethylsilyl
methacrylate (TMSM) was prepared by the reaction of meth-
acrylic acid with hexamethyldisilazane according to the
method of Chapman and Jenkins.!® TMSM (bp 49 °C/20
Torr, lit.2% bp 50 °C/20 Torr) was stored in an argon atmos-
phere in a freezer. Purity of the monomer was found to be
>99% by GC analysis (column: OV-17 (3%); column temper-
ature: 55 °C).

Polymerization was initiated by the anion formed by reac-
tion of 1-phenyl-1-[o-(2'-methoxyprop-2'-oxy)phenyl]ethene (PPE)
with butyllithium.

PPE was prepared as follows. A trace amount of phosphorus
oxybromide in a capillary was added to a mixture of 0.8 g
(4.1 mmol) of 1-(2'-hydroxyphenyl)-1-phenylethene (HPPE) and
2.5 g (35 mmol) of 2-methoxypropene. The reaction mixture
was allowed to stand at room temperature for 5 days. The
reaction was followed by thin-layer chromatography (TLC)
(Merck Kiselgel 60 Fs4; eluting solvent: hexanes—ethyl acetate
(8:2 viv)). After disappearance of a spot of a starting olefin,
the reaction was quenched by adding a few drops of triethyl-
amine. The reaction mixture was concentrated under high
vacuum to give a quantitative amount of PPE in the form
of a colorless liquid. Attempted distillation under high vac-
uum (10~ Torr, bath temperature 120 °C) resulted in a

Photoinduced Electron Transfer 1601

reversion to the starting olefin. However, *H NMR and TLC
analysis showed that the above product was practically
pure, and it was used without further purification. IR (liqg.
film) 3085, 3060, 2995, 2945, 2835, 1615, 1595, 1485, 1385,
1370, 1240, 1060, 955, 885, 800, 765, 710 cm™t. 'H NMR
(CDCl3) 6 1.25 (s, 6H, methyl), 3.43 (s, 3H, methoxy), 5.50 (d,
J =1.5Hz, 1H, vinyl), 5.77 (d, J = 1.5 Hz, 1H, vinyl), 7.25 (d
of t, J = 1.4 and 7.5 Hz, 1H, aromatic), 7.4—7.6 (m, 8H,
aromatic). UV (methanol) Amax (€) 242 nm (5900 dm?® mol~*
cm™1).

HyC\ ,CHy
cH S

HO  CH, [3 H,c07 Mo CcH

H,C=C-OCH,

trace PBr5

HPPE

2

PPE

The substrate of this reaction, HPPE, was prepared by the
Grignard reaction using 2-hydroxybenzophenone and
methylmagnesium chloride as reactants. All spectral charac-
teristics were identical with those reported in the litera-
ture. 112

The polymerization was terminated with 5-(4'-(chlorocar-
bonyl)phenyl)-10,15,20-tri(p-tolyl)porphine (PCl). PCI was
prepared using the procedure described by Kong et al.®®* A
mixture of 180 mL of dry benzene and 18 mL of distilled
thionyl chloride was added to 350 mg of 5-(4'-carboxyphenyl)-
10,15,20-tri(p-tolyl)porphine, and the mixture was brought to
reflux. After refluxing for 3 h, the solvent and the excess
thionyl chloride were removed by distillation under a stream
of dry Ar, and then the residue was dried under high vacuum
(107* Torr). Dry benzene (60 mL) was added to the resulting
residue, and the solvent was removed once again by distillation
and vacuum to dryness. This operation was repeated three
times, and the resulting green solid, PCI, was dried under high
vacuum for 10 h to remove the trace amount of thionyl
chloride. In the anionic polymerizations described in this
work, freshly prepared PCl was used with precautions to avoid
any trace of water.

(2) Synthesis of Phenol and Porphyrin-Capped Poly-
(methacrylic acids) (PhOH—(MA),—P). All reaction ves-
sels used in this experiment were carefully dried under
high vacuum (107! Torr). Polymerization was performed in
THF. THF was dried with sodium using benzophenone
as an indicator and distilled into the reaction vessels
under high vacuum by a bulb-to-bulb distillation. TMSM
was dried with finely pulverized calcium hydride for 2 days
and distilled over it at room temperature just before polym-
erization.

