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bstract

The complexes [cis-RuIIL′ (SCN) and cis-RuIILL′(SCN) ] (L = 4,4′-bis(ethoxycarbonyl)-2,2′-bipyridine, L′ = 2,2′-bpy-4,4′-CONH-l-tyrosine
2 2 2

thyl ester) are prepared and characterized. Two or four tyrosine ethyl ester groups are covalently linked to a ruthenium polypyridyl photosensitizer
s electron donor. Upon light excitation, intermolecular electron transfer from the excited ruthenium(II) to MV2+ occurs, followed by intramolecular
lectron transfer from tyrosine moieties to Ru(III) with a rate constant of kf > 1 × 108 s−1 (τf < 10 ns).

2006 Elsevier B.V. All rights reserved.

ctron

a
t
t
t
b
s
o

t
a
2
S
t
i
[
s
p
m

2

eywords: Ruthenium polypyridyl complexes; Tyrosine; Electron transfer; Ele

. Introduction

Photoinduced electron transfer reactions are the fundamen-
al processes in photosystem II (PS II) [1–3], where sunlight is
onverted into chemical energy via a photoinduced charge sep-
rated state [4]. In PS II, the electron transfer is mediated by a
henolic unit in tyrosine Z, which can avoid the quenching of the
xcited state of chlorophyll unit, yet ensures rapid electron trans-
er to P680

+ [5]. In recent years, artificial model systems based
n tyrosine-ruthenium-tri-bipyridine (Ru(II)(bpy)3) have been
tudied to mimic the electron transfer reactions of PS II. It has
een known that excited (Ru(II)(bpy)3)* releases an electron to
n intermolecular electron-acceptor (such as methyl viologen or
o3+) and turns to be Ru(III)(bpy)3 which could be reduced by
nother electron from the attached tyrosine via intramolecular
lectron transfer [7–10]. The rate constant of electron trans-
er from tyrosine to ruthenium is pH dependence. When pH
s less than the pKa of phenolic-group in tyrosine (pKa = 10), the
ate constant goes up by pH till pH > pKa with a 100-fold great
ncrease. However, the rate constant is still less than 107 s−1.

n nature the rate constant of P680

+ reduced by tyrosine Z is in
anoseconds [11], and the charge-separation efficiency is close
o unity [6–9]. The limited rate constant of electron transfer in
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rtificial system may be due to the fact that there is only one
yrosine attached on ruthenium-tri-bipyridine, while in nature
here is a tyrosine D besides tyrosine Z [12]. Jeans et al. studied
he reduction of P680

+ in PS II when tyrosine D was replaced
y phenylalanine and the results showed that tyrosine D has a
ignificant influence on electron transfer events in the vicinity
f tyrosine Z [13].

Herein, two or four tyrosine groups are introduced to
he ruthenium bipyridyl complexes, cis-RuIIL′

2(SCN)2 (Ru1)
nd cis-RuIILL′(SCN)2 (Ru2) (L = 4,4′-bis(ethoxycarbonyl)-
,2′-bipyridine, L′ = 2,2′-bpy-4,4′-CONH-l-tyrosine ethyl ester,
cheme 1), to mimic the tyrosine Z and tyrosine D in photosys-

em II. The N3 dye (well-known dye used in Graetzel solar cells)
s selected to meet the requirement for panchromatic absorbance
14–16]. The results show that it is much more important to
peed up the photoinduced electron transfer that introducing
oly-tyrosine ethyl ester side chains to the bipyridyl rings to
imic the tyrosine Z and tyrosine D in photosystem II.

. Experiments

.1. Materials and instruments
The chemicals used in study were reagent grade or better, and
ere used without further purification. Solvents were purified

ccording to the published methods. The ligand 4,4′-dimethyl-
,2′-bipyridine (dmbpy), RuCl3·3H2O, l-tyrosine ethyl ester

mailto:pengxj@dlut.edu.cn
dx.doi.org/10.1016/j.jphotochem.2006.12.029
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Scheme 1. Chemical

ydrochloride were purchased as reagent grade material from
ldrich and were used without further purification.

