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Homoleptic RuII complexes carrying rigid linkers for attach-
ment to semiconductor surfaces were synthesized by using
the click reaction. Star-shaped complexes KStar-TzC-pBn
(1a) and KStar-TzC-Ipa (1b), composed of 2,2�-bipyridine li-
gands 4,4�-disubstituted with 1,2,3-triazole rings connected
to the Ru complex through the C4 of the 1,2,3-triazole (Tz)

Introduction
Chromophores attached through rigid linker-anchor

units to nanostructured TiO2 or other semiconductor sur-
faces are of interest for the development of dye-sensitized
solar cells,[1] photocatalysts,[2] and other applications. Syn-
thetic modifications of the linkers can be used to tune the
properties of the chromophore unit,[3] to modify surface
binding, and to control charge-transfer processes.[4] Over
the years, the linker strategy has led to a better understand-
ing of interfacial charge transfer[5] and to improved de-
vices.[6] However, the surface heterogeneity of nanostruc-
tured semiconductors can prevail over molecular design,
and preventing binding disorder remains a significant chal-
lenge.[7]

Recently, we reported that “shielding” strategies for the
adsorption of photo- or redox-active molecules on semi-
conductors result in improved binding control.[8] One ap-
proach involved the development of homoleptic RuII com-
plexes (Star complexes) with octahedral symmetry,[9] in
which the chromophore unit is shielded from direct con-
tacts with the surface through the symmetrical arrangement
of oligophenylenethynylene linkers. The initial Star com-
plexes exhibited very low injection yields;[9b] however, recent
computational studies suggest that judicious variations of
the linker and anchor could improve the electronic coupling
with the surface.[10]

In this paper we report the first Star complexes prepared
by using the click reaction, that is, Cu-catalyzed azide–
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ring and capped with p-benzoic (pBn) and isophthalic (Ipa)
methyl esters, respectively, as well as KStar-TzN-pBn (1c),
connected to the Ru complex through the N1 of the Tz ring,
were studied in solution and bound to semiconducting TiO2

and insulating ZrO2 nanoparticle films.

alkyne cycloaddition to form a 1,2,3-triazole ring.[11] The
click approach, which is only very recently being applied to
the synthesis of inorganic complexes,[12] has two advan-
tages. First, the linker can be “clicked” to different anchor
units, and, second, it will be possible to probe the electron-
mediating function of triazole rings, changes in the dipole
moment, and the structural conformation effects of the
linker in relation to the ring connectivity with the Ru com-
plex moiety.[13] Here we describe the synthesis of com-
pounds 1a, 1b, and 1c shown in Figure 1. Compounds 1a
and 1b have C-connectivity to the Ru(bpy)3 core but differ
in the anchor group (R = pBn and Ipa, respectively),
whereas 1c is attached through N-connectivity to the
Ru(bpy)3 core and can be compared with 1a, which has the
same pBn anchor group.

Figure 1. Molecular structure of 1a, 1b, and 1c.

Results and Discussion

The synthesis of KStar-TzC-pBn (1a) and KStar-TzC-
Ipa (1b) was carried out as shown in Scheme 1. Azides 3a
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and 3b were prepared in about 80% yield by conversion of
the corresponding amines into diazonium salts and reaction
with sodium azide.[14] Ligands 4a and 4b were synthesized
by the click reaction[12a,15] between azides 3a or 3b and 4,4�-
diethynyl-2,2�-bipyridine (2) in 43 and 39% yields, respec-
tively, with use of catalytic CuII in the presence of sodium
ascorbate to generate CuI in situ. The modest yields may
be due to complexation of CuI with bipyridine. The reaction
was carried out in the presence of small amounts of
(iPr)2EtN to promote the formation of the copper acetylide
intermediate.[16] In the absence of base, the reaction yielded
mainly the monosubstituted product. A more attractive ap-
proach, involving the click reaction of the hexaethynyl-sub-
stituted Ru complex 5a with the azide-substituted anchors
(Scheme 1), was unsuccessful.[17] Possible explanations in-
clude the occurrence of alkyne homocoupling in the pres-
ence of copper salts or the formation of copper acetylide
complexes on one or more of the alkynes (CuI satura-
tion),[18] a process that would prevent cyclization with the
azide.