A synthesis of PhOH—(MA);7—P is given as a typical
synthetic example. Under vacuum, 0.20 mL (0.32 mmol) of
1.6 M n-butyllithium in hexanes was added by a syringe to a
solution of 86 mg (0.32 mmol) of PPE in 30 mL of THF and
reacted at room temperature for 30 min. After cooling to —78
°C, a solution of 10.5 g (67 mmol) of TMSM in 20 mL of THF
was added dropwise to the reaction mixture and reacted for 2
h. The atmosphere in the reaction flask was replaced with
dry Ar, and then a suspension of 350 mg (0.49 mmol) of 5-(4'-
(chlorocarbonyl)phenyl)-10,15,20-tri(p-tolyl)porphine in 150
mL of THF was added to the reaction mixture from a second
flask. The atmosphere of the second flask was pressurized
by Ar to a level slightly higher than that of the reaction flask
at such a rate that the reaction temperature was maintained
at —78 °C. (A thin stainless steel tube was used to introduce
the Ar to the second flask.) The reaction was carried out for
3 h and then the mixture was allowed to warm to room
temperature. The reaction mixture was treated with 3 mL of
1 N HCI for 3 h and then poured into 700 mL of ether to
precipitate the product. The resulting polymer was dissolved
in 50 mL of methanol, and then the solution was poured
into 700 mL of ether to reprecipitate. The reprecipitation
was repeated three times from ether and benzene, respec-
tively. The resulting polymer was dissolved in water and
freeze-dried. This procedure gave 4.91 g of PhOH—(MA),77—P
(88% vyield).

(3) Synthesis of Benzoquinone and Porphyrin-Capped
Poly(methacrylic acid) Polymers (Q—(MA),—P). The



1602 Nowakowska et al.

H3c\c,c1-l3
H,co” Mo Ha‘fﬁ
JE § H,C=C-C—0—Si (CH.)
ppp  [-BuLi O O 2 3’3
H3C\C/CH3
/
H,CO No CH,
C—(~CH,—C—) — PCl 2)
C0,S1(CH;) 4
H3C\C/CH3
Hyco” Mo |/\/\ c|:1-13 ot HO K\/\ (|2H3
— (— —_——) — 3 Jy g —_—C ) ]
©—c(cﬂ2 T e ©—C(CH2 <|: V5P
@ C0,Si(CH,) , o,

PhOH- (MA)  -P

benzoquinone chromophores were introduced to the polymer
chain by oxidizing the phenol moieties in PhOH—(MA),—P
polymers with Fremy's radical. Four to six times excess
amounts of the oxidant were used in this reaction. The
synthesis of Q—(MA)277—P is given as a typical example. To
a solution of 1 g (11.6 mmol based on carboxyl groups) of
PhOH—(MA).7;—P and 61.5 mg (5.8 mmol) of sodium carbonate
in 20 mL of distilled water was added 150 mg (0.56 mmol) of
potassium nitrosodisulfonate all at once. The resulting reac-
tion mixture was stirred at room temperature for 2 h. After
quenching the reaction by the addition of 9.28 mL of 1.25 N
HCI, the water was removed by freeze-drying. The residue
was extracted with methanol, and the insoluble inorganic
materials were filtered off by suction filtration. The filtrate
was concentrated and a small amount of THF was added to
precipitate the inorganic material. This operation was re-
peated until no precipitate was obtained. The product was
isolated by pouring the filtrate into 400 mL of ether. Repre-
cipitation from ether, followed by freeze-drying from water,
gave 903 mg of Q—(PMA);—P (90% yield).

° CH
3
ON (S0,K) (\/\ |
PhoH-(Ma) —p —2 2, C"“C“z_lc_’n—P 3
Co_H
Q- (MA) -P

(4) Synthesis of Phenol-Capped Poly(methacrylic acid)
(PhOH—-(MA),) and Quinone-Capped Poly(methacrylic
acid) (Q—(MA),) Polymers. The presence of the phenol and
porphyrin chromophores in PhOH—(MA),—P polymers or
quinone and porphyrin chromophores in Q—(MA),—P polymers
has been confirmed by the measurements of their NMR and
absorption spectra in the UV—vis spectral region. In order to
precisely determine the content of phenol groups and the
efficiency of their oxidation to the quinone, the spectroscopic
data for these polymers were compared with the respective
spectra of the PMAA labeled only with phenol (PhOH—(MA),)
or with quinone (Q—(PNA),).

Synthetic routes used to obtain phenol- or quinone-capped
PMAA were similar to those described above, with a difference
only in application of diluted hydrochloric acid instead of
chloride of porphine (PCI) for quenching the living polymeri-
zation (see below). The hydrochloric acid also induced hy-
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drolysis of the trimethylsilyl ester and ether moiety in the
polymeric anion.

HyC\ CHy
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1H NMR spectra for PhOH—(MA), in CD;0D solution show
two peaks of methyl protons of the polymer backbone at 1.07
and 1.17 ppm as well as peaks for methylene protons at 1.87
and 1.99 ppm. The most prominent peaks at 1.07 ppm for
methyl and 1.87 ppm for methylene are attributed to the
polymer with syndiotactic configuration. Signals of aromatic
protons corresponding to the phenyl group and the phenol
moiety of the terminal group appeared at 6.50—6.62 (H.),
6.78—6.88 (H,), 6.96—7.1 (Ph), 7.1-7.18 (Ph and Hy), and
7.30—7.42 (Hs) ppm. Using the peaks of the aromatic protons
as a standard and the integrated values for methyl and
methylene protons, the degree of polymerization of PhOH—
(MA), was calculated.