1H NMR spectra were recorded on a Varian INOVA 400 MHz
pectrometer, using TMS as internal standard. Proton assign-
ents are based on 2D NMR (1H–1H COSY, HMQC and
MBC) spectra. The electro-spray ionization mass spectrom-

try (ESI-MS) was performed on a HP 1100LC/MS with
cetonitrile as solvent. The absorption and emission measure-
ents were performed at room temperature in air saturated

cetonitrile of spectroscopic grade. The absorption spectra
ere recorded on a HP 8453 spectrophotometer and the

mission spectra were recorded by a PTI-C-700 fluorome-
er. Fluorescence quantum yield was determined in ethanol
olutions of rhodamine B (Φf = 0.97) as standard at an
xcitation wavelength of 535 nm. Transient absorption and
mission measurements were carried out using a LP 920
anosecond laser flash photolysis. The electrochemical mea-
urements were performed under nitrogen atmosphere and
lectrolyte used was 0.1 mol/L tetrabuthylammonium hexaflu-
rophosphate (TBAPF6) in acetonitrile. Cyclic voltammetry
as recorded using a three-electrode system consisting of a
g/Ag+ (0.01 mol/L AgNO3, 0.1 mol/L TBAPF6, CH3CN) as

eference electrode, a platinum wire as counter electrode and
freshly polished glass carbon (diameter 2 mm) as working

lectrode. All potentials reported here are referenced by the
c+/Fc couple potential (0.080 versus Ag/Ag+). The basic solu-

ion for all measurements was NaOH–H2O–CH3CN (0.1 mol/L

aOH:acetonitrile = 1:100 in volume), and the acidic solu-

ion for all measurements was HCl–H2O–CH3CN (0.1 mol/L
Cl:acetonitrile = 1:100 in volume). Ru3 was synthesized for

eference.

s
i
a
T

Scheme 2. Synthesis of ligand L and L′. (a) H2SO4, CrO3; (b) H2SO4, EtO
ures of Ru1 and Ru2.

.2. Synthesis

4,4′-Dicarboxyl-2,2′-bipyridine (2): As shown in Scheme 2,
his compound was prepared according to the literature [17]. 1H
MR (400 MHz, DMSO-d6): δ 7.90 (d, J = 4.8 Hz, 2H, H5, H5′ ),
.83 (s, 2H, H3, H3′ ), 8.90 (m, 2H, H6, H6′ ).

4,4′-Bis(ethoxycarbonyl)-2,2′-bipyridine (L): The powder of
(0.35 g, 1.43 mmol) was suspended in a solution of 20 mL abso-

ute ethanol and 0.8 mL of concentrated H2SO4 and refluxed
or 10 h, then the solution was cooled to room temperature and
oured into a mixture of ice/water. Twenty-five percentage of
queous NaOH solution was added under vigorous stirring until
he solution became neutral, the white solid precipitate was col-
ected by filtration, washed thoroughly with water and dried
o give crude (L). The product was recrystallized twice from
5% ethanol, yielding 0.40 g (93%) of white needle crystals
ith melting point of 160–161 ◦C. 1H NMR (400 MHz, DMSO-

6): δ ppm 1.40 (t, 6H, J = 7.0 Hz, –OCH2CH3), 4.42 (q, 4H,
= 7.0 Hz, –OCH2CH3), 7.89 (d, 2H, J = 4.5 Hz, H5, H5′ ), 8.82

s, 2H, H3, H3′ ), 8.89 (d, 2H, J = 4.5 Hz, H6, H6′ ). ESI-MS
pectrometry of L from acetonitrile gave a peak at m/z 301.1
calculated for [M + H+], 301.1).

2,2′-bpy-4,4′-CONH-l-tyrosine ethyl ester (L′): 2 (663 mg,
.1 mmol) and thionyl chloride (60 mL) were heated to reflux for
h. After the excess thionyl chloride was evaporated, a white

olid remained in the flask, and it was dried under vacuum at
0 ◦C for 2 h. The solid was dissolved in dry acetonitrile, and the

olution was dropped into another acetonitrile solution contain-
ng l-tyrosine ethyl ester hydrochloride (1690 mg, 6.8 mmol)
nd triethylamine (2.0 mL) at room temperature within 20 min.
he mixture was refluxed for another 4 h. After the solution

H; (c) SOCl2; (d) tyrosine ethyl ester hydrochloride, Et3N, MeCN.



