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Emission quenching of [ Ru{bpy), (4, 4’-dcbpy) ] (PFs), (1)
by benzenamine,4-[ 2-[ 5-[ 4-[ 4-dimethylamino ] phenyl ]-4, 5-di-
hydro-1-phenyl-1 H-pyrazol-3-yi]-ethenyl - N, N-dimetyl (2) or
1, 5-diphenyl-3-( 2-phenothiazine )-2-pyrazoline (3) was ob-
served. Measurements of the emission decay of 1 before and af-
ter addition of 2 or 3 by single photon counting technique con-
firmed the observations. The emission quenching of 1 by 2 or 3
was submitted to Stern-Volmer equation. It was calculated that
the quenching rate constants (k,) are 5.5 x 10°(mol/L)'s™ for
2 and 4.0 x 10° (mol/L)!s™ for 3, respectively. These results
indicated a character of dynamic quenching process. The sin-
glet-state of 2 or 3 was also quenched by 1. The quenching be-
haviors did not conform to the Stern-Volmer equation and in-
volved both static and dynamic quenching processes. The ap-
parent quenching rate constant (k,y,) was calculated to be 3 x
10° (mol/L)? for the interaction of excited 2 with 1, and 1.2
x 10° (mol/L)™ for that of excited 3 with 1.
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Introduction

Since Gratzel et al. reported highly efficient solar
cells (70 = 10% ) based on a porous TiO, semiconductor
electrode sensitized by Ru complex,’ dye sensitization of
wide bandgap semiconductors has been investigated from
the standpoint of simple production of highly efficient solar
cells. Sensitizers such as Ru(II) complexes have been
employed to increase the charge carrier generation effi-
ciently and to broaden the photoaction spectrum. And
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nearly quantitative conversion of light into electric current
is demonstrated for photoelectrochemical cells with
nanocrystalline TiO;, electrodes coated with an appropriate
Ru(II) complex. The large conversion efficiency is ex-
plained by the efficient vectorial electron injection from the
photoexcited state of the dye into the conduction band of
semiconductor particles. This produces an interfacial
charge pair with the electron in TiO, and the hole localized
on the Ru center. Because light absorption is more clearly
separated from the charge carrier transport, the dye-sensi-
tized photoeletrochemical solar cells differ from the con-
ventional solar cells. In the case of sensitized cells, when
a dye molecule absorbs a photon, and the excited dye
molecule injects an electron into the conduction band of
the semiconductor, a photocurrent can be generated. But
in a regenerate solar cell, electron transfer from a redox
species in the solution must recycle the dye.

To provide sustainable energy sources for the future,
considerable efforts must be made to reproduce artificially
the light-induced charge separation reactions of solar
cells. [Ru(bpy),(4,4'-dcbpy) }2* and related complexes
were used widely in this area in view of their possible ap-
Such
molecules possess good qualities, such as photostability,

plication in solar energy conversion systems.

high extinction coefficients in the visible region, relatively
long-lived excited states, and ability to interact with semi-
conductor surfaces.?

In this paper, we report two new electron donor-ac-
ceptor systems of 1 and 2 or 3. In such systems, photoex-
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citation of ruthenium polypyridyl complexes such as 1 gen-
erated a singlet metal-to ligand charge-transfer state
(MLCT), which underwent a rapid, highly efficient in-
tersystem crossing ( @jc =~ 1) to a manifold of closely-
spaced triplet states (*MLCT), a relatively long-lived ex-
cited state (see Eq. 1):

[Re?* ]+ Av(500 nm)—>![Ru?* ]—3[Ru®** ] (1)

2 and 3 (Scheme 1) were selected as electron donors to

provide an electron to 3[Ru?* ] by formation of [Ru] *

- 2+
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Experimental
Materials

N, N-Dimethyl formamide (DMF) was purified by
distillation after being dried with MgSO, for 24 h. All oth-
er solvents and chemicals were of the purest quality and
used as purchased.

2,2’ -Bipyridine-4, 4’ -dicarboxylic acid was prepared
according to literature procedures.> Bis(2,2’-bipyridine)-
(2,2'-bipyridine-4 , 4’ -dicarboxylic acid) ruthenium (II)-
(PFs),, [Ru(bpy),(4,4’-dcbpy) ] (PFs),(1) was pre-
pared by the method reported in the literature.* Com-
pounds 2 and 3 were synthesized by the method described
in the literature . >
Millimolar solutions of the compounds were prepared

and [donor] ¥ and the emission of 1 was quenched corre-
spondingly as Scheme 1. Excited 2 or 3 can give electron
to the ground-state of 1 and the fluorescence of 2 or 3 was
quenched. Due to their high melting point, 2 or 3 may
serve as organic hole-transport material in solid-state solar
cells, in which they can prevent crystallization of the or-
ganic material. These materials could act as charge propa-
gating medium in dye sensitized solid state solar cells and
provide much prospect for overcoming the disadvantages of
liquid-junction cells.

