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a b s t r a c t

Two new bipyridine ligands containing, respectively, two and four pyrene units were prepared. The
obtained compounds were employed to synthesize new pyrene labeled ruthenium (II) trisbipyridine
complex as well as a pyrene labeled ruthenium (II) trisbipyridine cored dendrimer. The obtained
bipyridine ligands and the ruthenium complexes were characterized by NMR spectroscopy and MALDI-
TOF mass spectroscopy. The optical and photophysical properties of the luminescent macromolecules
were studied by absorption and fluorescence spectroscopy. It was noticed that the absorption spectra of
the obtained complexes correspond to the sum of the absorption spectra of their components, which
indicates a lack of interaction in the ground state. Efficient energy transfer was observed from pyrene
units to the metal complex core resulting in the observation of the characteristic ruthenium bipyridine
emission band upon excitation at the pyrene absorption wavelength. Moreover, efficient protection to
oxygen quenching was remarked in the first generation dendrimer.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Dendritic macromolecules are well-defined and tree-like
structures that exhibit unique physical and chemical properties;
therefore they have been extensively studied since their discovery
by Newkome and Tomalia [1e6]. The incorporation of photoactive
units in the structure of dendrimers, at the periphery, in the
branches or at the core have led to the formation of organized
luminescent macromolecules presenting various phenomena such
as the formation of excimers and exciplexes, resonance energy
transfer (RET) or charge transfer (CT). Light-harvesting antennas
are constructs in which several chromophoric species are trans-
ferring excitation energy to a common acceptor, changing the
colour of the incident light [7e11]. This kind of constructs has found
applications in material research for photovoltaic and light emit-
ting display, as well as in medical research for drug delivery [6,12].

Moreover, dendrimers containing metal ions have been devel-
oped to combine the redox properties of metals with the organi-
zation of a dendritic shell [1e6,13,14]. Transition metal
polybipyridine complexes, such as ruthenium trisbipyridine
complexe ([Ru(Bpy)3]2þ), show well studied redox and photo-
physical properties [7e10,15]. The principal absorption bands for
[Ru(Bpy)3]2þ are a ligand centered (LC) transition at 280 nm and a
metal to ligand charge transfer (MLCT) transition between 450 and
480 nm. After absorption of a photon, fast intersystem crossing
(ISC) favored by the heavy atom effect occurs, followed by emission
from the 3MLCT state with long-lived phosphorescent emission and
low quantum yield [6,12,16,17]. Very recently, ruthenium poly-
bipyridine complexes have found many applications such as
sensitizer for solar cells [18e20]. They have also been incorporated
to polymers and to dendrimers in the presence of various chro-
mophores such as naphthyl groups, thiophenes, carbazole and
coumarin chromophores, showing in each case, efficient energy
transfer [21e25]. The introduction of pyrene moieties in poly-
pyridine ligands for the complexation of ruthenium and other
metal centers have been recently reviewed [26]. A special interest
for the combination of pyrene with a metal center raised from the
fact that the energy level of the 3MLCT emitting state of Ru(II)
bipyridine complex can be tuned to be nearly isoenergetic with
respect to the triplet state of pyrene. When this occurs, reversible
triplet-triplet energy transfer between the 3(p-p) and 3MLCTcan be
observed [27]. Up to 11-fold prolonged lifetime of the phospho-
rescent emission of the Ru(II) polypyridine complex has been re-
ported at room temperature when pyrene is separated from the
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metal center by an alkyl chain [26e32]. The main inconvenience of
such compounds is the sensitivity of their emission to oxygen. The
presence of a dendritic shell could offer to the polybipyridine
ruthenium complex emission a protection from oxygen quenching
[33,34].

In our research group, we have introduced pyrene at the pe-
riphery of dendrimers in order to observe resonance energy
transfer to a porphyrine moiety [35,36]. In this work we have
introduced a Ru(II) trisbipyridine at the core of our dendrimer. We
have studied the photophysical properties of bipyridine-cored
dendrons, the efficient energy transfer from pyrene to ruthenium
bipyridine complex through antenna effect, as well as the protec-
tion from oxygen quenching of the fluorescence emission by the
dendritic shell. To this end, we have designed and synthesized
pyrene-containing dendrimers with a bipyridine core. With the
obtained ligands, we have prepared complexes of Ru(II) containing
2, 6 and 12 pyrene units. Efficient singlet-singlet energy transfer
was observed in these systems.

