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Abstract. Three tetrapodal ligands 1,2,4,5-tetrakis[4-(4,5-diazaflu-
oren-9-ylimino)phenoxymethyl]benzene (L'), 1,2,4,5-tetrakis[2-(4,5-
diazafluoren-9-ylimino)phenoxymethyl]benzene (L?), and 1,2,4,5-tetra-
kis[(4,5-diazafluoren-9-ylimino)methyl]benzene (L?), and their cor-
responding Ru'" polypyridyl complexes [{Ru(bpy), }4(1s-L'~3)](PF¢)g
(bpy = 2,2'-bipyridine) were synthesized and characterized. The spec-
troscopic behavior of the three complexes was investigated by UV/Vis

absorption and emission spectroscopy. They display metal-to-ligand
charge transfer (MLCT) absorptions at around 443 nm in CH3CN solu-
tion at room temperature, and emission at around 575 nm in EtOH/
MeOH (4:1, v/v) glassy matrix at 77 K. Electrochemical studies of the
three complexes show one Ru'l-based oxidation at around 1.35 V and
three ligand-based reductions.

Introduction

Ruthenium(II) polypyridyl complexes are currently under
investigation because of their outstanding photophysical and
electrochemical properties and their extensive use in molecular
recognition, solar energy conversion, DNA intercalation, pH
switching, etc.!'>1 Polynuclear complexes incorporating Ru'"
polypyridyl unit have received special attention in recent years
in connection with the development of artificial multicompo-
nent systems for photoinduced electron or energy transfer and
other related photonic devices.[®8! Cooke et al. have shown a
new series of supramolecular complexes, Ru™ polypyridyl spe-
cies have been assembled about dirhodium(II, II) tetracarb-
oxylate cores. Efficient energy transfer from the MLCT triplet
state of the Ru-based components to the lowest-energy excited
state of the dirhodium core takes place at 298 K in CH3CN
solution.[ Yamamoto et al. have reported a novel type of light-
harvesting complexes, which was synthesized with a linear-
shaped Re' oligomer as a photon absorber and a Ru™ polypyri-
dyl complex as an energy acceptor.['”! In the design of such
Ru!! systems, the bridging ligands that are used to link two
or more metal polypyridine subunits are crucial because the
interactions between the bridged units, and thereby the ground
and excited state properties of the polynuclear complexes, are
strongly dependent on the size, shape, and electronic nature of
the bridging ligands.[!'=!5] Thus, the judicious choice of an
appropriate bridging ligand is the most important factor in the
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design of such Ru polypyridyl complex systems. A wide
range of bridging ligands have been reported in recent years
and many of them contain 2,2'-bipyridine or 1,10-phenan-
throline (phen) units.['®~'8! 4 5-Diazafluoren-9-one (dafo) is
structurally similar to bpy and phen. However, the rigid struc-
ture imposed by the central five-member ring means that the
two nitrogen atoms are always held in the same direction to
avoid rotational conformation problems. The electronic prop-
erty of the ligand dafo is different from those of bpy and phen,
as a consequence, Rulf complexes containing 4,5-diazafluorene
group have different photophysical and electrochemical prop-
erties compared to Ru(bpy);>* and Ru(phen);>* based com-
plexes.[19:20]

This paper aims on the synthesis of new polynuclear Ru™f
complexes with interesting photophysical and electrochemical
properties. Herein the synthesis of three tetrapodal ligands and
their corresponding tetranuclear Ru'™ complexes containing
4,5-diazafluorene co-ligands is described. The molecular struc-
tures of the three tetrapodal ligands are slightly different be-
cause, in most cases, small changes in electronic properties of
the bridging ligands can cause large changes in the spectro-
scopic and electrochemical properties of the complexes. The
spectroscopic and electrochemical properties of the three Ru'!
complexes are also presented and discussed.

Experimental Section

Materials: 2,2’-Bipyridine, 1,10-phenanthroline, 4-aminophenol, 2-
aminophenol, tetrabutylammonium perchlorate (TBAP), ethyl acetate,
1,2,4,5-tetrakis(bromomethyl)benzene, NH,OH-HCl, RuCl;-3H,0,
NH,PFg¢, K,CO3, CH;CN, CH,Cl,, EtOH, MeOH, and DMF were pur-
chased from the Tianjin Chemical Reagent Factory. Solvents and raw
materials were of analytical grade and used as received, apart from
CH;CN, which was filtered through activated alumina and distilled
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from P,Os immediately prior to use. 4,5-Diazafluoren-9-one,?! 9-(4-
hydroxy)phenylimino-4,5-diazafluorene,??! 9-(2-hydroxy)phenyl-
imino-4,5-diazafluorene,>?! 4,5-diazafluoren-9-oxime,!??! and
Ru(bpy),Cl,-2H,0!23! were prepared according to literature pro-
cedures.

