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a b s t r a c t

Changes in the UV–vis absorption spectrum revealed the formation of adducts between the ReI polymer
and ferricytochrome C, FeIII-Cyt c. Different morphologies for the ReI polymer and the adducts formed
between the ReI polymer and FeIII-Cyt c were observed by TEM. The reduction of the ReI chromophores in
the polymer, achieved by the reductive quenching of the MLCT excited state of the ReI polymer by triethy-
lamine (TEA) and/or by the reaction between e−

solv and {[(vpy)2vpyReI(CO)3(tmphen)+]}n∼200 in pulse
radiolysis experiments, produces –ReI(CO)3(tmphen)• and –ReI(CO)3(tmphenH)•+ as the main species.
The reductive quenching of the MLCT of the ReI polymer by TEA was followed by a rapid electron transfer
from the –ReI(CO)3(tmphen)• to the FeIII center in the heme to produce ferrocytochrome C, FeII-Cyt c.
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. Introduction

FeIII-Cyt c is a small protein, ∼12 kDa, consisting of a single 104
mino acid peptide with a single heme group, Scheme 1. Because of
ts ubiquitous nature and sequence homology, FeIII-Cyt c has been
sed as a model protein for molecular evolution [1–3,4a]. FeIII-Cyt
is primarily known as an electron-carrying mitochondrial pro-

ein. The interconversion of FeII-Cyt c and FeIII-Cyt c within the cell
akes it an efficient biological electron carrier and it plays a vital

ole in cellular oxidations in both plants and animals. It is generally
egarded as a universal catalyst for the respiratory process, form-
ng an essential electron bridge between the substrates and oxygen.
t a cellular level, its main function is to transport electrons from
ytochrome c reductase to cytochrome c oxidase. Biological synthe-
is of FeIII-Cyt c occurs in the intermembrane space of mitochondria.
t involves heme ligation to apo Cyt c, which has a disordered struc-
ure in solution, and subsequent formation of the folded (native)

eIII-Cyt c. On the other hand, the interaction of folded FeIII-Cyt
with lipids resulted in a partial unfold of the native protein, and
eIII-Cyt c was shown to exist in equilibrium between a soluble state
nd a membrane-bound state at physiological pH [4b]. Moreover,
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proteins that are partially or wholly disordered under physiological
conditions can still perform important biological functions, such as
molecular recognition, signaling, and regulation [4c]. Because the
biological properties of proteins arise mainly from their native con-
formations, during the past 70 years considerably more attention
has been focused on the native conformations than on the nonna-
tive ones. In the past few years, however, there has been increasing
interest in nonnative and denatured states of proteins since these
less ordered states play important roles in at least three major
phenomena: (1) Protein folding and stability, (2) Transport across
membranes and (3) Proteolysis and protein turnover [4d,4e].

The goal of developing a detailed understanding of inter-protein
electron transfer involves many complex problems since the reac-
tions are dependent on many different factors such us electronic
properties of the redox centers, the distance and pathway of
electron transfer, the reorganization energy and the kinetics of
complex formation and dissociation. The measurement of the rate
of intramolecular electron transfer has been a particularly difficult
problem since only a limited number of techniques are available
which include stopped-flow spectroscopy, pulse radiolysis, flash
photolysis [5a] and lately spectrolelectrochemistry combined with

surface enhanced resonance Raman spectroscopy [5b].

Intramolecular electron transfer betweeen FeIII-Cyt c and tran-
sition metal compounds has been investigated by attaching
photoactive Ru complexes to the protein surface [5a,6–8]. In
those studies, photoinduced electron transfer occurs between the

http://www.sciencedirect.com/science/journal/10106030
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TB-8/16-1S electron linear accelerator. The instrument and com-
puterized data collection for time-resolved UV–vis spectroscopy
and reaction kinetics have been described elsewhere in the lit-
erature [26,27]. Thiocyanate dosimetry was carried out at the
Sch

educing excited state of RuII(bpy)2BL
2+ (BL = bridging ligand) and

he ferric heme group. However, as far as we know, there are no
hotoinduced electron transfer studies between FeIII-Cyt c and ReI

omplexes. ReI(CO)3LL′(L = diimine, L′ = halide or pyridine deriva-
ive) complexes are capable of acting as photocatalysts with the
id of a sacrificial reductant, eq. (1),

(1)

t is known that reductive quenching of the lowest Re-to-bpy
harge transfer excited state (MLCT) of the complex by tri-
thanolamine (TEOA) generates a species, [ClRe(CO)3(bpy)]•−,
apable, for instance, of mediating the two-electron process of CO2
eduction to CO [9].