Scheme 1. Click synthesis of C-connectivity Star complexes. Rea-
gents and conditions: (i) CuSO4·5H2O, sodium ascorbate,
(iPr)2EtN, H2O, tBuOH, MeOH, room temp., 18 h; (ii) Ru-
(DMSO)4Cl2, ethylene glycol, MeOH, H2O, 120 °C, 3 d.

Similarly, the synthesis of KStar-TzN-pBn (1c)[19] was
carried out as shown in Scheme 2. 4,4�-Diazido-2,2�-bipyr-
idine 1,1�-dioxide (6) was prepared from the nitro precursor
in 97 % yield and was then reacted with the corresponding
alkyne 8 for the click reaction to obtain the N,N�-dioxide
form of ligand 9, which was reduced with phosphorus tri-
chloride to obtain ligand 9 in 65% overall yield. However,
the approach involving click reaction on diazidobipyridyl-
substituted Ru complex 11 was unsuccessful because of the
instability of 11 in a variety of reaction conditions.[17]

FTIR-ATR spectra of azides 3a, 3b, and 6 showed the
characteristic N3 stretching bands at about 2100 (νas) and
1250 (νsym) cm–1 (Figures S2, S3, and S6). Bipyridine 2 and
alkyne 7 showed a strong νas(�C–H) band at 3100 cm–1 and
a weak νsym(C�C) band at about 2100 cm–1 (see Support-
ing Information). The FTIR-ATR spectra of ligands 4a, 4b,
and 8, as well as the corresponding Ru complexes 1a, 1b,
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Scheme 2. Click synthesis of N-connectivity Star complexes. Rea-
gents and conditions: (i) CuSO4·5H2O, sodium ascorbate,
(iPr)2EtN, H2O, tBuOH, MeOH, room temp., 18 h; (ii) PCl3, aceto-
nitrile, reflux, 4 h; (iii) Ru(DMSO)4Cl2, ethylene glycol, MeOH,
H2O, 120 °C, 3 d.

and 1c show the νas(C=O) stretch characteristic of the ester
group at 1728, 1733, and 1710 cm–1, respectively. The spec-
tra of 1a and 1b bound to TiO2 films (Figures 2 and S9)
show broad bands characteristic of the carboxylate group
in the 1500–1650 cm–1 region. The observed spectral
changes are consistent with chelating and/or bidentate
binding modes of the carboxyl group to TiO2, presumably
as a result of surface hydrolysis or other interactions be-
tween the ester groups and the TiO2 surface.[9] The presence
of the carbonyl band assigned to free COOMe indicates
that, as expected, not all the anchor groups bind to TiO2.

Figure 2. FTIR-ATR spectra of KStar-TzC-pBn (1a) neat (bottom)
and bound to nanoparticle TiO2 films (top). The broad band above
3100 cm–1 is assigned to water adsorbed on the film.

The solution (THF, 0.9 mm) UV/Vis absorption and
steady-state photoluminescence (PL) spectra of 1a, 1b, and
1c are shown in Figures S24 and S26, and selected photo-
physical properties are listed in Table 1. The UV/Vis ab-
sorption spectra for all complexes exhibit bands in the 280–
310 nm region assigned to the π�π* and n�π* transitions
of the bpy and triazole moieties. The broad, structureless
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MLCT band typical of Ru(bpy)3
2+ complexes is centered at

about 450 nm. The values of the molar extinction coeffi-
cients (ε1a = 2.3 �104 m–1 cm–1, ε1b = 2.1� 104 m–1 cm–1, and
ε1c = 0.2 �104 m–1 cm–1) are close to those observed for typ-
ical bpy complexes of RuII.[9] The steady state PL spectra
for 1a and 1b show a broad emission centered at 637 nm,
but the emission quantum yields (Φ1a = 0.7 % and Φ1b =
0.4%) are about one order of magnitude lower than that
observed for Ru(bpy)3