The oxidation of PhOH—(MA), with Fremy’s radical resulted
in formation of Q—(MA), polymer. *H NMR spectra show that
the peaks responsible for the presence of the benzoquinone
structure appear at 6.48—6.64 and 6.66—6.86 ppm along with
phenyl protons at 7.0—7.18 and 7.18—7.30 ppm. The yield of
the oxidation was determined using the peaks of the methyl
proton of the polymer as a standard. It was assumed that the
methyl group is inert during the oxidation under the reaction
conditions.

Measurements of the UV absorption spectra have shown
that the peak at 278 nm, characteristic for the phenol group,
disappeared after oxidation of the PhOH—(MA), and a new
peak corresponding to benzoquinone at 250 nm appeared.

(5) Methylation of the End-Capped PMAAs. In order
to perform GPC characterization of the polymers obtained,
some samples were prepared in which the acid groups on the
backbone of the PMAA were esterified. This was performed
as follows. To a suspension of 0.2 g of end-capped PMAA in 5
mL of benzene was added 0.35 g (2.3 mmol) of 3-methyl-1-p-
tolyltriazene. The resulting mixture was stirred at 45—50 °C
for 24 h. The stirring was continued for an additional 4 days
and eight 0.2-g portions of the methylating reagent were added
(i.e., one portion every 12 h). The product was isolated by
precipitating from 300 mL of methanol—water (80/20 v/v) and
purified by repeated reprecipitations from methanol. The
polymers obtained were freeze-dried using benzene as a
solvent to give the end-capped PMMASs (yield: 10—51%). Using
IH NMR, it was found that 100% of the acid groups were
methylated: *H NMR (acetone-dg) 6 0.85 (s, 2.1H, methyl), 1.05
(s, 0.9H, methyl), 1.86 (s, 1.4H, methylene), 1.94 (s, 0.6H,
methylene), 3.82 (s, 3H, methoxy).

CH, CHy
| CH,PhN=N-NHCH,

A— (—CH2~<|:—) 7P A— (~CH,~C—) P (5)
CO,H CO,CH,

End-capped PMAA

HO ‘/\/\
where A = ©—c— or

End-capped PMMA

%CA

o}
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Table 1. Polymer Characteristics

desig polymer Mn@  Nma®  Mphon® Mgt met
PhOH—(MA)4s7—P 4 400 47 100 0 84

P1  Q—(MA)s—P 4 400 47 0 100 8.4
PhOH—(MA)gs—P 8 400 94 100 0 76

P2 Q—(MA)wus—P 8 400 94 0 100 7.6
PhOH—(MA)277—P 24100 277 100 0 6.3

P3  Q—(MA);7—P 24100 277 0 100 6.3

a Determined by NMR. b nya = number of repeating methacrylic
acid units in a polymer chain. ¢ mpnon, Mg, and mp = average
number of the phenol, quinone, and porphyrin end groups,
respectively, per 100 polymer chains. Values were determined
from UV—visible absorption spectra and NMR analysis.
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Figure 2. Electronic absorption spectra of PhROH—(MA)s,—P
and Q—(MA)47—P in methanol solution (cps = 4.5 x 1075 M,
cell thickness | = 1 cm): (—) PhOH; (---) Q.

Results

Polymer Characterization. These studies involved
three PMAA polymers of different molecular weights,
capped with 5-(4'-carbonylphenyl)-10,15,20-tri(p-tolyl)-
porphine (P) at one chain end and with 2-(1'-phenyl-
hexyl)-p-benzoquinone (Q) on the other (Q—(MA),—P).
The corresponding polymers with the same content of
P and 2-(1'-phenylhexyl)phenol (PhOH) at the chain
ends served as the reference compounds. The molecular
weight and composition of the polymers are summarized
in Table 1. GPC analysis shows that the polydispersity
of the polymers measured by the ratio M,,/M, was about
1.2. The polymers differ essentially in the length of the
chains. In the case of the phenol-capped polymers, each
chain contains a phenol group; in the case of the
quinone-capped polymers, each chain contains a quinone
group. The porphyrin was successfully attached to 8%
of the polymer chains. This relatively low content of P
does not influence the results of the studies presented
in this paper because only those chains containing P
absorbed at the wavelengths used in the experiments.