On the other hand, numerous studies have dealt with
hermal and photochemical reactions of inorganic polymers
n the solid state and solution phase. Interest in their pho-
ochemical and photophysical properties is driven by their
otential applications in catalysis and optical devices [10–21].
he photophysical properties in the solution phase of a ReI

ontaining polymer [(vpy)2vpyRe(CO)3(tmphen)+]}n∼200 (where
mphen = 3,4,7,8-tetramethyl-1,10 phenanthroline and vpy = 4-
inylpyridine, see Scheme 2), hereafter designated as ReP4VP, were
nvestigated in previous work [22]. As poly(4-vinylpyridine) tends
o interact with FeIII-Cyt c by hydrogen bonding interactions [1], we
ecided to study the photocatalytic properties of the chromophores
e(CO)3(tmphen)+ in the reduction of FeIII-Cyt c by using the poly-
er ReP4VP as a probe, since ReP4VP also interacts with FeIII-Cyt c

y the formation of adducts. In this paper we explore the photoin-
uced reduction of FeIII-Cyt c by ReP4VP in CH3CN/H2O solutions,

here the protein is denatured. The reductive quenching of the
LCT excited state of ReP4VP by triethylamine (TEA) produces -

eI(CO)3(tmphen)• species in the polymer, which in the presence
f FeIII-Cyt c reduce the ferric iron of the heme portion of the protein
o the ferrous state.
1.

2. Materials and methods

2.1. Flash-photochemical procedures

Optical density changes occurring on a time scale longer than
10 ns were investigated with a flash photolysis apparatus described
elsewhere [23–25]. In these experiments, 25 ns flashes of 351 nm
(ca. 25 - 30 mJ/pulse) light were generated with a Lambda Physik
SLL-200 excimer laser. The energy of the laser flash was attenuated
to values equal to or lower than 20 mJ/pulse by absorbing some of
the laser light by Ni(ClO4)2 solutions with appropriate optical trans-
mittances, T = It/I0, where I0 and It are the intensities of the light
arriving at and transmitted from the photolysis cell, respectively.
The transmittance, T = 10−A, was routinely calculated by using the
spectrophotometrically measured absorbance, A, of the solution.
A right angle configuration was used for the pump and the probe
beams. Concentrations of the complexes were adjusted to provide
homogeneous profiles of photogenerated intermediates over the
probe beam optical path, l = 1 cm. To satisfy this optical condition,
solutions were prepared with an absorbance equal to or less than
0.4 over the 0.2 cm optical path of the pump. All solutions used in
the photochemical work were deaerated with streams of ultrahigh-
purity N2 before and during the irradiations.

2.2. Pulse radiolysis

Pulse radiolysis experiments were carried out with a model
Scheme 2.
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eginning of each experimental session. Details of the dosime-
ry have been reported elsewhere [26,28]. The procedure is based
n the concentration of (SCN)2

•− radicals generated by the elec-
ron pulse in an N2O-saturated 10−2 M SCN− solution. In the
rocedure, the calculations were made with G = 6.13 and an extinc-
ion coefficient ε = 7.58 × 103 M−1 cm−1 at 472 nm [26,28] for the
SCN)2

•− radicals. In general, the experiments were carried out
ith doses that in N2-saturated aqueous solutions resulted in

2.0 ± 0.1) × 10−6 M to (6.0 ± 0.3) × 10−6 M concentrations of e−
aq.

n these experiments, solutions were deaerated with streams of the
2-free N2 or N2O gasses. In order to irradiate a fresh sample with
ach pulse, an appropriate flow of the solution through the reaction
ell was maintained during the experiment.

The radiolysis of CH3OH and CH3OH/H2O mixtures with ionizing
adiation has been reported elsewhere in the literature [29–31].
hese studies have shown that pulse radiolysis can be used as a
onvenient source of e−

sol and C•H2OH radicals according to eq. (2)

(2)

ince e−
sol and CH2OH• have large reduction potentials, i.e., −2.8 V

ersus NHE for e−
sol and −0.92 V versus NHE for CH2OH•, they have

een used for the reduction of coordination complexes and for the
tudy of electron-transfer reactions. The yield of e−

sol in CH3OH
G ≈ 1.1) is about a third of the G value in the radiolysis of H2O
G ≈ 2.8) [29]. In solutions where e−

sol was scavenged with N2O
31], the CH2OH• radical appears to be the predominant product
yield > 90%) of the reaction between CH3OH and O•−.

.3. TEM

Transmission electron micrographs were recorded on a Philips
M 301 electron microscope at an electron acceleration voltage of
0 kV.

.4. General methods

UV–vis spectra were recorded on a Cary 3 spectrophotometer.

.4.1. Materials
Reagent grade horse heart muscle FeIII-Cyt c (Mw 12.384, anhy-

rous), FeIIICyt C, was purchased from Aldrich and used as received.
eP4VP was available from previous work [22].

.4.2. Spectroscopic analysis
For the analysis of the time-resolved spectra we used a soft-

are for chemometric techniques designed in our laboratory [32a]
n order to perform “multivariate self-modeling curve resolu-
ion” (MVCR) [32b]. These methods can be applied to bilinear
pectroscopic-kinetic data from a chemical reaction to provide

nformation about composition changes in an evolving system
32c]. In the present work we have chosen one of the most widely
sed algorithms, the alternating least-squares (ALS), which can
elp estimate concentration and spectral profiles simultaneously
32c,33]. ALS algorithms extract useful information from the exper-
hotobiology A: Chemistry 208 (2009) 50–58

imental data matrix A(t × w) by iterative application of regression
analysis using the following matrix product:

A = CST + E (3)

where C(t × n) is the matrix of the kinetic profiles; ST(n × w) is
that containing the spectral profiles, and E(t × w) represents the
error matrix. The numbers t, n and w denote the sampling times,
absorbing species and recorded wavelengths, respectively. Resolv-
ing matrix A is no easy task [34a] since on the one hand, n is usually
unknown [34b] and on the other hand, curve resolution methods
cannot deliver a single solution because of the rotational and scale
ambiguities. We applied Factor Analysis and Singular Value Decom-
position to the experimental matrix for the estimation of n. In order
to reduce rotational ambiguities we used some chemically relevant
constraints [34c] such as nonnegativity and unimodality for the
kinetic profiles.