Photo

w
h
fi
r
0
a
u
(
(
–
4
4
J
J
2
3
1
(
1
s
(

a
0
r
fi
u
fi
3
d
s
A
o
u
d
p
2
4
J
(
(
(
J
8
8
d
6
(
(
(
C
(
a
1

s
a

w
s
m
T
(
u
r
a
u
2
r
s
t
o
o
(
–
(
4
2
4
4
J
7
1
H
4
C
J
b
1
(
a
(
(
(
C
1
1
N
d
(
1
1
(
1
R
(

a
p
1
–

Y. Xu et al. / Journal of Photochemistry and

as cooled to room temperature, white crystals (triethylamine
ydrochloride) formed. After the crystals were filtered off, the
ltrate was concentrated to near dryness, and the residue was
edissolved in dichloromethane and washed three times with
.1 M hydrochloric acid. The organic phase was dried over
nhydrous sodium sulfate and evaporated to dryness, crude prod-
cts were purified by column chromatography on silica gel
MeOH/CHCl3 5/95), and white crystals of L′ were obtained
yield 49%). 1H NMR (δ ppm, DMSO-d6) 1.20 (t, J = 7.0 Hz, 6H,
OCH2CH3), 3.01–3.07 (m, 4H, H9, H9′ ), 4.12 (q, J = 7.0 Hz,
H, –OCH2CH3), 4.64 (m, 4H, H8, H8′ ), 6.65 (d, J = 8.4 Hz,
H, H12, H12′ ), 7.07 (d, J = 8.4 Hz, 4H, H11, H11′ ), 7.78 (dd,
= 5.0 Hz, 1.0 Hz, 2H, H5, H5′ ), 8.77 (s, 2H, H3, H3′ ), 8.83 (d,
= 5.0 Hz, 2H, H6, H6′ ), 8.99 (s, 2H, –OH), 9.11 (d, J = 7.6 Hz,
H, –NH2), 13C NMR (δ ppm, DMSO-d6), 13.85 (–OCH2CH3),
5.52 (C9), 54.49 (C8), 60.26 (–OCH2CH3), 114.78 (C12, C12′ ),
18.26 (C3, C3′ ), 121.57 (C5, C5′ ), 127.01 (C10, C10′ ), 129.50
C11, C11′ ), 141.95 (C4, C4′ ), 149.34 (C6, C6′ ), 155.30 (C2, C2′ ),
55.67 (C13, C13′ ), 164.48 (C7, C7′ ), 170.89 (–COO–). ESI-MS
pectrometry of L′ from acetonitrile gave a peak at m/z 627.0
calculated for [M + H+], 627.0).

cis-RuIIL′
2(SCN)2 (Ru1): This compound was prepared

ccording to the literature [6]. 0.229 mmol RuCl3·3H2O and
.463 mmol of ligand L′ were dissolved in 20 mL DMF and
efluxed under Ar for 8 h. After cooling, traces of RuL′

3 were
ltered. Most of DMF solvent was evaporated under vac-
um, and cis-RuIIL′

2Cl2 was precipitated with acetone and
ltered. 0.428 mg of crude cis-RuIIL′

2Cl2 was dissolved in
0 mL DMF under Ar. Sodium thiocyanate (350 mg, 4.52 mmol)
issolved in 2 mL of H2O subsequently was added to above
olution. The reaction mixture was then refluxed for 6 h under
r with magnetic stirring. Then the solvent was removed
n a rotary evaporator. Crude products were purified by col-
mn chromatography on silica gel (MeOH/CHCl3 5/95) and
ark red product was obtained (yield 13.4%). 1H NMR (δ
pm, acetone-d6): 1.18–1.22 (tt, J = 7.2 Hz, 12H, –OCH2CH3),
.95–3.18 (qq, J = 5.6 Hz, 4H, H9), 3.13–3.10 (qq, J = 5.6 Hz,
H, H9′ ), 4.10–4.16 (qq, J = 7.2 Hz, 4H, –OCH2CH3), 4.22 (q,
= 6.8 Hz, 4H, –OCH2CH3), 4.78–4.79 (m, 2H, H8), 4.94–4.96