Photophysical Properties of Polymers. (1) Stud-
ies in Organic Solvent. The electronic absorption
spectra of all of the polymers in methanol solution are
qualitatively the same. Differences in the intensities
of the respective absorption maxima can be correlated
with the polymer compositions. Figure 2 shows, for
example, the absorption spectra for the polymer (MA)47
capped with phenol (PhOH—(MA)47—P) or with quinone
(Q—(MA)47—P) on one chain end and porphyrin on the
other. The comparison of the spectra with those ob-
tained for model compounds (o-ethylphenol, p-tolylqui-
none,* 2-(1'-phenylhexyl)-p-benzoquinone, and 5,10,15,-
20-tetratolylporphine) (TTP) demonstrates that attach-
ment to the polymeric chain does not appreciably
perturb their electronic structures. There is no broad-
ening or shifts which would indicate the existence of
specific ground-state interactions between chromophores.
The fluorescence spectra of all polymers in methanol
solution (Cpo =~ 5 x 107° M) are very similar to the
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emission of tetraphenylporphyrin (TPP) in the same
solvent. All display one broad structureless emission
band between 625 and 685 nm, with the maximum at
649 nm. The relative intensities of fluorescence in both
phenol- and quinone-capped polymers in solution in the
organic solvent are the same within experimental error.
The fluorescence quantum yields for polymers were
determined to be 0.14 + 0.02, using TPP as a standard
(¢ = 0.11 in benzene).'> ¢ for the porphyrin polymer
solutions agrees well with the literature value of the
fluorescence quantum vyield for the low-molecular-
weight model 5-(4-carboxyphenyl)-10,15,20-tritolylpor-
phine (TCP) (¢r = 0.13 & 0.01 in CH,CI, solution).16

These observations suggest that in methanol solution,
there is practically no interaction between the polymer
chain ends, as would be expected if the polymers adopt
a random coil conformation.

Photophysical studies were performed on a solution
containing TTP and Q (2-(1'-phenylhexyl)-p-benzoquino-
ne) in methanol. Based on the absorption and excitation
spectra, it was also concluded that there are no specific
ground-state interactions between these two molecules.
TPP fluorescence was efficiently quenched by Q (Cporpn
~1x 107®M,0 < cqg <5 x 1073 M). The process can
be described by the Stern—Volmer equation. The rate
constant for the process was determined to be (1.6 +
0.2) x 10 M~1s71,

On the basis of the above observations, one can
conclude that in methanol solution at polymer concen-
trations up to 5 x 1075 M (concentrations of porphyrin
up to 4 x 1076 M), there are no inter- or intramolecular
interactions between the polymer chain ends which
would result in quenching of porphyrin fluorescence. All
further photophysical studies were thus performed at
polymer concentrations below 5 x 1075 M.

(2) Studies in Aqueous Solutions. Both the ab-
sorption and emission spectra of the Q—(MA),—P and
PhOH—(MA),—P polymers in aqueous solutions are
strongly pH dependent. There are two main reasons
for such behavior: pH-induced changes in the degree
of ionization of methacrylic acid (MA) in the polymer
backbone, and the shift in the equilibrium of the
protonation of the porphyrin free base (diprotonation
of porphyrin at low pH). Changes in the degree of
ionization of MA units result in differences in polymer
chain conformation, thus changing the distance between
the chromophores at the chain ends.

The absorption spectra in the UV—visible region for
all Q—(MA),—P polymers are affected by the change in
pH in the same way (Figure 3a,b). The spectra obtained
for a given polymer at different pH values display major
differences in absorption in the Soret band (see Figure
3c). The same differences are observed for the phenol-
capped polymers, which indicates that they reflect the
changes in porphyrin chromophore induced by changes
in the hydrogen ion concentration in solution, rather
than by interactions with a quinone group.

The emission spectra of the polymers obtained during
excitation in the Soret region show two distinct bands
with maxima around 654 and 603 nm. The relative
intensities of the bands are strongly dependent on pH
(Figure 4). At a given pH, the fluorescence spectra of
the quinone- and phenol-capped polymers are qualita-
tively the same. It was noted, however, that in acidic
and neutral solutions, the fluorescence intensities for
the all quinone-containing polymers are lower than the
intensities for the respective polymers with phenol chain
ends. This suggests the existence of interactions be-
tween P and Q resulting in quenching of the porphyrin
fluorescence. As the chromophores are located at the
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Figure 3. Electronic absorption spectra for aqueous solutions
of Q—(MA),—P polymers (Cpo = 1 x 107° M): (a) pH 3, (—)
Q—(MA)47—P, (- - -) Q—(MA)os—P, () Q—=(MA)277—P; (b) pH
11, (=) Q=(MA)s7—P, (- - -) Q=(MA)es—P, () Q—=(MA)277—P.
(c) Absorption characteristics in the Soret band at pH 2.9, 7.2,
and 11.
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Figure 4. Fluorescence spectra of Q—(MA)s;—P in aqueous
solution at pH = 4.5 and 9 (cpot = 2.5 x 1075 M, Aexc = 420
nm).

polymer chain ends, the interactions can only be effec-
tive assuming that the polymers adopt a more compact
conformation.