3. Results

The experimental observations communicated in the follow-
ing sections showed that FeIIICyt c, in the denatured state, forms
adducts with ReP4VP and that FeIIICyt c in the adducts is reduced
to FeII-Cyt c in a photoprocess initiated by MLCT excited states of
the polymer ReI pendants.

3.1. Solution phase formation of adducts between ReP4VP and
FeIII-Cyt c

Changes in the UV–vis absorption spectrum revealed the forma-
tion of adducts between ReP4VP and FeIII-Cyt c in acetonitrile/water
(8:2, v:v). Indeed, the sum of the respective spectra of ReP4VP and
FeIII-Cyt c does not yield the spectrum of a solution containing
both species. Moreover, the change in the shape of the difference
spectra with the concentration of one compound or the other is
indicative of a gradual displacement of the association equilib-
rium. Typical difference spectra, recorded with solutions containing
8.8 × 10−6 M FeIII-Cyt c and various concentrations of ReP4VP ([ReI]
between 8.8 × 10−6 M and 8.8 × 10−5 M), are shown in Fig. 1b.
Fig. 1c shows the difference spectra recorded with solutions con-
taining ReP4VP ([ReI] = 8.8 × 10−6 M) and various concentrations of
FeIIICyt C between 2.2 × 10−6 M and 8.8 × 10−6 M. To calculate the
difference spectra in Fig. 1, the spectra of the two solutions con-
taining ReP4VP and FeIII-Cyt c, respectively, were subtracted from
the spectrum of a solution having these species together and with
the same concentrations of the two previous solutions (see Fig. 1a).
The concentration dependences shown in Fig. 1b, c indicate that
the interaction between FeIII-Cyt c and ReP4VP reaches a maxi-
mum when the relationship between pendants and FeIII-Cyt c is
[ReI] ∼ [FeIII-Cyt c], i.e., the concentration of free pyridines is twice
the concentration of FeIII-Cyt c.

3.2. Morphologies of FeIII-Cyt c, ReP4VP and the adduct

The morphologies of the polymer ReP4VP, FeIII-Cyt c and the
adduct formed between them were studied by transmission elec-
tron microscopy (TEM). When taking micrographs, the films were
not stained with any chemicals, and the contrast of the image in the
TEM micrographs can only originate from the rhenium and iron
complexes incorporated to the polymers. Figs. 2 and 3 show the
morphologies of the aggregates obtained from CH3CN/H2O (1:1)

cast films. Fig. 2, panels a and b show TEM micrographs on films
obtained from the polymer. In Fig. 3, panel a shows a TEM micro-
graph on a film obtained from a FeIII-Cyt c solution, whilst panels
b and c show TEM micrographs on a film obtained from a solution
that contained both the polymer and FeIII-Cyt c. A rationalization of
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Fig. 1. (a) Absorption spectrum of a solution of ReP4VP ([ReI] = 8.8 × 10−5 M, black
line); FeIII-Cyt c (8.8 × 10−6 M, red line) and a solution containing both together
ReP4VP ([ReI] = 8.8 × 10−5 M) and Cyt c (8.8 × 10−6 M) (green line). (b) Typical differ-
ence spectra recorded with solutions containing 8.8 × 10−6 M FeIII-Cyt c and various
concentrations of ReP4VP ([ReI] between 8.8 × 10−6 M and 8.8 × 10−5 M). (c) Differ-
ence spectra recorded with solutions containing ReP4VP ([ReI] = 8.8 × 10−6 M) and
various concentrations of FeIII-Cyt c between 2.2 × 10−6 M and 8.8 × 10−6 M. See text
for details. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)
Fig. 2. TEM micrographs from CH3CN/H2O (1:1) cast films of polymer ReP4VP
(panels a and b). The films were prepared from CH3CN/H2O (1:1) solutions with
[ReI] = 2.6 × 10−4 M. See text for details.

the shapes based on the aggregation of multiple strands of polymer
is given in Section 4.