m, 2H, H8′ ), 6.74 (dd, J = 8.4 Hz, J = 8.8 Hz, 4H, H12), 6.84
d, J = 8.8 Hz, 4H, H12′ ), 7.12 (t, J = 7.6 Hz, 4H, H11), 7.30
t, J = 8.0 Hz, 4H, H11′ ), 7.47 (d, J = 6.0 Hz, 2H, H5), 7.95 (d,
= 6.0 Hz, 2H, H6), 8.24 (dd, J = 7.2 Hz, J = 0.3 Hz, 2H, H6′ ),
.30 (d, J = 6.0 Hz, 2H, H5′ ), 8.82 (d, J = 22.8 Hz, 2H, H3),
.93 (d, J = 16.0 Hz, 2H, H3′ ); 13C NMR (δ ppm, acetone-
6): 13.80 (–OCH2CH3), 36.60 (C9, C9′ ), 55.20 (C8, C8′ ),
1.18 (–OCH2CH3), 115.54 (C12, C12′ ), 121.05 (C3), 121.44
C3′ ), 123.88 (C5), 124.59 (C5′ ), 127.85 (C10, C10′ ), 130.53
C11, C11′ ), 132.74 (C of NCS), 133.59 (C of NCS′), 140.55
C4), 141.28 (C4′ ), 153.17 (C6), 153.71 (C6′ ), 156.59 (C13,
13′ ), 157.89 (C2), 159.32 (C2′ ), 163.87 (C7, C7′ ), 171.35

–COO–). ESI-MS spectrometry of Ru1 from acetonitrile gave
monocharged peak at m/z 1494.2 (calculated for [M + Na+],
494.2).
cis-RuIILL′(SCN)2 (Ru2): RuCl3·3H2O (0.5 g, 2 mmol), dis-

olved in dry DMF (35 mL), was treated with an excess of
nhydrous LiCl (0.2 g, 4.7 mmol) to give a suspension which

J
8
e
8
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as stirred for 5 min at 90 ◦C. Ligand L′ (2.2 mmol), dis-
olved in DMF (20 mL), was added to this solution, and the
ixture was then stirred for 6 h under a nitrogen atmosphere.
hen the solution was gradually warmed to 110 ◦C before L

2.4 mmol) was added, and the resulting mixture was stirred
nder nitrogen for an additional 10 h. After being cooled to
oom temperature, the solution was filtered to remove a small
mount of unreacted ruthenium(III) chloride and other insol-
ble components. Sodium thiocyanate (23 mmol) dissolved in
mL of H2O subsequently was added to the above solution. The

eaction mixture was refluxed for 6 h under Ar with magnetic
tirring. Then the solvent was removed on a rotary evapora-
or. Crude products were purified by column chromatography
n silica gel (MeOH/CHCl3 3/97) and dark red product was
btained (yield 7.3%). 1H NMR (δ ppm, acetone-d6): 1.17–1.20
tt, J = 7.2 Hz, 6H, tyr-OCH2CH3), 1.35 (t, J = 7.2 Hz, 3H,
OCH2CH3), 1.50 (t, J = 7.2 Hz, 3H, –OCH2CH3), 3.00–3.17
qq, J = 14.0 Hz, 2H, H9), 3.12–3.29 (qq, J = 14.0 Hz, 2H, H9′ ),
.17 (q, J = 7.2 Hz, 2H, tyr-OCH2CH3), 4.22 (q, J = 7.2 Hz,
H, tyr-OCH2CH3), 4.40 (q, J = 7.2 Hz, 2H, –OCH2CH3),
.57 (q, J = 7.2 Hz, 2H, –OCH2CH3), 4.77–4.81 (m, 1H, H7),
.94–4.97 (m, 1H, H7′ ), 6.74 (q, J = 8.0 Hz, 2H, H12), 6.84 (dd,
= 8.8 Hz, J = 2.4 Hz, 2H, H12′ ), 7.11 (t, J = 8.4 Hz, 2H, H11),
.25 (dd, J = 11.6 Hz, J = 8.8 Hz, 2H, H11′ ), 7.49 (d, J = 5.6 Hz,
H, H5), 7.63 (d, J = 6.0 Hz, 1H, 4,4′-di-COOCH2CH3-bpy-
5), 7.91 (t, J = 4.8 Hz, 1H, H6), 8.06 (q, J = 2.8 Hz, 1H,
,4′-di-COOCH2CH3-bpy-H6), 8.20 (d, J = 6.4 Hz, 1H, 4,4′-di-
OOCH2CH3-bpy-H6′ ), 8.24 (d, J = 8.8 Hz, 1H, H6′ ), 8.30 (d,
= 7.6 Hz,1H, H5′ ), 8.37–8.39 (m, 1H, 4,4′-di-COOCH2CH3-
py-H5′ ), 8.78 (d, J = 28.4 Hz, 1H, H3), 8.90 (d, J = 7.2 Hz,
H, H3′ ), 8.90 (s, 1H, 4,4′-di-COOCH2CH3-bpy-H3), 9.16
s, 1H, 4,4′-di-COOCH2CH3-bpyH3′ ); 13C NMR (δ ppm,
cetone-d6): 14.47 (tyr-OCH2CH3), 37.32 (C9, C9′ ), 55.85
C7, C7′ ), 61.87 (tyr-OCH2CH3), 63.02 (–OCH2CH3), 116.24
C12, C12′ ), 121.69 (C3), 122.22 (C3′ ), 123.23 (C5), 123.47
C5′ ), 124.81 (4,4′-di-COOCH2CH3-bpyC3), 125.33 (4,4′-di-
OOCH2CH3-bpyC3′ ), 125.79 (4,4′-di-COOCH2CH3-bpyC5),
26.73 (4,4′-di-COOCH2CH3-bpyC5′ ), 128.63 (C10, C10′ ),
31.21 (C11, C11′ ), 133.86 (C of NCS), 134.12 (C of
CS′), 137.71 (4,4′-di-COOCH2CH3-bpyC4), 138.50 (4,4′-
i-COOCH2CH3-bpyC4′ ), 141.61 (C4), 142.27 (C4′ ), 153.72
C6), 154.24 (C6′ ), 154.41 (4,4′-di-COOCH2CH3-bpyC6),
54.92 (4,4′-di-COOCH2CH3-bpyC6′ ), 157.33 (C13, C13′ ),
58.53 (C2), 158.90 (4,4′-di-COOCH2CH3-bpyC2), 159.80
C2′ ), 160.37 (4,4′-di-COOCH2CH3-bpyC2′ ), 164.26 (–COO–),
64.68 (C7, C7′ ), 171.92 (tyr-COO–). ESI-MS spectrometry of
u1 from acetonitrile gave a monocharged peak at m/z 1167.2

