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ABSTRACT: We report the synthesis and characterization of ruthenium(II)-cored
polythiophene dendrimers. Four new redox-active ruthenium(II) pyridine oligothiophene
dendritic complexes that fluoresce in the near-infrared region have been synthesized, and
their absorption spectra, fluorescence properties, and redox behavior have been investi-
gated. The dendritic ligands phen3T and phen7T containing 1,10-phenanthroline as
chelating sites and two oligothiophene dendrons (3T6COMe and 7T6COMe) have
been synthesized and employed. The metal—polythiophene dendrimers investigated
here are [Ru(bpy),(phen3T)]*", [Ru(bpy),(phen7T)]*", [Ru(phen3T);]*", and [Ru-
(phen7T);]*". Upon addition of acid, the charge transfer absorption bands of free
dendritic ligands are significantly red-shifted and the fluorescence is greatly quenched. The
Ru(II) polythiophene dendrimers exhibit very strong metal-to-ligand charge transfer
(MLCT) absorption and enhanced absorption in the UV region and can be regarded as
better light-harvesting species. The MLCT emission is extraordinarily red-shifted

(~165 nm) because of their planar excited states. The core of the dendrimers shows an electrochemical behavior typical of

encapsulated metal electroactive units.
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B INTRODUCTION

Transfer of energy from an antenna unit to a chemically active
center has been considered to be a crucial step in photosynthesis."
Tremendous efforts have been made to construct molecular
systems having such functions. Among a variety of photosyn-
thetic systems, metal-containing dendrimers have been exten-
sively investigated.” Dendritic molecules constructed around
Ru(Il) polypyridyl-type complexes that display metal-to-ligand
charge transfer (MLCT) excited states are very intriguing
because of their outstanding photochemical, photophysical, and
electrochemical properties.” Many large dendritic arrays of
MLCT complexes show novel photophysical and electrochemi-
cal properties;* however, larger fused analogues usually suffer
from poor solubility and inefficient syntheses.”

In the past, our group has reported the synthesis of thiophene
dendrons and dendrimers® and their interesting two-dimensional
supramolecular assembly on graphite.” Besides their excellent as-
sembly properties, these thiophene dendrimers also exhibit strong
absorption in the region of 250—400 nm and are good light-har-
vesting macromolecules. Since our group’s first report on thio-
phene dendrimer synthesis, several new types of thiophene den-
drimers for applications such as light harvesting, solar energy
conversion, and optoelectronics have been reported. Ma et al.*
have developed an effective approach to synthesizing a series of
protected and nonsubstituted thiophene dendrons and dendri-
mers up to the fourth generation with 90 thiophene units. The
potential application of these thiophene dendrimers as an en-
tangled photon sensor has also been explored.” Mitchell et al."®
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synthesized phenyl-cored thiophene dendrimers and reported
a power conversion efficiency of 1.3% for organic photovoltaic
devices based on these dendrimers.'" Aso et al.'* have prepared
another series of thiophene dendrimers containing quaterthio-
phene as repeating conjugated bridges and benzene rings as
branching centers. Very recently, Wong et al. reported organic
solar cells based on hexa-peri-hexabenzocoronene-cored thiophene
dendrimers having a power conversion efficiency of 2.5%.'?
Other groups have reported various routes.'* Further details
about synthesis, properties, and applications of thiophene den-
drimers can be found in the review by Bauerle, Ma, and Mishra.'®

