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Abstract

New [Ru(L1)(H,debpy)(NCS),] [K30] and [Ru(L2)(H,dcbpy)(NCS),] [K27] complexes were synthesized in a one-pot reaction starting
from [RuCly(p-cymene)],, where the ligands (H,dcbpy = 4,4’-dicarboxy-2,2’-bipyridine, L1 =4,5-diazafluoren-9-one, and L2 =1,10-
phenanthroline-5,6-dione) are introduced sequentially. The resulting complexes were characterized by UV—vis, emission, IR, TGA, NMR,
elemental analysis and cyclic voltammetry. The absorption and emission maxima of the two complexes are very similar to one another. The
low-energy MLCT absorption maxima of the complexes appear at 524 nm, and the luminescence consists of a single band with a maximum
at 700 and 720 nm, respectively, in DMF solution at 298 K. The electrochemical behaviors of the complexes have been studied in CH3;CN
by cyclic voltammetry. The LUMO energy levels of K27 and K30 were determined as —4.01 and —3.86 eV, respectively. The thermogravimetric
analyses (TGA) of the prepared complexes show that the dyes are stable up to about 220 °C. Photodecompositions of the complexes in solution
were studied in both ethanol and DMF solvents with a steady-state spectrofluorimeter in time-based mode. The photostability of the compounds
in DMF was found to increase twice in comparison to ethanol. Fluorescence quenching experiments of the one simple derivative of PDIs
(N,N’-bis(1-ethylpropyl)perylene-3,4,9,10-tetracarboxylic acid (EP-PDI)) in DMF were studied vs. increasing K27 and K30 concentrations to
monitor donor/acceptor capability. The rate constants (k;) of EP-PDI for each complex, K27 and K30, were determined as 7.72 x 10'? and
6.52 x 10> M~"s™', respectively. In addition, the free energies of exothermic photo-electron transfer (ET) processes between EP-PDI and
complexes K27 and K30 were calculated to be —62.3 and —57.9 kcal mol !, respectively.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction knowledge available. Metal-to-ligand charge transfer

(MLCT) transitions dominate their visible light absorption

Ruthenium(II) bipyridyl complexes have been extensively
studied over the last 30 years as a result of their remarkable
chemical stability and photophysical properties [1,2]. These
chromophores have found use in a wide variety of applica-
tions, from solar energy related research [1—7] to molecular
wires [8—10], sensors and switches [11], machines [12] and
also as therapeutic agents [13]. Ruthenium polypyridyl sensi-
tizers have been the first choice in view of the extensive
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and many of their photophysical and redox behaviors in
such complexes. The metal-to-ligand charge transfer absorp-
tion can be extended to longer wavelengths by appropriate
substituent changes on chromophoric ligands [14]. The major
focus of this work has been to investigate thiocyanato com-
plexes, in view of their use as photosensitizers, for example,
in photoelectrochemical solar cells. However, polypyridyl L1
and L2 ligands are chosen due to their reactive chemical sites.
These special ligands have several distinct properties com-
pared to its analogue 2,2’-bipyridine. First, both of them con-
tain a reactive exocyclic ketone. Second, the rigid structure
imposed by the central five-member ring means that the two
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nitrogen atoms are always held in the same direction. Third,
strain will be generated in the central five-member ring (for
L1) once it coordinates to ruthenium(II). There have been
few reports on the synthesis and characterization of heterolep-
tic complexes of ruthenium starting from a polymeric complex
Ru(CO),Cl, [15—17]. The synthetic methodology of such het-
eroleptic complexes involves several steps, resulting in very
low yields. The present study reports the synthesis and charac-
terization of such new sensitizers using a novel synthetic route
and a systematic study of their emission, electrochemical, and
photoelectrochemical properties.