2. Experimental section

2.1. General notes

2,20-bipyridinyl-4,40-diol 1 was synthesized from 4,40-dime-
thoxy-2,20-bipyridine as previously described in the literature [37].
Ru(Bpy)2Cl2 was synthesized from RuCl3$3H2O, 2,20-bipyridine and
lithium chloride as previously reported [38]. The synthesis of the
compounds 2 and 3was previously reported by our research group
[35]. All other reagents were purchased and used as received.
Synthetic procedures were carried out in dry solvents under argon
atmosphere unless otherwise specified. Chromatographic purifi-
cations were performed on silica gel packed in glass columns;
eluting solvents for the purifications were determined by thin-layer
chromatography (TLC).

1H NMR and 13C NMR were recorded on a Bruker Advance 400
spectrometer operating at 400 MHz for 1H NMR and 100 MHz for
13C NMR. Samples were prepared in deuterated chloroform or
deuterated acetone. MALDI-TOF mass spectra of all obtained com-
poundwere recorded using ditranol asmatrix on a Bruker Daltonics
Flex Analysis. Absorption spectra were recorded in spectrophoto-
metric grade THF (acetonitrile) on a Unicam UV300 spectropho-
tometer using quartz cells with a width of 1 cm. Steady state
fluorescence measurements were performed on a Fluorolog3
Horiba spectrofluorometer with a Xenon lamp as light source. The
slits widths were set to 1 nm on excitation and 1 nm on emission.

2.2. Synthetic procedures

2.2.1. 4,40-bis(4-pyren-1-ylbutyloxy)-2,20-bipyridine (Bpy-Py2)
4,40-Bis(3-pyren-1-ylbutyloxy)-2,20-bipyridine (Bpy-Py2) was

synthesized as previously reported in the literature [39]. The
product Bpy-Py2 was obtained as a white solid (190 mg, 30%). 1H
NMR (d ppm, 400 MHz, CDCl3): 8.44 (d, 2H, J ¼ 5.7), 8.29 (d, 2H,
J ¼ 9.3), 8.16 (dd, 4H, J ¼ 7.6, 2.4), 8.12 (dd, 4H, J ¼ 7.8, 3.4),
8.03e7.95 (m, 8H), 7.90 (d, 2H, J ¼ 7.8), 6.82 (dd, 2H, J ¼ 5.7, 2.4),
4.21 (t, 4H, J ¼ 6.2), 3.45 (t, 4H, J ¼ 7.2), 2.11e2.00 (m, 8H).
mp ¼ 214 �C. Rf (CH2Cl2/MeOH: 99/1) ¼ 0.14.

2.2.2. Py2G1Br (4)
Dry DMF (1 ml) was cooled down to 0� and PBr3 (400 mL,

4.25mmol) was added. The formation of a solid was observed in the
reaction mixture. To this flask a solution of the dendritic benzyl
alcohol 3 (200 mg, 0.31 mmol) in dry DMF (3 ml) was added; the
reaction mixture was then sonicated for 10 min until a yellow
precipitate was observed and turned to a creamy colored solid. The
reaction was then quenched by the addition of a saturated aqueous
solution of NaHCO3. The compound was extracted with dichloro-
methane; the organic phase was dried over MgSO4 and concen-
trated under vacuum. The crude was purified by column
chromatography (CH2Cl2/Hexane: 60/40) to give the desired
product 4 as a white solid (144 mg, 65%).

