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A heteroleptic ruthenium(II) complex of [Ru(Hecip)(Hdcbpy)
(NCS)2]–·[N(C4H9)4]+ (where Hecip = 2-(9-ethyl-9H-carbazol-
3-yl)-1H-imidazo[4,5-f][1,10]phenanthroline and Hdcbpy =
monodeprotonated 2,2�-bipyridyl-4,4�-dicarboxylic acid) has
been synthesized and characterized by elementary analysis,
cyclic voltammetry, MALDI-TOF mass spectrometry, and 1H
NMR, IR, UV/Vis absorption, and emission spectroscopy. The
ground- and excited-state acid–base properties of the com-
plex have been studied by means of UV/Vis absorption spec-
trophotometric and spectrofluorimetric titrations in a Britton–
Robinson/DMF (v/v, 4:1) buffer solution. The complex was
found to act as pH-induced off-on-off/on-off-on-off-type

Introduction

Dye-sensitized solar cells (DSSCs) based on mesoporous
nanocrystalline TiO2 films have attracted significant atten-
tion during the past decade in the conversion of sunlight to
electricity because of their low cost and high efficiency.[1] In
general, the DSSCs consist of a nanocrystalline metal oxide
semiconductor film, dye sensitizer, redox electrolyte, and
counter electrode. Among these parts, it has been acknowl-
edged that the dye sensitizer is one of the key components
for high power conversion efficiency. Therefore, many ef-
forts have focused on the design and synthesis of the novel
dyes, including RuII,[2] OsIII,[3] FeII [4] complexes, metal-free
organic dyes,[5] and metalloporphyrins,[6] etc. Among them,
the RuII complexes have been most intensively pursued as
efficient sensitizers because they have an intense metal-to-
ligand charge-transfer (MLCT) transition in the visible re-
gion, suitable ground- and excited-state redox properties,
and good stability in the oxidized and reduced forms. The
paradigms include Ru(H2dcbpy)2(NCS)2 (H2dcbpy = 2,2�-
bipyridyl-4,4�-dicarboxylic acid) referred to as N3, a popu-
lar charge-transfer sensitizer in dye-sensitized solar cells,[7,8]

and tris(thiocyanato)-2,2�,2��-terpyridyl-4,4�,4��-tricarb-
oxylate ruthenium(II) complex (black dye) with visible ab-
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emission switch, when excited at 530/470 nm, with a proton-
ation/deprotonation reaction taking place near the physio-
logical pH range. The performance of the complex-sensitized
TiO2 nanocrystalline solar cell with 0.05 M I2 and 0.5 M LiI in
50% acetonitrile and 50% propylene carbonate (PC) as the
electrolyte solution and a platinum film as the counter elec-
trode has also been studied, and was compared to that of the
cis-[Ru(H2dcbpy)2(NCS)2] (N3)-sensitized solar cell under
the same experimental conditions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

sorption extending into the near-IR region up to 920 nm,
producing an overall efficiency of 10.4%.[2a] In recent years
many groups have designed and synthesized the heteroleptic
ruthenium complexes of the type Ru(H2dcbpy)(L�)(NCS)2

by means of changing the ancillary ligand (L�).[9] The car-
boxyl groups on H2dcbpy in the complexes are responsible
for the dye adsorption onto the semiconductor surface. The
ancillary ligand L� is not directly attached onto the semi-
conductor but can be used for tuning the overall properties
of the complex. The function of the thiocyanato ligands is
to tune the metal t2g orbitals of ruthenium(II) and possibly
to stabilize the hole that is being generated on the metal
after having injected an electron into the conduction band
of the metal oxide semiconductor.

Because of its excellent hole-transporting and donor
properties, the carbazole group has attracted much interest
in photoconductive,[10] photorefractive,[11] second-order
nonlinear optical,[12a] solar energy conversion,[12b] and elec-
troluminescent materials.[12c,12d,13a,b,e] However, carbazole-
containing coordination compounds have been much less
studied.[12c,12d,13,14] Our group has successfully incorpo-
rated carbazole into the RuII complexes for DNA binding
and pH-induced emission switching/sensing studies,[13c,13d]

and into EuIII[13a,13b] and ReI[13e] complexes for electrolumi-
nescent devices. Among the RuII complex-based photosen-
sitizers developed for dye-sensitized solar cells, the incorpo-
ration of hole-conductors, such as triphenylamine and
phenothiazine into the RuII complexes aimed at retarding
interfacial charge-recombination dynamics and achieving
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effective photoinduced charge separation, has received
much interest,[9a,15a,15b] and significant contributions have
been made by Meyer and coworkers,[15a] Durrant and co-
workers,[9a] and Thelakkat and coworkers.[15b] To our sur-
prise, however, the incorporation of the carbazole group,
with similar functionalities to triphenylamine and phenothi-
azine, into the RuII complex-based solar cell dye sensitizers
has received little attention,[15c,15d] prompting us to inte-
grate the carbazole group into the RuII complex for
DSSCs.[15c] On the other hand, the imidazole-containing li-
gands are poor π acceptors and good π donors, and also
have the ability to control orbital energies, so electron- and
energy-transfer processes by proton transfer[16] may pro-
duce interesting proton induced on-off emission switches
for the complexes where the imidazole rings are coordinated
or uncoordinated to the central metal ions.[16] Therefore,
the imidazole group was also used to tune the ground- and
excited-state properties of the RuII complex in this work.