Here, we report the synthesis, absorption spectra, redox beha-
vior, and photophysical properties of metal-cored polythiophene
dendrimers and oligothiophene dendritic polypyridine ligands.
The dendritic ligands are termed phen3T and phen7T
(Scheme 1), combining a 1,10-phenanthroline chelating site with
two oligothiophene dendrons (3T6COMe and 7T6COMe). The
corresponding metal dendrimers [Ru(bpy),(phen3T)]**, [Ru-
(bpy)>(phen7T)]*", [Ru(phen3T);]*", and [Ru(phen7T);]*"
were also investigated (Scheme 2). Oligothiophene dendrons in
these ligands and metal complexes provide good solubility,
extended conjugation for 1,10-phenanthroline, and a large cross
section for photon collection, a feature particularly suited to light
harvesting.
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Scheme 1. Synthesis Steps for Dendritic Ligands phen3T and phen7T
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B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Oligothio-
phene Dendrons, Dendritic Ligands, and Ru(ll) Complexes.
Thiophene dendrons and their corresponding tri-n-butyltin deri-
vatives (Sn3T6COMe and Sn7T6COMe) were synthesized by
procedures similar to those reported previously.® Compared with
the synthesis of thiophene dendrons having only hexyl chains,
the introduction of the methoxyhexyl group makes separation of
the thiophene dendrons easier because of the larger polarity
difference between lower- and higher-generation thiophene den-
drons. For instance, the difference in the Ry values of 3T6C and
7T6C is only 0.14 (0.47 for 3T6C vs 0.33 for 7T6C) even when
the best eluent (10:1 hexane/CH,Cl,, v/v) for separation is used.
On the other hand, the difference in the Ry values of 3T6COMe
and 7T6COMe is 0.27 (043 for 3T6COMe vs 0.16 for
7T6COMe) with a 1:1 (v/v) hexane/diethyl ether mixture as
the eluent. Moreover, the terminal hexyl methoxide groups made
possible the separation of the doubly coupled product phen7T
from the monocoupled byproduct Brphen7T (see the Support-
ing Information) because the difference in the Ry values of
phen7T and Brphen7T is as large as 0.28 with a 20:1 (v/v)
CH,Cl,/CH;OH mixture as the eluent. With only hexyl chains,
there is almost no difference in Ryvalues, although various eluents
have been tried. From "H nuclear magnetic resonance (NMR), it
was very clear that both a doubly coupled product and a
monocoupled byproduct were obtained. However, attempts to
separate them were not successful.

The dendritic ligands phen3T and phen7T were synthe-
sized by Stille coupling of 4,7-dibromo-1,10-phenanthroline with

tri-n-butyltin derivatives of the thiophene dendrons 3T6COMe
and 7T6COMe, respectively (Scheme 1). It is worth pointing
out that at least 10 mol % Pd(PPh;), must be used to achieve
high reaction yields because 4,7-dibromo-1,10-phenanthroline
will partially poison the catalyst,'® thus decreasing its catalytic
activity. The reaction yield decreases as the dendron size in-
creases. For 3T6COMe, only a trace of monocoupled byproduct
was observed by TLC. However, for 7T6COMe, the mono-
coupled byproduct Brphen7T was separated and its structure
was confirmed by NMR.

The metal complexes [Ru(bpy),(phen3T)]**, [Ru(bpy),-
(phen7T)]*", [Ru(phen3T);]*", and [Ru(phen7T);]*" were
prepared by treating [Ru(bpy),Cl,] or [RuCls] with the appro-
priate ligands.”'18 The redox behavior, absorption, and fluores-
cence spectra of dendritic ligands and their metal complexes have
been studied. For comparison, two model complexes, [Ru(bpy),-
(phen)]*" and [Ru(phen);]*", were also synthesized, and their
properties were studied. Except for [Ru(phen7T);]*", the struc-
tures of all metal complexes were confirmed by MALDI-MS and
"H and "*C NMR spectroscopy (see the Supporting Information).

Free Ligands Subjected to Absorption Spectroscopy. Both
phen3T and phen7T show strong absorption in the 240—
400 nm region and weak absorption in the 400—500 nm region
(see Figure 1). The strong absorption bands in the 2900—400 nm
region are associated with ligand-centered transitions, whereas
the weak absorptions in the 400—500 nm region are due to
thiophene dendron-to-phenanthroline charge transfer transitions.
Both phen3T and phen7T show two strong absorption bands at
~242 and ~288 nm (Figure 1 and Table 1). The band at
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Scheme 2. Synthesis Steps for the Final Ru Metal-Dendron Complexes
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~242 nm, which is already present in thiophene dendrons
3T6COMe and 7T6COMe, is associated with thiophene-cen-
tered transitions. Although contributions from thiophene-cen-
tered transitions are not negligible, the band with a maximum at
~288 nm is more likely from a phenanthroline-centered transi-
tion, which is red-shifted from the parent phenanthroline (A4 =
260 nm) because of the conjugation provided by thiophene
dendrons. Dendritic ligand phen3T also displays an absorption
shoulder at ~370 nm, which is most likely a combination of red-
shifted thiophene dendron-centered transitions and thiophene
dendron-to-phenanthroline charge transfer transitions. This as-
signment is further supported by changes in the absorption
spectra of phen3T upon addition of acid (Figure 2). The
presence of the acid results in relatively intense bands in the

400—600 nm range. For example, an absorption shoulder at
~470 nm appears in the absorption spectrum of phen3T, and a
broad band that extends to 650 nm appears in the absorption
spectrum of phen7T. These new bands can be explained by a red
shift of the thiophene dendron-to-phenanthroline charge trans-
fer (CT) transitions, as a consequence of stabilization of the
phenanthroline-based acceptor orbitals upon protonation, prob-
ably with concomitant enhancement of the oscillator strength of
the CT transitions.'” The bands at wavelengths of <350 nm for
phen3T and <450 nm for phen7T, on the other hand, are only
weakly affected by protonation. Therefore, the contribution of
CT transitions to these absorption bands is negligible.