1H NMR (d ppm, 400 MHz, CDCl3): 8.28 (d, 2H, J ¼ 9.3), 8.15 (d,
4H, J¼ 7.6), 8.10 (dd, 4H, J¼ 5.3, 7.8), 8.02e7.95 (m, 6H), 7.88 (d, 2H,
J¼ 7.8), 6.50 (d, 2H, J¼ 2.2), 6.36 (t, 1H, J¼ 2.2 Hz), 4.36 (s, 2H), 3.98
(t, 4H, J ¼ 6.2), 3.41 (t, 4H, J ¼ 7.6), 2.06e1.92 (m, 8H). 13C NMR (d
ppm, 100 MHz, CDCl3): 160.5, 142.1, 136.7, 132.5, 131.6, 131.1, 130.0,
127.7, 127.4, 126.8, 126.0, 125.01, 124.95, 124.9, 123.5, 107.7, 106.7,
68.0, 33.3, 29.3, 28.3. mp ¼ 155 �C. Rf (CH2Cl2/Hexane: 60/
40) ¼ 0.60.

2.2.3. 4,40-bis(3,5-bis(4-pyren-1-ylbutyloxy)benzyloxy)-2,20-
bipyridine (BpyG1-Py4)

4 (430 mg, 0.60 mmol) was dissolved in DMF (2 ml), 4,40-
dihydroxy-2,20-bipyridine (45mg, 0.24mmol) and Cs2CO3 (392mg,
1.20mmol) were added to the reactionmixture and it was heated to
110 �C for 24 h. The solution was cooled to room temperature and
evaporated. The crude was dissolved in chloroform and extracted
with water. The organic phase was dried over MgSO4 and concen-
trated under vacuum. The product BpyG1-Py4 was purified by
recrystallization from dichloromethane to give the product as a
beige solid (185 mg, 53%).

1H NMR (d ppm, 400 MHz, CDCl3): 8.39 (d, 2H, J ¼ 5.7), 8.25 (d,
4H, J ¼ 9.4), 8.13e7.92 (m, 30H), 7.86 (d, 4H, J ¼ 8.0), 6.81 (dd, 2H,
J ¼ 5.8, 2.9), 6.55 (m, 4H), 6.40 (t, 2H, J ¼ 2.1), 5.08 (s, 4H), 3.99 (t,
8H, J ¼ 5.9), 3.39 (t, 8H, J ¼ 7.4), 2.06e1.92 (m, 16H). 13C NMR (d
ppm, 100 MHz, CDCl3): 160.7, 136.7, 131.6, 131.1, 130.0, 128.8, 127.7,
127.4 (3), 126.8, 125.9, 125.27, 125.19, 125.0, 124.9, 124.8, 123.5,
106.1, 68.0, 33.3, 29.3, 28.4. MS (MALDI-TOF): m/z calculated for
C104H85N2O6 (M)þ: 1458.79; found: 1460.77. mp ¼ 146 �C. Rf

(CH2Cl2/MeOH: 99/1) ¼ 0.19.

2.2.4. [Ru(Bpy)2(Bpy-Py2)]2þ (PF6)2
Ru(Bpy)2Cl2 (34 mg, 0.07 mmol) and Bpy-Py2 (50 mg,

0.07 mmol) were dissolved in wet DMF (4 ml) and heated to reflux
for 48 h. The reaction mixture was cooled to room temperature and
concentrated under vacuum. The residue was dissolved in CH2Cl2
and the compound was extracted with distilled water. A saturated
solution of NH4PF6 (10 ml) was added to the water phase and the
product was extracted with CH2Cl2. The organic phase was
concentrated under vacuum and the crude was purified by column
chromatography (CH2Cl2/MeOH) to give the desired product as a
red fluorescent solid (29 mg, 28%).