In this study we report on a novel difunctional ruthe-
nium complex [Ru(Hecip)(Hdcbpy)(NCS)2]–·[N(C4H9)4]+

(where Hecip = 2-(9-ethyl-9H-carbazol-3-yl)-1H-imid-
azo[4,5-f][1,10]phenanthroline and Hdcbpy = monodepro-
tonated 2,2�-bipyridyl-4,4�-dicarboxylic acid) in which an
ancillary ligand of Hecip contains not only the N-ethyl car-
bazole moiety but also uncoordinated imidazole rings. In a
very recent note,[15c] we have reported four-step successive
protonation/deprotonation processes of [Ru(Hecip)-
(Hdcbpy)(NCS)2]–·[N(C4H9)4]+ in a Britton–Robinson
buffer; however, one of the protonation/deprotonation pro-
cesses that occurs over a very acidic pH region failed to
fully resolve because of a solubility problem. In this paper,
we extend the studies to the acid–base properties of
[Ru(Hecip)(Hdcbpy)(NCS)2]–·[N(C4H9)4]+ in a Britton–
Robinson/DMF (v/v, 4:1) buffer solution, and to the appli-
cation of this complex in DSSCs. We have observed five
separate proton dissociations in the ground state, one of
which occurs near the physiological pH region. One of the
two observable excited-state protonation/deprotonation
processes also occurs near the physiological pH region with
emission off-on switching. This RuII complex-based DSSC
was found to exhibit a higher open-circuit photovoltage al-
beit other somewhat poorer device parameters compared to
those of the N3 dye under the same experimental condi-
tions. Here we would like to report these interesting obser-
vations.

Results and Discussion

Synthesis

The structure of the target complex [Ru(Hecip)-
(Hdcbpy)(NCS)2]–·[N(C4H9)4]+ is shown in Scheme 1. The
synthetic strategy adopted for the preparation of the com-
plex is outlined in Scheme S1.[15c] The synthetic method was
reported in our previous note,[15c] and is similar to a litera-
ture method,[9a,17] but we omitted the procedure of separat-
ing the intermediate [Ru(Hecip)(H2dcbpy)Cl2]. The final
product [Ru(Hecip)(Hdcbpy)(NCS)2]–·[N(C4H9)4]+·CH3OH·
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3H2O, which is abbreviated as Ru(Hecip) hereafter for sim-
plicity, was fully characterized by UV/Vis and emission
spectroscopy, which will be addressed below, 1H NMR
spectroscopy, elemental analysis, and matrix assisted laser
desorption ionization and time-of-flight (MALDI-TOF)
mass spectrometry. The 1H NMR spectrum of Ru(Hecip)
and the assignments of the proton resonance signals are
shown in Figure S1.

Scheme 1. The structure of Ru(Hecip).

Electronic Absorption Spectra

The electronic absorption spectra of Hecip, Ru(Hecip),
and N3 in ethanol are compared in Figure 1. The data are
summarized in Table 1. The absorption spectrum of
Ru(Hecip) shows four bands centered at ca. 530, ca. 342
(shoulder), ca. 310 (shoulder), and ca. 300 nm. By compar-
ing the spectrum with those for Hecip and dcbpy2–, the two
bands at 342 and 300 nm are assigned to a π–π* transition
localized on Hecip. A shoulder at ca. 310 nm is attributed
to a π–π* transition localized on Hdcbpy. The broad ab-
sorption band at 530 nm is assigned to the MLCT (metal-
to-ligand charge-transfer) transition, as for other heterolep-
tic ruthenium complexes,[18,19] and is blue shifted by 9 nm
compared to a peak at 539 nm for the homoleptic complex
N3.[20a] The blue shift is probably as a result of the higher
lying LUMO energy of Hecip than that of H2dcbpy. It is
noteworthy from Figure 1 that Ru(Hecip) has greater molar
extinction coefficients, except for slightly lower ones over
the spectral region of 530–700 nm, compared to N3.

Figure 1. UV/Vis absorption spectra of Ru(Hecip) (a), Hecip (b),
N3 (c), and dcbpy2– (d) in ethanol solutions with concentrations of
ca. 1.5�10–5 .
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Table 1. Electronic absorption, photophysical, and electrochemical data.[a]

Compound Absorption maxima [nm][b] (ε /104 –1cm–1) Emission, λmax /nm (Φ) E1/2
Ox /V E1/2

Red /V

π � π*(Hecip) π � π*(Hidcbpy) dπ � π*(MLCT) RuIII/II Hecip [Hidcbpy]
(i = 0 or 1 or 2) (i = 1 or 2)

Hecip 291 (5.24), 330 (3.71) 472 (0.019) –2.32
Na2dcbpy 294 (1.12)
Ru(Hecip) 300 (9.01), 342 (4.14) 309 (8.13) 530 (1.52) 780 (0.0009) 0.76 –2.18 –1.74[c]

N3[20a,29] 314 (4.82) 398 (1.40), 539 (1.42) 797 (0.0004) 0.85 –1.95

[a] The electrochemical data were reported vs. SCE. [b] The data were measured in ethanol. [c] An anodic peak potential.

The visible absorption spectra for Ru(Hecip) adsorbed
on the TiO2 substrate, and for Ru(Hecip) dissolved in etha-
nol, which have been normalized at their maximum peaks,
are compared in Figure S2. The maximum absorption peak
positions are strongly affected by the adsorption, blue shift-
ing to 503 nm from 525 nm when the complex is attached
to the TiO2 surface. The blue shift of 22 nm is much more
evident than a slight blue shift reported for N3,[20b] indicat-
ing a strong electron coupling between Ru(Hecip) and the
TiO2. The blue shifts can be explained by (i) the decrease
in the electronic charge on the dye by the electron acceptor
character of the TiO2, and (ii) the stabilization of the
HOMO level of the dye caused by electronic delocalization
through the titanates at the TiO2-dye interface.[20c]