Physical Measurements: 'H NMR spectra were obtained with a Mer-
cury Plus 400 spectrometer using TMS as internal standard. ESI-MS
spectra were obtained with a Bruker Daltonics Esquire 6000 mass
spectrometer. Elemental analyses were obtained with a Perkin-Elmer
240C analytical instrument. Absorption spectra were obtained with a
Varian Cary-100 UV/Vis spectrophotometer and emission spectra with
a Hitachi F-4600 spectrophotometer. Emission quantum yields were
calculated relative to Ru(bpy);>* (@gq = 0.376) in EtOH/MeOH (4:1,
v/v) glassy matrix.[>*! Electrochemical measurements were carried out
at room temperature using a CHI 660D electrochemical workstation.
Cyclic voltammetry and differential pulse voltammetry were per-
formed in CH3;CN and DMF solutions using a micro cell equipped
with a platinum disk working electrode, a platinum auxiliary electrode,
and a saturated potassium chloride calomel reference electrode with
0.1 mol-L~! TBAP as supporting electrolyte. All samples were purged
with nitrogen prior to measurement.

Preparation of 1,2,4,5-Tetrakis[4-(4,5-diazafluoren-9-ylimino)-
phenoxymethyl]benzene (L'): A mixture of 1,2,4,5-tetrakis(bromo-
methyl)benzene (232 mg, 0.52 mmol), 9-(4-hydroxy)phenylimino-4,5-
diazafluorene (717 mg, 2.63 mmol), and K,CO;5 (381 mg, 2.76 mmol)
in DMF (20 mL) was heated to 85 °C for 48 h in a nitrogen atmo-
sphere. The solution was poured into water (200 mL) after cooling
down to room temperature, and a red precipitate, which formed, was
collected by filtration. The crude product was purified twice by column
chromatography on silica, being eluted with CH,CL,/EtOH (30:1, v/v)
to afford the desired product as a red solid. Yield: 328 mg (51.7 %).
'TH NMR (400 MHz, CDCl3): 6 = 5.36 (s, 8 H), 6.99-7.02 (m, 12 H),
7.08-7.13 (m, 12 H), 7.39 (dd, J = 8.0, 4.8 Hz, 4 H), 7.87 (s, 2 H),
8.22 (dd, J = 8.0, 1.6 Hz, 4 H), 8.65 (dd, J = 4.8, 1.6 Hz, 4 H), 8.81
(dd, J = 4.8, 1.6 Hz, 4 H) ppm. ESI-MS: m/z = 1219.4 [M + H]".
CygH50N,0,: caled. C 76.83; H 4.13; N 13.78 %; found: C 76.62; H
4.01; N 13.57 %.

1,2,4,5-Tetrakis[2-(4,5-diazafluoren-9-ylimino)phenoxymethyl]-
benzene (L?): L? was prepared by the same procedure as that de-
scribed for L!, except 9-(2-hydroxy)phenylimino-4,5-diazafluorene
(618 mg, 2.26 mmol) was used instead of 9-(4-hydroxy)phenylimino-
4,5-diazafluorene to react with 1,2,4,5-tetrakis(bromomethyl)benzene
(193 mg, 0.43 mmol). Yield: 249 mg (47.2%) of a red solid. '"H NMR
(400 MHz, CDCly): 6 = 4.61 (s, 8 H), 6.71-6.74 (m, 4 H), 6.79-6.87
(m, 12 H), 6.98-7.07 (m, 10 H), 7.17 (dd, J = 7.6, 4.8 Hz, 4 H), 8.12
(dd, J =7.6, 1.6 Hz, 4 H), 8.51 (dd, J = 4.8, 1.6 Hz, 4 H), 8.68 (dd, J
= 4.8, 1.6 Hz, 4 H) ppm. ESI-MS: m/z = 12194 [M + H]"
C7gH50N,04: caled. C 76.83; H 4.13; N 13.78 %; found: C 76.54; H
3.93; N 13.55 %.