1H NMR (d ppm, 400 MHz, acetone-d6): 8.77 (dd, 4H, J ¼ 8.2,
3.1), 8.37 (d, 2H, J ¼ 9.3), 8.33 (d, 2H, J ¼ 2.8), 8.26e8.14 (m, 12H),
8.12e8.09 (m, 6H), 8.05e8.00 (m, 4H), 7.95 (d, 2H, J ¼ 7.8), 7.70 (d,
2H, J ¼ 6.4), 7.57e7.51 (m, 4H), 7.11 (dd, 2H, J ¼ 6.6, 2.7), 4.33 (m,
4H), 3.46 (m, 4H), 2.05e2.01 (m, 8H). 13C NMR (d ppm, 100 MHz,
acetone-d6): 167.7, 159.0, 158.4, 158.2, 153.1, 152.8, 152.6, 138.5,
137.5, 132.4, 131.8, 130.8, 129.5, 128.6, 128.4, 128.3, 128.2, 127.5,
127.0, 125.9, 125.84, 125.81, 125.70, 125.67, 125.17, 125.15, 124.3,
115.1, 112.5, 70.4, 33.4, 29.4, 28.9. MS (MALDI-TOF): m/z calculated
for C70H56F6N6O2PRu (M�PF6)þ: 1259.27; found: 1258.8.
mp ¼ 178e180 �C. Rf (CH2Cl2/MeOH: 98/2) ¼ 0.15.

2.2.5. [Ru(Bpy-Py2)3]2þ (PF6)2
RuCl3$3H2O (9.3 mg, 0.036 mmol) and Bpy-Py2 (100 mg,

0.142 mmol) were dissolved in a mixture of wet DMF/EtOH 10/1
(25 ml) and the reaction mixture was heated to 80 �C for 5 days.
Then, it was cooled to room temperature and concentrated under
vacuum. The residue was dissolved in CH2Cl2 and washed with



Scheme 1. Synthetic scheme of pyrene-labeled bipyridine ligand Bpy-Py2.
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distilled water. The solvent was concentrated under vacuum and
the residue was dissolved in a mixture of acetone and water (3/1).
An aqueous saturated solution of NH4PF6 (10ml) was added and the
obtained solid was extracted with CH2Cl2. The organic phase was
concentrated under vacuum and the crude was purified by column
chromatography (CH2Cl2/MeOH 100/0 to 97/3) to give the desired
product as a red solid (26 mg, 29%).

1H NMR (d ppm, 400 MHz, CDCl3): 8.18 (d, 6H, J ¼ 9.2),
8.09e8.06 (m,12H), 8.03e8.00 (m,12H), 7.94 (s,12H), 7.92e7.88 (m,
6H), 7.79 (d, 6H, J ¼ 7.6), 7.52 (s, br, 6H), 7.45 (d, br, 6H, J ¼ 6.0), 6.84
(d, br, 6H, J ¼ 4.5), 4.12e3.98 (m, 12H), 3.31 (t, br, 12H, J ¼ 7.0),
1.97e1.83 (m, 24H). 13C NMR (d ppm, 100 MHz, CDCl3): 166, 157.8,
152.6,136.3,131.5,131.0,130.0,128.7,127.6,127.4,127.3,126.8,125.9,
125.2, 125.1, 125.0, 124.9, 124.8, 123.4, 113.9, 111.2, 69.5, 33.0, 28.7,
28.0. MS (MALDI-TOF): m/z calculated for C150H120F6N6O6PRu
(M�PF6)þ: 2348.63; found: 2348.51. mp ¼ 189e191 �C. Rf (CH2Cl2/
MeOH: 98/2) ¼ 0.27.

2.2.6. [Ru(BpyG1-Py4)3]2þ (PF6)2
RuCl3$3H2O (2.7 mg, 0.010 mmol) and BpyG1-Py4 (60 mg,
Scheme 2. Synthetic scheme of pyrene-labeled den
0.041 mmol) were dissolved in a mixture of wet DMF/EtOH 4/1
(10ml) and the reactionmixturewas heated to 80 �C for 5 days. The
reaction mixture was cooled to room temperature and concen-
trated under vacuum. The residue was dissolved in CH2Cl2 and
washed with distilled water. The solvent was concentrated under
vacuum and the residue was dissolved in a mixture of acetone and
water (3/1). A saturated solution of NH4PF6 (10 ml) was added and
the obtained solid was extracted with CH2Cl2. The organic phase
was concentrated under vacuum and the crude was purified by
column chromatography (CH2Cl2/MeOH 100/0 to 98/2) to give the
desired product as a red sticky solid (23 mg, 47%).