Metal Complexes Subjected to Absorption Spectroscopy.
The absorption spectra of the metal complexes are dominated by
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Figure 1. Absorption (left) and emission (right) spectra of thiophene dendrons (3T6COMe and 7T6COMe) and dendritic ligands (phen3T and

phen7T).

Table 1. Extinction Coefficients, Absorption, and Emission Maxima

compd A (nm) (log €)* A (nm)®
3T6COMe 245 (4.02), 272sh (3.96), 316 (3.92) 452
7T6COMe 248 (4.37), 293 (4.39), 375sh (4.13) 511
phen3T 242 (4.50), 288 (4.45), 370sh (4.18) 495
phen7T 243 (4.82), 288 (4.81) 554
[Ru(bpy),(phen)]** 266 (4.72), 287 (4.76), 451 (4.17) 599
[Ru(bpy),(phen3T)]*" 243 (4.65), 288 (4.90), 335sh (4.41), 458 (4.48) 734
[Ru(bpy),(phen7T)]*" 243 (4.85), 289 (5.02), 443 (4.52) 615
[Ru(phen),]**" 264 (5.04), 446 (4.25) 581
[Ru(phen3T);]*" 242 (5.01), 282 (5.11), 335sh (4.87), 473 (4.86) 747
[Ru(phen7T);]*" 244 (5.30), 284 (5.32), 475sh (4.85) 634

“ For the absorption, the maxima (or shoulders) of the relevant bands are given. ¥ Maxima obtained from uncorrected emission spectra. Ao, = 450 nm

with CH,Cl, as the solvent.

intense UV bands and by moderately intense bands in the visible
region (Figure 3). The UV bands are assigned to spin-allowed
ligand-centered (LC) transitions, and the visible bands are attrib-
uted to spin-allowed metal-to-ligand charge transfer (MLCT)
transmons, similar to those of other Ru(II)— polypgrrldme com-
plexes.” Both model complexes [Ru(bpy),(phen)] d [Ru-
(phen);]*" show a phenanthroline-centered absorption band at
~265 nm (Figure 3 and Table 1). The band at ~288 nm, which is
present in all dendritic species, is attributed to LC transitions involving
the delocalized phenanthroline moiety (phen3T or phen7T). The
dendritic species [Ru(bpy) »(phen3T)]*" [Ru(bpy)z( phen7T)]*",
[Ru(phen3T)3] , and [Ru(phen7T); ] exhibit enhanced ab—
sorption around 240 nm and in the region 300—350 nm com-
pared to the reference complexes [Ru(bpy),(phen)]*" and
[Ru(phen);]*". These latter features can be safely assigned to
transitions involving the thiophene dendrons. In further support
of this assignment, the size of these absorption bands increased
with the size of the thiophene dendrons.

For the model complex [Ru(bpy),(phen)]**, the band at
451 nm arises from Ru(1I)-to-bpy transitions, while the band at
~446 nm for [Ru(phen);]*" arises from Ru(II)-to-phenanthro-
line transitions. The absorption band of [Ru(phenf}T)g,]2+ at
~475 nm can be assigned to a typical MLCT state involving a
metal d orbital and the 77* orbital of a ligand (phen3T). For the
extended organic 77 systems, it is well-known that as the degree of

conjugation increases, the 77* orbitals are stabilized,*" which results
in a red shift of the lowest-energy absorption band. In the same way,
it appears that the 27 nm shift of the MLCT absorption maxima
from [ Ru(phen)3 to Ru(phen3T)3 suggests an 1ncreased
level of conjugation (i.e., delocalization) in [Ru(phen3T);]*". The
broad and red-shifted MLCT absorption band of [Ru(bpy),-
(phen3T)]*" s likely a combination of d7t(Ru)-to-7*(bpy) and
dst(Ru)-to-7*(phen3T) transitions. Similarly, the MLCT band of
[Ru(bpy),(phen7T)]*" is a combination of dz7(Ru)-to-7*(bpy)
and d7z(Ru)-to-77*(phen7T) transitions. Because of the increased
ligand-centered absorption in the UV region, [Ru(phen7T);]*"
shows only a MLCT absorption shoulder at ~475 nm, which
makes it difficult to compare the relative conjugation effect of the
thiophene dendron 7T6COMe.