1,2,4,5-Tetrakis[(4,5-diazafluoren-9-ylimino)methyl]benzene (L3):
A mixture of 1,2,4,5-tetrakis(bromomethyl)benzene (203 mg,
0.46 mmol), 4,5-diazafluoren-9-oxime (511 mg, 2.59 mmol), and
K,CO;5 (389 mg, 2.81 mmol) in DMF (20 mL) was heated to 85 °C for
48 h in a nitrogen atmosphere. The solution was poured into water
(200 mL) after cooling down to room temperature, and a white precipi-
tate which formed was collected by filtration. The precipitate was
washed successively with H,O, CH,Cl,, hot ethanol, hot DMF, and
ethyl ether, affording the desired product as a white solid. Yield:
278 mg (66.8%). The 'H NMR spectrum of it was not obtained due
to its poor solubility in common NMR solvents. ESI-MS: m/z = 915.4
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[M + HJ*. Cs;H:,N,,0,: caled. C 70.89; H 3.75; N 18.37 %; found:
C 71.12; H 3.90; N 18.22%.

[{Ru(bpy)s}s(us-LN)I(PFg)g: A mixture of ligand L' (71 mg,
0.06 mmol) and Ru(bpy),Cl,2H,O (157 mg, 0.30 mmol) in 2-meth-
oxyethanol (100 mL) was heated to 120 °C for 12 h in a nitrogen atmo-
sphere to give a clear deep red solution. Afterwards, the solvent was
evaporated under reduced pressure. The residue was purified twice by
column chromatography on alumina, being eluted first with CH3;CN/
EtOH (6:1, v/v) to remove impurities, finally with EtOH to afford the
complex [{Ru(bpy),}4(ps-L")]Clg. The complex was dissolved in the
minimum amount of water followed by dropwise addition of saturated
aqueous NH4PF until no more precipitate formed. The precipitate was
recrystallized from CH3CN/Et,O mixture (vapor diffusion method) to
afford a red solid. Yield: 101 mg (43.0%). 'H NMR (400 MHz,
[Dg]DMSO): 6 = 5.38 (s, 8 H), 7.21-7.23 (m, 16H), 7.32-7.35 (m,
8H), 7.51-7.56 (m, 24H), 7.76 (d, J = 5.2 Hz, 4 H), 7.83-7.86 (m, 10
H), 8.09 (d, J=5.2 Hz, 4 H), 8.16-8.22 (m, 20 H), 8.41 (d, /= 7.8 Hz,
4H), 8.81-8.87 (m, 16 H) ppm. ESI-MS: m/z = 1199.7 (M — 3PF)**,
863.0 (M — 4PFs)**, 661.7 (M — 5PFq)*. C,s55H;14F45N2504PgRuy:
calcd. C 47.06; H 2.85; N 9.73 %; found: C 46.87; H 2.76; N 9.83 %.

{Ru(bpy)2}a(na-LHI(PFe)s:  [{Ru(bpy)s ba(ps-LH](PFs)s was  pre-
pared by the same procedure as that described for [{Ru(bpy),}4-
(us-LHI(PF)s, except L? (77 mg, 0.06 mmol) was used instead of L!
to react with Ru(bpy),Cl,2H,O (181 mg, 0.35 mmol). Yield: 98 mg
(38.4 %) of a red solid. 'H NMR (400 MHz, [Dg]DMSO): J = 5.15 (s,
8H), 7.01-7.05 (m, 20H), 7.28-7.32 (m, 8H), 7.54-7.56 (m, 18H),
7.58-7.62 (m, 4H), 7.75 (d, J = 5.6 Hz, 4H), 7.80-7.83 (m, 8H), 8.15—
8.18 (m, 24H), 8.28 (d, J = 6.4 Hz, 4H), 8.84 (s, 8H), 8.86 (s, 8H)
ppm. ESI-MS: m/z = 863.0 (M — 4PF4)**, 661.6 (M — 5PF4)>*. Calcd
for C,sgH | 14F4gN->304PgRuy: caled. C 47.06; H 2.85; N 9.73 %; found:
C 47.29; H 2.78; N 9.57 %.