3.3. Species formed by the photochemical and thermal reduction
of ReP4VP

Transient absorption spectra in the 15 ns to microsecond time
domain were recorded with a 351 nm excimer laser flash photolysis
set-up. The irradiation of the polymer produces transient spectra
with the absorption bands of the –ReI(CO)3(tmphen)+ MLCT excited
state [22], which is shown in Fig. 4a. The reductive quenching of the
MLCT excited state was investigated using the flash photolysis tech-
nique. Deaerated ReP4VP ([ReI] = 1.6 × 10−4 M) solutions in CH3CN
containing triethylamine (TEA) as the excited state quencher were
used for the studies. Transient spectra displaying two absorption
bands with �max = 420 and 560 nm were recorded when two differ-
ent TEA concentrations, namely [TEA] = 0.1 and 0.2 M, where used
for the excited state quenching. Fig. 4b shows that the absorption
bands at �max = 420 and 560 nm have nearly the same intensity
when [TEA] = 0.1 M. However, the 420 nm band recorded with
[TEA] = 0.2 M is more intense than the 560 nm band recorded with
either TEA concentration. The transients generated in flash pho-
tolysis experiments with [TEA] = 0.1 M and 0.2 M decay in a few
microseconds via a process that is kinetically of a first order in the
concentration of the transient. The lifetime, � = 6.3 �s, is indepen-
dent of the TEA concentration.
The spectra in Fig. 4b is attributed to the photogeneration
of pendent –ReI(CO)3(tmphen)• chromophores. To confirm this
assignment, the same chromophores were generated by pulse radi-
olysis of ReP4VP ([ReI] = 5.3 × 10−5 M) in MeOH deaerated with
streams of N2. The reaction between e−

solv and ReP4VP was
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Fig. 4. (a) Transient spectra recorded in flash photolysis experiments of ReP4VP
([ReI] = 1.6 × 10−4 M) in deaerated CH3CN (b) Transient spectra recorded in flash
photolysis experiments of ReP4VP ([ReI] = 1.6 × 10−4 M) in deaerated CH3CN con-
taining TEA in concentrations 0.1 and 0.2 M. See text for details.
ig. 3. TEM micrographs from CH3CN/H2O (1:1) cast films of FeIII-Cyt c (panel a)
nd ReP4VP and FeIII-Cyt c adducts (panels b and c). The films were prepared from
H3CN/H2O (1:1) solutions with [ReI] = 2.6 × 10−4 M and [FeIII-Cyt c] = 2.6 × 10−4 M,
espectively. See text for details.

ompleted within the first �s after the radiolytic pulse with a rate
onstant k = (2.1 ± 0.2) × 1010 M−1 s−1. The transient spectrum that
s generated by the e−

solv reaction, Fig. 5, exhibited two absorption
ands with �max = 420 and 560 nm. It bears a strong resemblance
ith the spectrum photogenerated when the MLCT excited state

eacts with 0.1 M TEA, Fig. 4b. After the reaction of the e−
solv with

he polymer was completed, the absorption bands at �max = 420
nd 560 nm have nearly the same intensity. The transient spec-
rum shows a decrease of the �max = 560 nm band, relative to that
t 420 nm, after a 3 ms delay from the radiolytic pulse. When solu-

ions of ReP4VP were deaerated with streams of N2O instead of N2,
ll the radiolytically generated radicals were converted to C•H2OH
adicals in less than 1 �s. The radiolytic pulse caused no changes in
he spectrum of the solution. This experiment demonstrated that
•H2OH radicals do not reduce the tmphen ligand in ReP4VP and

Fig. 5. Transient spectra recorded at several delay times after the radiolytic pulse in
pulse radiolysis experiments of N2-deaerated methanolic solutions of ReP4VP. See
text for details.



L.L.B. Bracco et al. / Journal of Photochemistry and Photobiology A: Chemistry 208 (2009) 50–58 55

Fig. 6. (a) Transient spectra recorded at several delay times after the laser
pulse in flash photolysis experiments (�exc = 351 nm) using CH3CN/H2O (1:1, v:v)
deaerated solutions containing ReP4VP ([ReI] = 1.1 × 10−4 M), TEA 0.06 M and
F III −5
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Fig. 7. Comparison of difference spectra between ferro- and ferricytochrome

I •
e -Cyt c 5 × 10 M, respectively. (b) Oscillographic traces recorded at �ob = 555
nd 450 nm in flash photolysis experiments of the system ReI polymer/TEA/Cyt
/CH3CN–H2O(1:1). An increase of [FeII-Cyt c] is observed at �ob = 555 nm while a
ecrease of [FeIII-Cyt c] is monitored at �ob = 455 nm. See text for details.

hat the absorbance changes in Fig. 5 are caused by the reaction of
−

solv with the ReI pendants.

.4. Photoinduced reduction of the adduct of FeIII-Cyt c with
eP4VP

The reduction of FeIII-Cyt c to FeII-Cyt c in the adduct was inves-
igated using the 351 nm flash photolysis set-up. N2-deaerated
olutions containing ReP4VP ([ReI] = 1.1 × 10−4 M), TEA 0.06 M and
eIII-Cyt c 5 × 10−5 M in a 50% (v:v) CH3CN–H2O mixed solvent
ere used in these experiments. The photoinduced changes in

he spectrum of the solution, Fig. 6a, show the increase of FeII-
yt c with time after the flash irradiation. Oscillographic traces

n Fig. 6b show that a fraction of FeII-Cyt c is formed, however,
uring the flash irradiation. To investigate if the irradiation of FeIII-
yt c could contribute to the optical transients in Fig. 6a, similar
ash photochemical experiments were carried out with blanks
ontaining only TEA and FeIII-Cyt c. The flash irradiation of the
olution produced no change in the absorption spectrum of the