calculated for [M + Na+]+, 1167.2).
cis-RuIIL2(SCN)2 (Ru3): This compound was prepared

ccording to the synthesis of Ru1 described above. Dark red
roduct was obtained (yield 15.2%). 1H NMR (δ ppm, CDCl3):
.41 (t, J = 7.2 Hz, 6H, –OCH2CH3), 1.54 (t, J = 7.2 Hz, 6H,
OCH2CH3), 4.45 (q, J = 7.2 Hz, 4H, –OCH2CH3), 4.60 (q,

= 6.8 Hz, 4H, –OCH2CH3), 8.25 (d, J = 6.0 Hz, 4H, H5, H5′ ),
.69 (s, 4H, H6, H6′ ), 8.85 (s, 4H, H3, H3′ ). ESI-MS spectrom-
try of Ru3 from acetonitrile gave a monocharged peak at m/z
41.1 (calculated for [M + Na+], 841.1).
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ig. 1. 1H NMR spectrum of complexes Ru1 (up) and Ru2 (bottom) in acetone-

6. For clarity the peaks in the high magnetic region are not included.

. Results and discussion

.1. NMR spectral data

The 1H NMR and 13C NMR of Ru1 and Ru2 are consistent
ith the structures shown in Scheme 1, which are complicated
ecause introduction of NCS ligands make pyridyl rings inequiv-
lent concerning electronic environment. The two NCS ligands
re trans to bipyridyl rings.

The comparison of the 1H NMR spectra of the Ru1 and Ru2
omplexes are shown in Fig. 1, two halves of each bipyridine
igand are in distinct magnetic environments and show 6 reso-
ance peaks in the aromatic region corresponding to two pyridyl
ings. At 4.00–4.25 ppm region, there are two groups of quartic
eaks corresponding to two different –OCH2CH3 on tyrosine
igand.

In the Ru2 complex, there are two types of 2,2′-bipyridine
igands containing tyrosine ethyl ester and ethoxycarbonyl,
espectively, in which one 2,2′-bipyridine is trans to the other
nd at the same time trans to NCS ligand. So they are in dif-

erent electronic environments and show 12 resonance peaks
n the aromatic region corresponding to four pyridyl rings. At
.00–4.50 ppm region, there are four groups of quadruple peaks
orresponding to two different –OCH2CH3 of tyrosine ethyl

T
v
m

Fig. 2. 13C NMR spectrum of complexes Ru
ig. 3. UV–vis absorption spectrum of complexes Ru1 (10 �M) and Ru2
10 �M) in acetonitrile.

ster and two different –OCH2CH3 attached directly to bipyri-
ine.