[{Ru(bpy)2}4(ua-L)I(PFe)g:  [{Ru(bpy)s}u(is-L?)](PFs)s was pre-
pared by the same procedure as that described for [{Ru(bpy),}4-
(us-LY)](PFg)s, except L? (68 mg, 0.07 mmol) was used instead of L!
to react with Ru(bpy),Cl,*2H,0 (206 mg, 0.39 mmol). Yield: 153 mg
(55.2%) of a red solid. 'H NMR (400 MHz, [D¢]DMSO): J = 5.84 (s,
8H), 7.43-7.54 (m, 20H), 7.63-7.66 (m, 8H), 7.81-7.84 (m, 8H), 7.91
(s, 2H), 8.04-8.07 (m, 8H), 8.12-8.19 (m, 24H), 8.42 (d, J = 7.8 Hz,
4H), 8.81 (s, 8H), 8.84 (s, 8H). ESI-MS: m/z = 1097.4 (M — 3PF)**,
786.4 (M — 4PFg)*. C,34HogF4gN»gO4PgRuy: caled. C 43.17; H 2.65;
N 10.52 %, found: C 42.88; H 2.52; N 10.70 %.

Results and Discussion

Synthesis

The outline of the synthesis of the three tetrapodal ligands
and their Ru" polypyridyl complexes is presented in Scheme 1.
Starting compounds 9-(4-hydroxy)phenylimino-4,5-diazafluor-
ene, 9-(2-hydroxy)phenylimino-4,5-diazafluorene, and 4,5-di-
azafluoren-9-oxime were prepared from 4,5-diazafluoren-
9-one according to the literature procedure.??! L', L2, and L3
were prepared in moderate yields by the reaction of 1,2,4,5-
tetrakis(bromomethyl)benzene  with ~ 9-(4-hydroxy)phenyl-
imino-4,5-diazafluorene, 9-(2-hydroxy)phenylimino-4,5-diaza-
fluorene, and 4,5-diazafluoren-9-oxime, respectively, in DMF
solution in a nitrogen atmosphere. The Ru'! complexes were
prepared by heating Ru(bpy),Cl,*2H,O with the appropriate
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Scheme 1. Synthesis of tetrapodal ligands L'~ and their Ru'! complexes.

ligand in 2-methoxyethanol solution to reflux, and were iso-
lated as their PFq~ salts. These compounds were characterized
by 'H NMR spectroscopy, ESI-MS, and elemental analysis.

Absorption Spectroscopy

The absorption spectra of the ligands were studied in CHCl
solution, and their Ru!! complexes studied in CH;CN solution.
The concentrations of the ligands and complexes are 10~ and
5% 10 mol-L™!, respectively. The energy maxima and ab-
sorption coefficients are summarized in Table 1, and the spec-
tra are shown in Figure 1. Absorption bands of the ligands
can be assigned to ligand-centered intraligand n—n* or n—m*
transitions. Assignments of the absorption bands of the com-
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plexes were made on the basis of the well-documented optical
transitions of analogous Ru" polypyridyl complexes.!?>-2¢! The
absorption spectra of the complexes show three well-resolved
bands. Those at ca. 286 and 238 nm can be assigned to intrali-
gand m—m* transitions centered on the 2,2'-bipyridine. The
lowest energy band at around 443 nm is attributed to MLCT,
dn—n* transition, which consists of overlapping
dn(Ru)—n*(bpy) and dn(Ru)—n*(L) transitions. The three
complexes contain two different kinds of ligands with different
accepting properties, which results in the appearance of a non-
symmetrical MLCT band. The MLCT absorption maxima of
the complexes are blue-shifted by about 8 nm compared with
that of Ru(bpy);>*,/?”! which shows the donor properties of
tetrapodal ligands are weaker than that of 2,2’-bipyridine.

Z. Anorg. Allg. Chem. 2013, 1284-1290
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Table 1. Photophysical and electrochemical data of ligands and Ru! polypyridyl complexes.

Compound Absorption Ay, /nm (10*e /M '«cm™) Emission ¥ Eip IV (AE, /mV) ®
Amax /nm D Oxidation Reduction

L! 427 (0.83) —0.84 (126)
301 (3.47)

L2 426 (0.62 -0.82 (132)
301 (4.06)

[(bpy)gRu,(L")]3* 444 (5.40) 573 0.161 1.37 (131) -0.80 (82)
286 (19.23) —-1.40 (96)
238 (17.64) ~1.65 (91)

[(bpy)gRu4(L?)]3* 443 (5.78) 573 0.157 1.36 (118) -0.79 (88)
286 (23.52) -1.41 (92)
236 (19.69) ~1.63 (99)

[(bpy)gRu,(L3)]3* 441 (4.88) 578 0.357 1.33 (54) -0.95 (102)
286 (27.61) ~1.41 (106)
240 (11.62) ~1.67 (103)

a) The emission quantum yields are calculated relative to Ru(bpy);>* (Dgq = 0.376) in EtOH/MeOH (4:1, v/v) glassy matrix at 77 K, the
uncertainty in quantum yields is 15 %. b) Oxidation potentials are recorded in 0.1 mol-L"' TBAP/CH;CN, reduction potentials are recorded in
0.1 mol-'L~! TBAP/DMF and potentials are given vs. SCE, scan rate = 200 mV-s~! and AE, is the difference between the anodic and cathodic

waves.