III
olution after the laser pulse showing that Fe -Cyt c was pho-
oinert under these experimental conditions. Two processes may
ccount for the prompt formation of FeII-Cyt c, Fig. 6. In one of
hem, the reduction of FeIII-Cyt c to FeII-Cyt c is driven by the oxida-
ive quenching of the ReI pendants’ MLCT excited state by FeIII-Cyt
[ε(FeII)–ε(FeIII) taken from references [35] and [36]] and the difference spectra of
the first contribution obtained using the MVCR technique. See text for details.

c. In the other process, the formation of FeII-Cyt c results from a
secondary process occurring after the reductive quenching of the
excited states by TEA. The flash irradiation of a blank containing
ReP4VP ([ReI] = 1.1 × 10−4 M) and FeIII-Cyt c 5 × 10−5 M in a 50%
(v:v) CH3CN–H2O mixed solvent produces the transient spectrum
of the ReI pendants’ MLCT excited state. No FeII-Cyt c is produced
during the flash irradiation or as a consequence of the excited state
decay. Moreover, the lifetimes of the MLCT excited state biexponen-
tial decay (�fast ∼ 4.7 × 102 ns and �slow = 1.8 �s) are those expected
for the unquenched excited state relaxation (�fast ∼ 7.4 × 102 ns and
�slow = 3.4 �s in neat CH3CN) [22]. The decrease in �fast and �slow in
CH3CN–H2O mixed solvent relative to their values in neat CH3CN is
in agreement with a decrease in the luminescence quantum yield
(see below) in CH3CN–H2O mixed solvent relative to neat CH3CN.
A biexponential decay in transient absorbance of ReP4VP could be
related to MLCT annihilation processes in addition to the first order
decay due to the presence of excited chromophores in close prox-
imity in the polymer [22]. It must be concluded, therefore, that
FeII-Cyt c is formed from a secondary process occurring after the
reductive quenching of the excited states by TEA.

The analysis of the time-resolved difference spectra, Fig. 6, was
performed using MVCR techniques. Both Factor Analysis and Sin-
gular Value Decomposition were used for the estimation of the
number of independent contributions yielding a value of n = 2. The
results of self-modeling curve resolution obtained with the ALS
algorithm are shown in Figs. 7 and 8. Fig. 7 shows the spectral
contribution of the first factor in comparison with the difference
spectra between FeIII-Cyt c and FeII-Cyt c taken from the litera-
ture [35,36]. The spectral profile of the second factor is shown in
Fig. 8 in comparison with the spectrum of –ReI(CO)3(tmphen)• from
pulse radiolysis and flash photolysis experiments in the presence
of TEA. It is noteworthy that although there is not a perfect match
between the spectral profile of the second factor and the spectrum
attributable to –ReI(CO)3(tmphen)• species, the position of the val-
ley and maximum are coincident. According to the Singular Value
Decomposition technique, the spectral contribution of the second
factor is much smaller than that of the first factor in agreement with

the highly different extinction coefficients of –Re (CO)3(tmphen)
and FeIII-Cyt c (see below). Therefore, differences observed below
500 nm may be due to an incomplete splitting of the spectral con-
tributions since both factors are highly coupled in this wavelength
range.
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ig. 8. Comparison of difference spectra between pulse radiolysis of N2-deaerated
ethanolic solutions of ReP4VP and difference spectra of the second contribution

btained using the MVCR technique. See text for details.

. Discussion

FeIII-Cyt c is highly ionized with a net positive charge of +9 in the
xidized state at physiological pH. The positively charged residues
re homogeneously distributed on the protein surface. On the other
and, the distribution of the negative surface charges is asymmet-
ic, with nearly all the negatively charged residues located in the
mall area on the back surface of FeIII-Cyt c [1]. Therefore, an asym-
etric charge distribution in horse FeIII-Cyt c results in an electric

ipole moment of ∼300 D [2]. This dipole moment is created by
he absence of negative charges near the solvent-accessible heme
dge [3]. The heme is covalently attached to Cys14 and Cys17, and
he porphyrin plane, which is nearly perpendicular to the protein
urface, stands in a crevice surrounded by the polypeptide chain of
minoacids [1]. This region of the protein surface is surrounded by
ositively charged lysines [1]. From recent crystallographic studies
n the 3D structure of FeIII-Cyt c (PDB 1HRC) [37] it is known that
n heart FeIII-Cyt c the iron atom lies in the plane of the porphyrin
ing with its fifth coordination site occupied by a nitrogen atom
f the imidazole ring of histidine-18 and its remaining coordina-
ion site by the sulfur atom of methionine-80. Iron-binding ligands
uch as azide, cyanide and imidazole can coordinate to the iron,
nd the evidence suggests that these ligands bind by displacing
he methionine-80 [38,39,40]. The methionine-80 sulfur atom dis-
lacement is evidenced by a decrease in the 695 nm absorbance of
he protein [40].