2. Experimental

UV—vis and fluorescence spectra were recorded in a 1 cm
path length quartz cell on a Jasco V-530 UV—vis spectropho-
tometer and PTI-QM1 spectrofluorometer, respectively. The
measured emission and excitation spectra were routinely cor-
rected for the wavelength dependent features. Proton and '*C
NMR spectra were measured on a Bruker 400 MHz spectrom-
eter. The reported chemical shifts are against TMS. Infrared
spectra were obtained with a Nicolet Magna 550 FT-IR spec-
trophotometer with the samples dispersed in compressed KBr
pellets. Thermal analyses were carried out by Perkin—Elmer
thermogravimetric analyzer Pyris 6TGA. Microanalyses (C,
H and N) were carried out with CHNS-932 (LECO) elemental
analyzer. Electrochemical data were obtained by cyclic voltam-
metry using a Metrohm 797 VA Computrace processor. The
working electrode was a 25 pm Pt microdisk, the auxiliary
electrode was a platinum wire, the reference electrode was a sil-
ver wire, and the supporting electrolyte was 0.1 M TBAPFq
(tetrabutylammonium hexafluorophosphate).

All organic solvents used were of puriss quality from Fluka.
[RuCl,(p-cymene)], and NH4SCN were purchased from
Fluka. 2,2’-Bipyridine-4,4'-dicarboxylic acid (H,dcbpy) and
1,10-phenanthroline were purchased from Aldrich. N,N'-Bis
(1-ethylpropyl)perylene-3,4,9,10-tetracarboxylic acid (EP-PDI)
was purchased from Synton. 4,5-Diazafluoren-9-one [18] and
1,10-phenanthroline-5,6-dione [19,20] were synthesized ac-
cording to the literatures.

2.1. Preparation of 4,5-diazafluoren-9-one (L1)

1,10-Phenanthroline (0.056 mol, 10 g) and KOH (0.103 mol,
5.75 g) were added to 500 mL of water and brought to reflux. Po-
tassium permanganate (0.1773 mol, 28 g) in 200 mL of water
was added dropwise to the refluxing mixture. After addition,
the solution was refluxed for 0.5h and filtered to remove
MnO,. When the solution was cooled, crude 4,5-diazafluoren-
9-one precipitated as yellow needles. Recrystallization was car-
ried out from CH,Cl,/Hexane; 4.55 g, 45% yield. Anal. Calcd
for C;1HgN,O: C, 72.52; H, 3.32; N, 15.38. Found: C, 72.88;
H, 3.11; N, 15.21%. FT-IR (KBr, cm™'): 3031, 1717, 1558,
1459, 1400, 1264, 1099. '"H NMR (CDCl3) 6 (ppm): 8.77 (d,
J=5.08 Hz, 2H, NCHCH), 7.95 (d, J = 7.4 Hz, 2H, CHCHC),
7.32(q,J = 5.08 Hz, 2H, CHCHCH). '>*C NMR 6 (ppm): 189.6

(CCOC), 163.5 (NCCN), 155.4 (NCHCH), 131.6 (CHCHC),
129.5 (CHCCO), 124.9 (CHCHCH).

2.2. Preparation of 1,10-phenanthroline-5,6-dione (L2)

1,10-Phenanthroline-5,6-dione was prepared according to
a modification of the procedure by Yamada et al. [19]. A mix-
ture of 1,10-phenanthroline (3.65 g, 20.3 mmol) and KBr
(24.85 g, 208.8 mmol) was added to 82 mL of H,SO, (98%)
previously cooled at nitrogen temperature. The mixture was
slowly allowed to warm to room temperature and a thick or-
ange paste was obtained; then 45 mL of concentrated HNO;
was added dropwise at room temperature. The resulting red
solution was heated at 90 °C for 3 h and then poured into
water (1 L). The solution was neutralized with Na,CO; and
extracted with CH,Cl,. The yellow extract was dried on
MgSO, and the solvent removed in vacuo. The orange-yellow
solid was recrystallized from EtOH; 3.72 g; 87% yield. Anal.
Calcd for C1,HgN,O,: C, 68.57; H, 2.88; N, 13.33. Found: C,
68.22; H, 2.91; N, 13.06%. FT-IR (KBr, cm'): 3060, 1687,
1561, 1459, 1412, 1290, 1087. 'H NMR (CDCl;) 6 (ppm):
9.08 (q, /=1.6 Hz, 2H, NCHCH), 8.45 (q, /=1.6 Hz, 2H,
CHCHC), 7.55 (q, J=2.8 Hz, 2H, CHCHCH). '*C NMR
(CDCl3) 6 (ppm): 178.7 (CCOCOC), 156.7 (NCHCH), 153.1
(NCCN), 137.4 (CHCHC), 128.3 (CHCHCH), 125.7 (CHCC).