Absorbance

0.0 . q . ; . e
300 400 500 600

Wavelength (nm)

Figure 1. Absorption spectra of complexes [{Ru(bpy),}4(ts-LH)]-
(PFg)s  (black), [{Ru(bpy)}a(bs-LH)I(PFg)s (dark grey), and
[{Ru(bpy), }4(14-L3)](PFg)s (light grey) in CH;CN solution; absorption
spectra of ligands L! (grey) and L? (black) in CHCl; solution.

Emission Spectroscopy

The three complexes display no emission at all in CH;CN
solution at room temperature upon excitation into the MLCT
band. The emission properties of Ru'! polypyridyl complexes
generally follow the energy gap law.!?82%1 The 3MLCT state is
reasonably long-lived and is thought to be deactivated by three
processes: radiative decay, k,, radiationless decay, k,,, and ther-
mal population of a higher lying excited state, k,exp(-AE/RT).
For the last process, the thermally accessible excited state has
been designated as a ligand field excited state. The energy of
this presumed ligand field state should depend on the ligand
field strength. The emission intensities follow the model
shown in Figure 2 originally proposed by Crosby, Meyer, and
others.[30-341 The values of AE for the Ru" polypyridyl com-
plexes containing 4,5-diazafluorene are substantially lower
than the corresponding value for Ru(bpy);>*, these results are
consistent with ligand field theory. 4,5-Diazafluorene deriva-
tives are known to be lower than 2,2’-bipyridine in the spectro-
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Figure 2. Energy state diagram based on the Crosby-Meyer model.

chemical series,®>71 hence the ligand field excited state en-
ergy will be lowered if 2,2'-bipyridine ligands are replaced by
4,5-diazafluorene derivatives. Consequently, population of the
ligand field state is very efficient for these complexes at room
temperature and they are essentially non-emissive at room tem-
perature. However, the energy transfer is inhibited at 77 K, so
they show vibrational components similar to that of
Ru(bpy);2* in EtOH/MeOH (4:1, v/v) glassy matrix at 77 K
(Figure 3).135737] The three complexes (107> mol-L™!) exhibit
characteristic emission at around 575 nm in EtOH/MeOH (4:1,
v/v) glassy matrix at 77 K with an excitation wavelength at
436 nm (Table 1). The emission intensities of complexes
[{Ru(bpy)s }4(ps-L")]** and [{Ru(bpy), }4(ps-L*)]*+ are weaker
than that of complex [{Ru(bpy),}s(us-L*)]3*. This may in-
volve rapid radiationless decay. It has been well documented
that the energy of the metal-centered excited state depends on
the ligand field strength, which in turn depends on the ¢ donor
and T acceptor properties of ligands,!*8! the larger 7 framework
of ligands L' and L? decreases the ¢ donor and increases the
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m acceptor properties slightly, resulting in weakening of the
ligand field strength around the central metal atom and in turn
lowering the metal 6* orbitals slightly. This makes radiation-
less decay via low-lying MC states more efficient than in com-

plex [{Ru(bpy)s}a(pa-LH)]*.

6000 —
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4000
3000

2000 -

Relative Intensity

1000

T T T T — 1
500 550 600 650 700
Wavelength (nm)

Figure 3. Emission spectra of complexes [{Ru(bpy), }4(1s-LN)](PFg)g

(black), [{Ru(bpy)s}a(ka-L?)](PFe)s (dark grey), and [{Ru(bpy),}a-
(u4-L3)](PFg)s (light grey) in ECOH/MeOH (4:1, v/v) glassy matrix at
77 K.

Electrochemical Properties

The electrochemical behaviors of the three complexes have
been studied in CH;CN and DMF solutions with 0.1 mol-L~!
TBAP as supporting electrolyte. The reduction waves of the
complexes are not well-behaved in CH3CN solution due to
adsorption of the reduced species onto the surface of the plati-
num electrode. In DMF solution, the three complexes display
clear reduction processes, but do not exhibit the oxidative
waves due to the insufficient anodic window of the solvent.
Therefore, the oxidation potentials were recorded in CH3CN
solution, and the reduction potentials were recorded in DMF
solution (Table 1).

