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Abstract

The photoinduced intra-molecular electron transfer in three aniline-containing Ru(ll) polypyridine complexes, [Kbflypnam)]
(PFs)2 (2), Ru(dcbpy)(bpy-bmam)(NCg)3), and Ru(dcbpy)(bpy-mam)(NCSJ4) (bpy-bmam = 4,4-bis(N-methyl-anilinomethyl)-
2,2-bipyridine, bpy-mam=4-methyl-4-(N-methyl-anilinomethyl)-2,2bipyridine, dcbpy= 4,4-dicarboxyl-2,2-bipyridine, bpy =
2,2-bipyridine), was investigated using steady-state and time-resolved absorption and emission spectra, and photoinduced inter-molecular
electron transfer between [Ru(bpgdmbpy)](PFk)2 (1) (dmbpy= 4,4-dimethyl-2,2-bipyridine) and\,N-dimethylaniline was also studied
for comparison. While inter-molecular reductive quenchingfeemission by aniline was less efficient, nearly half emission was quenched
intra-molecularly in2. Upon photoinduced electron injection onto the conduction band of ffifn 3 or 4 anchored on the Ti@surface,
intra-molecular electron transfer from aniline moiety to Ru(lll) orbital occurred rapidly with rate constarsol8” and 26 x 10” s~ 1,
respectively, restricting the interfacial recombination of injected electrons with Ru(ll) and as a result improving the photoelectrochemical
behavior of3 or 4 when used in dye-sensitized nanocrystalline semiconductor solar cells.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to the cathode through the external load. One of the factors
limiting the photoelectric conversion efficiency of DSSC is
Dye-sensitized nanocrystalline semiconductor solar cells the interfacial recombination of injected electrons in FiO
(DSSC) based on Ru(ll) polypyridine complexes andzTiO conduction band with oxidized Ru(ll) polypyridine com-
have been investigated widely and intensively over the pastplexes. To restrict such recombination process, Bignozzi
decades due to their simple fabrication technique, low cost, and Argazzi[5] synthesized a novel Ru(ll) polypyridine
high photoelectric conversion efficiency and long term sta- complex, in which phenothiazine (PTZ), a well known
bility [1-4]. In DSSC Ru(ll) polypyridine complexes absorb electron donor, was appended onto a bipyridine ligand.
sunlight to reach excited state, from which they inject elec- The strategy underlying the design of this sensitizer was
trons onto the conduction band of nanocrystalline JT&Bd to vectorially translate the “hole” away from the interface
transform to oxidized state. The oxidized Ru(ll) polypyri- by intra-molecular electron transfer as showrbcheme 1
dine complexes are then reduced to the ground state by | Compared to PTZ-modified bipyridine, aniline-attaching

present in the electrolyte filled between the Fighotoan- bipyridine, in principle, can provide a wide range of redox
ode and Pt-loaded cathode, while the consumeddarby potentials and systematic variation in the driving force for
the photoanode is regenerated via the reductionzofdt electron transfer by changing substituents on the aniline

cathode by electrons injected from excited dyes, collected at[6]. We recently synthesized two new Ru(ll) polypyridine

the back contact of the photoanode, and finally transportedcomplexes, Ru (dcbpy)(LL)(NCg)where LL is 4,4-bis(N-
methyl-anilinomethyl)-2,2bipyridine (bpy-bmam) for3
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redistilled prior to use. Colloidal Ti@(anatase) paste with
particle diameter of 13nm was purchased from Solaronix,

hy SA, Switzerland. The fluorine-doped Sp€onductive glass
e e has a sheet resistance of Q@nd a transmission of 80%.
¥\ '/\ The preparation and characterization of complexasd
4 were reported previouslj7]. Complexesl and 2 were
synthesized following reference meth{®] and identified
TiO, by 1H NMR.
e [Ru(bpyk(dmbpy)](PRs)2 (1) 'H NMR (ds-acetone,
300 MHz)$é: 8.81 (d, 4H), 8.68 (s, 2H), 8.18 (t, 4H), 8.04 (t,
Scheme 1. 4H), 7.83 (d, 2H), 7.58 (m, 4H), 7.39 (d, 2H), 2.56 (s, 6H).