.1. Formation of adducts

Adducts formed between ReP4VP and FeIII-Cyt c are revealed by
hose changes in the absorption spectrum that are shown in Fig. 1b,
. This association probably involves hydrogen bonds between the
ositively charged lysine groups in FeIII-Cyt c and the nitrogen atom
f the free pyridines in ReP4VP. A similar adduct-stabilizing hydro-
en bonding between poly(4-vinylpyridine) and FeIII-Cyt c has been
reviously postulated [1].

Binding studies between FeIII-Cyt c and ReP4VP, Fig. 1a, b, were
erformed in a 20% (v:v) CH3CN in H2O mixed solvent. Addi-

III
ion of 20% of CH3CN to aqueous Fe -Cyt c solutions was needed
n order to dissolve ReP4VP. Lower percentages of CH3CN, i.e.,
0%, did not dissolve the polymer. The FeIII-Cyt c is denatured in
ixed solvents with 20% of CH3CN even in the absence of ReP4VP.

he unfolding and denaturing of FeIII-Cyt c has been previously
hotobiology A: Chemistry 208 (2009) 50–58

observed after addition of methanol to aqueous solutions of the
protein [41]. An absorption feature in the spectrum of FeIII-Cyt c
at 695 nm disappears as a consequence of denaturation. Such a
change in the spectrum of FeIII-Cyt c precluded us from using the
695 nm absorbance change to follow the coordination of FeIII-Cyt
c to ReP4VP. Nevertheless, the coordination of the free pyridines
of ReP4VP to the iron center cannot be ruled out. On this basis, the
spectral changes shown in Fig. 1b and c are accounted for either the
coordination of the pendant pyridines to FeIII-Cyt c or the forma-
tion of hydrogen bonds between the protein and the ReI polymer,
or both.

Morphologies of the compounds shown in Figs. 2 and 3 were
obtained from cast films prepared in the acetonitrile-water mixed
solvent. Panels a and b of Fig. 2 show that in solid phase, the ReI

pendants of ReP4VP aggregate and form isolated nanodomains that
are dispersed in the poly-4-vinylpyridine backbone. The sizes of the
nanodomains are very polydisperse with outer diameters ranging
from 140 nm to large compound nanodomains with diameters up
to 2.8 �m. Since strands of ReP4VP with an average length of ∼
200 nm cannot be coiled into these big structures, the observed
nanodomains must correspond to an aggregate of many strands.
Panel a of Fig. 3 shows aggregates formed by FeIII-Cyt c. It can be
observed that spherical aggregates about 30–50 nm in diameter are
crowded together into branched short rods. In the heme-free apo
Cyt c, which also has a disordered structure in solution, the forma-
tion of aggregates upon varying the pH was put in evidence by AFM
and dynamic light scattering techniques [4c]. It should be noted that
the dimensions of these nanodomains shown in Fig. 3 are consid-
erably larger than the diameter of FeIII-Cyt c, which is about 4 nm.
As a result, it is likely that they contain several molecules of the
protein. Panel b shows that the morphology of the adduct between
the ReI polymer and FeIII-Cyt c is quite different than that of the
ReI polymer alone. In the cast films obtained from solutions con-
taining ReP4VP and FeIII-Cyt c, large compound nanodomains have
disappeared and distorted spherical nanodomains about 300 nm
in diameter remain. This change in size, from the nanodomains in
Fig. 2a, b to the nanodomains in Fig. 3b, suggests that the num-
ber of strands forming the nanodomains of ReP4VP is reduced by
the association of the polymer with FeIII-Cyt c. It must also be
noted in Fig. 3c that aggregates formed by FeIII-Cyt c can still be
observed in addition to the ReP4VP polymer aggregates. Aggre-
gation and adduct formation can be rationalized with the aid of
eqs. (4)–(6)

m{[(vpy)2vpyReI(CO)3(tmphen)+]}n∼200
CH3CN/H2O−→ 〈{[(vpy)2vpyReI(CO)3(tmphen)+]}n∼200〉m (4)

N FeIII − Cyt c
Native protein

CH3CN/H2O−→ (FeIII − Cyt c)N
denaturation and aggregation

(5)

〈{[(vpy)2vpyReI(CO)3(tmphen)+]}n∼200〉m + (FeIII − Cyt c)n

→ Adducts (6)

The polydispersity of the ReP4VP nanoaggregates is very high with
outer diameters varying from 140 nm to ∼3 �m. The formation
of different adducts between the ReP4VP and FeIII-Cyt c reduces
the sizes of the ReP4VP nanoaggregates to distorted spheres of
about 300 nm. The adducts may contain discrete FeIII-Cyt c units as
well as aggregates (FeIII-Cyt c)N interacting with a ReP4VP polymer

strand. Therefore, TEM experiments reinforce the UV–vis results
about adduct formation between both species. Adduct formation
is a necessary condition for electron transfer to occur between
–ReI(CO)3(tmphen)• pendants and FeIII heme. If both species were
far apart (for instance in the case where the polymer ReP4VP and
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eIII-Cyt c were not interacting between them), electron transfer
ould be impossible.