The complex [{Ru(bpy),}.(ns-L")]3+ exhibits a Ru'-cen-
tered reversible oxidation wave at 1.37 V (Figure 4a). This po-
tential is slightly more negative (by about 20 mV) than that
of the parent complex [(bpy),Ru(dafo)]?**! but slightly more
positive (by about 100 mV) than that of complex Ru(bpy);**,
which indicates that the ligand L' is a stronger 7 acceptor than
2,2'-bipyridine but a weaker m acceptor than dafo. Complex
[{Ru(bpy), }4(ns-L3)]3* is easier to oxidize than complexes
[{Ru(bpy)> }a(ua-LH]¥* and [{Ru(bpy)s }a(pa-L?)]¥* due to the
extended m delocalization of ligands L' and L2. In the current
study, the three tetranuclear complexes show a single, unper-
turbed wave in cyclic voltammetry and a single peak without
broadening in differential pulse voltammetry (Figure 4a), a
four-electron process for each couple of the three complexes
was confirmed by coulometry. On the basis of the above re-
sults, the oxidation can be ascribed to a four-electron reversible
process.
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Figure 4. Cyclic voltammetry of complex [{Ru(bpy), }4(1s-L)]1(PFg)s
(5% 10* mol-L~!, scan rate = 200 mV-s~!), (a) oxidation potential is
recorded in 0.1 mol-L~" TBAP CH5CN solution, (b) reduction poten-
tials are recorded in 0.1 mol-L~! TBAP DMF solution; cyclic voltam-
metry of ligand L' (5X 10~ mol-L"!, scan rate = 200 mV-s™') is re-
corded in 0.1 mol-L~! TBAP DMF solution.

Electrochemical studies of the three complexes exhibit three
ligand-centered reductions. The free L' ligand shows one re-
duction wave at —0.84 V. Upon coordination to ruthenium, the
first reduction wave at —0.80 V were observed. This reduction
is consistent with the addition of electrons to the LUMO local-
ized on L', giving the species [{Ru(bpy),}a(pus-L*)]** (Fig-
ure 4b). It appears that the tetrapodal ligand L' is more easily
reduced than 2,2'-bipyridine based on the reduction data, so
complex [{Ru(bpy),}4(ns-LH]®* should possess an excited
state lower in energy than the Ru™ — bpy charge transfer
states. 4,5-Diazafluorene derivatives are known to be lower
than 2,2’-bipyridine in the spectrochemical series,*>=71 and
the absorption spectrum of complex [{Ru(bpy),}a(ps-LH]3*
does not show any particular band significantly lower in en-
ergy than Ru(bpy);2*, so such an easy reduction should involve
an orbital, which does not receive significant contribution from
the chelating nitrogen atoms of the tetrapodal ligand. The pro-
moted electron should be associated with the C=N moiety of
the tetrapodal ligand L'. This first reduction wave of
complex [{Ru(bpy),}4(us-L?)]3* shows that this complex is a
weaker electron acceptor than [{Ru(bpy),}s(us-LH]®* and
[{Ru(bpy), }4(is-L?)]3* by about 0.15 V. The second quasi-re-
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versible reduction at —1.40 V is located on one of the two 2,2'-
bipyridine ligands on each metallic terminal, adding electrons
to the 2,2'-bipyridine localized LUMO+1 yielding the species
[{Ru(bpy™)(bpy) }4(s-L*)]. Similar to the oxidation process,
the reductions of the remote 2,2'-bipyridine appear at the same
potential, indicating no interaction between the four sites. The
third reduction appearing at —1.65 V is quasi-reversible and
yields the species [{Ru(bpy™),}s(ns-L*)]*.  Electro-
chemistry behaviors of complexes [{Ru(bpy)s}4(ps-L?)]%* and
[{Ru(bpy)s }4(us-L3)]3* are similar to that of complex
[{Ru(bpy)s}a(pa-LH1**.