) ) o [Ru(bpy)(bpy-bmam)](PE)2 (2) *H NMR (ds-acetone,
of 4, which was ascribed to a more efficient intra-molecular 300 MHz) s: 8.78 (d, 2H), 8.76 (d, 2H), 8.64 (d, 2H), 8.19
electron transfer between aniline and Ru(ll) polypyridine (t, 2H), 8.16 (t, 2H), 7.98 (t, 4H), 7.83 (d, 2H), 7.55 (t, 2H),
chromophore occurred Bidue to the presence of two donor 7 53 (t, 2H), 7.35 (d, 2H), 7.16 (t, 4H), 6.70 (d, 4H), 6.67
groups[7]. In this paper, time-resolved spectrum techniques (t, 2H), 4.78 (s, 6H), 3.02(s, 4H).
were applied to study the intra-molecular electron transfer = p reported methofR] was used to prepare dye-sensitized
in 3 and4 immobilized on nanocrystalline TiD Moreover, TiO, electrodes. Briefly, colloidal Ti@paste was applied
two model complexes [Ru(bpy(dmbpy)](Pk)z (1) and  and then uniformly spread on conductive glass with a glass
[Ru(bpy)(bpy-bmam)](PE)2 (2) (bpy = 2,2-bipyridine, o4, After calcined at 456C for 30 min, it was put into
dmbpy = 4,4-dimethyl-2,2-bipyridine, seeScheme 2 an unhydrous ethanol solution of compléxor 4 (5 x
were also studied to give a clear picture on the inter- and g4 0| I-1) while it was hot (80C) and soaked for 8 h.
intra-molecular electron transfer between aniline and Ru(ll) Then it was washed with unhydrous ethanol to remove Ru

polypyridine chromophores. complex not adsorbed firmly on TiCand dried at ambient
temperature.

2. Experimental 2.2. Measurements and instrumentation

2.1. Materials 'H NMR spectra were taken on a Varian DPX-300

FT-NMR spectrometer. UV-Vis absorption spectra were

Acetonitrile of spectrophotometric grade (Aldrich) recorded with a SHIMADZU UV-1601PC spectrophotome-
and unhydrous methanol and ethanol of analytical gradeter. Steady-state fluorescence emission spectra were ob-
were used as receiveti,N-dimethylaniline (Aldrich) was tained on a Hitachi F-4500 fluorescence spectrophotometer.
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Scheme 2.
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Luminescence lifetime was measured on a Horiba NAES-
1100 spectrophotometer using single photon counting tech-
nique. Redox potentials were obtained on an EG & G Model
283 Potentiostat with cyclic voltammetry. Nanosecond flash
photolysis studies were made with the second harmonic of a
YAG laser (.ex = 532 nm, 8 mJ per pulse). A pulsed xenon

lamp was used as the probe source traveling in small angle
geometry relative to the excitation light. The transmitted

light passing through the sample was fractioned through a
multichromator and was detected by an OMA-IIl system.

The time resolved emission spectra were measured as fol-
lows: a regenerative amplifier Ti:sapphire laser (Tsunami,
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Spectra Physics) pumped by a mode-locked argon ion laser

(Beamlock, Spectra Physics) was used as a light source. Therig. 2.

Emission spectra of compléx(iex = 460 nm) in the presence of

wavelength of the system was tuned from 800 to 513 nm varied concentration of (0-0.64 moti) N,N-dimethylaniline in acetoni-

by OPA (OPA-800C, Spectra Physics) (FWHM 120fs,

1KHz, 0.5mJ). The resulting fluorescence was collected

trile.

into a multichromator (Hamamatsu C5094) and detected ynere|q and| are, respectively, the emission intensity of
with a streak camera (Hamamatsu C2909). The instrumentalihe |yminophore solution before and after the addition of

response time was about 30 ps.