"N O
N—@—CH= cH— CH,
H3C/ N—N

in 0.1 mol/L acetonitrile solutions of tetra-n-butylammo-
nium tetrafluoroborate in cyclic voltammetry measure-
ments. The acetonitrile was freshly distilled over P;Os.
The solutions were deaerated by purging with N, over 25
min.

Apparatus

Absorption spectra were taken with Hitachi U-2001
spectrophotometer and steady-state emission spectra were
recorded on Perkin-Elmer Ls-05 fluorimeter equipped with
a computer for data acquisition, storage, and manipula-
tion. The emission lifetimes were measured at room tem-
perature with the single photon counting technique on a
Horiba NAES-1100 time-resolved emission spectropho-
tometer. Lifetime analysis was made with the deconvolu-
tion program. Cyclic voltammeiry measurements were
made with HPD-IA equipment. All voltammograms were
recorded under nitrogen atmosphere with a Pt microcylin-
der working electrode, a Pt wire auxiliary electrode, and a
standard calomel reference electrode. Cyclic voltammetry
of the ferrocence/ferrocenium redox couple was performed
after each experiment to calibrate the peseudo-reference

electrode.
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Results and discussion

Electrochemistry and thermodynamic discussion

Redox potentials for the compounds in CH;CN are
obtained by cyclic voltammetry. The results are listed in
Table 1. The oxidation of 1 corresponds to removal of an
electron from d orbital of Ru(II) to give Ru(III). The re-
duction of 1 corresponds to reduction of the 4, 4’-dcbpy
ligand in the mixed [ Ru(bpy),L]%* .

The free energy changes (AG) for the primary pho-
toinduced electron transfer process could be calculated us-
ing Rehm-Weller equation:’

AG = En(D) ~ Ey(A) - Egp - C (2)

where E, (D) is the oxidation potential of donor, E g
(A) is the reduction potential of acceptor, Eq g is the ex-
cited state energy of the excited compound, C is the

columbic energy of D¥ A~ , which can usually be regard-
ed as 0.06 eV or 5.8 kJ/mol in polar solvents.®

Table 1 shows that MLCT excited energy of 1 is lower
than the singlet energies of 2 or 3, AE <0. So when 1 is
excited, there will be no energy transfer between 1 and 2
or 3. The free energy changes (AG) of forward electron
transfer for the two systems are —0.463 eV and - 0.312
eV, respectively, indicating that the electron transfer pro-
cess in the above two systems is feasible. When 2 or 3 is
excited, the electron transfer processes can occur sponta-

Absorbance

A (hm)

0
300 00 300 600

neously from 2 or 3 to 1, with AG= -1.16 ¢V and AG
= — 0.87 eV, respectively. Furthermore, the energy
transfer may also due to overlap between the absorption
spectrum 1 and the fluorescence spectrum of 2 or 3.

Table 1 Excitation energy values and cyclic voltammetry data for
model compounds in CH3CN®

Compound %E;  (eV) B, (V) Eoa(V)
1 2.255 (550 nm)  1.266 -1.50
2 2.953 (420 nm)  0.352 0.526 0.874
3 2.818 (440 nm)  0.503 0.763

® All potentials for 10 mol/L. compounds with 0.1 mol/L tetra-n-
butylammonium tetrafluoroborate as supporting electrolyte. Volt ws.
SCE, error in potentials was +0.002 V, T=25+ 1°C, scan rate
=100 mV/S. * The values of Ey,; were obtained from the absorp-
tion spectra at 298 K. It should be noted that E; ¢ can not be rigor-
ously determined, because of the approximations required in the
spectral modeling of the lower frequency modes and the lack of spec-
tral resolution. ¢ Mean of cathodic and anodic half-wave potential
values.

Absorption spectra

Fig. 1la shows the absorption spectra of 1, 2 and of
the mixture of 1 and 2 (curve 3) in acetone solution. It
can be seen that curve 3 is nearly identical to the sum of 1
(curve 1) and 2 (curve 2) in strength and shape. The
similar phenomenon of absorption spectra was also ob-
served in the case of 1 and 3 system. It is obvious that
there is no interaction of 1 with 2 or 3 in the ground state.