Conclusions

Three tetrapodal ligands derived from 4,5-diazafluorene-9-
one, and their corresponding tetranuclear Ru!' complexes were
synthesized and characterized. The UV/Vis absorption and
emission properties of the three complexes are dominated by
MLCT transitions and excited states. The three complexes ex-
hibit intense emission at around 575 nm originating from the
lowest energy MLCT excited state in EtOH/MeOH (4:1, v/v)
glassy matrix at 77 K. Electrochemical studies of the com-
plexes exhibit one single Ru'-based oxidation wave. The spec-
troscopic and electrochemical properties of the three com-
plexes are somewhat different to those of Ru(bpy);** due to
the different electronic nature of the tetrapodal ligands. These
properties of complexes [{Ru(bpy),}4(us-L1)]3*  and
[{Ru(bpy)s }4(1s-L?)]3+ are also somewhat different to those of
[{Ru(bpy)s }4(1s-L3)]3* due to the slightly variation of the
three bridging ligands. Electrochemical properties show little
interaction between the three Ru" polypyridyl complexes. It is
well-documented that an interaction of a few reciprocal centi-
meters (which can not be noticed in spectroscopic and electro-
chemical experiments) is sufficient to cause fast intercompon-
ent electron or energy transfer processes,!***3! so the three
complexes have potential applications in the area of photoin-
duced electron or energy transfer.

Acknowledgements

We are grateful to the National Natural Science Foundation of China
(21261019) and the Yunnan Provincial Science and Technology
Department (2010ZC148) for financial support.

References

[1] M.I Webb, R. A. Chard, Y. M. Al-Jobory, M. R. Jones, E. W. Y.
Wong, C. J. Walsby, Inorg. Chem. 2012, 51, 954.

[2] P.P. Tejeda, R. P. Gotor, E. M. Grueso, Inorg. Chem. 2012, 51,
10825.

[3] N. Dupont, Y.F. Ran, H. P. Jia, J. Grilj, J. Ding, S. X. Liu, S.
Decurtins, A. Hauser, Inorg. Chem. 2011, 50, 3295.

[4] F. X. Cheng, N. Tang, J. S. Chen, L. H. Chen, Sens. Actuators B
2012, 171-172, 102.

[5] L.F Tan, J. Liu, J. L. Shen, X. H. Liu, L. L. Zeng, L. H. Jin,
Inorg. Chem. 2012, 51, 4417.

[6] R.T.F Jukes, B. Bozic, P. Belser, L. De Cola, F. Hartl, Inorg.
Chem. 2009, 48, 1711.

Z. Anorg. Allg. Chem. 2013, 1284-1290

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Zeitschrift fir Journal of
anorganische Inorganic and
und allgemeine General
Chemie Chemistry

[7] B. Ventura, A. Barbieri, F. Barigelletti, S. Diring, R. Ziessel, In-
org. Chem. 2010, 49, 8333.

[8] J.L.Lin, C. N. Tsai, S. Y. Huang, J. F. Endicott, Y. J. Chen, H. Y.
Chen, Inorg. Chem. 2011, 50, 8274.

[9] M. W. Cooke, G. S. Hanan, F. Loiseau, S. Campagna, M. Watan-
abe, Y. Tanaka, J. Am. Chem. Soc. 2007, 129, 10479.

[10] Y. Yamamoto, Y. Tamaki, T. Yui, K. Koike, O. Ishitani, J. Am.
Chem. Soc. 2010, 132, 11743.

[11] M. T. Indelli, M. Orlandi, C. Chiorboli, M. Ravaglia, F. Scandola,
F. Lafolet, S. Welter, L. De Cola, J. Phys. Chem. A 2012, 116,
119.

[12] S. Welter, N. Salluce, A. Benetti, N. Rot, P. Belser, P. Sonar, A. C.
Grimsdale, K. Miillen, M. Lutz, A. L. Spek, L. De Cola, Inorg.
Chem. 2005, 44, 4706.

[13] C. F. Wang, J. L. Zuo, J. W. Ying, T. Ren, X. Z. You, Inorg. Chem.
2008, 47, 9716.

[14] J. W. Jurss, J. J. Concepcion, J. M. Butler, K. M. Omberg, L. M.
Baraldo, D.G. Thompson, E.L. Lebeau, B. Hornstein, J.R.
Schoonover, H. Jude, J. D. Thompson, D. M. Dattelbaum, R. C.
Rocha, J. L. Templeton, T. J. Meyer, Inorg. Chem. 2012, 51, 1345.

[15] T. L. Easun, W.Z. Alsindi, N. Deppermann, M. Towrie, K. L.
Ronayne, X.Z. Sun, M. D. Ward, M. W. George, Inorg. Chem.
2009, 48, 8759.

