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Spectroscopic and electrochemical properties of chlorophyll (Chl) a aggregates in mixed solvents of ace-
tonitrile and an ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF,), were examined.
The red-shifted absorption peak of the Qy band due to Chl a aggregation as well as the log[Chl a aggregate]
against log[Chl a monomer] plot suggested the formation of low-order aggregates such as a dimer. Square

wave voltammetry revealed that the first oxidation potential of the Chl a aggregate in the AN/EMIBF,4
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mixed solvents is shifted negatively by 130 mV from that of Chl a monomer. In comparison with the
redox potential of Chl a in vivo, a tuning mechanism of the redox potentials for photosynthetic species
due to dimerization/aggregation is discussed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Chlorophylls capture solar energy and convert it into chemical
energy in oxygenic photosynthesis. Among chlorophylls, chloro-
phyll (Chl) a plays key roles in charge separation and electron
transport within reaction centers of photosystems [1]. Recent X-
ray crystallographic analyses of photosystem I revealed that Chl a
and its C132 epimer, Chl «/, form a heterodimer called P700 [2,3],
playing as the primary electron donor. Dimerization of Chls yields
red-shifted absorption, which enables P700 to receive effectively
the excitation energy from peripheral pigments. Further, dimeriza-
tion shifts the electron energy level to a reductive direction, i.e.,
enhances areductive power, leading finally to reduction of NADP* to
NADPH. The first oxidation potential of P700 (the P700/P700* redox
potential) in vivo is around +450 mV vs. SHE [4,5], while the poten-
tial of Chl a/Chl a* in vitro is around +800 mV vs. SHE (see a review
[6], from +0.76 to +0.94 V depending on the environment), indicat-
ing that the reductive power of P700 is enhanced by over 300 mV.

These phenomena have triggered many works on the physic-
ochemical properties of dimerized and/or aggregated Chl a
moleculesinvitro [7-14] to characterize Chl a aggregates and mimic
photosynthetic architectures. To promote aggregation of Chl a in
vitro, mixtures of organic solvents and water have generally been
used as a medium in many works [7-11]. Adding a small amount of
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water into organic solvent-based solutions containing Chl a induces
aggregation, which is reflected by red-shifted absorption of Chl a.
In addition to UV-vis absorption and fluorescence measurements,
studies using circular dichroism (CD) [10], resonance Raman [12],
infrared [13], NMR [14], ESR [15], transmission electron microscopy
(TEM) [11] etc. have been done for spectroscopic and structural
characterization of Chl a aggregates. However, few studies were
reported on the electrochemical properties of Chl a aggregates.
Agostiano et al. [8] investigated electrochemical behavior of Chl a
aggregates in mixtures of an organic solvent and water, and revealed
the formation of different solvated species of Chl a by polarography
with a hanging mercury drop electrode. They distinguished such
species as a dihydrate dimer, a monohydrate dimer and oligomers
of Chlabased on the Chl a/Chl a~ redox potentials, where the poten-
tial shifted negatively by ca. 100 mV upon aggregation; however, no
direct information was acquired for the shift of the oxidation (Chl
a/Chl a*) potential. The nature of the mercury electrode prevents
measurements in the anodic potential region [16].

The high polarity and high electrochemical stability (wide
potential window) of ionic liquids are useful for studying the Chl
a/Chl a* redox reaction as well as inducing Chl a aggregation.
Ionic liquids are a new class of solvents and differ from con-
ventional molecular solvents in respect to thermal stability, low
volatility, solubility and acidity/basicity as well as polarity and
electrochemical stability, permitting novel uses in such fields as
material synthesis, analytical chemistry, separation technology,
and electrochemical devices [17]. In the present study, spectro-
scopic and electrochemical properties of the Chl a aggregates in
mixed solvents of acetonitrile (AN) and an ionic liquid 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIBF,) were examined.
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Square wave voltammetry enabled us to detect, for the first time, the
negative shift of the oxidation potential of Chl a upon aggregation.
The redox potential shift in vitro thus determined is compared with
that in vivo and the difference between them is briefly discussed.

2. Materials and methods
2.1. Materials

HPLC grade hexane, methanol, 2-propanol, acetone and ace-
tonitrile (Wako pure Chemicals, Ltd.) were used for extraction
and purification of Chl a. Anhydrous grade acetonitrile (AN; 99.8%
purity, H,O <10 ppm, Aldrich) and 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIBF,4; 98%, Kanto Chemical, Ltd.) were used
for spectroscopy and electrochemistry. AN was dried with molec-
ular sieves for over 24 h before use. EMIBF4 was dried in a vacuum
oven at 120°C for over 24 h and kept with molecular sieves before
the measurements.