1H NMR (d ppm, 400 MHz, CDCl3): 8.10 (d, 12H, J ¼ 9.1),
8.02e7.81 (m, 84H), 7.70 (d, 12H, J ¼ 7.7), 7.51 (s, br, 6H), 7.39 (d, br,
6H, J ¼ 6.4), 6.85 (d, br, 6H, J ¼ 4.9), 6.47e6.44 (m, 12H), 6.31e6.29
(m, 6H), 4.98e4.88 (m,12H), 3.83 (t, br, 24H, J¼ 6.0), 3.21 (t, br, 24H,
J ¼ 7.3), 1.91e1.73 (m, 48H). 13C NMR (d ppm, 100 MHz, CDCl3):
165.7, 160.7, 157.8, 136.9, 136.6, 131.5, 130.9, 129.9, 128.7, 127.3 (3),
126.6, 125.8, 125.12, 125.07, 124.89, 124.85, 124.71 (2), 123.4, 114.4,
111.6, 60.0, 33.1, 29.2, 28.2. MS (MALDI-TOF): m/z calculated for
C312H252F6N6O18PRu (M�PF6)þ: 4619.40; found: 4618.53.
dronized bipyridine ligand of first generation.
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mp ¼ 185e187 �C. Rf (CH2Cl2/MeOH: 98/2) ¼ 0.32.

3. Results and discussion

3.1. Synthesis of the pyrene-labeled bipyridine ligands and pyrene-
labeled ruthenium complexes

The pyrene-labeled bipyridine ligand Bpy-Py2 and the pyrene-
labeled dendronized bipyridine ligand BpyG1-Py4 were prepared
following a classical convergent dendrimer synthesis shown in
Scheme 1 and Scheme 2. 1-(4-bromobutyl)pyrene 2 and the den-
dritic benzylic alcohol with pyrene units at the periphery 3 were
Scheme 3. Synthetic scheme of the pyr
synthesized following standard procedures reported by our group
[35]. Bromination of the dendritic benzyl alcohol 3 to yield com-
pound 4 is reported here as an improvement of the synthesis
previously reported by us, where chlorination of the dendritic
benzyl alcohol 3 was described. Compound 4 was obtained in a
good yield, using a DMF-PBr3 adduct as brominating agent. Only a
few examples of this bromination method can be found in the
literature [40,41]. Bipyridine ligands Bpy-Py2 and BpyG1-Py4were
synthesized by nucleophilic substitutions between 2,20-bipyr-
idinyl-4,40-diol 1 and the respective brominated dendrons, using
potassium or cesium carbonate in acetone or DMF at reflux,
respectively [39]. Recrystallization from dichloromethane gave the
ene-labeled ruthenium complexes.



Table 1
Absorption coefficients of bipyridine ligands and ruthenium-pyrene constructs and
percentage of light absorbed by the pyrene units at 344 nm.a

Compound l max abs (nm)/
ε (M�1 cm�1)

% Pyrene light absorption
at 344 nmb

Bpy-Py2 344/710700 100
BpyG1-Py4 344/1860000 100
[Ru(Bpy)2(Bpy-Py2)]2þ 342/690000

462/100600
91

[Ru(Bpy-Py2)3]2þ 344/2100900
480/110400

97

[Ru(BpyG1-Py4)3]2þ 344/4110000
480/110200

99

a Measurements were done in THF except for complex [Ru(Bpy)2(Bpy-Py2)]2þ

(acetonitrile).
b The percentage of light absorbed by the pyrene units at 344 nm was calculated

using the following equation: % pyrene light ¼ 1�(ε(344) [Ru(Bpy)3]2þ)/ε(344)
Compound), using ε(344) [Ru(Bpy)3]2þ ¼ 7000.

M. Vonlanthen et al. / Polymer 99 (2016) 13e20 17
desired product in ca. 50% yield. The structures of the obtained
bipyrine were confirmed by NMR spectroscopy and MALDI-TOF
mass spectrometry.