[16] V. Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni, Chem.
Rev. 1996, 96, 759.

[17] F. Gao, X. Chen, J. Q. Wang, Y. Chen, H. Chao, L. N. Ji, Inorg.
Chem. 2009, 48, 5599.

[18] D. A. Lutterman, L. A. Lazinski-Melanson, Y. Asher, D. H. John-
ston, J. C. Gallucci, C. Turro, J. Photochem. Photobiol. A: Chem.
2011, /27, 100.

[19] A. Valore, M. Balordi, A. Colombo, C. Dragonetti, S. Righetto,
D. Roberto, R. Ugo, T. Benincori, G. Rampinini, F. Sannicolo, F.
Demartine, Dalton Trans. 2010, 39, 10314.

[20] H. Jiang, D. Song, Organometallics 2008, 27, 3587.

[21] L. J. Henderson, F. R. Fronczek, W. R. Cherry, J. Am. Chem. Soc.
1984, 106, 5876.

[22] Y. Wang, D. P. Rillema, Tetrahedron 1997, 53, 12377.

[23] B. P. Sullivan, D. J. Salmon, T. J. Meyer, Inorg. Chem. 1978, 17,
3334.

[24] R. J. Watts, G. A. Crosby, J. Am. Chem. Soc. 1972, 94, 2606.

[25] S. Karlsson, J. Modin, H.C. Becker, L. Hammarstrom, H.
Grennberg, Inorg. Chem. 2008, 47, 7286.

[26] A. K. Bilakhiya, B. Tyagi, P. Paul, Inorg. Chem. 2002, 41, 3830.

[27] D. P. Rillema, K. B. Mack, Inorg. Chem. 1982, 21, 3849.

[28] J. L. Zambrana, J. E. X. Ferloni, J. C. Colis, H. D. Gafney, Inorg.
Chem. 2008, 47, 2.

[29] M. Abrahamsson, M. Jager, R. J. Kumar, T. Osterman, P. Persson,
H. C. Becker, O. Johansson, L. Hammarstrom, J. Am. Chem. Soc.
2008, /30, 15533.

[30] G. D. Hager, G. A. Crosby, J. Am. Chem. Soc. 1975, 97, 7031.

[31] G. D. Hager, R.J. Watts, G. A. Crosby, J. Am. Chem. Soc. 1975,
97, 9037.

[32] K. W. Hipps, G. A. Crosby, J. Am. Chem. Soc. 1975, 97, 7042.

[33] T. J. Meyer, Pure Appl. Chem. 1990, 62, 1003.

[34] F. Barigelletti, P. Belser, A. von Zelewsky, A. Juris, V. Balzani,
J. Phys. Chem. 1986, 90, 5190.

[35] Y. Wang, W.J. Perez, G. Y. Zheng, D. P. Rillema, Inorg. Chem.
1998, 37, 2051.

[36] Y. Wang, W. J. Perez, G. Y. Zheng, D. P. Rillema, C. L. Huber,
Inorg. Chem. 1998, 37, 2227.

[37] B. W. K. Chu, V. W. W. Yam, Inorg. Chem. 2001, 40, 3324.

[38] A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A.
Zelewsky, Coord. Chem. Rev. 1985, 84, 85.

[39] L. De Cola, V. Balzani, F. Barigelletti, L. Flamigni, P. Belser,
A. V. Zelewsky, M. Frank, F. Vogtle, Inorg. Chem. 1993, 32,
5228.

[40] P. Cai, M. Li, C. Duan, F. Lu, D. Guo, Q. Meng, New J. Chem.
2005, 29, 1011.

www.zaac.wiley-vch.de 1289



ARTICLE F. Cheng, C. He, H. Yin, N. Tang, N. Hou

[41] E. C. Constable, C. E. Housecroft, E. R. Schofield, S. Encinas, N.  [43] S. Baitalik, X. Wang, R. H. Schmehl, J. Am. Chem. Soc. 2004,
Armaroli, F. Barigelletti, L. Flamigni, E. Figgemeierc, J. G. Vos, 126, 16304.
Chem. Commun. 1999, 869.

: Received: January 26, 2013
421 S. Vad , P.G. Potvin, Eur: J. Inorg. Chem. 2004, 1763. . A y 26,
[42] 5. Vaduvescu OtvinL, U S fnorg. e Published Online: May 21, 2013

1290  www.zaac.wiley-vch.de © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Z. Anorg. Allg. Chem. 2013, 1284-1290