Acid–Base Equilibria in the Ground and Excited States

UV/Vis Spectra and the Ground-State pKa

To further investigate the protonation/deprotonation
processes of Ru(Hecip) over a pH range of �2.0,[15c] 20%
DMF was added to a Britton–Robinson buffer in order to
enhance the solubility of Ru(Hecip) over this pH range. The
changes in the UV/Vis spectra of the complex in a Britton–
Robinson/DMF (v/v, 4:1) buffer solution as a function of
pH (0.22–13.0) are shown in Figure 2. It is clear from Fig-
ure 2 that the complex underwent five successive deproton-
ation processes upon raising the pH from 0.22 to 13.00. As
shown in Figure 2 (a), an increase in pH from 0.22 to 2.03
leads to an obvious increase in absorption intensities for the
band at 314 nm along with a 6-nm blue shift, and an evi-
dent decrease in the intensities of the shoulder at 375 nm.
The first step deprotonation is assigned to the dissociation
of one proton on the carboxyl group of the H2dcbpy moi-
ety. A further increase in pH from 2.13 to 3.20 results in
the second-step spectral changes where the absorption in-
tensities for the shoulder at 350 nm are a little increased,
and the intensities for the band at 307 nm are decreased.
The spectral changes observed above are assigned to the
dissociation of the proton on the carboxyl group of the
Hdcbpy moiety. The next deprotonation step took place
over a pH of 3.00–5.00, and is assignable to the dissociation
of the one proton on the protonated imidazole ring, re-
sulting in significantly increased absorption intensities of
the bands at 300 and 345 nm, and a decrease in the MLCT
band at 535 nm with a 25-nm blue shift. Upon further in-
creasing the pH from 5.00 to 7.20 the deprotonation pro-
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cess, which deals with the proton dissociation of the proton-
ated N-ethyl carbazole moiety, occurred accompanied by
the following spectral features: the intensities of the bands
at 300 and 345 nm increased with the absorption intensities.
As the pH increased from 8.00 to 13.00 the deprotonation
of the neutral imidazole ring occurred and was charac-
terized by evident increases in the intensities of the bands
at 300 and 342 nm. The acidity ionization constants of
Ru(Hecip) could be derived based on the spectral changes
discussed above. By nonlinear sigmoidal fits of the data in
the insets of Figure 2, the other five ground-state acidity

Figure 2. The changes in UV/Vis spectra of the complex Ru(Hecip)
in a Britton–Robinson/DMF (v/v, 4:1) buffer solution upon raising
the pH: pH = 0.22–2.00 (a), pH = 2.12–3.00 (b), pH = 3.00–5.00
(c), pH = 5.00–7.00 (d), and pH = 8.00–13.00 (e). The insets show
the plots of absorbances at 300 nm versus pH.
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ionization constants of pKa1 = 0.79�0.07, pKa2 =
2.44�0.02, pKa3 = 4.29�0.03, pKa4 = 6.02�0.06, and
pKa5 = 10.63�0.05 were obtained. A comparison of the
pKa values for Ru(Hecip) with those for H2dcbpy-contain-
ing or analogue Hecip RuII complexes are listed in Table 2.
The pKa1 value, which is observable in a Britton–Robinson/
DMF buffer in the current study, was unobservable in our
previous study in a Britton–Robinson aqueous buffer.[15c]

The other four pKa values are similar to those we previously
reported in the Britton–Robinson aqueous buffer.[15c] As
addressed above, we have observed two-step proton dissoci-
ation processes of the carboxyl acids on Ru(Hecip) with

Table 2. The comparison of ground- and excited-state acidity ionization constants for Ru(Hecip) with those reported for representative
related RuII complexes.[a]

Complexes pKai pKai* Ref.

[Ru(H2dcbpy)(bpy)2]2+ �0.5, 2.7 3.4, 4.5 [21]

[Ru(H2dcbpy)(bpy)2]2+ 1.75, 2.85 4.25 [22]

[Ru(dcbpy)(dmbip)(H2O)] 1.4, 2.2, 11.4 [23]

[Ru(H2dcbpy)(dmbip)(CN)] 2.5, 4.5 [23]

[(bpy)2Ru(ebipcH2)Ru(bpy)2]4+ 4.16, 5.17, 9.65, 12.09 4.54, 5.07, 9.76, 12.09 [13c]

Ru(Hecip) �2.00, 2.67, 4.61, 5.82, 11.58[b] –, –, –, 7.83, 11.19 [15c] [b]

Ru(Hecip) 0.79, 2.44, 4.29, 6.02, 10.63[c] –, –, –, 8.09, 9.47 this work[c]

[a] H2dcbpy = 2,2�-bipyridyl-4,4�-dicarboxylic acid; dmbip = 2,6-bis(1-methylbenzimidazol-2-yl)pyridine; ebipcH2 = N-ethyl-4,7-bis([1,10]-
phenanthroline[5,6-f]imidazol-2-yl)carbazole. [b] Measured in a Britton–Robinson buffer. [c] Britton–Robinson/DMF (v/v, 4:1).

Scheme 2. The ground-state acid–base reactions of Ru(Hecip) in a Britton–Robinson/DMF (v/v, 4:1) buffer solution.
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pKa1 = 0.79 and pKa2 = 2.44. These two pKa values are
similar to the values of pKa1 � 0.5 and pKa2 = 2.65 ob-
served for [Ru(bpy)2(H2dcbpy)]2+ by Shimidzu et al.,[21] and
pKa1 = 1.75 and pKa2 = 2.85 derived for the same complex
by Nazeeruddin and Kalyanasundaram,[22] as well as pKa1

= 1.4 and pKa2 = 2.2 reported by Nazeeruddin et al. for the
proton dissociation of two carboxyl groups of H2dcbpy on
[Ru(dmbip)(dcbpy)(H2O)] [dmbip = 2,6-bis(1-methylbenz-
imidazol-2-yl)pyridine].[23] The pKa3 = 4.29 value, observed
for the proton dissociation of the protonated imidazole
moiety of Hecip on the complex, is 0.13 pH units higher
than a pKa value of 4.16 reported for a similar proton disso-
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ciation of H2ebipc on [(bpy)2Ru(H2ebipc)Ru(bpy)2]4+