In Fig. 2, 13C NMR spectra of the Ru1 and Ru2 complexes
re compared. At 130–135 ppm, both of them have two peaks,
hich are corresponding to the N-coordinated thiocyanate car-
on resonance peaks [17]. It indicates that NCS ligands are
oordinated through the nitrogen end in both of Ru1 and Ru2.
he pyridyl rings of bipyridyl ligand in Ru1 and Ru2 are in dif-

erent electronic environment from the splitting peaks at 121.05
C3), 121.44 (C3′ ) for Ru1 and the peaks at 121.69 (C3), 122.22
C3′ ) for Ru2.

.2. IR spectral data

The NCS ligands coordinated through the nitrogen end in Ru1
nd Ru2 can be further confirmed by IR: a strong absorption in
he range of 2100–2115 cm−1 is observed. This can be attributed
o ν(NC) of the thiocyanate ligand in Ru1 and Ru2 complexes.
he band at 824 cm−1 is due to ν(CS) of the thiocyanate ligand

15].

.3. Absorption spectra
The absorption spectral data for two complexes are shown in
able 1 and Fig. 3. Both Ru1 and Ru2 show broad and intense
isible bands between 390 nm and 540 nm, which are due to
etal-to-ligand charge-transfer transitions (MLCT) [16a]. It is

1 (left) and Ru2 (right) in acetone-d6.
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Table 1
Absorption, photophysical and electrochemical properties of the ruthenium complexes

Complex Solvent λab (nm) (ε, 104 M−1 cm−1) Emission, λem (nm)a Ep(V), RuIII/II Ep(V), Tyr+/0 E1/2(V) (�Ep/mV) E1/2(V), L E1/2(V), L′

�–�* d�–�*

Ru1 (CH3CN)b 313 (3.87) 396 (1.25) 801 0.63 0.86c −1.45 (80) – −2.36c

539 (1.27) −1.68 (90)
Ru2 (CH3CN)b 315 (3.80) 396 (1.21) 801 0.63 0.88c −1.39 (80) −2.07c −2.34c

543 (1.23) −1.64 (80)
Ru1 (HCl)d – – – 0.62 0.79c −1.34c – –

−1.48c

Ru2 (HCl)d – – – 0.62 0.80c −1.38c – –
−1.54c

Ru1 (NaOH)e – – – 0.61 0.29c −1.47c – −2.31c

−1.69c

Ru2 (NaOH)e – – – 0.60 0.30c −1.38c – –
−1.62c

a Emission data were obtained by exciting at lowest energy MLCT band at 535 nm, in degassed acetonitrile at room temperature.
b Peak potential determined from DPV measurement.
c The electrochemical data were measured in CH3CN solvent with 0.1 M tetrabutyl ammonium hexafluorophosphate using a glassy carbon electrode. The reported

data are V vs. Ag/Ag+. E1/2 = (Epa + Epc)/2.
:100)

v 1:10
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a
[6–9,18]. Upon addition of 0.1 mol/L NaOH (6 equiv.) into the
acetonitrile solution of ligand L′, the oxidation potential of L′
decreases from 0.8 V to 0.3 V (Fig. 5d), and the same phenomena
d The electrochemical data were measured in HCl (0.1 mol/L)–CH3CN (v/v 1
e The electrochemical data were measured in NaOH (0.1 mol/L)–CH3CN (v/

n agreement with the result for the unsubstituted N3 analogues
15,16a]. The band in the UV region at 315 nm is assigned to
ntra ligand (�–�*) transitions of bipyridine ligands. For both
u1 and Ru2, the MLCT band is red-shifted by 90 nm com-
ared to the typical MLCT band in the Ru(bpy)3

2+ (λmax at
50 nm) analogues. The red shift is resulted from the presence
f the NCS ligand. The MLCT transitions of the complexes Ru1
nd Ru2 involve the excitations from d-orbital (t2g, HOMO)
f ruthenium to �*-orbital of bipyridine ligand. When coor-
inated with Ru, SCN− will increase the energy level of the
-orbital [16b]. Therefore, the energy gap between the d-orbital
nd the �*-orbital (d�M → �L

*) decreases and the absorption
pectra of Ru1 and Ru2 show red-shifts in the MLCT transitions.
owever, the absorption spectra and the extinction coefficient

emain unchanged when ethoxycarbonyl groups are replaced by
yrosine ethyl ester groups.