The critical point of this procedure is the treatment of the
1,10-phenanthroline/KBr mixture with sulfuric acid: it has to
be performed by adding the heterocyclic diamine/KBr mixture
to sulfuric acid pre-cooled at liquid nitrogen temperature.

2.3. Preparation of [Ru(L1)(H>dcbpy)(NCS),] [K30]
and [Ru(L2)(Hdcbpy)(NCS),] [K27]

In a typical one-pot synthesis of K27 and K30, [RuCly( p-
cymene)], (0.1 g, 0.16 mmol) was dissolved in DMF (50 mL)
and corresponding ligand [L1 (0.0585 g, 0.32 mmol) for K30
and L2 (0.0672 g, 0.32 mmol) for K27] was then added. The
reaction mixture was heated to 60 °C under argon for 4 h
with constant stirring. To this reaction flask H,dcbpy (0.08 g,
0.32 mmol) was added and refluxed for 4 h. Finally, excess
of NH4SCN (0.988 g, 13 mmol) was added to the reaction
mixture and the reflux continued for another 4 h. The reaction
mixture was cooled down to room temperature and the solvent
was removed by using a rotary evaporator under vacuum.
Water was added to the flask and the insoluble solid was col-
lected on a sintered glass crucible by suction filtration. The
solid was dried under vacuum. The crude complex was recrys-
tallized from methanol and diethyl ether.

2.3.1. Ru"(45-diazafluoren-9-one)(4 4 ’—dicarboxy—Z,Z "-bi-
pyridyl)-di(thiocyanate), [Ru"(L1)(H,dcbpy)(NCS )], [K30]
183 mg, 89% yield. Anal. Calcd for RuC,5sH4NgO5S,: C,
46.66; H, 2.19; N, 13.06. Found: C, 46.53; H, 2.09; N,
13.15. FT-IR (KBr, cm™'): 3414, 3109, 2789, 2112, 2061,
1711, 1595, 1401, 1371, 786. '"H NMR (DMSO) & (ppm):
9.50 (d, J=6Hz, 1H, NCHCH), 9.27 (d, J=5.2Hz, 1H,
NCHCH), 8.44 (s, 1H, CCHC), 8.25 (s, 1H, CCHC), 8.01
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(d, J=7.4Hz, 1H, CHCHC), 784 (d, J=7.4Hz, 1H,
CHCHC), 7.65 (d, J=52Hz, 1H, NCHCH), 7.61 (d,
J=6Hz, 1H, CCHCH), 7.58 (d, J=4Hz, 1H, NCHCH),
7.13 (q, J =5.2 Hz, 1H, CHCHCH), 7.02 (d, J= 1.6 Hz, 1H,
CCHCH), 6.49 (q, J=5.2Hz, 1H, CHCHCH). >*C NMR
(DMSO) 6 (ppm): 189.8 (CCOC), 172.6 (COOH), 172.3
(COOH), 163.9 (NCCN), 156.5 (NCCN), 155.8 (NCHCH),
155.3 (NCHCH), 143.2 (NCHCH), 142.7 (NCHCH), 140.4
(CHCHC), 140.0 (CHCCH), 139.8 (CHCHC), 139.6
(CHCCH), 135.9 (CCHC), 135.6 (CCHC), 133.2 (NCS),
131.6 (CHCHC), 131.2 (CHCHC), 129.8 (CCOC), 129.6
(CCOC), 125.1 (CHCHCH), 124.6 (CHCHCH).