Data on the quantum vyields of fluorescence for the
six polymers in water solution at pH 4.5 and 9.0 are
shown in Table 2. Also included are the values of Ry,
the root-mean-square end-to-end distance of the polymer
chains, and Ry, the hydrodynamic radius for the poly-
mer coil calculated from the classical relations

R, = (2np)" (6)

and
Ry = (0.875/6")(2np?)*? 7
where n is the number of repeating units in the PMAA
chain and g is the statistical bond length of the PMAA

backbone. Liu et al.8 determined the values of 5 directly
from energy transfer studies between PMAA end-capped
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with naphthalene and anthracene. The values for
were 0.96 A at pH 5.1 and 6.2 A at pH 9. Also included
is the value of Rey, the theoretical length of the fully
extended chain (2.53n).

Based on extensive studies of transfer between P and
Q in model compounds, it is known that efficient
transfer occurs only at separation distances less than
about 20 A, so one might expect to find this to occur in
our polymeric systems only when R, is equal to or less
than about 20 A, and this seems to be borne out by our
experimental results.

In alkaline solutions the fluorescence intensities are
the same within experimental error for polymers with
or without P groups. This can be explained considering
that methacrylic acid units on the polymer backbone are
ionized in alkaline solution, and the polymer chain
adopts an extended conformation with Ry, values of ca.
60, 88, and 146 A, respectively, despite the hydrophobic
interactions between the P and Q end groups. It
appears that the so-called “hydrophobic bonding” at-
tractions must be small compared to the electrostatic
repulsions between polyion segments. The fluorescence
guantum yields at pH 9 are much higher than at pH
4.5 for all polymers as shown in Figure 4.

In acidic solutions, the intensities of the fluorescence
of porphyrin in both types of polymers depend on the
length of the polymer chain, reaching the highest values
for the polymer of the highest molecular weight. The
differences in fluorescence quantum yield for phenol-
capped polymers are probably due to differences in
micropolarity of the environment which the porphyrin
experiences. The relative fluorescence intensity, calcu-
lated as a ratio of fluorescence quantum vyield in
quinone-capped polymer to the value found for the
respective phenol-capped polymer, shows the same
trend. As one does not expect quenching of porphyrin
moieties by phenol at pH 4.4 (phenol is characterized
by high energy levels, high redox potential, and K, =
1.1 x 10710),17 these data can be used to demonstrate
the efficiency of porphyrin quenching by quinone. At
pH 4.5, 44, 38, and 13% of the porphyrin chromophores
are quenched by quinone moieties in Q—(MA)47;—P,
Q—(MA)gs—P, and Q—(MA)277—P, respectively. It is
obvious that the polymer chain ends have to be close
enough to ensure efficient quenching. One can expect
that it is relatively easy to accomplish this in a case of
the polymer with a short chain, like polymer (MA)47 (Rn
= 9.3 A), and much more difficult in a case of the
polymer with the very long chains, like polymer (MA)z77
(Rh =226 A).

Effect of lonic Strength. The effect of ionic strength
on the quantum yield of the porphyrin fluorescence in
Q—(MA),—P polymers was also studied. Experimental
data for all Q—(MA),—P polymers in acidic solution (pH
4.5) and in alkaline medium (pH 9) are displayed in
Figure 5. Generally, an increase in the ionic strength
of the aqueous solution results in reduction of porphyrin
fluorescence. The extent of this process is, however,
dependent on the length of the polymer backbone and,
for a given polymer, on the pH of the solution used. The
changes are much more pronounced in the basic than
in the acidic solutions. This can be explained assuming
that the introduction of the salt changes the conforma-
tion of the polymer chain due to “screening” of the
charged carboxyl groups on the polymer chain by
sodium and chloride ions. Thus at low pH, where the
polymers are only partly ionized and the chains are
already compact, the increase in the concentration of
the counterions has a limited effect, especially for the
polymers with longer chains (Figure 5a). On the other
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Table 2. Fluorescence Quantum Yields (¢)2 for the PhOH—(MA),—P and Q—(MA),—P Polymers in Aqueous SolutionsP

pH 4.5 pH9

desig polymer Rn (A) ¢r x 102 % (%)° Rn (A) ¢f x 102 Re Rex
PhOH—(MA)47—P 9.3 594+0.3 60 159+ 0.2 39 119

P1 Q—(MA)47—P 9.3 3.3+0.2 44 60 15.8 £ 0.2 39 119
PhOH—(MA)gs—P 13.1 6.0 £ 0.3 88 147+ 0.2 55 238

P2 Q—(MA)ys—P 131 3.7+0.2 38 88 14.1 + 0.2 55 238
PhOH—(MA)277—P 22.6 9.3+0.3 146 14.0 £ 0.2 95 700