The pyrene-labeled ruthenium complexes were synthesized
according to Scheme 3. Ruthenium (III) chloride hydrate and the
corresponding pyrene-labeled bipyridine ligand were heated to
reflux in a mixture of DMF and ethanol (3:1) for the synthesis of the
metal complexes [Ru(Bpy-Py2)3]2þ and [Ru(BpyG1-Py4)3]2þ. The
reaction mixture turned from dark purple to bright red, thereby
indicating the formation of the metallodendrimer. In this reaction,
the reduction of Ru(III) to Ru(II) was achieved by ethanol. Ru(B-
py)2Cl2 and the corresponding bipyridine ligand were heated to
reflux in DMF to yield [Ru(Bpy)2(Bpy-Py2)]2þ as previously re-
ported in the literature [39,42,43]. All metal complexes were pu-
rified by column chromatography and were obtained as orange
solid with modest yields. Their counter ions were exchanged for
hexafluorophosphate ions. Because of their large organic ligands,
the obtained complexes are not soluble in water as expected for
ruthenium complexes, but they are soluble in various organic sol-
vents. The structures of the obtained Ru (II) complexes were
confirmed by NMR and MALDI-TOF mass spectrometry.
3.2. Absorption spectra of the bipyrine ligands and the ruthenium-
pyrene constructs

The absorption spectra of the bipyridine ligands (Bpy-Py2 and
BpyG1-Py4) acquired in THF are shown in Fig. 1. The typical ab-
sorption bands of the pyrene chromophore can be observed in the
spectra for both compounds with two absorption bands at 277 nm
and 344 nm, which correspond to the transitions S0/S3 and
S0/S2 transition respectively. The obtained extinction coefficients
are reported in Table 1 and correspond to the extinction coefficient
values previously reported for pyrene-labeled dendrimers [36].

The absorption spectra of the ruthenium complexes are pre-
sented in Fig. 2. The absorption bands of the pyrene-labeled den-
drons are conserved and additional bands corresponding to the
absorption bands of the metal complex core were also observed.
The ligand centered (LC) absorption band of the complex appeared
at 288 nm. The metal to ligand charge transfer (MLCT) band was
found at 462 nm in the case of [Ru(Bpy)2(Bpy-Py2)]2þ in acetoni-
trile, and at 480 nm for the complexes with 3 ligands coordinated in
THF ([Ru(Bpy-Py2)3]2þ and [Ru(BpyG1-Py4)3]2þ). The red shift of
the MLCT band in the complexes [Ru(Bpy-Py2)3]2þ and
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Fig. 1. Absorption (dashed lines) and fluorescence (solid lines) spectra of bipyridine
ligands (Bpy-Py2, black line and BpyG1-Py4, red line) in THF. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
[Ru(BpyG1-Py4)3]2þ is due to the stabilization of the excited state
through increased degree of conjugation. The extinction co-
efficients of the obtained complexes are reported in Table 1. MLCT
band remains similar in all complexes with a relatively low
extinction coefficient measured between 100000 and
120000 M�1 cm�1 in comparison with the high extinction coeffi-
cient of the pyrene bands, which augments with the increased
number of pyrene units. This result was expected, since aliphatic
chains separate the chromophoric groups, providing a spatial and
electronic separation of the photoactive units. The characteristic
absorption bands of the different components of the construct are
present in the absorption spectra, which indicates that no in-
teractions between the chromophores take place in the ground
state.

The percentage of light absorbed by the pyrene units at 344 nm
was calculated using the molar extinction coefficient of
[Ru(Bpy)3]2þ at 344 nm and the extinction coefficient of the ob-
tained construct at the same wavelength, in order to correct the
corresponding emission spectra with excitation at 344 nm [44]. It
can be noticed that pyrene accounted for 91% of the light absorbed
at 344 nm in the case of [Ru(Bpy)2(Bpy-Py2)]2þ, and this per-
centage was increased to 97 and 99%, respectively, in the case of
[Ru(Bpy-Py2)3]2þ and [Ru(BpyG1-Py4)3]2þ.
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Fig. 2. Absorption spectra of Ru(II) trisbipyridine complexes [Ru(Bpy)2(Bpy-Py2)]2þ
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referred to the web version of this article.)
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3.3. Steady state emission of the bipyrine ligands and the
ruthenium-pyrene constructs