2.3.2. Ru'(1 ,]O—phenanthroline—5,6—di0ne)(4,4,—
dicarboxy-2,2 /-bipyridyl )-di(thiocyanate),
[Ru(L2)(Hodcbpy)(NCS )], [K27]

181 mg, 84% yield. Anal. Calcd for RuC,sH4NgOgS,: C,
46.50; H, 2.10; N, 12.51. Found: C, 46.22; H, 2.03; N, 12.33.
FT-IR (KBr, cm™Y): 3402, 3176, 2110, 2065, 1714, 1658,
1633, 1370, 788. '"H NMR (DMSO) 6 (ppm): 9.52 (d,
J=7.2Hz, 1H, NCHCH), 9.48 (d, J = 1.6 Hz, 1H, NCHCH),
8.53 (d, J = 1.6 Hz, 1H, CCHCH), 8.45 (s, 1H, CCHC), 8.34
(d, J=1.6 Hz, 1H, CCHCH), 8.27 (s, 1H, CCHC), 7.96 (d,
J=1.6 Hz, 1H, NCHCH), 7.67 (d, J = 6.8 Hz, 1H, CCHCH),
7.61 (d, J=4.8 Hz, 1H, NCHCH), 7.36 (q, J =2.8 Hz, 1H,
CHCHCH), 7.05 (d, J=1.6Hz, 1H, CCHCH) 6.72 (q,
J=2.8Hz, 1H, CHCHCH). '*C NMR (DMSO) 6 (ppm):
180.2 (CCOCOC), 179.9 (CCOCOC), 172.7 (COOH), 172.5
(COOH), 157.3 (NCHCH), 156.9 (NCHCH), 156.6 (NCCN),
154.7 (NCCN), 143.4 (NCHCH), 142.9 (NCHCH), 140.6
(CHCHC), 140.1 (CHCCH), 139.8 (CHCHC), 139.4 (CHCCH),
138.6 (CHCHC), 138.1 (CHCHC), 136.1 (CCHC), 135.7
(CCHC), 132.8 (NCS), 129.6 (CHCHCH), 129.2 (CHCHCH),
126.3 (CCOCOC), 126.1 (CCOCOC).

3. Results and discussion

A synthetic route starting from the [RuCl,(p-cymene)],
complex, and using sequential addition of ligands at different
time intervals, was designed for the synthesis of heteroleptic
polypyridyl ruthenium complexes. Heteroleptic complexes
K27 and K30 were prepared as shown in Scheme 1 [21—28].

This method shown in Scheme 1 is more facile and gives
improved yields than previously reported [29]. In the one-pot
reaction of the complexes the first step is that the reaction of
[RuCl,(p-cymene)], dimer with L2 (Scheme 1) in N,N'-
dimethylformamide (DMF) solution at 90 °C results in the
mononuclear complex [Ru(L2)Cl(cymene)]Cl. In this step,
the coordination of substituted bipyridine ligand to the ruthe-
nium centre takes place with cleavage of the doubly chloride-
bridged structure of the dimeric complex. In the second
step, mononuclear complex reacts with 4,4’-dicarboxy-2,2’-
bipyridine (H,dcbpy) in order to give heteroleptic dichloro
complex under reduced light at 150 °C. The displacement of
the cymene ligand from the coordination sphere of the ruthe-
nium metal by the Hpdcbpy ligand takes place efficiently in
organic solvents such as DMF. During the reaction the interme-
diate products were drawn off and checked by UV—vis spec-
troscopy. The color change of the solution, from purple to
dark red, shows the chloride exchange with NCS™ group by
the addition of excess of NH,SCN.

3.1. Absorption and emission studies

The absorption and emission spectra of the complexes are
shown in Fig. 1, and the energy maxima and absorption coef-
ficients are summarized in Table 1. The absorption spectra of
the resulting complexes K27 and K30 (Scheme 2) were mea-
sured in two solvents, DMF and ethanol. The spectrum of
complex K27 and K30 in DMF shows two metal-to-ligand
charge transfer (MLCT) bands which are well-resolved [30]
at 524 and 380 nm, with a molar extinction coefficient of
10600 and 10300 M~ " cm ™", respectively. These results are
very close to the reported MLCT absorptivities of other similar
complexes [31]. The bands at 304 and 306 nm are assigned to
the intraligand 7t—7t* transition of H,dcbpy and phen/fluoren
ligands.