2.2. Chl a preparation

Chl a was extracted and purified as described elsewhere [18].
Briefly, the pigments were extracted with acetone from lyophilized
spinach leaves, and were subjected to column chromatography
to obtain roughly purified Chl a. Crude Chl a was then puri-
fied by normal-phase HPLC (column: Senshupak, Silica-5251N)
using hexane/2-propanol/methanol=100/0.8/0.4 as eluent. Chl a
was stored in 5mL glass vials at —30°C until use. Reversed-
phase HPLC (column, Senshupak nucleosil 100-5C18; eluent,
acetonitrile/methanol/ethanol/H,0=85/9/3/3) was performed to
examine the degree of Chl a denaturation. The purity of Chl a was
higher than 99% just before use.

2.3. Spectroscopy and electrochemistry

Spectroscopic studies on Chl a aggregates were done as follows.
Chl a was homogeneously suspended in AN, and EMIBF4 was added
there. After stirring, the solution suspending Chl a was incubated
for 3h in the dark. The Chl a concentration was 250 pwM. Visible
absorption spectra of the solutions were recorded on a JASCO spec-
trophotometer Model UV-560. Fluorescence measurements were
performed on a JASCO fluorescence spectrophotometer FP-6500
with excitation at 430 nm. Reversed-phase HPLC was performed
to ensure the integrity of Chl a before and after the measurements.

The redox potentials of Chl a in the mixed solvents were
measured by square wave voltammetry (SWV) [19] with an
ALS Instrument electrochemical analyzer Model 620A. An elec-
trochemical cell consisting of a gold disk working electrode
(¢: 1.6 mm), a platinum black wire counter electrode and an
Ag/AgCl reference electrode was used. The redox potential of the
ferrocene-ferrocinium couple was measured to examine junction
potential changes by changing the EMIBF, concentration in the
mixed solvents.

3. Results and discussion

Aggregation of chlorophylls is known to yield red-shifted
absorption in the Soret and Qy band regions [7-14]. Fig. 1(a) shows
the absorption spectra of Chl a in the AN/EMIBF, solvents at vari-
ous EMIBF,4 concentrations. With increasing EMIBF,4 concentration,
the absorbance peaks at both 430 nm (Soret band) and 662 nm (Qy
band) tended to diminish, while an absorption tail appeared in the
longer wavelength region of the Qy band. The difference spectra,
obtained by subtracting the absorption spectra around the Qy band
from the Chl a monomer absorption spectrum (Fig. 1(b)), clearly
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Fig. 1. (a) Absorption spectra of Chl a (250 wM) in acetonitrile (AN)/EMIBF, at
various EMIBF, concentrations and (b) difference spectra in the Qy band of Chl a
absorption in AN/EMIBF,.

show absorbance changes, decreasing at 660 nm and increasing at
685 nm. These demonstrate a decrease in the Chl a monomer frac-
tion due to aggregate formation as the EMIBF, concentration was
increased.

Fig. 2 shows the fluorescence spectra of Chl a in the mixed
solvents at a series of EMIBF, concentrations. The shape of the flu-
orescence spectra changed more drastically as compared with the
absorption spectra, Fig. 1(a), by addition of EMIBF,4. Chl a monomer
generally shows a fluorescence spectrum with a sharp peak around
670-680 nm in literature [for example [9,11,15]]; however, the fluo-
rescence spectrum of Chl ain AN without EMIBF, where monomeric
Chl a alone exists yields a weak and broad band at around 689 nm,
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Fig. 2. Fluorescence spectra of Chl a (250 wM) in AN/EMIBF, at various EMIBF,4
concentrations.
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Fig. 3. Absorbances at 660 and 685 nm and fluorescence intensities at 689 nm of Chl
a as a function of EMIBF, concentration in AN/EMIBF,.

most probably due to concentration quenching because the Chl a
concentration (250 wM)was much higher than thatin the literature.
Further, with increasing EMIBF4 concentration, the fluorescence
intensity at 689 nm tended to decay. Since the fluorescence decay
suggests the increase in intermolecular interaction between Chl a
molecules, the intensity at 689 nm reflects a change in the Chl a
monomer fraction. Meanwhile, the 725 nm/689 nm intensity ratio
increased as the concentration of EMIBF, was increased. This ten-
dency should be induced by the formation of a Chl a aggregate
absorbing at around 685 nm, absorbing the fluorescence from Chl a
monomer. Therefore, the fluorescence intensity change at 689 nm
also implies that Chl a forms aggregates in AN/EMIBFy.