P3 Q—(MA)277—P 22.6 8.1+0.3 13 146 14.0 £ 0.2 95 700

a Determined from the integrated intensities relative to TPP, assumed to have a ¢r = 0.11 in aerated benzene (see ref 15). P lex = 420

nm, Ago NM = 0.24. ¢y = (1 — ¢U$PhH) x 100.
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Figure 5. Dependence of the fluorescence quantum yield of
porphyrin in Q—(MA),—P polymers on ionic strength of the
solutions: (a) in acidic aqueous solutions (pH 4.5) and (b) in
alkaline aqueous solution (pH 9).

hand, in basic solutions, where the majority of the
carboxyl groups are ionized and the polymer chains are
stretched, the change in ionic strength has a dramatic
effect (Figure 5b). The partial neutralization of the
charges on the polyions allows the polymer chain to
adopt a more compact conformation in which the
distances between polymer chain ends are shorter. This
obviously favors the quenching process. The above
observations indicate that the efficiency of porphyrin
quenching by the quinone in the systems studied can
be controlled in both acidic and basic conditions by
changing the ionic strength of the aqueous solution.

Calculation of Electron Transfer Rates. The
results of fluorescence quenching experiments can be
interpreted in terms of electron transfer from P to Q
followed by charge separation to prevent back-transfer.

Our experimental results can be interpreted assuming
that the fluorescence quenching occurs by intramolecu-
lar electron transfer from the lowest excited singlet state
of the porphyrin to the quinone. This is similar to the
low-molecular-weight porphyrin—quinone bichromophoric
systems®1517-20 which have been studied extensively.

The energy barrier AG to electron transfer is given
by the Marcus equation:2!

AG = (AG® + 1)%/4 (8)
where 1 is the total reorganization energy for charge

separation. The driving force (AG°®) for photoinduced
electron transfer in a polar solvent and at a relatively

large donor—acceptor separation can be calculated from
the equation given by Weller:22

AG® = —Ey, + e(Ep™ — E,"% (9)
where Ep® and Ea™d are the ground-state one-electron
oxidation potential of the donor and the reduction poten-
tial of the acceptor and Eq is the energy of the excited
singlet state of the species excited. Taking the litera-
ture values for the oxidation potential of TTP (Ep®™* =1
eV),2 the reduction potential for p-benzoquinone (Ea"d
= —0.4 eV),2 and the energy of the excited singlet state
of the porphyrin attached to the PMA chain in aqueous
solution (Es = 1.90 eV), the change in Gibbs free energy
accompanying photoinduced electron transfer from por-
phyrin to quinone in a polar solvent was estimated to
be —0.5 eV. Using the literature value of ca. 1 eV2425
for the solvent reorganization energy (1) for the charge
separation in porphyrin—quinone systems in polar
solvents, the value of the barrier to electron transfer
calculated from eq 8 was found to be very low, AG =
0.06 eV.

The rate constant for photoinduced electron transfer
and charge separation in porphyrin—quinone systems
is related to the measured fluorescence quantum yield
of the porphyrin in the bichromophoric system (¢) and
that of the respective reference system (¢rer) and the
lifetime of the reference system (zyef):26

Kes = [(@red®) — 11/Tre (10)

For determination of k¢ in acidic medium, the phenol-
capped polymers PhOH—(MA),—P in aqueous solutions
were used as the reference compounds for the respective
quinone-capped polymers. The lifetimes of porphyrin
in these systems were determined by the single-photon-
counting technique. The fluorescence decay profiles
could not be described by a single-exponential function.
Such behavior is often observed in fluorophores trapped
in polymeric matrices. A double-exponential fit with the
lifetimes of 3.8—5.3 and 8.9—11.8 ns, respectively, gave
satisfactory deconvolution (see Table 3). It might be
assumed that the two lifetimes represent average values
for porphyrin chromophores which experience different
microenvironments. The mean values of the fluores-
cence lifetimes were calculated (see Table 3) and used
as the 7 in eq 10.

For the calculation of ke in alkaline solutions, the
literature value of the lifetime for the model compound,
TCP, was used.®

Tables 4 and 5 summarize the rate constants of
charge separation calculated for the Q—(MA),—P poly-
mers studied at two different pH values and at different
ionic strengths of the aqueous solution. As expected,
the rate constants are dependent on the length of the
polymer chain, increasing as the chain is shortened.
They are also strongly dependent on the ionic strength
of the solution. Electron transfer occurs in acidic
solutions, even without addition of NaCl. Only for
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Table 3. Analyses of the Fluorescence Decay Profiles for
PhOH—-(MA),—P in Aqueous Solutions?