The emission spectra of the complexes were recorded in
DMF at room temperature (Fig. 1). Emission of Ru(II)poly-
pyridine complexes usually occurs from the lowest-lying
SMLCT excited  state [1,2,32,14]. When excited at the
400 nm (MLCT absorption band for both complexes), K27
and K30 in DMF solution at 298 K exhibit a luminescence
consisting of a single band with a maximum at 700 and

C
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Scheme 1. One-pot synthetic route for K27 dye. (i) DMF, L2, 70 °C, inert atmosphere, and 4 h; (ii) dcbpy, 150 °C, inert atmosphere, and 4 h; (iii) NH4NCS,

150 °C, inert atmosphere, and 4 h.
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EP-PDI

Scheme 2. Structures of the compounds.

720 nm, respectively (Fig. 1a and b). Excitation of these com-
plexes at different wavelengths within the manifold of the
MLCT bands gave the same emission maxima. This phenom-
enon shows that exciting the complex between 350 and
600 nm leads to population of the same luminescent state.

3.2. IR spectra

Further structural characterization of K27 and K30 was
carried out by IR spectroscopy. The high resolution spectrum
exhibits a doublet with peaks at 2110 and 2065 cm ™' for K27,
and 2112 and 2066 cm™ ' for K30, which is characteristic
of the cis-configuration of the two thiocyanate ligands. The
NCS™ group has two characteristic modes, »(N=C) and
v(C=S), which are frequently considered as diagnostic with re-
spect to the coordination mode of the ambidentate NCS ligand
[33]. Furthermore, the N-coordination of the thiocyanate group
is confirmed by the presence of the »(C=S) vibrational band at
780 cm ™', If the thiocyanate groups were coordinated to ruthe-
nium through their sulfur atoms, a weak »(C=S) vibrational
band around 700 cm~' would have appeared [34,35]. The
fact that such a band was not observed excludes the presence
of any significant amount of S-coordinated species in the
product. It can be clearly said that the N-coordination of the

thiocyanate group is bound to the metal because of the peaks
which are observed at 788 for K27 and 786 for K30. The one
broad band at 1714 for K27, and 1711 for K30 are due to the
presence of protonated carboxyl groups.

3.3. NMR spectroscopy

In Tris—heteroleptic complexes, the symmetry is lowered
C, when compared to homoleptic complexes (D3). Hence,
the NMR spectrum of Tris—heteroleptic complexes is ex-
pected to be much more complicated [36]. In complexes
K27 and K30, two halves of each ligand are necessarily in dif-
ferent magnetic environments. The NMR spectrum of K27 and
K30 in the aromatic region shows 12 resonance peaks. Those
12 well-resolved resonance peaks corresponding to six differ-
ent aromatic ring protons of H,dcbpy and six different aro-
matic protons of 1,10-phenanthroline-5,6-dione (for K27)
and 4,5-diazafluoren-9-one (for K30).The 3C NMR spectros-
copy proved to be the most valuable tool for determining the
geometric configuration of the ruthenium complexes and the
linkage properties of the NCS ligand. The proton decoupled
13C NMR spectra of cis- and frans-isomers show different
carbon resonances that were identified by comparing with
known bipyridine complexes [37]. In the aromatic region
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Fig. 1. UV—vis absorption and emission spectra of K30 (a) K27 (b) complexes
and EP-PDI (¢) measured at 298 K under aerobic conditions in DMF solution.

(0, 190—120 ppm), complex K27 shows 23 resonance signals
corresponding to 23 carbons of Hydcbpy and 1,10-phenanthro-
line-5,6-dione ligands, whereas complex K30 exhibits only 22
resonance peaks coming from H,dcbpy and 4,5-diazafluoren-
9-one ligands. It has been reported that S-coordination of the
NCS ligand to transition metals shields the carbon atom
much more than N-coordination. S-coordinated NCS ligands
show carbon resonances at 120—125 ppm [38]. The single res-
onance peak at 132.8 (for K27) and 133.2 (for K30) was
assigned to the carbon of N-coordinated NCS. The two down-
field resonances at 172.7—172.5 (for K27) and 172.6—172.3
are assigned to the carboxylate carbons.