{H2ebipc = N-ethyl-4,7-bis([1,10]-phenanthroline[5,6-f]-
imidazol-2-yl)carbazole}.[13c] A pKa4 = 6.02 value, derived
for the proton dissociation of the protonated N-ethyl carb-
azole moiety of Hecip on the complex, is consistent with
H2ebipc on [(bpy)2Ru(H2ebipc)Ru(bpy)2]4+.[13c] A pKa5 =
10.63 value, derived for the proton dissociation of the neu-
tral imidazole ring of Hecip on the complex, is 1.46 pKa

units less than the corresponding proton dissociation of
H2ebipc on [(bpy)2Ru(H2ebipc)Ru(bpy)2]4+.[13c] It is note-
worthy that the protonation/deprotonation reaction for the
N-ethyl carbazole group on the complex occurs near the
physiological pH region (pH 5.0–7.0), giving interesting
hints for applications of the complex in bioinorganic chem-
istry and medicine. Our laboratory is currently exploring
these possibilities. On the basis of the above analyses, we
have summarized protonation/deprotonation processes in a
Britton–Robinson/DMF (v/v, 4:1) buffer of Ru(Hecip) in
Scheme 2.

Emission Spectra and the Excited-State pKa*

Spectrofluorimetric pH titrations were also carried out
in a Britton–Robinson/DMF (v/v, 4:1) buffer at 298 K. The
emission spectral changes of Ru(Hecip) as a function of pH
in the buffer and at an excitation of λex = 530 nm are shown
in Figure 3, and the changes in emission quantum yields
versus pH are displayed in the insets. The emission quan-
tum yields were calculated by comparison with [Ru-
(bpy)3]2+ (φ = 0.033)[24] in an aerated aqueous solution at
room temperature using Equation (1)

φ = φstd(Astd/A)(I/Istd) (1)

where φ and φstd are the quantum yields of the unknown
and standard samples; A and Astd are the absorbances at
the excitation wavelength; I and Istd are the integrated emis-
sion intensities.

The increases in pH from 0.22 to 3.0 almost unaltered
the emission spectra of Ru(Hecip), which showed dual emis-
sion with a very weak band centered at 645 nm, and a
dominant one centered at 780 nm. In the case of a mixed
ligand complex the MLCT excited state should in principle
be located on any of the ligands; however, in fluid solutions
the reports on dual emission of RuII complexes are ra-

Figure 3. The changes in emission spectra (λex = 530 nm) of Ru(Hecip) in a Britton–Robinson/DMF (v/v, 4:1) buffer solution upon raising
the pH: pH = 3.00–7.00 (a), and 8.00–13.00 (b). The insets show the plots of emission quantum yields versus pH.
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re.[25e–25k]This is probably because the two emissive states
are usually separated by a small energy barrier that is not
large enough to prevent interconversion of populations or
the luminescence properties are insufficiently different in
energy.[25e] Tor and coworkers[25e,25f] reported dual emission
from mononuclear and dinuclear RuII complexes contain-
ing alkyne-substituted phen ligands, and they assigned the
dual emission from two spatially separated MLCT excited
states with one localized on the extended 1,10-phenan-
throline (resulting in the lower energy emission) and the
other on the bipyridine coligands (correlated to the higher
energy emission).[25e] On the basis of the above discussions,
we assigned the higher energy emissions at 645 nm (λex =
530 nm, Figure 3, a) of pH 1.0–3.5 Ru(Hecip) aqueous solu-
tions to the Ru�dcbpy charge-transfer excited state, and
the lower energy emission at 780 nm to the Ru�Hecip
charge-transfer excited state. Since a dual emission was ob-
served at 660 nm and 780 nm for Ru(Hecip), we recorded
pH effects on the excitation spectra at the emission wave-
lengths of 780 nm (see Figure S3) and 660 nm (see Fig-
ure S4). Excitation spectra obtained at both emission max-
ima are similar with the visible light maximum excitation
centered at 470 nm, suggesting that both emissions are
based on MLCT emissions, similar to the behavior of the
dually emissive [Ru(bpy)2(pztr)]PF6, (Hpztr = 3-(pyrazin-
2-yl)-1,2,4-triazole).[25g] Interestingly, the dual emission we
reported here was observed in the Britton–Robinson/DMF
(v/v, 4:1) buffer solution, but was not observed in the Brit-
ton–Robinson aqueous buffer.[15c] At 470 nm, Ru(Hecip) in
the Britton–Robinson/DMF (v/v, 4:1) buffer solution
showed interesting on-off-on-off emission switching as the
pH increased from 0.3 to 11.0 with dominant bands cen-
tered at (Figure S5) 660 nm and an ill-defined shoulder
band located on the lower energy side. That is to say, the
dual emission of Ru(Hecip) is solvent[25l] and excitation
wavelength dependent, and its excitation spectra are dif-
ferent from its absorption spectrum, which are similar to
the behaviors reported for dually emissive [Ru(bpy)-
(HDPA)2]2+ (HDPA = 2,2�-dipyridylamine).[25j,25k]