3. Results and discussion

3.1. Photoinduced inter-molecular €electron transfer
between complex 1 and N,N-dimethylaniline

Fig. 1shows the UV-Vis absorption spectrum of complex
1, in which a typical metal-to-ligand charge transfer (MLCT)
transition in the visible region and bipyridine ligand-based
T — a* transition with maximum at 290 nm can be resolved
distinctly. Excitation upon MLCT band can produce a strong
luminescence originating froMLCT emission Fig. 2).
In the presence of,N-dimethylaniline the3MLCT emis-

quencher, Q] is the quencher’s concentratioky the bi-
molecular quenching constant, amnglis the luminescence
lifetime of the luminophore. Thusk is calculated to be
7.1 x 10®mol1~1s~1 from the slope (0.58 mott) by tak-

ing 1o 820 ns (measured with single photon counting
technique). However, the emission guenching was not very
efficient and only 28% was quenched at a relatively high
concentration (0.64 mott) of N,N-dimethylaniline.

The emission quenching can be ascribed to the reduc-
tion of excited complex by N,N-dimethylaniline, which is
thermodynamically favored by 0.18 eV, taking 0-0 transi-
tion energy of*MLCT to be 2.24eV (estimated from the
onset of SMLCT emission), oxidation potential oN,N-
dimethylaniline and reduction potential of compléxto
be 0.71 and-1.35V versus SCE, respectively (measured

sion was quenched and the quenching behavior followedWith cyclic voltammetry). The similar reductive quench-

Stern—Volmer equatiorEq. (1)andFig. 3 [9]:

1
£=1+quO[Q]

: ®
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Fig. 1. Absorption spectra of compleix(solid line) and2 (dashed line)
in methanol.

ing of MLCT emission was also observed in a related Ru
complex, [Ru(4,4(C(O)NEb)-bpy)(dmb-tol)F+, where
dmb-tol is 4-methyl-4(N-methylp-tolylaminomethyl)-
2,2-bipyridine [6].
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Fig. 3. Stern—Volmer plot of the luminescence quenching of comflex
by N,N-dimethylaniline.
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_ o o _ single photon counting technique. The same feature was

Fig. 4. Emission spectra of complexggsolid line) and2 (dashed line) observed in time-resolved emission spectra of comglex

in acetonitrile fex = 460 nm). L . . e
however, the emission decayed more rapid with a lifetime

of 336 ns. Thus, the non-radiative decay rate constay)t (

via reductive quenching process as illustrateaneme 3

has a value of B x 10°s1, assuming the same intrinsic

o radiative k) and nonradiativekg,) decay rate constants in
Complex2 has a UV-Vis spectrum very similar to com- 5 o« in1 (ke = 1.0 x 1P s L, kpr = 1.1 x 10Ps7).

plex 1 (Fig. 1), indicating a negligible interaction between
[Ru] moiety and aniline groups in the ground state. The lu-
minescence spectrum @fis also very similar to but much
lower in intensity than that of (Fig. 4). Given the lumines-
cence quantum vyields df and2 are 0.084 and 0.047, re-
spectively, the intra-molecular quenching efficiency is 44%,
much higher than the case of inter-molecular quenching
mentioned above, probably due to the vicinity of electron 4 .
donor and acceptor in space. behavior (sc (short-circuitcurreni = 10mA/cn?, Voc

Time-resolved emission spectra provide more evidence (open-circuitvoltage = _0'65V’ ff _(fillfa_ct_or) = 064,
on the intra-molecular reductive quenching occurred in @ndn (overall photoelectric conversion efficiency- 7.0%)
complex 2. Intensity-normalized time-resolved emission than 4 (Isc =0 9._5mA/cmZ, Voo = 0'_62\/: fi - 0‘_60_’
spectra for complex. at varied delay time upon pulsed 2and 7 = 5.9%) in DSSC under white light irradiation
excitation at 460nm are shown fig. 5 which are ex- (60 mWi/cnf), which was attributed to the more efficient

actly superimposable, indicating there is no change in thelntra-molecular eleCFr_on transfer 0ccurred3rdge to the
emitting species with time. The emission intensity de- presence of two aniline groups, though no direct spectro-

cayed mono-exponentially with a lifetime of 831ns, in SCOPIC evidence was provided at that tinfég. 6 shows
good agreement with the lifetime of 820 ns measured with