Reversed-phase HPLC before and after the spectroscopic mea-
surements ensured that the above absorption/fluorescence spectral
changes were not due to denaturation of Chl a by addition of EMIBF,4
into the solution.

The absorbance values at 660 and 685 nm for Chl a are depicted
in Fig. 3 as a function of EMIBF, concentration in AN/EMIBF,. The
values changed roughly linearly up to 12% (v/v) of EMIBFy; the
absorbance at 685 nm increased at the expense of that at 660 nm.
Above the EMIBF,; concentration of 12% (v/v), the absorbance
changes became sluggish. A similar tendency is noted also for the
fluorescence intensity at 689 nm as seen in Fig. 3. When the con-
centration of EMIBF, was increased to a level higher than 20%,
precipitation or colloid formation of Chl a in the solution was
observed visually. Chl molecules generally form colloids in aqueous
media, especially at high water concentrations, and often exhibit a
heavily red-shifted absorption (from 660 nm to ca. 730-760 nm)
[8,10,11], suggesting that Chl molecules in aqueous media form
large oligomers. In some reports, species with a slightly (15-20 nm)
red-shifted absorption were also observed and were assigned as
a dimer of Chl a dihydrate [9,15]. Therefore, the present results
suggest that the Chl a species absorbing at 685 nm in solutions at
the EMIBF,4 concentration below 20% (v/v) may be such low-order
aggregates as a dimer.

The plot of log[Chl a aggregate] against log[Chl a monomer| was
performed to examine the order of Chl a aggregates based on the
absorbance values in AN/EMIBF,4 =84/16 for a series of Chl a con-
centration from 2.5 to 250 wM. The plot, as shown in Fig. 4, gave a
straight line with a slope of 2 at lower concentrations. Although the
data points deviated from the straight line at higher concentrations,
this result indicates that no aggregates higher than dimers exist in
the solvents.

Redox potentials of Chl a in the AN/EMIBF, solutions were
measured by SWV. A high signal-to-noise ratio of SWV is use-
ful especially for investigating redox couples with high molecular
weights at such relatively low concentration as in the present work
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Fig. 4. Plot of log[Chl a aggregate] against log[Chl a monomer] for a series of total
Chl a concentration (2.5-250 M) in AN/EMIBF,4 = 84/16. The molar absorption coef-
ficients of Chl @ monomer and aggregate are 8.3 x 104 and 5.94 x 104 M~ cm~',
respectively, and the slope of the solid line is 2.0.

[19]. Fig. 5(a) shows the square wave voltammograms of Chl a in
AN/EMIBF,4. Although electrochemical measurements were diffi-
cult in the Chl a/AN solution without EMIBF, because of the low
conductivity of the solution, addition of 1% EMIBF, was sufficient
to study the redox process of Chl a, since EMIBF, plays a role of
a supporting electrolyte. Two oxidation peaks are seen in each
voltammogram at +0.84V and ca. +1.1V (vs. SHE). The peak at
+0.84V is almost equal to that of Chl a one-electron oxidation in
AN with a supporting electrolyte such as NaClO4 [6] or tetrabuty-
lammonium perchlorate (BuyNClO4)[19]. The peak at +0.84 V in the
present measurements is hence due to the first oxidation of Chl a
(Chl a/Chl a*), corresponding to the HOMO energy level. Similarly,
the peak at ca. +1.1 V reflects most probably the second oxidation of
Chl a (Chl a*/Chl a?*). These waves were confirmed as arising from
one-electron reversible processes by cyclic voltammetry (data not
shown).