Absorbance

0 B
300 400 500 600

Fig. 1 (a) Absorption spectra of 1 (1 x 107 mol/L) (curve 1), 2 (2 x 10% mol/L) (curve 2), the mixture of (1:1.5) 1 and 2 (curve
3) in acetone solutions; (b) Absorption spectra of 1 (1 x 10° mol/L) (curve 1), 3 (2 x 10° mol/L) (curve 4), the mixture of

(1:1) 1 and 3 (curve 5) in acetone solutions.
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Emission quenching of 1 by 2 or 3

A series of 1 and 2 mixtures in acetone solution were
prepared. The concentration of 1 is 2.7 X 10* mol/L,
that of 2 is in the range of O to 1 x 10 mol/L. The exci-
tation wavelength is 500 nm, where 2 has no absorption.
Upon excitation of 1, an emission spectrum appears in the
region of 550 to 750 nm, which comes from the excited
MLCT(®MLCT) . Upon addition of different concentrations
of 2, the emission intensity of 1 is quenched markedly as
shown in Fig. 2a. 80% of its original emission intensity
is diminished at 1 x 10° mol/L of 2. The emission peaks
are almost not shifted. The quenching mechanism involves
photoinduced electron transfer process between the *MLCT
of 1 to the ground state of 2 as Eq.3 and Scheme 2.

[R**]* +[2)——[2]" +[Ru*] (3)
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Fig. 2 (a) Emission spectra of 1 (2.7 x 10* mol/L) in ace-
tone solution with various concentrations of 2: (1) 0,
(2) 5x10° mol/L, (3) 1x 10* mol/L, (4) 2.5x
10* moV/L, (5) 4 x 10* mol/L, (6) 5.5 x 10*
mol/L, (7) 7x 10™ mol/L, (8) 8.5 x 10* mol/L,
(9) 1 x 107 mol/L (Xx = 500 nm); (b) Stem-
Volmer curve (Iy/1 vs. [Q]) .

Table 2 single-exponential-fit parameters for observed emission
decay of 1 in the absence and presence of 2 or 3 ( A, =

500 nm; Ay, =640 nm) and values of calculated K,

solutions 7 (ns) )(_Z(Chi square) Calculated k&,
1(2.7x10* mol/L) 734 1.39 —
1in2 (1x10° mol/L) 144 1.41 5.5% 10°
1in3 (1x10° mol/L) 185 1.18 4.0x10°

Fig. 2b shows that the emission quenching follows
Stern-Volmer equation.®*'* Io/I shows linear dependence
on the concentrations of 2. The slope of the straight line
affords k79 =3.9 x 10° (mol/L)™" by linear fit, the lin-
ear relative coefficient ( R) is 0. 99505, showing good

linear relation.

Scheme 2 Simplified view of a model for electron transfer to an ex-
cited acceptor

h —
—H—/l_'t"'— i H
D(2 or 3) A*(1) D+ A

The emission quenching of 1 is also confirmed by
measurements of the time-resolved intensity of its emission
as shown in Table 2, which exhibits the decay results of 1
at 640 nm in the absence and presence of 2 or 3. Table 2
contains pertinent fitting parameters, from which short-
ened decay times of 1 after addition of 2 or 3 are ob-
served. As the value of 79/t equals to that of I,/ within
the experimental error for excited 1 by addition of 2, the
emission quenching from 2 to excited 1 is a dynamic
quenching character. According to Stern-Volmer equation
(Eq. 4)

o/t = 1 + ky1oCy (4)

where kg is bimolecular constant of quenching rate, 7o
and t are luminescence lifetimes in the absence and pres-
ence of a quencher respectively, C, is the quencher con-
centration. Since 5 = 734 ns, so the observed rate con-
stant is calculated to be kq"b’3 =5.5x 10° (mol/L)'s!
for 2 as an electron donor.

Similar emission quenching experiment of 1 by 3 was
also carried out as shown in Fig. 3a. The kq"b“ is derived
as 4.0 x 10° (mol/L)'s? as shown in Table 2, R is
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given to be 0.99666. And the quenching character is also
a dynamic process by comparing the value of ©/7y with
that of 1/1,.

The efficiency of electron transfer Py can be calcu-
lated using Eq. 5:

(sz 1—‘[‘/'['0 (5)

which gives the value of 0.8 for ground state 2 and the
excited state Ru complex, that of 0.75 for excited 1 and
the ground state 3. So the quenching ability of 2 is slight-
ly larger than 3 in the same condition, which can also be
verified by comparing the first oxidation potentials of 2
and 3. The lower the oxidation potential, the larger the
quenching ability.
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Fig. 3 (a)Emission spectra of 1 (2.7 x 10* mol/L ) in
acetone with various concentrations of 3: (1) 0,
(2) 2.5x10° mol/L, (3) 5x10° mol/L, (4)
1.25x 10* mol/L, (5) 2 x 16* mol/L, (6) 2.75
x 10# mol/L, (7)3.5x 10* mol/L, (8) 4.25 x
10* mol/L, (9) 5 x 10* mol/L (A, = 500nm);
(b) Stern-Volmer curve (Io/I vs. [Q]).