In order to derive the excited-state properties, it is neces-
sary to obtain well-defined emission bands at the lower en-
ergy side (780 nm). Accordingly in the following we shall
concentrate our discussions on 530-nm excited emission
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properties of Ru(Hecip) in the Britton–Robinson/DMF
(v/v, 4:1) buffer solution. Upon increasing the pH from 3.5
to 7.0, the intensities of the emission bands at 645 and
675 nm (Figure 3, a; λex = 530 nm) were both enhanced, but
finally the former higher-energy band at 645 nm became
stronger with a blue shift of 9 nm, while the latter lower-
energy band at 775 nm became weaker with a large blue
shift of 57 nm (Figure 3, a). Since occurring over a pH
range that is almost the same as that for the ground-state
deprotonation reaction of the protonated N-ethyl carbazole
moiety on the complex, as observed from a UV/Vis spectro-
photometric titration, the above spectral changes are as-
signed to the excited-state deprotonation reaction of the
same proton. Upon inspection of the changes in emission
quantum yields versus pH (inset of Figure 3, a), the com-
plex acted as a physiological-pH-responsive emission switch
with an emission enhancement factor of ca. 3.3 based on
emission quantum yields. To the best of our knowledge,
physiological-pH responsive metal complexes are very ra-
re.[25a] Upon further increasing the pH from 8.00 to 13.00
the intensities of the emission bands at 636 and 720 nm
both decreased, but finally the former band became weaker
with a red shift of 9 nm, while the latter band became
stronger with a large red shift of 30 nm (Figure 3, b). The
spectral changes described above are attributed to the ex-
cited state deprotonation of the imidazole moiety on the
complex. The plots of emission quantum yields at λ =
750 nm versus pH (see insets a and b in Figure 3) show two
reverse profiles corresponding to two independent excited-
state protonation/deprotonation processes as mentioned
above, in contrast to the five-step ground-state protonation/
deprotonation reactions observed by UV/Vis spectrophoto-
metric titrations, indicating that the other three excited-state
deprotonation processes did not cause observable emission
spectral changes as the excitation wavelength was set at
530 nm in the spectrofluorimetric titrations. A luminescence
off–on–off switching action was achieved by the combined
deprotonation processes of protonated N-ethyl carbazole
and imidazole moieties on the complex. pH-Induced lumi-
nescence on–off or off–on switches could be used to mimic
many life processes, such as the functions and activities of
“switch on” or “switch off” enzymes within a narrow pH
window.[25a–25d] The excited-state acidity ionization con-
stant, pKa*, could be roughly determined on the basis of
the Förster cycle,[26a] which thermodynamically correlates
the pKa* with the pKa value by Equation (2), where T is the
temperature (298 K), and νB and νHB denote the wave-
number (cm–1) of the deprotonated and the protonated
forms, respectively. In practice νB and νHB are often difficult
or even impossible to obtain. A good approximation is to
use the emission maxima for νB and νHB since a protonation
equilibrium is almost certainly established between the
3MLCT states.[26b] Therefore, the energies of the emission
maxima in wavenumbers were used in Equation (2), and
two pKa* values of pKa4* = 8.09�0.03 and pKa5* =
9.47�0.03 were obtained. The excited-state pKa4* value is
1 pKa unit greater than the ground-state pKa4, suggesting
that the electron density in the excited state of [Ru(H2ec-
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ip)(dcbpy)(NCS)2]–* is significantly higher than in the
ground state, and that the excited electron is mainly delocal-
ized on H2ecip+ rather than dcbpy. If the excited electron
of Ru(H2ecip)(dcbpy)(NCS)2]–* was delocalized on dcbpy,
which was fully deprotonated, it would not result in a big
increase in electron densities on H2ecip in Ru(H2ecip)-
(dcbpy)(NCS)2]–*, and accordingly no remarkable changes
between the excited-state pKa4* and ground-state pKa of the
proton on H2ecip of Ru(H2ecip)(dcbpy)(NCS)2]–* would be
observed. However, the pKa5* value is less than the pKa5

value, indicating that the electron in the excited-state of
[Ru(Hecip)(dcbpy)(NCS)2]2–* is mainly populated on dcbpy
rather than Hecip, similarly to [Ru(dmbip)(dcbpy)(CN)][23]

with the excited-state electron located on dcbpy rather than
dmbip. Namely, the deprotonation of the protonated N-
ethyl carbazole moiety of the complex switches the MLCT
route from a mainly RuII �H2ecip to a mainly
RuII �dcbpy charge transfer in nature, and switches the lu-
minescence “on” near the physiological pH region.

pKa* = pKa + (0.625/T)(νB – νHB) (2)

FTIR Spectra

IR spectroscopy is a powerful tool for investigating the
binding modes of the carboxylate group of RuII dyes to
TiO2 nanocrystalline films.[27] The binding modes have been
a hot topic because they play a key role in the stability and
the charge injection efficiency of the solar cells. The follow-
ing four kinds of binding modes have been put forward for
chemisorption: unidentate linkage (the formation of an es-
ter-type bond) via chemical bond formation of Ti with an
hydroxy oxygen atom, bidentate linkage with the two oxy-
gen atoms of the COO– group equally interacting (chelat-
ing) with Ti, bridging linkage with each of two oxygen
atoms of COO– equally bonding to one different Ti, and
pseudobridging linkage with one of two Ti atom in the
bridging linkage being replaced by hydrogen atoms of a
water molecule. An empirical rule based on the frequency
difference ∆ν between COO– antisymmetric and symmetric
stretches for the assessment of the binding modes has been
proposed.[7a,27b,d,g] If ∆ν for the adsorbed film is less than
that for the free state, the binding mode is either bidentate
chelate or bridging. While if ∆ν for the adsorbed film is
greater than or equal to that of the free state, the binding
mode is unidentate. The IR spectrum of Ru(Hecip) recorded
from KBr pellets is compared with that adsorbed on the
TiO2 film in Figure 4. In the present study, a ∆ν value of
238 cm–1 was observed for the KBr pellet [νasym (COO–) =
1602 cm–1 and νsym (COO–) = 1364 cm–1] and a value of
219 cm–1 was found for the film [νasym (COO–) = 1601 cm–1

and νsym (COO–) = 1382 cm–1], indicative of bridging or
bidentate coordination of the carboxylate group on the
TiO2 surface. This conclusion is consistent with those re-
ported for (Bu4N)2[Ru(H2dcbpy)2(NCS)2] (N719)[27b] and
other analogue RuII complexes.[7,27a,e–g] By using the bipyr-
idine ν(C=C) at 1542 cm–1 as an internal standard, the vi-