71 2 z0

polymer A; x 102 A; x 102 (ns) (ns) x%2 (ns)
PhOH—(MA)47—P 5.4 2.3 38 89 128 64
PhOH—(MA)gs—P 5.8 2.0 39 100 129 6.8
PhOH—(MA)277—P 15 3.2 53 118 1.16 10.7

a Jex = 420 NM, dem = 650 Nm, T = 298 K, pH 4.5. ® B= (Ai11?
+ A2T22)/(A1‘L’1 + A2‘L’2).

Table 4. Rates of Photoinduced Charge Separation in
Acidic Aqueous Solutions of Q—(MA),—P Polymers at
Different lonic Strengths?

Kes x 1077 (s~1)P

1 x 103 Q—(MA)47—P Q—(MA)gs—P Q—(MA)277—P
0.03 12.3 9.1 1.4
0.13 14.6 11.2 3.4
1.03 18.0 13.9 2.9
10.03 20.1 12.9 1.0
80.03 22.4 10.9 1.9
100.03 29.3 12.1 3.3
500.03 34.8 11.2 2.4
1000.03 41.9 13.5 3.2
2000.03 56.3 24.2 3.4

apH 4.5, T = 298 K. P The maximum uncertainty in any given
rate constant (Kcs) is +10%.

Table 5. Rates of Photoinduced Charge Separation in
Alkaline Aqueous Solutions of Q—(MA),—P Polymers at
Different lonic Strengths?

Q—(MA)47—P Q—(MA)gs—P Q—(MA)277—P

I x 10% kes x 10770 | x 103 Kes x 1077 0¢ | x 103 kes x 1077 be
(M) (s (M) (s (M) (s

1.0 0
13 0 15 4.0

2.3 8.2 2.0 4.1 2.8 0
3.8 2.0
6.3 62.4 6.0 4.3 7.8 5.4
11.3 76.1 11.0 4.5 13.0 7.3
51.3 80.7 51.0 6.7 52.8 10.4
101.3 150.1 101.0 11.2 102.8 97.4
501.3 384.1 501.0 95.7 502.8 98.6

1001.3 859.2 1001.0 336.0 1002.8 288.1

apH 9.0, T = 298 K. P The maximum uncertainty in any given
rate constant (Kes) is £10%. € 7ref = 9.2 ns (see ref 16).

Q—(MA)47—P (the shortest chain) does the rate constant
steadily increase with an increase in ionic strength of
the solution. For the other two quinone-capped poly-
mers, the dependence of kes on ionic strength is weak,
and ks reached much higher values only at relatively
high ionic strength. In general, ks was at least an order
of magnitude lower at pH 4.5 than at pH 9.0 and there
was a strong dependence of ke on ionic strength
(especially for higher ionic strength). Furthermore, in
this case, electron transfer does not occur at all without
addition of NaCl. The increase in ionic strength dra-
matically increases the rate constant of charge separa-
tion; the highest value (ca. 9 x 10° s71) was found for
Q—(MA)47—P, the shortest chain polymer, in the pres-
ence of 1 M of sodium chloride. The k¢ values for all
polymers are higher in solutions of higher pH.

Although the values of k¢ found in this work are high
(ca. 10%9), they are a factor of 10 lower than the values
observed for the primary charge separation in natural
photosynthesis (ks &~ 1011 s71).24

Discussion and Conclusions

Conceptually, this work was designed to develop a
bichromophoric P—Q model for the active center in
photosynthesis which, unlike most such models, is water
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soluble and which also can be “tuned” to any desired
rate of photoelectron transfer by adjustment of the
interchromophoric distance. The feasibility of such a
molecular device was demonstrated in an earlier pub-
lication” in which it was shown that a random copolymer
of acrylic acid with small amounts of monomers con-
taining P and Q showed photoinduced electron transfer
whose efficiency depended on the pH of the aqueous
solution. Later work® on PMAA end-capped with naph-
thalene and anthracene groups quantified the end-to-
end distances Ry expected for this polymer in aqueous
solution as a function of pH and ionic strength (see
Figure 1).

The tunability of our system is due to the well-known
changes in conformation of polyelectrolyte chains with
changes in pH or ionic strength. However, PMAA shows
an additional conformational change at low pH which
is not shown by the analog poly(acrylic acid). This effect
has been studied extensively because it resembles the
well-known helix—coil transition in biopolymers. Below
pH 6, PMAA seems to adopt a very compact “hyper-
coiled” structure which appears to be of nearly the same
density as the polymer itself. In high-molecular-weight
polymers (M, > 20 000), these clusters appear to reach
a maximum size of about 100 MAA units, and a large
polymer may contain many such clusters separated by
a sufficient section of the chain to permit isotropic
rotation.?” However, polymers with lower molecular
weight appear to form only single domains. For ex-
ample, Treloar?® reported that PMAA with M, = 9700
containing solubilized perylene behaved as a “compact
spherical particle” based on measurements of fluores-
cence depolarization of the aromatic chromophore. He
also reported that the polarity of the interior of the
compact form was similar to that of ethanol but becomes
more polar due to the entry of water as the structure
expands due to ionization of the carboxyl groups. More
recently, Wang and Morawetz?° and Bednar et al.3°
carried out fluorescence studies with absorbed Au-
ramine O and bound dansyl groups on PMAA chains.
The former authors showed evidence that Auramine
O, which is an ionizable dye, can effect the transi-
tion of PMAA and that the conformational change
had a low rate constant of 0.1 s™1. Bednar et al. also
noted an increase in the polarity of the microenviron-
ment of the dansyl label with increasing pH, but in their
studies they noted that the number of attached labels
did not influence the conformational transitions of
PMAA.