In the square wave voltammogram of Chl a for 20% (v/v) EMIBFy,
where aggregation of Chl ais evident by visible spectroscopy (Fig. 3),
a shoulder appeared in the potential range negative of the first oxi-
dation of monomeric Chl a. Deconvolution of the voltammogram
by a Gaussian curve fitting method was able to extract a peak,
contributing to the shoulder, at +710 mV vs. SHE. The voltammo-
grams of Chl a in AN/EMIBF, at a series of EMIBF, concentrations
were then analyzed by Gaussian fitting (see the voltammogram of
AN/EMIBF,4 =90/10 as an example). The values of the peak current
that contributed to the shoulders are summarized in Fig. 5(b)
together with the absorbance at 685 nm induced by aggregation
of Chl a. A good coincidence between the two values indicates
unambiguously that the shoulders observed on the voltammo-
grams of Chl a in AN/EMIBF, denote the oxidation current of a Chl
a aggregate. Further, the sufficiently large oxidation current for the
+710 mV peak strongly supports the idea that Chl a molecules form
such a low-order aggregate as a dimer, since high-order aggregates
would not yield sizeable oxidation current due to slow diffu-
sion. The potential of aggregate oxidation was +0.71V in all of the
AN/EMIBF, solutions used here, and that for the peak of monomeric
Chl a oxidation was +0.84 V, whereby no potential junction change
was observed at a series of EMIBF,; concentrations (the redox
potential of ferrocene-ferrocinium couple was +0.47 V vs. Ag/AgCl
in each solution). We thus conclude that addition of EMIBF, to AN
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Fig. 5. (a) Square wave voltammograms of Chl a (250 M) in AN/EMIBF, at
three EMIBF4 concentrations. Parameters for SWV: potential step=5.0mV, AC
pulse height=25mV and pulse frequency=8Hz. The redox potential of the
ferrocene—ferrocinium couple was +0.47 V vs. Ag/AgCl. The voltammograms for Chl
a in AN/EMIBF4=90/10 and 80/20 were deconvoluted by a Gaussian curve fitting
method: dotted curve, best fit for experimental data; dashed curves, deconvoluted
components. (b) Correlation between the oxidation current at +710mV and the
absorbance at 685 nm for Chl a as a function of EMIBF4 concentration in AN/EMIBF,.

containing Chl a causes it to form a low-order aggregate possessing
the first oxidation potential negative of monomeric Chla by 130 mV.

These results have demonstrated, for the first time, the spectro-
scopic and electrochemical properties of a Chl a aggregate, that is
most probably a dimer, in mixed solvents of AN and an ionic liquid,
EMIBF4. SWV clearly showed that Chl a aggregation (or dimer-
ization) shifts the first oxidation potential of Chl a to a negative
direction. This result is summarized in Fig. 6. The first reduction
potentials of Chl a/Chl a- were estimated by assuming that the
Qy peak energy corresponds to the energy gap between HOMO
and LUMO [6]. The observed oxidation potential shift in going
from monomeric Chl a to its aggregate (probably a dimer) in vitro
(130 mV) is smaller than that in vivo (ca. 400 mV) for P700, known
to be a Chl a/a’ heterodimer. This marked difference in the redox
potential shift should be due to steric configurations of the dimers
in vivo and in vitro, and/or to such chemical influences on P700 as
electrostatic interactions and hydrogen bonding from amino acid
residues of the protein subunits surrounding P700 [5,20]. Use of
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Fig. 6. Redox potential diagram for the Chl a monomer, Chl a aggregate (probably a
Chl a dimer) in AN/EMIBF,4, and P700 (Chl a/a’ heterodimer) in PS I.

other ionic liquids with properties, especially acidity/basicity and
polarity, different from those of EMIBF4 may yield redox potential
shifts to a different degree upon aggregation of Chl a. Further exam-
ination of the relationship between the properties of ionic liquids
and spectroscopic/electrochemical properties of Chl a aggregates
will yield useful information on the redox potential tuning.

In sharp contrast to P700 possessing a very negative potential
as compared to monomeric Chl a, PS Il of oxygenic photosyn-
thetic organisms generates a strong oxidative power for oxidation
of water. The PS II primary electron donor P680, found to be a loose
dimer of Chl a by crystallography [21], is considered to be the source
of the oxidative power. However, the oxidation redox potential of
P680 has never been experimentally determined, and hence the
chemical entity generating the oxidative power is still controversial.
From thermodynamic and kinetic considerations, the redox poten-
tial has been estimated to be around +1.2V vs. SHE [22]. Because
dimerization of an organic molecule in principle leads to a negative
shift of the oxidation potential, as has been verified experimentally
in the present work, “the P680 hypothesis” is still enigmatic for the
molecular mechanism within PS II.
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