The fluorescence emission spectra of the bipyridine ligands
(Bpy-Py2 and BpyG1-Py4) weremeasured in THFwith excitation at
344 nm at room temperature. All measurements were done at the
same concentration of pyrene units (1.25� 10�6 M), corresponding
to an absorbance of about 0.04 at 344 nm. The obtained fluores-
cence spectra are shown in Fig. 1. In all the spectra, the emission is
reported as absolute fluorescence intensity. This means that the
integration of the emission spectra as function of wavelength yields
the quantum yields listed in Table 2. The bipyridine ligands con-
taining two pyrene units (Bpy-Py2) shows only the characteristic
monomer emission and almost no excimer emission was observed.
For the first generation dendron (BpyG1-Py4), monomer as well as
excimer emission are seen due to higher local pyrene concentra-
tion. However, the ratio of the excimer emission intensity (IE) vs
monomer emission intensity (IM) showed a different trend than
previously reported for other related compounds [45]. This could
be due to the geometry of the molecule. Since the preferred
conformation of the bipyridine is trans, it is probable that the
thermodynamically more stable conformation presents both pyr-
ene pointing in opposite directions [46].

The excitation spectra of compound BpyG1-Py4 recorded at the
emission wavelength of the monomer (376 nm) and the emission
wavelength of the excimer (480 nm) were normalized and the
observed overlap indicates that the excimer is dynamic in nature.
This is the case when a pyrene in the ground state encounters an
excited pyrene by diffusion and gives rise to an excimer [47].

The emission spectrum of the complex [Ru(Bpy)2(Bpy-Py2)]2þ

was recorded in acetonitrile with an excitation at 342 nm whereas
the emission spectra of the complexes [Ru(Bpy-Py2)3]2þ and
[Ru(BpyG1-Py4)3]2þ were recorded in THF, exciting at 344 nm. All
the obtained spectra are shown in Fig. 3. The strong luminescence
of the pyrene-labeled ligands was quenched by the chelation to Ru
(II). The typical emission bands at 398 nm for the monomer and
480 nm for the excimer of pyrene were still present but their in-
tensities were dramatically decreased. The quantum yield of the
pyrene unit was reduced to a value between 0.015 and 0.003.
Moreover, a new emission band appears at 625 nm for [Ru(B-
py)2(Bpy-Py2)]2þ in acetonitrile, and at 661 nm for [Ru(Bpy-
Py2)3]2þ and [Ru(BpyG1-Py4)3]2þ in THF, which are corresponding
to the characteristic emission band of a ruthenium bipyridine
complex, regardless of the excitation wavelength. The red shift
observed in the trisubstituted metal complex is due to the stabili-
zation of the excited state through increased degree of conjugation
corresponding to the different substitution pattern of the
Table 2
Quantum yields and FRET efficiencies of the bipyrine ligands and the ruthenium-pyrene

Compound l max
(nm)

F pyrene unit
lex ¼ 344 nmc

Bpy-Py2 375 0.32b

BpyG1-Py4 375; 480 0.39b

[Ru(Bpy)2(Bpy-Py2)]2þ 625 e

0.008b

[Ru(Bpy-Py2)3]2þ 661 e

0.004b

[Ru(BpyG1-Py4)3]2þ 661 e

0.014b

Fluorescence measurements were done in acetonitrile ([Ru(Bpy)2(Bpy-Py2)]2þ) or THF
a Aerated solution.
b Deaerated solution.
c Quantum yields were determined relative to quinine sulfate (4 ¼ 0.546) in 0.05 M s
d Quantum yields were determined relative to [Ru(Bpy)3]2þ (4 ¼ 0.016) in air-equilib
e FRET efficiencies were calculated according to following equation: FRET ¼ 1�(IDA/ID
ruthenium core. The observed 100efold decrease of the emission of
pyrene is due to a highly efficient FRET process occurring from the
emission of pyrene to the ruthenium bipyridine core. The efficiency
of the process was calculated to be 98% and 99% in the complexes of
bipyridine ligands containing two pyrene units and 96% in the case
of the first generation dendron. This result can be explained by
means of the distance between both chromophores. For both
complexes formed with Bpy-Py2 as ligand, the distance between
the pyrene and the ruthenium bipyridine units is equal. The
extended distance (dEXT) between pyrene and ruthenium in the
complexes formed with PBy-Py2 as ligand was calculated to be
12.2 Å. However, increasing the generation in complex [Ru(BpyG1-
Py4)3]2þ enhanced this distance to 18.8 Å, thereby lowering the
efficiency of FRET process.