.2. Ground-state redox reactions

The spectrum of the transient recorded just after the reaction
f e−

solv and ReP4VP (at 15 �s in Fig. 5) can be associated with
he –ReI(CO)3(tmphen)• species in the ReP4VP. Since a concen-
ration [e−

solv] ∼2 × 10−6 M of e−
solv is generated in the pulse

adiolysis experiments, only a small percentage (∼4%) of the
otal number of –ReI(CO)3(tmphen)+ chromophores is reduced
o –ReI(CO)3(tmphen)• by the solvated electrons. Changes of the
bsorption spectrum in the millisecond time domain, e.g., at 3.5 ms
n Fig. 5, must be ascribed to the demise of the –ReI(CO)3(tmphen)•

adicals. The demise of the radicals must occur by a slower dis-
roportionation reaction that possibly demands larger diffusive
isplacements of polymer strands.

.3. Excited-state redox processes of the polymer pendants in the
bsence of FeIII-Cyt c

Reduction of the polymer excited states was effected in less
han 25 ns by TEA. A growth of the –ReI(CO)3(tmphen)• spectrum
hat showed an additional reduction of –ReI(CO)3(tmphen)+ groups
y reducing radicals derived from TEA oxidation in the polymer
as not observed. The prompt growth of the –ReI(CO)3(tmphen)•

pectrum was followed by a rapid (� = 6.2 �s) decay of the
pectrum with a first-order kinetics. The shape of the spec-
rum recorded with [TEA] = 0.1 M in Fig. 4 is very similar to
hat in Fig. 5, which is associated with the initial reduction
roduct –ReI(CO)3(tmphen)•. After comparison of the �Amax

f Figs. 4b and 5, it is estimated that the concentration of
ReI(CO)3(tmphen)• produced in flash photolysis experiments is
t least two orders of magnitude higher than the one gener-
ted in pulse radiolysis experiments, i.e., [–ReI(CO)3(tmphen)•]
1 × 10−4 M in the flash photolysis experiment. This estimation

s only a rough one for [–ReI(CO)3(tmphen)•] since it is assumed
hat the extinction coefficient of –ReI(CO)3(tmphen)• has the same
alue either in CH3CN or MeOH. The shape of the spectrum
ecorded with [TEA] = 0.2 M in Fig. 4 resembles that at longer times
n pulse radiolysis experiments. However, both transients decay

ith the same kinetic behavior. A disproportionation reaction of
Re(CO)3(tmphen)• radicals, Eqs. (7) and (8), may occur sequen-
ially [10,23–25]

ReI(CO)3(tmphen)• + TEAH+ → ReI(CO)3(tmphenH)•+ + TEA (7)

-ReI(CO)3(tmphenH)•+ → ReI(CO)3(tmphenH2)+

+ReI(CO)3(tmphen)+ (8)

Equations (7) and (8) represent the protonation of
ReI(CO)3(tmphen)• by available TEAH+ in the polymer and
he slow diffusive motion of the polymeric strands that allows

bimolecular encounter of –ReI(CO)3(tmphenH)•+ pendants,
espectively. TEAH+ species are produced by deprotonation of the
adical cation (CH3CH2)3N•+, Eq. (9).

CH3CH2)3N•+ + TEA → (CH3CH2)2N(•CHCH3) + TEAH+ (9)

The whole process occurs in the millisecond–second
ime domain in pulse radiolysis experiments where the

ReI(CO)3(tmphen)• radical species are produced in low con-
entrations (∼2 × 10−6 M). Because the radicals will be separated
rom each other by large distances, diffusive motions of the polymer
trands are required to bring them together. In flash photolysis
xperiments, however, the initial concentration of –ReI(CO)3
hotobiology A: Chemistry 208 (2009) 50–58 57

(tmphen)• radical species generated by reductive quenching of the
excited states by TEA is very high (between 80% and 90% of the total
number of –ReI(CO)3(tmphen)+ pendants) and diffusive motions
are hardly required. In this condition, the disproportionation
occurs much faster, i.e., in the microsecond time domain. In addi-
tion, similarities between the spectra generated in flash photolysis
and pulse radiolysis experiments suggest that at low TEA concen-
tration the predominant decay species is –ReI(CO)3(tmphen)•. At
the higher TEA concentration, Eqs. (7) and (9) become very fast and
the protonated ReI(CO)3(tmphenH)•+ is the predominant transient
species.

4.4. Excited-state redox reactions in the ReP4VP–FeIII-Cyt c
adduct

As can be observed from Fig. 6, the photoinduced reduction of
FeIII-Cyt c to FeII-Cyt c occurs within a 40 �s time scale by a two-
step process. Initially, there is a prompt increase of the 555 nm
absorbance (characteristic of FeII-Cyt c) mirrored by a prompt
decrease in the 450 nm absorbance (characteristic of FeIII-Cyt c).
This fast reduction occurs nearly within the laser lifetime. A sub-
sequent slower reduction occurs within a 1–40 �s time scale. The
analysis of the normalized concentration profiles obtained for the
first factor with the MVCR technique shows that the slower pro-
cess kinetically is a first-order process with a lifetime of � = (15 ± 1)
�s. The fast reduction process contributes with nearly 50% of
the total amount of FeII-Cyt c generated in the photoinduced
reduction. Eqs. (10) and (11) account for the formation of MLCT
excited states in a polymer strand and subsequent quenching by
TEA