2+.[20] Compound 1c is not photolu-
minescent. To probe the possibility that electron donation
from the triazole ring may quench the emission, particularly
in the N-connectivity Star compound 1c, acid was added to
the solution. Protonation of the triazole ring resulted in a
twofold increase in PL, and titration of the acidic solution
with base led to reversible behavior, with an approximately
twofold decrease in PL for complexes 1a and 1b,[21] as
shown in Figures 3 and S23. Surprisingly, no photolumines-
cence was observed for 1c under acidic conditions, although
the UV/Vis spectra of acidic solutions of 1c showed in-
creased intensity (Figure S26). Additionally, titration of
Ru(bpy)3

2+ 2Cl– with 4-phenyl-1H-1,2,3-triazole did not re-
sult in intermolecular photoluminescence quenching, sug-
gesting that the role of the triazole ring on the emissive
properties of 1a–c is complex and needs to be further inves-
tigated.

Table 1. Selected photophysical properties in THF at room temp.

Complex λabs
[a] (ε [m–1 cm–1]) λPL

[a] Φem (�10–2)

KStar-TzC-pBn (1a) 485 (2.3�104) 637 0.7
KStar-TzC-Ipa (1b) 485 (2.1�104) 638 0.4
KStar-TzN-pBn (1c) ca. 500 (0.2�104) – –
Ru(bpy)3

2+[b] 450 (1.2�104) 610 6.2

[a] Wavelengths in nm. [b] Data from ref.[9]

Figure 3. Photoluminescence spectrum of a 9�10–4 m THF solu-
tion of 1a upon titration with aliquots of 6 n HCl. Inset: PL spec-
trum of a 9� 10–4 m THF solution of 1b upon titration with ali-
quots of 6 n NaOH. λexc = 485 nm.

Eur. J. Inorg. Chem. 2012, 5461–5464 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5463

These interesting observations suggest that the photolu-
minescence properties could be the result of multiple factors
(different linker conformations or electronic delocalization
influencing the excited state electronic structure, for in-
stance). While this is beyond the scope of this communica-
tion, we will probe the origin of this behavior in our future
studies.

Star complexes 1a and 1b were bound onto TiO2 and
ZrO2 nanoparticle mesoporous films. The 1a/TiO2 and 1b/
TiO2 films showed the characteristic MLCT band in the
UV/Vis spectra (Figure S25) and full quenching of the PL
emission (Figure 4). Since ZrO2 has a wider band gap (Ebg

≈ 5 eV) compared to TiO2 (Ebg ≈ 3 eV), it behaves as an
insulator, and the PL emission was observed on films pre-
pared from this material (Figure 4).

Figure 4. PL spectra of 1a and 1b in solution and bound on TiO2

and ZrO2 nanoparticle thin films.

Conclusions

Three star-shaped ruthenium complexes, KStar-TzC-pBn
(1a), KStar-TzC-Ipa (1b), and KStar-TzN-pBn (1c), con-
taining the triazole unit were synthesized by the click reac-
tion and characterized. Titration with acid and base showed
reversible behavior with twofold increase in the PL emission
and vice-versa for C-connectivity complexes 1a and 1b.
FTIR, UV/Vis, and photoluminescence studies of the com-
pounds in solution and bound on metal oxide semiconduc-
tor nanoparticle thin films (TiO2 and ZrO2) showed that
the complexes bind to the semiconductors. On TiO2 the
photoluminescence was completely quenched, whereas the
functionalized ZrO2 films showed a broad emission band.
Ongoing studies include studying interfacial charge transfer
and theoretical calculations for 1a–c to assess the structural
and electron-mediating function of 1,2,3-triazole rings and
the role of the anchor group.

Supporting Information (see footnote on the first page of this arti-
cle): Synthesis and characterization of 1a, 1b, and 1c. 1H and 13C-
NMR spectra for 4a, 4b, 9, 1a, 1b, and 1c. FTIR-ATR spectra for
2, 6, 3a, 3b, 8, 4a, 4b, 9, 1b neat and adsorbed on TiO2, PL spectra
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of 1b upon titration with acid, UV/Vis and PL spectra of 1a and
1b, UV/Vis spectrum of 1c in solution and upon titration with acid.
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