In order to ensure that FRET is taking place in the complexes,
F€orster radius was calculated for the pair of chromophores pyrene/
ruthenium bipyridine complex using Equation (1)

R0 ¼ 9790�
�
k2 � n�4 � 4D � JðlÞ

�1=6
(1)

where R0 is the F€orster radius, k is the orientation factor, n is the
refractive index of the solvent, 4D is the quantum yield of the donor
and J(l) is the overlap integral of the pyrene/ruthenium bipyridine
constructs.

F Ru (II) unit
lex ¼ 344 nmd

F Ru (II) unit
lex ¼ 452 nmd

EFRETe

e e e

e e e

0.0032a

0.0174b
0.0052a

0.0277b
0.98

0.0016a

0.0026b
0.0028a

0.0053b
0.99

0.0025a

0.0031b
0.0029a

0.0050b
0.96

([Ru(Bpy-Py2)3]2þ and [Ru(BpyG1-Py4)3]2þ) at 0.1 OD at 344 nm

ulfuric acid for pyrene units.
rated acetonitrile solution [34].
).
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complex pair. The overlap was calculated using integral (2)

JðlÞ ¼
Z∞

0

FDðlÞεAðlÞl4dl
�Z∞

0

FDðlÞdl (2)

where FD(l) is the fluorescence of the normalized emission spectra
of the donor at l, εA(l) is the extinction coefficient of the acceptor at
l [48].

The overlap integral was calculated from the fluorescence
emission spectra of bipyridine Bpy-Py2 as well as from emission
spectra of dendron BpyG1-Py4. In the case of Bpy-Py2were almost
no emission of excimer was observed, the F€orster radius was
calculated to be 3.30 nm. In the case of BpyG1-Py4, excimer
emission has a larger overlap with the absorbance of the ruthenium
bipyridine complex, increasing the calculated F€orster radius to
3.51 nm. This indicates that in both cases an efficient energy
transfer can take place between pyrene and ruthenium bipyridine
complex.

The measurement of the quantum yield for the obtained con-
structs were done in degassed solutions as well as in air-
equilibrated solution, in order to study the influence of the den-
dron on the oxygen sensibility of the Ru (II) bipyridine complex
emission. In degassed solutions, the quantum yields observed for
all complexes were similar to that of [Ru(Bpy)3]2þ used as model
compound. The first generation dendrimer showed an increase in
its quantum yield in aerated solution, which indicates that the
dendrimer branches are protecting the emission of the Ru (II)
bipyridine core from dioxygen quenching.
4. Conclusion

In this work, the synthesis of new pyrene-labeled constructs
with a bypiridine core was achieved. The obtained ligands were
used to form Ru2þ complexes, which were characterized by NMR
and MALDI-TOF spectrometry. The photophysical properties of all
the obtained compounds (ligands and complexes) were studied by
steady-state fluorescence measurements. Surprisingly, no excimer
emission was observed at a concentration of 1.25 � 10�6 M of
pyrene units for the bipyridine ligand with two pyrene units Bpy-
Py2. The ratio IE/IMwas also found to be lower than expected for the
first generation dendron BpyG1-Py4. In all the obtained ruthenium
complexes, efficient FRET process could be observed since almost
exclusive emission from the ruthenium center was seen. Moreover,
a protective effect of the dendritic shell towards oxygen quenching
was observed for the fluorescence emission of the ruthenium
center in the dendrimer of the first generation. The results pre-
sented in this study clearly show the efficiency of energy transfer
between pyrene and a ruthenium complex center.
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