.4. Steady-state emission spectra

The emission spectra of Ru1 and Ru2 in degassed acetonitrile
y excitation at 535 nm at room temperature are shown in Fig. 4.
luorescence quantum yields for Ru1 and Ru2 are 1.59 × 10−3

nd 1.66 × 10−3, respectively, which indicates that the excited
tate of ruthenium is not quenched by tyrosine ethyl ester.

.5. Electrochemical data

The redox properties of these complexes are studied by cyclic
oltammetry (CV) and differential pulse voltammetry (DPV).
he data are collected in Table 1. Half-wave potentials (E1/2) are

etermined by cyclic voltammetry as the average of anodic (Epa)
nd cathodic (Epc) peak potentials (E1/2 = (Epa + Epc)/2). For
he irreversible component, half-wave potentials are determined
rom DPV peak potentials. Typical cyclic voltammograms of

F
(

acid solution.
0) basic solution.

he complexes Ru1 and Ru2 in basic solution are displayed in
ig. 5.

To make an unambiguous assignment of the redox peaks for
oth Ru1 and Ru2, we studied complex Ru3 (Fig. 6). Three
otentials at −1.33 V (70 mV), −1.55 V (80 mV), −2.03 V can
e observed in Ru3. The peak at −2.03 V (in the CV of Ru3)
an be assigned to the reduction of ligand L and the peak at
2.36 V (in the CV of Ru1 and Ru2) should be assigned to the

eduction of ligand L′. As the similar Ru compound containing
OOH groups (instead of their ester, CO2CH2CH3) studied by
raetzel [22] did not display the peaks in the range of −1.1

o −1.6 V, we assign the peaks as the reduction of –COOEt of
igand L or L′.

The pH effect on the CV potentials of the tyrosines in Ru1
nd Ru2 is in good agreement with previous reports for tyrosine
ig. 4. The emission spectra of Ru1 (10 �M) (solid line) and Ru2 (10 �M)
dotted line) in deoxygenated acetonitrile at room temperature.
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ig. 5. The cyclic voltammograms of Ru1 (a), Ru2 (b), Ru1 partial CV in deox
n volume) with 0 or 6 equiv. of NaOH (d) (scan rate: 100 mV/s).

an also be observed for the complexes Ru1 and Ru2 (Table 1,
ig. 5). The potential shifts are due to the deprotonation of phe-
ol groups. Adding HCl (0.1 mol/L) to the acetonitrile solutions
f L′, Ru1 or Ru2, no obvious change can be detected in the oxi-
ation potential range. In the whole positive potential range, the
uasi-reversible couple at E1/2 0.63 V is assigned to the RuII/III

ouple, and the deprotonated tyrosine phenolic oxidation peak
otential is at Ep 0.3 V versus Ag/Ag+.

The oxidation potentials of Ru1 and Ru2 (0.63 V) are lower
han that of the free phenolic tyrosine (0.86–0.88 V) in neu-
ral solution [9], in which the thermodynamically unfavorable

lectron transfer from the free phenolic tyrosine to Ru(III) can-
ot occur spontaneously. But the deprotonated phenolic groups
n tyrosine show a much lower oxidation potential (0.3 V), the
otential difference between the RuII/III couple and the Tyrox/red

t

t
R

Fig. 6. DPV (in red) and the cyclic voltammogram of ligand Ru3 in deoxyg
ted 10% aq. NaOH–CH3CN (1:9 in volume) (c) and L′ in water–CH3CN (1:9

ouple is about 0.3 V for both Ru1 and Ru2, which makes the
lectron transfer process thermodynamically possible.

.6. Photoinduced electron transfer

The electron transfer from the tyrosine or deprotonated tyro-
ine to the oxidated RuIII is triggered by the “flash-quenched
ethod” [10–20]. About 10-fold excess of electron acceptor

methyl viologen) was added into a 1 × 10−4 mol/L complex
n acetonitrile solvent. Upon excitation of RuII complex by a
anosecond laser flash at 532 nm, it is rapidly (τ < 1 ns) oxidized

o Ru by the external electron acceptor.