S.-H. Fan, K.-Z. Wang, W.-C. YangFULL PAPER
bration modes of ν(C–O) for nonequivalent oxygen at
1234 cm–1 for the KBr pellet was observed to be attenuated
in intensity as the complex was anchored to the film, while
the intensities in the equivalent oxygen νas(COO–) and
νs(COO–) vibrations for the absorbed film become domi-
nantly strong compared to those observed in the KBr pellet,
also supporting a bridging or bidentate anchoring mode of
the RuII complex on the TiO2 surface.[27b] The other impor-
tant features include the following: (i) the intensity of the
band at ca. 1472 cm–1 attributed to the δ(CH2) of Bu4N+

cation[7] in the film is greatly decreased relative to that in
the KBr pellet due to the fact that the counter cation of
Bu4N+ was left in the solution and was washed away as the
RuII complex was anchored to the TiO2 surface; (ii) the
KBr pellet shows a strong peak at 2102 cm–1 from the N-
coordinated thiocyanate ν(NC) vibration,[27a] which is close
to 2105 cm–1 observed for N719,[7] and is shifted to a lower
energy compared to 2123 cm–1 observed for N3,[7] and ap-
pears as a broader, weaker and red-shifted band at ca.
2097 cm–1 for the adsorbed film; and (iii) a peak at
1712 cm–1, observed for the KBr pellet from the ν(C=O)
vibration of the protonated carboxyl group, disappeared in
the film, supporting the fact that deprotonation of the car-
boxylic group took place at the TiO2 surface. All the evi-
dences mentioned above support a bridging or bidentate
anchoring mode,[27b,27g] rather than the formation of an es-
ter bond.[27c,27d]

Figure 4. FTIR spectra of Ru(Hecip) in absorbed film on TiO2 (a)
and in a KBr pellet (b).

Electrochemistry

A cyclic voltammogram of Ru(Hecip) in DMF is shown
in Figure 5, and the electrochemical data are collected in
Table 1. The complex displays one reversible wave at E1/2 =
+0.76 V vs. SCE attributable to the RuIII/II redox couple,[28]

a quasi-reversible couple at E1/2 = –2.18 V vs. SCE assigned
to the Hecip0/–1 redox couple, and an irreversible anodic
wave at –1.74 V vs. SCE that is assigned to the Hdcbpy-
based reduction process.[29] As far as the RuIII/II redox
waves are concerned, the dependence of the anodic peak
currents on the square root of the scanning rates is charac-
teristic of a diffusion-controlled redox process. The RuIII/II
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E1/2 value observed for Ru(Hecip) is less positive by 0.1 V
than the value for N3, most likely because Hecip is a
stronger electron donor than Hdcbpy. It is noteworthy that
the excited state oxidation potential (E1/2* RuIII/II = E1/2

RuIII/II – E00) of Ru(Hecip) is derived to be –0.94 V vs. SCE
on the basis of an E00 value of 1.69 eV calculated from a
visible absorption edge of 730 nm and an E1/2 RuIII/II value
of +0.75 V vs. SCE, indicating a sufficient driving force to
allow for electron injection from the excited Ru(Hecip) to
the conduction band of TiO2, since the flat band potential
of TiO2 is known to be near –0.70 V vs. SCE.[1f,20c]

Figure 5. Cyclic voltammogram of Ru(Hecip) in DMF (1.40 m)
at a scan rate of 500 mVs–1.

Photovoltaic Performance

The incident monochromatic photon-to-current conver-
sion efficiency (IPCE) and the overall light-to-electric
power conversion efficiency of the solar cells are evaluated
according to Equations (3) and (4), respectively,

IPCE(%) =
1240 � ISC

λ � ø � 100 (3)

η =
ff � Voc � Isc

ø (4)

where Isc is the short-circuit photocurrent (mAcm–2), Voc is
the open circuit voltage, ff is the fill factor of the cell, ø is
the incident irradiative flux (mWcm–2), and λ is the incident
light wavelength (nm).

The current-voltage characteristic curves and the plots of
IPCE versus the excitation wavelength for solar cells sensi-
tized with Ru(Hecip) and N3 are shown in Figures 6 and 7,
respectively. The device parameters for Ru(Hecip) and N3
sensitized solar cells are compared in Table 3. From Fig-
ure 6, the short-circuit photocurrent density (Isc), open-cir-
cuit voltage (Voc), and fill factor (ff) of the Ru(Hecip)-based
solar cell were found to be 7.8 mAcm–2, 356 mV, and 51%,
respectively, corresponding to an overall conversion effi-
ciency (η) of 1.5%, derived from Equation (4). The open-
circuit potential of 356 mV observed for the Ru(Hecip)-sen-
sitized solar cell is higher than a value of 310 mV for an
N3-based device, which may be mainly caused by the fact
that the number of protons in the former case, one, is less
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than a much greater number of four for the latter case. It
was reported that the open-circuit photovoltage of DSSCs
depends on the Fermi level of TiO2.[31] Generally, if the pro-
ton concentration on the TiO2 surface becomes lower, and
the Fermi level of the nanocrystalline TiO2 becomes higher
then the Voc is higher due to the increase in the gap between
the redox couple iodide/triiodide and the Fermi level, e.g.
an open-circuit potential of 730 mV was reported for the
two proton-containing N719, but 600 mV for the four pro-
ton-containing N3.[7] The short-circuit photocurrent den-
sity of 7.80 mAcm–2 for the Ru(Hecip)-based device is 1.24-
fold lower than that (17.5 mAcm–2) observed for the N3
dye-based device. Also, an IPCE peak value of 63% as
shown in Figure 7, and an overall light-to-electric power
conversion efficiency η of 1.5% derived for the Ru(Hecip)-
based device, are less than the corresponding values of 75%
and 2.3% observed for the N3-based device. In order to
clarify which factors contribute to the lower IPCE value
observed for the Ru(Hecip)-based device we will consider
Equation (5).

IPCE(λ) = LHE(λ) � øinj � ηc (5)

Figure 6. The photocurrent-voltage characteristics of Ru(Hecip)
and N3-sensitized TiO2 nanocrystalline solar cells.