Fluorescence quenching of 2 or 3 by 1

When 2 is excited at 360 nm, it emits in the region
of 420 to 600 nm with a maximum emission peak at 458

nm as shown in Fig. 4a. With the addition of 1, the fluo-
rescence intensity of 2 is obviously decreased. 4.4 x 10”
mol/L of 1 quenches 80% of the original intensity of 2.
And the fluorescence peaks show gradually red-shifts to
about 510 nm. Fig. 4b shows the Stern-Volmer plot for
the fluorescence quenching of 2 with different concentra-
tions of 1. Increasing concentrations enhances the fluores-
cence quenching. The emission quenching data do not
conform the Stern-Volmer equation. /y/ I exhibits nonlin-
ear dependence on the concentrations of 1. This implies
that the fluorescence quenching of 2 by 1 involves both
dynamic and static mechanisms. The apparent quenching
rate constant Ky, is 3 X 10° (mol/L) ! by calculation.
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Fig. 4 (a) Fluorescence spectra of 2 (1 x 10 mol/L) by
addition of various concentrations of 1. A, = 380
nm): (1) 0, (2) 1.26 x 10° mol/L, (3)1.89 x
10° mol/L, (4) 2.52 x 10° mol/L, (5) 3.14 x
10° mol/L, (6)3.78 x 10° mol/L, (7) 4.40 x
10° mol/L; (b) Stem-Volmer curve ( I/ vs.
(eh.

Similar experimental phenomenon is observed that 1
could quench the fluorescence of 3, the apparent quench-
ing rate constant kg, is calculated to be 1.2 x 10° (mol/
L)!. This shows that the donor (2 or 3) can give an ex-
cited electron to acceptor (1) (Scheme 3). As Ep> E,,
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and the fluorescence band of the donor (2 or 3) overlaps
the absorption band of acceptor (1), the energy can be
partly transferred to 1 from excited 2 or 3.

Scheme 3  Electron transfer and energy transfer from an excited

donor
_ N\ _ _
—_— -
hv
= —H— —_—t  —it— —H— ——
D*(2or3) A1) Dt Iy D A*

Controllable experiment was carried out to verify the
possibility of energy transfer. When 4.5 x 10 mol/L of 1
was excited at 360 nm, there are two emission bands be-
tween 420 nm and 700 nm, with two maximum peaks
(ca. 510 nm assigned to w — " and 640 nm attributed
to *MLCT as shown in Fig. 5), the emission intensity of
SMLCT is very weak. Because there are no emission
around 640 nm by addition of 1, and the emission peaks
of 2 are shifted to ca. 510 nm gradually, the excited
state of 2 can transfer its part energy to 1, thus leading to
7 —> 7" transition as shown in Fig. 4a.

192.24

Intensity

420 500 600 700
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Fig. 5 Emission spectrum of [Ru(bpy)2(4,4’-dcbpy)]-
(PFs); (1, 5% 10° mol/L) in acetone solution
(Aex = 360 nm) .

The excited Ru complex and the singlet state of 2
differ in energy by 0.7 eV, so that the energy transfer
from singlet state of 2 to Ru complex is thermodynamically

favorable. But it is obvious that the contribution of the
electron transfer is more than that of energy transfer. The
energy of the excited 2 consumes mainly through the way
of the electron transfer to 1, while the energy transfer is
the minor way.

The above experimental results indicate that 2 and 3
may act as solid hole conducting materials in ruthenium
complex of dye-sensitized solid solar cells.

Conclusion

The interactions of 1 with 2 or 3 in acetone solution
are investigated. The emission quenching is also carried
out by time-resolved emission decay of 1 before and after
addition of 2 or 3. The quenching process involves an
electron transfer mechanism, in which 2 or 3 acts as elec-
tron donor. The measured quenching rate constants are
5.5%10° (mol/L)" and 4.0x 10° (mol/L)™" of 1 by 2
or 3, respectively. The quenching processes for excited 2
or 3 by 1 involve both electron transfer and energy transfer
processes with apparent quenching rate constant of 3 x 10°
(mol/L) ' and 1.2 x 10° (mol/L)!, respectively. These
studies may provide a novel idea for the study of solid so-
lar cells with these electron donors as hole transport mate-

rals.
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