Table 1
UV—vis spectral data for ruthenium complexes

Complex  Amax (nm) (/10° M 'em™)* A (nm) (/10* M~ 'em™)P
K27 524 (1.06), 380 (1.11), 518 (1.02), 376 (1.09),
304(3.18) 306 (3.13)
K30 524 (1.03), 380 (1.07), 516 (1.02), 378 (1.04),
306 (3.26) 308 (3.21)
 In DMF.

® In C,HsOH, T =298 + 1 K. Errors: Apax, =1 nm; ¢, £0.1 M~ em™.

3.4. Thermal analyses

The thermogravimetric analyses (TGA) of the prepared
complexes and ligands were measured under nitrogen atmo-
sphere in the range 20—1000 °C in order to investigate the
thermal stability. Fig. 2 shows the TG traces for the ligands
(L1, L2) and the new complexes (K30, K27). According to
TG traces, the dyes are stable up to about 220 °C and do not
undergo any detectable change (Fig. 2). For both complexes,
the degradation starts with breaking of the carbonyl groups
of the ligands. Fifty percent of mass of compounds K30 and
K27 were lost at 650 and 780 °C, respectively. The weight
loss of the ligands (L1, L2) were completed up to 320 °C
and carbonaceous residue values of them were found to be
~1%. On the other hand, Fig. 2 indicates that the weight
loss of the complexes did not complete up to 1000 °C, so
they need high temperatures to achieve decomposition. Fur-
thermore, the weight loss of the compounds K30 and K27
were found to be 66 and 63% at 1000 °C, respectively.
Furthermore, previous studies about the thermal stabilities of
ruthenium (II) complexes carried out in Gritzel group suggest
the similar results [39].

3.5. Electrochemistry

The electrochemical behaviors of the complexes have been
studied in CH;5CN by cyclic voltammetry. Results are shown
in Table 2. All redox potentials were calibrated vs. SCE
(Fc =0.44 V vs. SCE). The cyclic voltammogram of complex
K30 shows a quasi-reversible couple at 0.86 V vs. SCE, which
can be readily assigned to the Ru(II/IIl) couple. In complex

100
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50

TG (%)

40
30
20
10

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 2. TG curves of ligands and complexes.
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Table 2
Redox potentials for K27, K30 and EP-PDI*

Complex Eieqp (V) Ereqr (V) Eox (V) Eg. (V) HOMO (eV) LUMO (eV)

K27 —1.06 —0.35 0.84 0.44 -5.20 —4.01
K30 —1.03 —-0.50  0.86 0.44 —5.22 —3.86
EP-PDI  —0.70 —-0.50 1.40 0.44 —6.16 —3.83

Table 3
Rate constants (kp) and half-lives, ¢, (h) for photodegradation of K27 and
K30

Complex ky 57", t12 (h) in EtOH ky 57", t12 (h) in DMF
K27 5% 1075, 3.85 1x107°, 19.25
K30 6x107°, 3.21 1 x 1073, 19.25

# All complexes were measured in 0.1 M [CH3(CH,);]4NPFs-CH3CN, error
in potentials +0.02 V; T'=23 £ 1 °C; scan rate = 100 mV s (Ereq and E,/V
vs. SCE) HOMO (eV) vs. vacuum.

K27, the Ru(II/Ill) couple was observed at 0.84 V. For an
analogous 2,2’-bipyridine ruthenium complex, Meyer et al.
reported 0.55 V vs. SCE [40]. The difference (0.31 V) in the
oxidation potential of complex K30 from that of the 2,
2'-bipyridine complex is due to the r-accepting nature of
H,dcbpy. There is no considerable difference in the oxidation
potential between complexes K27 and K30 due to the
m-acceptor strength of the thiocyanate ligands. The low-
energy MLCT transitions in these complexes are consistent
with Ru(II/III) oxidation potentials.