The IPCE is expressed as the product of the light har-
vesting efficiency [LHE(λ)] of the photoelectrode at wave-
length λ, the quantum yield for electron injection (φinj) from
the excited sensitizer to the conduction band of TiO2, and
the efficiency of collecting the injected electron (ηc) at the
conducting glass substrate. The LHE at the maximum ab-
sorption wavelength can be estimated according to Equa-
tion (6)[32]

Table 3. The device parameters for Ru(Hecip)- and N3-sensitized TiO2 nanocrystalline solar cells.

Dyes Voc /mV Isc /mAcm–2 ff (%) η (%) IPCEmax (%) Ref.

Ru(Hecip) 356 7.8 51 1.5 63 this work[a]

N3 310 17.5 44 2.3 74 this work
N3 686 11.1 72 5.5 / [30] [b]

N3 580 1.26 62 4.54 40 [9c] [c]

N3 600 19.0 65 7.4 85 [7] [d]

[a] Measured in I2 (0.05 ), LiI (0.5 ) in 50% acetonitrile and 50% PC. [b] 1-Propyl-3-methylimidazolium iodide (0.6 ), I2 (0.05 ), LiI
(0.05 ), and tert-butylpyridine in 3-methoxypropionitrile (0.5 ). [c] Tetrabutylammonium iodide (0.5 ), LiI (0.02 ), I2 (0.05 ), and
4-tert-butylpyridine (0.5 ) that was dissolved in acetonitrile. [d] Dimethylpropylimidazolium iodide (0.6 ) and I2 in methoxyacetonitrile
(0.05 ).
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LHE = 1 – 10–Γ σ (6)

where Γ is the surface coverage in units of molcm–2 of the
dye molecules on TiO2 and σ is the absorption cross section
in units of cm2 mol–1 obtained from the extinction coeffi-
cient of the dye by multiplication with 1000 cm3 L–1.

Figure 7. The plots of IPCE values vsersus excitation wavelengths
for Ru(Hecip) and N3-sensitized TiO2 nanocrystalline solar cells.
Mediator: I2 (0.05 ) and LiI (0.5 ) in 50% acetonitrile + 50%
PC.

The optical cross sections σ near the absorption maxi-
mum of the dyes were estimated to be 1.52�107 cm2 mol–1

for Ru(Hecip) and 1.42�107 cm2 mol–1 for N3 by using the
molar extinction values in the ethanol solutions. The sur-
face coverage values of 1.10�10–7 molcm–2 for Ru(Hecip)
and 4.70�10–7 molcm–2 for N3 were obtained by desor-
bing the complex from the TiO2 film into a 0.02  KOH/
methanol (v/v, 1:1) solution, and measuring the absorption
spectra of the resultant solutions. Thus, the light harvesting
efficiency (LHE) at the maximum absorption wavelength
was estimated to be 98% for Ru(Hecip) and ca. 100% for
N3 at the absorption maxima. The LHE values were de-
rived to be 0.98 and ca. 1.0 for the Ru(Hecip)- and N3-
coated ITO electrodes, respectively, indicating that both
Ru(Hecip) and N3 could efficiently capture photos as the
sensitizers of the dye-sensitized solar cells with the peak
LHE values are close to each other. Thus the lower electron
injection quantum yield of Ru(Hecip) made a contribution
to the lower IPCE value, and accordingly to the lower
short-circuit photocurrent observed for the Ru(Hecip)-
based device compared to the N3-based device. One of the
factors affecting the electron injection quantum yield is that
the lower proton concentration on the interface of TiO2 and
the electrolyte for the Ru(Hecip)-based device than that of
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the N3-based device results in raising the TiO2 conduction
band as mentioned above, affording unfavorable energetics
of electron injection.[7] Experiments are being planned that
will explore other reasons affecting the electron injection
quantum yield and charge-transfer dynamics of the dye-sen-
sitized nanocrystalline TiO2 films in the near future.

Conclusions

A new heteroleptic ruthenium complex containing a
carbazole-functionalized 1,10-phenanthroline ligand,
Ru(Hecip), has been synthesized and well characterized.
The RuII complex, in a Britton–Robinson/DMF (v/v, 4:1)
buffer solution, was found to exhibit dual emission via two
different MLCT processes (Ru�Hecip and Ru�Hdcbpy),
and five separated protonation/deprotonation steps in the
ground state, and two/three observable protonation/depro-
tonation steps in the excited state, with one of the proton-
ation/deprotonation processes in both the ground state and
excited state occurring near the physiological pH region.
The complex was shown to act as off-on-off/on-off-on-off-
type emission switches when excited at 530 nm/470 nm, and
as a strong binder to the TiO2 surface via a bridging or
bidentate anchoring mode. A Ru(Hecip)-sensitized TiO2

nanocrystalline solar cell showed a higher open-circuit volt-
age, but is less efficient than N3 in view of both a maximum
IPCE value of �60% and a power efficiency of 1.5% under
simulated sunlight at the irradiation of 100 mWcm–2.

Experimental Section
Materials and Reagents: DMF and absolute ethanol were refluxed
over CaH2, and Mg and I2, respectively, and were subsequently
distilled prior to use. All other solvents were obtained from com-
mercial sources and used as received. Sephadex LH-20 was pur-
chased from Pharmacia (Sweden). The substrates of fluorine-doped
tin oxide (FTO) with a sheet resistance of 30 Ω sq–1 on glass were
provided by the General Research Institute for Nonferrous Metals
(China), and were each rinsed successively with a basic isopropyl
alcohol solution, ethanol, and acetone under supersonication for
10 min prior to use.[31] RuCl3·3H2O was purchased from Acros.
2,2�-Bipyridyl-4,4�-dicarboxylic acid (H2dcbpy),[33] 2-(9-ethyl-9H-
carbazol-3-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (Hecip),[13b,13e]

dichlorotetrakis (dimethylsulfoxide) ruthenium(II) [Ru(DMSO)4-
Cl2],[34] and Ru(H2dcbpy)2(NCS)2 called N3 dye,[35] were synthe-
sized by literature methods. Ru(Hecip) was synthesized as described
previously,[15c] and the synthetic details are given in the Supporting
Information.