3.2. Photoinduced intra-molecular electron transfer in
complex 2

3.3. Photoinduced intra-molecular electron transfer in
complexes 3 and 4 adsorbed on TiO»

The photophysical and photoelectrochemical properties
of complexes3 and4 have been investigated in detail pre-
viously [7] and 3 exhibited better photoelectrochemical
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Fig. 5. Intensity normalized time-resolved emission spectra of confplex  Fig. 6. Transient absorption spectra following pulsed laser excitation
(Aexc = 460 nm) in ethanol:methanol solution (4:1) at room temperature (532nm) of complex3 adsorbed on Ti@ electrode immersed in neat
measured with the following delay/gate width settings: (a) P.3/300 ns; acetonitrile with delay as follows: (1) 200 ns; (2) 800 ns; (3) 1800ns; (4)
(b) 0.96p.s/100ns; (c) 1.44s/100ns. 3800ns; (5) 15500 ns.
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the transient absorption spectra of compBadsorbed on  electron-withdrawing carboxylic groups make dcbpy-based
TiO, electrode upon excitation at 532 nm. Lots of studies =* orbital the LUMO[6,18] and injected an electron from
on ultra-fast processes in dye-sensitized nanocrystallinedcbpy * orbital onto the conduction band of TiOThen
semiconductor electrodes have vindicated that electron in-the oxidized3 or 4 was reduced to the ground st&er 4
jection from excited Ru(ll) complexes to Tronduction by either aniline group intra-molecularly and rapidly or in-
band occurred in sub-ps—ps rangel0-13] much faster  jected electron interfacially and slowly. The intra-molecular
than other excited state processes such as radiative decaglectron transfer between [Ru(lll)] and aniline moieties
non-radiative decay, and intra- or inter-molecular electron moved the hole away from the TiCelectrode and there-
transfer with electron donors or acceptors. The compara-fore restricted interfacial recombination of injected elec-
ble photoelectrochemical properties 8fand 4 with the trons with [Ru(lll)] and improved the photoelectrochemical
well known Ru(dcbpy)(NCS) suggest that an ultra-fast properties.
electron injection still occurred i3 or 4-adsorbed TiQ.
Thus, the transient absorption spectra in the early stage
can be ascribed to the oxidize®l (Ru(lll)(dcbpy)(bpy- 4. Conclusion
bmam)(NCS)) exclusively, which has a very strong bleach-
ing band in 400—600 nm region due to the depletion of Steady-state and time-resolved absorption and emission
ground state3. The no observation of a positive absorp- spectrum measurement clearly disclosed the photoinduced
tion below 400 nm, a typical absorption $¥ILCT state of inter- and intra-molecular electron transfer between Ru(ll)
Ru(ll) polypyridine complexes originating from the bipyri- polypyridine complexes and aniline, which occurred more
dine ligand-based aniofil4,15] further confirmed that efficiently in intra-molecular case. When happened intra-
complex 3 had transformed to its oxidized state. On the molecularly in a Ru(ll) polypyridine complex adsorbed
other hand, the recombination of injected electrons with on TiO, surface, it can effectively compete the interfacial
oxidized Ru complexes proceed in microsecond region duerecombination of the injected electrons in pi@onduc-
to the poor coupling between Ru(lll)ndorbital and the tion band with oxidized Ru complexes. Such a process
conduction band and the too large driving force falling in can be utilized in the design of dye molecules to improve
the Marcus inverted regiofd]. However, the oxidized photoelectrochemical properties in their application in
decayed biexponentially (monitored at 508 nm) with a long DSSC.
lifetime of 1.65us (25%) and a very short lifetime of 29 ns
(75%). Considering the presence of aniline group8,ithe
fast decay may be ascribed to the recovery of ground stateAcknowledgements
3 by intra-molecular electron transfer with rate constant
of 3.4 x 10’s™1. This assumption was confirmed by the  This work was financially supported by the Ministry of
appearance of a new positive band centered at 470 nm aiScience and Technology of China (G2000028204).
delay time of 15.5us, which can be assigned as the absorp-
tion of aniline cation, similar to both dmb-tolspectrum
with Amax = 478nm ande = 4200M1cm=! at room References
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