Following the decay of the Ru(II) triplet MLCT state, the
ransient absorption spectra show mainly the bleaching of the
u(II) chromophore due to the formation of Ru(III) based on

enated acetonitrile (scan rate: 100 mV/s, scan scale: 0.8 V to −2.6 V).
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ig. 7. Transient absorbance traces for Ru1 after a 532 nm laser flash in dry
cetonitrile, showing the bleaching of the RuII at 480 nm (lower trance) and the
inetic decay of the MV+• radical at 610 nm (upper trance).

lectron transfer from the MLCT state to the electron acceptor
V2+. This can be monitored with the rapid appearance of the
V+• absorption around 610 nm.

RuII-TyrH](NCS)2 + MV2+ + hν → [∗RuII-TyrH](NCS)2

+ MV2+ → [RuIII-TyrH](NCS)2 + MV+•

↔ [RuII-TyrH](NCS)2 + MV2+ (1)

In principle, there are two possible ways for the photogener-
ted Ru(III) to return to the Ru(II) ground state: either by reverse
lectron transfer from the MV+• (charge recombination) (Eq.
1)) or by a second intramolecular electron transfer from the
inked tyrosine moiety. As the oxidation potential of tyrosine is
igher than that of ruthenium(II), tyrosine does not participate
n the electron transfer and does not compete with the charge
ecombination between the Ru(III) and the MV+• as shown in
ig. 7, the kinetic decay rate of MV+• is in the same level as that
f Ru(III).

When the tyrosine is deprotonated, the oxidation potential
f tyrosine becomes lower than that of Ru (II). In this case,
he bleaching signal decays completely within a shorter time

Fig. 8), which indicates that Ru(III) generated by electron
ransfer is quickly reduced by the electrons not only coming
rom MV+•, but also from another electron donor—tyrosine,
he intramolecular electron transfer successfully competes with

a
t
t
m

ig. 8. Transient absorbance traces for Ru1 after a 532 nm laser flash in basic solutio
inetic decay of the MV+• radical at 610 nm (right trance).
biology A: Chemistry 188 (2007) 317–324 323

he charge recombination.

[RuII-Tyr](NCS)2 + hν → [∗RuII-Tyr](NCS)2

[∗RuII-Tyr](NCS)2 + MV2+ → [RuIII-Tyr] + MV+•

[RuIII-Tyr](NCS)2+MV+•↔[RuII-Tyr•](NCS)2+MV+•
(2)

As shown in Fig. 8, the kinetic decay of Ru(III) is much
aster than that of the MV+•. Unfortunately, the kinetic decay
f intramolecular electron transfer is too fast to be well detected
n this nanosecond instrument (the minimum limit of detection
s 10 ns), which suggests that the time scale for intramolecular
lectron transfer is less than 10 ns. In other word, intramolecular
lectron transfer from tyrosine moiety to Ru(III) takes place
ith a rate constant of kf > 1 × 108 s−1 (τf < 10 ns). In Ru2, four

yrosine side chains are introduced, the process of photoinduced
lectron transfer is similar as that of Ru1 in the detectable time
cale.

As the absorption of tyrosyl radical (390–420 nm) aroused
y intramolecular electron transfer [21] overlaps with that of
he MV+•, it cannot be observed clearly in the experiments.

The photoinduced intramolecular electron transfer rate
kf > 1 × 108 s−1) for Ru1 or Ru2 is much faster than that of
he reported complex Ru(bpy)3

2+-tyr (kf = 5 × 104 s−1) [10], in
hich only one tyrosine ethyl ester side chain was covalently

inked to bipyridyl ring as electron donor. Therefore, it is a good
ay for introducing two or more tyrosine ethyl ester side chains

o the bipyridyl rings to mimic the tyrosine Z and tyrosine D in
hotosystem II to increase the intramolecular electron transfer
fficiency.

. Conclusion

Two new ruthenium complexes containing two or four tyro-
ine ethyl ester groups were synthesized and characterized as
lectron donor. Upon excitation at 532 nm, photoinduced elec-
ron transfer occurred from the MLCT state to the electron
cceptor MV2+, then the resulting Ru(III) was reduced by the
yrosine groups through intramolecular electron transfer with

rate constant of kf > 1 × 108 s−1 (τf < 10 ns). It demonstrates

hat introducing two or more tyrosine ethyl ester side chains to
he bipyridyl rings of the ruthenium bipyridyl complex is much

ore efficient to speed up the photoinduced electron transfer.

n, showing the rapid bleaching of the RuII at 480 nm (left trace) and the slow
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