There are two reversible reductions of complexes K30 and
K27. The first reductions were observed at —0.35V and
—0.50 V vs. SCE and the second reductions were observed at
—1.06 Vand —1.03 V vs. SCE for K27 and K30, respectively.
The first reductions correspond to reductions of carbonyl
groups of L1 and L2 and the second reductions correspond to
reductions of bipyridyl part of L1 and L2 [41]. The difference
between the first reductions related to the number of carbonyl
group and different electron accepting behavior of two ligands.
The first reduction of K27 at —0.35 V was assessed as a two
electron process by peak current comparison due to the inclu-
sion of two carbonyl groups on L2 ligand and it was observed at
less negative potential than K30 due to higher electron accept-
ing behavior. If a scan is made to more negative potentials, a re-
duction peak of H,dcbpy is observed around —1.60 V vs. SCE.
[30]. It can be seen from the calculated HOMO—LUMO en-
ergy levels of the complexes from the electrochemical mea-
surements in Table 2. The electrochemical measurements of
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= K30 in DMF
[ ]
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Fig. 3. First-order relations for photodegradation of K27 and K30 in ethanol
and DMF solution under Xe-lamp irradiation for 60 min.

t,» values obtained in seconds were converted to unit of hour.

these complexes show that the LUMO of L1 and L2 are higher
than the H,dcbpy. Therefore, in the excited state the electron is
transferred to the L1 and L2 ligands.

3.6. Photostability studies

Photodecompositions of K27 and K30 in solution were
studied in both ethanol and DMF solvents in concentrations
of 3 x 10> M with a steady-state spectrofluorimeter in time-
based mode. Those solvents are chosen to investigate photode-
composition due to the fact that both are commonly used in the
fabrication of ruthenium-type dye-sensitized solar cells. The
excitation is performed at 400 nm for the complexes K27
and K30 in both solvents. The photodecomposition data
were acquired at the emission wavelength of the compounds.
The rate constants and half-life constants for photodegradation
of K27 and K30 were estimated from a standard first-order de-
cay process. First-order rate constants estimated from the re-
gression —In (I/ly) vs. time (s), shown in Fig. 3, and the
half-lives for photodegradation together with rate constants
are given in Table 3. Both the complexes show approximately
the same stabilities at the same solvents. On the other hand,
the stability of the compounds in DMF has increased twofold
when compared to ethanol and this information may be advan-
tageous in selecting solvents for device fabrication.

3.7. Fluorescence quenching studies

The simplest of all chemical reactions is electron transfer;
this type of process occurred in the photochemical systems,

Channels
] 550 101 1651 2202
,

T T T T -

intensity [counts]
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Fig. 4. Fluorescence decay curve of EP-PDI.
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where compounds can behave as either donor or acceptor
depending upon many factors such as structure of molecule,
environment, etc. For example perylenediimides (PDIs) are
known to be both electron donors and electron acceptors in
literature [42,43]. They behave as electron acceptors toward
m-electron rich aromatics such as anthracene, phenanthrene,
etc., but behave as an electron donor toward the acceptors
such as Co®" and KI [43]. Because of this property of
PDIs we decided to investigate of photoinduced electron tra-
nsfer system: perylenediimide/new synthesized ruthenium
complexes (PDI/K27 and K30) couple. For this purpose, fluo-
rescence quenching experiments of the one simple commer-
cially available derivative of PDIs (EP-PDI) in DMF were
studied vs. increasing K27 and K30 concentrations to monitor
donor/acceptor capability. The excitation wavelength was cho-
sen 488 nm, because we observed maximum fluorescence in-
tensity at this wavelength on excitation spectrum. The
solutions of 1 x 10> M K27 and K30 in DMF were prepared
and at each addition 20 pL of these solutions were mixed with
6.00 x 107°M 3.0 mL of DMF solutions of EP-PDI dye. The
quenching constants, k4, were calculated from Stern—Volmer
equation (Eq. (1)) [44],