Analytical Measurements: UV/Vis absorption and emission spectra
were recorded in a 1 cm path length quartz cell with a GBC Cintra
10e UV/Vis spectrophotometer and a Shimadzu RF-5301PC spec-
trofluorimeter, respectively. The FTIR spectra were obtained using
a Nicolet Avtar 360 FT-IR spectrometer with a 2 cm–1 resolution.
For the IR spectra of the complex anchored onto TiO2 films, com-
plex/TiO2 powder scratched off the glass substrate was pressed into
KBr pellets. 1H NMR spectra were measured with a Bruker DRX-
500 NMR spectrometer with [D6]DMSO as the solvent at room
temperature. The reported chemical shifts were in ppm against
TMS. Elemental analyses (C, H, and N) were carried out with a

www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 508–518516

Vario EL elemental analyzer. Matrix assisted laser desorption ion-
ization and time-of-flight (MALDI-TOF) mass spectra were col-
lected with an API Q-star pulsar I/OMALDI/QQ-TOF mass spec-
trometer. The cyclic voltammogram of Ru(Hecip) in DMF contain-
ing (n-C4H9)4NPF6 (0.1 ) was obtained with a CHI-601 electro-
chemical system, using glass carbon as a working electrode, a silver
wire as a quasi-reference electrode, and a Pt wire as an auxiliary
electrode. Ferrocene was added at the end of each experiment to
serve as the internal reference. Its half-wave potential E1/2

0 [E1/2
0 =

0.5� (Epa + Epc)] was taken to be +0.425 V vs. SCE.[36]

Acid–Base Equilibria: The ground- and excited-state acid–base
equilibria of Ru(Hecip) were studied by means of UV/Vis absorp-
tion spectrophotometric and spectrofluorimetric titrations, respec-
tively, in a Britton–Robinson/DMF (40 m H3BO3, 40 m H3PO4,
40 m CH3COOH; v/v, 4:1) buffer solution containing NaC1
(0.2 ). The UV/Vis and emission spectra were measured after each
addition of the base (1  NaOH). The emission spectra were col-
lected without degassing the solutions at room temperature by exci-
tation at the lowest-energy MLCT band at 530 nm.

TiO2 Electrode Preparation: The mesoporous, nanocrystalline ana-
tase TiO2 particles were prepared by hydrolysis of titanium(IV) tet-
rabutoxide [Ti(OC4H9)4] according to the general sol-gel
method.[32] Nanoporous TiO2 electrodes were prepared as follows.
A colloidal suspension of TiO2 particles was deposited on a trans-
parent conductive FTO substrate pretreated according to the stan-
dard procedure.[37] The electrodes were dried at 100 °C for 30 min
and then sintered in air for 30 min at 450 °C. The heated electrode
was impregnated with 50 m titanium tetrachloride aqueous solu-
tion at 70 °C for 30 min followed by heating at 450 °C once more
for 30 min. The hot electrodes (ca. 80 °C) were immersed in a (2–
3)�10–4  Ru(Hecip) solution in ethanol for 12–16 h. The
Ru(Hecip)-coated electrodes were rinsed 5–6 times quickly with an-
hydrous ethanol and used as such for photovoltaic measurements.
The amount of chemisorbed dye was determined by desorbing the
complex from the TiO2 film into a KOH (0.02 ) methanol solu-
tion, and measuring the absorption spectrum of the complex. The
surface coverage (molcm–2) of the RuII sensitizers, Γ, was thus esti-
mated.

Dye-Sensitized Solar Cell Fabrication: A Ru(Hecip)-coated TiO2

film was used as a working electrode where the effective area for
illumination was 0.14 cm2, and these two electrodes were then
clamped tightly using clips. One drop of the redox electrolyte (0.5 

LiI and 0.05  I2 in 50% acetonitrile and 50% PC) was then placed
between the two electrodes and allowed to wet the surfaces of the
electrodes by capillary action.

Photoelectrochemical Measurements: Photocurrent-voltage (I-V)
curve measurements for the solar cells were performed by using a
Keithley Model 2400 computer-controlled digital source meter un-
der a 500 W xenon-light source that was focused to give
100 mWcm–2, the equivalent of one sun unit at air mass 1.5. The
photoelectrochemical data of the known reference dye N3 were also
measured under the same experimental conditions as those for
Ru(Hecip) and were compared to each other. The plots of incident
monochromatic photon-to-current conversion efficiencies (IPCEs)
of the solar cells versus incident radiative wavelength were mea-
sured in a two-electrode system with a dye-coated TiO2 film on
FTO as a working electrode and a 200-nm-thick platinum film de-
posited on glass by sputtering as a counter electrode. The redox
electrolyte consists of I2 (0.05 ) and LiI (0.5 ) in 50% acetonitrile
and 50% PC. A 500-W xenon lamp served as a light source in
conjunction with a monochromator. The ultraviolet and infrared
radiations were removed with a band pass filter (400–800 nm).



A Carbazole-Containing Difunctional RuII Complex

Light intensities were measured with a light gauge radiometer (FZ-
A, Photoelectric Instrument Factory of Beijing Normal Univer-
sity). All the IPCEs were obtained with the same device and mea-
surement procedure. The incident light intensities used for effi-
ciency determination were uncorrected for the light reflection, scat-
tering, and absorption by the glass sheet and the filtering effect by
the electrolyte.

Supporting Information (see also the footnote on the first page of
this article): Synthetic route to Ru(Hecip), synthetic details of
Ru(Hecip), 1H NMR spectrum of Ru(Hecip), absorption spectra of
Ru(Hecip) in ethanol and on the TiO2 film, pH effects on the exci-
tation spectra of Ru(Hecip) at λem = 780 nm and λem = 660 nm,
and pH effects on the emission spectra at λex = 470 nm.
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