[(vpy)2-vpyReI(CO)3(tmphen)+]n∼200 + h�

→ [(vpy)2-vpyReI(CO)3(tmphen)+∗]p[(vpy)2

-vpyReI(CO)3(tmphen)+]q (10)

[(vpy)2-vpyReI(CO)3(tmphen)+∗]p

× [(vpy)2-vpyReI(CO)3(tmphen)+]q + pTEA

→ [(vpy)2-vpyReI(CO)3(tmphen)•]p

× [(vpy)2-vpyReI(CO)3(tmphen)+]q+pTEA•+ (11)

In Eq. (10), –ReI(CO)3(tmphen)+* denotes the MLCT excited
state of the –ReI(CO)3(tmphen)+ chromophore. In CH3CN/H2O
solvent mixture, the reduction of MLCT excited states in
ReP4VP produces –ReI(CO)3(tmphen)• radicals in concentra-
tions [–ReI(CO)3(tmphen)•]0 ∼ 2 × 10−6 M, eq. (11). Some of those
–ReI(CO)3(tmphen)• radicals that may be close in space to bound
FeIII-Cyt c in the adduct may participate in the fast FeIII-Cyt c reduc-
tion evidenced by the prompt absorbance changes in Fig. 6. Based
on the results of MVCR analysis presented in Figs. 7 and 8, the time-
resolved spectra in Fig. 6 must be interpreted as the changes in the
solution spectrum when –ReI(CO)3(tmphen)• pendants decay and
FeII-Cyt c is formed. It is noteworthy that as the difference between
the molar extinction coefficients of FeII-Cyt c and FeIII-Cyt c, i.e.,
�ε(FeII–FeIII), is one order of magnitude higher than the molar
extinction coefficient of –ReI(CO)3(tmphen)•, the contribution of
the radical –ReI(CO)3(tmphen)• to the absorption features of Fig. 6
is only relevant at wavelengths between 600 and 700 nm, where
�ε(FeII–FeIII) is small. From the MVCR analysis we also obtained
an estimation of the concentrations generated in flash photoly-

sis experiments. The initial concentration of –ReI(CO)3(tmphen)•

([–ReI(CO)3(tmphen)•]0) is ∼2 × 10−6 M. The maximum conversion
from FeIII-Cyt c to FeII-Cyt c yields [FeII-Cyt]max ∼5 × 10−6 M.

The initial concentration of –ReI(CO)3(tmphen)•

([–ReI(CO)3(tmphen)•]0) produced in flash photolysis of solu-
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ions containing ReP4VP, TEA and FeIII-Cyt c in a 1:1 (v:v)
H3CN–H2O mixed solvent is two orders of magnitude lower
han the concentration generated in neat CH3CN. This difference
s explained on the basis of two solvent effects: (i) the emission
uantum yield of ReP4VP is nearly three times lower in a 50%
v:v) CH3CN in H2O mixed solvent than in neat CH3CN; (ii) TEA
oncentration decreases in a 50% (v:v) CH3CN in H2O mixed solvent
ue to protonation.

Because the radicals produced by the photoinduced TEA oxida-
ion, Eq. (11), do not react with ReP4VP, the demise of the TEA•

adicals occurs via Eqs. (12) and (13) in competition with the slow
eduction of FeIII-Cyt c [42,43].

EA•+ + TEA → TEA• + TEAH+ (12)

TEA• → TEA + (CH3CH2)2N − CH = CH2 (13)

hile Eq. (13) has already been discussed in the literature [42,43],
hanges in the spectrum shown in Fig. 6 document the reaction of
he TEA radicals with the FeIII-Cyt c adduct.

. Conclusions

Interest in nonnative and denatured states of proteins has
ncreased in the last years since these less ordered states play
mportant roles in biological processes such as protein fold-
ng and stability. Therefore, electron-transfer studies carried out

ith denatured proteins may be relevant to unravel unanswered
uestions in biological phenomena. FeIII-Cyt c is denatured in
H3CN/water mixtures and tends to form aggregates. These aggre-
ates interact with a ReI polymer, i.e., ReP4VP, by the formation of
dducts as revealed by UV–vis and TEM spectroscopy. The reduc-
ion of the –ReI(CO)3(tmphen)+ chromophores in a polymer strand,
chieved by the reductive quenching of the MLCT excited state by
EA and/or by the reaction between e−

solv and the ReI chromophore
n pulse radiolysis experiments, produces –ReI(CO)3(tmphen)• and
ReI(CO)3(tmphenH)•+ as the main species. When the reductive
uenching of the polymer luminescence was carried out in the
resence of FeIII-Cyt c, a rapid electron transfer (� < 20 ns) occurred
rom the –ReI(CO)3(tmphen)• to the FeIII center in the heme to pro-
uce FeII-Cyt c. This fast reduction process contributes nearly half
f the total amount of FeII-Cyt c generated in the photoinduced
eduction. A slower reduction process ascribed to the reaction of
eIII-Cyt c with TEA• radicals, with a lifetime of � = 15 �s, occurs
n competition with the demise of these radicals to form TEA and
CH3CH2)2N–CH CH2.
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