In all of the previous work, the PMAA samples were
polydisperse and, except for Treloar’s study, of signifi-
cantly higher molecular weight than ours. Our samples
were relatively monodisperse and contained hydropho-
bic groups whose fluorescence properties were nearly
independent of the pH or ionic strength of the aqueous
solutions. Thus we believe that in this work the
polymers formed single clusters in their compact con-
formation which became less dense and possibly smaller
as the pH was increased. The data on R, and Re given
in Table 2 confirm that R, in the compact state is about
one-quarter the value of the end-to-end distance in a
random coil under © conditions. It is also noteworthy
that in the extended form at pH 9, Ry is significantly
smaller than Re, the value expected for a fully extended
chain.

Scheme 1 shows the expected change in polymer
conformation as the pH is increased, and the PMAA
undergoes a transition_from a compact coil to an
extended chain where R, is proportional to n. The
values of Ry, for the three polymers used in this work,
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Scheme 1

Increase pH ~
Inorease pH |

Condensed coil
conformation

Extended chain conformation

Scheme 2

calculated as mentioned above, are about 9.3, 13.1, and
22.6 A, and 119, 238, and 700 A when polymer chains
adopt their extended chain conformation. Under the
latter conditions, the average end-to-end distance is too
great to expect efficient electron transfer, and its
occurrence should be considered evidence for specific
chromophore—chromophore interactions often referred
to in biological systems as hydrophobic bonding. In the
present case involving two relatively large, hydrophobic
end groups in a water-soluble polymer, such interactions
might well be expected.

Our experimental results are quite informative in that
the values of k¢s are 1—2 orders of magnitude lower in
acidic solution than at alkaline pH where the ionogenic
carboxyl groups should be completely ionized. We can
only assume that this is due to the high degree of
protonation of the porphyrin units at low pH.

In basic medium (pH 9) where the PMAA is fully
ionized, the system seems to work perfectly (Table 5 and
Scheme 2). At low ionic strength, no photoelectron
transfer is observed, even with the shortest polymer,
whose end-to-end distance should be about 60 A.
However, as the ionic strength increases, k¢ increases
continuously over 3 orders of magnitude to a value of
8.6 x 10°s71, a factor of only 10 less than that estimated
for the photosynthetic unit in green plants. Even the
highest molecular weight polymer (n = 277) shows a
rate of 2.9 x 10° s, which may be evidence for some
hydrophobic bonding between the chromophores leading
to a closer average distance than might be expected from
molecular weight considerations alone.

This effect is almost certainly due to the partial
neutralization of the negative charges on the polyelec-
trolyte (screening) by sodium ions which allows the coil
to contract, as shown in Scheme 2. The coil dimensions
must reach some sort of equilibrium, where the attrac-
tive hydrophobic bonding forces between P and Q are
balanced by the repulsive forces between the carboxylate
ions on the PMAA backbone.

The tunability of the electron transfer rate constants
kes is demonstrated in Figure 6, where log ks is shown
as a function of log I, the ionic strength of the agueous
solution. As expected, the polymer with the shortest
chain (n = 47) shows the most sensitivity to small
changes in ionic strength. It also reaches the highest
value of k¢ at high ionic strength. However, the curve
is nonlinear. On the other hand, the highest molecular
weight polymer (n = 277) shows a continuous variation
in the relationship between log ks and log I over a 1000-
fold range in NaCl concentration. It seems likely that
the smaller chains are not long enough to achieve
anything like a random coil conformation, even with the
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Figure 6. Dependence of log k¢ on log | for the Q—(MA),—P
polymers at pH 9.

maximum degree of ionic screening, leading to more
complex behavior with changes in ionic strength than
is observed with the longer chains.

We conclude that polymers of the general type de-
scribed in this paper provide useful water-soluble
models for the active site in natural photosynthesis. The
rates of photoelectron transfer in basic aqueous solution
can be varied from zero to 101° s~1 by adjusting the ionic
strength by addition of up to 1 M sodium chloride.
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