110: 1+ kyrol0] (1)

where I and [ represent the fluorescence intensity of the fluo-
rophore in the absence and presence of quencher with the con-
centration of [Q], 7 is the radiative lifetime in the absence of
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quencher. The slope of the Stern—Volmer plot is equal to kg7
and the radiative lifetime 7y of EP-PDI was measured by Time
Haarp single photon counting system and defined as 4.25 ns
(Fig. 4). The Stern—Volmer plots of EP-PDI for fluorescence
quenching with increasing K27 and K30 concentrations are
given in Fig. 5. From the slopes of Stern—Volmer plots, the
rate constants of EP-PDI for each complex, K27 and K30
were determined to be 7.72 x 10'? and 6.52 x 10> M ™! sfl,
respectively. All kq values are higher than the diffusion rate
limit reported as 1 x 10'°°M~'s™' by El-Daly [45]. Similar
high quenching rates were observed between carbacazolocar-
bazole/triazoles, carbazolocaebazole/perylenediimide couples
[46,47]. In all of these systems excited state energy transfer
is present. As seen in Fig. 5a and b, EP-PDI fluorescence
emission declined by the addition of K27 and K30. Absorption
spectra were recorded after each addition of quenchers K27
and K30 to the EP-PDI solution (Fig. 6). These spectra had
shown no evidence to the presence of any ground state com-
plexation between EP-PDI and quencher molecules at longer
wavelengths. Therefore, the calculations of quenching rate
constants (kg) are done using the Stern—Volmer equation
(Eq. (1)).

For the solution phase fluorescence quenching experiments,
quenching data can be analyzed by using Eq. (2) [48],

AGgr (keal mol ') = 23.06 {E (%)} - [E(Aiﬂ —E;,
(2)
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Fig. 5. Stern—Volmer plots of fluorescence emission quenching of (a) EP-PDI with the increase in K27 (6.00 x 107° —1.00 x 10~* M) concentration and (b) EP-

PDI with the increase in K30 (6.00 x 107® —1.00 x 10™* M) concentration.
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125 —— 6.10°M EPPDI
’ —— 6.10°M EPPDI+300uL 1.10°°M K27 in DMF
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Fig. 6. UV—vis absorption spectra of 6 x 107® M EP-PDI solution recorded
after 300 puL addition of 1 x 1073 M K27 solution and 30 min later.

with which the free energy change for an encounter pair un-
dergoing electron transfer is computed by using redox poten-
tials, and where Ej, is the excitation energy of the excited
state participating in quenching. Redox potentials of K27,
K30 and EP-PDI are determined from cyclic voltammetry
measurements of the compounds (Figs. 7, 8 and Table 2).
The AGgr are all below —5 kcal mol ! (the “‘rule of thumb”,
[49]) and may occur for a favorable electron transfer. The free
energies of exothermic photo-electron transfer (ET) processes
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Fig. 7. (a) Cyclic voltammogram of K27. (b) Differential pulse voltammogram
of K30.
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Fig. 8. Cyclic voltammogram of EP-PDI.

between EP-PDI and complexes K27 and K30 were calculated
to be —62.3 kcalmol ' and —57.9 kcalmol ' respectively.
These results show that there is an electron transfer between
EP-PDI and complexes K27 and K30. Relatively lower reduc-
tion potentials of K27 and K30 in comparison with EP-PDI
were assigned to be favorable for electron transfer. The high
electron affinity of carbonyl groups on L1 and L2 makes
very easy the electron transfer from ruthenium complex to
EP-PDIL

4. Conclusions

Tris—heteroleptic complexes of ruthenium were prepared
using a novel synthetic route and characterized with respect
to their absorption, luminescence, and redox behavior. The
photophysical and redox properties were compared. Fluores-
cence quenching characteristics of the complexes are directly
affected by the high electron affinity of carbonyl groups on L1
and L2. The complexes show characteristic features of strong
absorption over a broad spectral range of visible light, which is
preferable for efficient solar light energy conversion. Our fu-
ture plan is to achieve performance studies of these complexes
as photosensitizers in the nanocrystalline TiO,-based solar
cells. The results of these studies will be published elsewhere.
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