The MLCT bands of [Ru(bpy)z(phen3T)]2Jr [Ru(bpy)z—
(phen7T)]*", [Ru(phen3T);]*", and [Ru(phen7T);]*" are
broader and red-shifted in comparlson with those of [Ru(bpy),-
(phen)]pr and [Ru(phen) 3]*". Moreover, the intensities of ML-
CT bands of dendritic metal complexes are much stronger. As
a consequence, ruthenium thiophene dendrimers can be re-
garded as better light-harvesting species than the model Ru(II)
complexes, because they display enhanced absorption in a region
where the absorption of the model compounds is poor (the
300—360 nm region) and also their absorption spectra extend
more toward the red.
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Figure 2. Effect of added CF;COOH on the absorption spectra of phen3T (A) and phen7T (B) and the emission spectra of phen3T (C) and phen7T
(D). The excitation wavelength was the isosbestic point. Samples were prepared by mixing 0, 10, 20, 30, 40, 80, 120, 160, 200, and 400 uL of the
CF3;COOH solution (0.1 mM) with a phen3T or phen7T solution (2.0 mL, 10 uM).
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Figure 3. Optical absorption spectra of metal complexes (~10 uM in CH,CL,).

Free Ligands Subjected to Fluorescence Spectroscopy.
Though the luminescence spectra of phen3T and phen7T are
red-shifted and slightly broadened when compared with those
of 3T6COMe and 7T6COMe, they can still be assigned to
the lowest-lying t—s* singlet level of the thiophene dendrons.
The fluorescence tail at longer wavelengths is attributed to CT
(thiophene dendron to phenanthroline) excited states as confirmed

3306

by the change in the fluorescence spectra upon addition of acid
(Figure 2).

For phen3T, the intensity of emission at ~495 nm decreases
as more acid is added. An emission peak at ~605 nm and a
shoulder at ~560 nm appear when 0.4 molar equiv of
CF3COOH (80 uL of a 0.1 mM solution) is added. The intensity
of these two emission bands also decreases as the concentration
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Figure 4. Emission spectra of metal complexes (4.,= 450 nm). The concentration was approximately 10 uM.

of acid increases, but their intensities are not as sensitive as that of
the emission at ~495 nm.

Dendritic ligand phen7T shows a similar emission behavior
upon addition of acid. The intensity of the emission at ~550 nm
decreases as more acid is added. A new emission band at ~705 nm
appears when 0.4 molar equiv of CF;COOH is added. The in-
tensity of the latter emission band also decreases as the con-
centration of acid increases, but the intensity is not as sensitive as
that of the emission at 550 nm.

However, ~25% fluorescence intensity remains even in the
presence of a large excess of acid (up to 100 molar equiv).
Because of their relatively intense luminescence, the dendritic
ligands phen3T and phen7T can also be regarded as luminescent
sensors, taking advantage of their free coordination/protonatable
sites. Indeed, protonation of either phen3T or phen7T results in
a red-shifted absorption and luminescence bands.

Metal Complexes Subjected to Fluorescence Spectrosco-
py. It is clear that the ruthenium—polythiophene dendrimers fluor-
esce in the near-IR region (Figure 4 and Table 1). Both corrected
and uncorrected spectra are shown (Supporting Information) with
the discussions based on the corrected spectra. The emission of
the model complex [Ru(phen);]*" (A", = 581 nm) originates
from a Ru-to-phenanthroline CT state. Similarly, the emission of

Table 2. Cyclic Voltammety Data*

compd Ei™ (AE) Ey )" (AE)
ferrocene 0.50 (151)
phen3T —0.66"
phen7T —0.68"
[Ru(bpy), 1.51 (102) —1.23 (98), —1.48 (153)
(phen)]>*
[Ru(bpy), 1.46 (221) —121", —1.57"
(phen3T)]**"
[Ru(bpy), —1.31"
(phen7T)]pr
[Ru(phen);]** 1.49 (137) —1.27 (112), —1.46 (196),
—1.80 (122)
[Ru(phen3T),]** 1.41 (285) —1.17", —1.41"
[Ru(phen7T),]**

“Recorded in CH,Cl, containing 0.05 M NBu,PFg; E, , in volts vs SCE
and AE in millivolts; scan rate of 100 mV/s.

[Ru(phen3T) 3]*" centered around 747 nm can be assigned to the
Ru-to-phen3T CT state. This unusually large red shift (~165 nm)

3307 dx.doi.org/10.1021/cm200228p |Chem. Mater. 2011, 23, 3302-3311



Chemistry of Materials

30 T T T T T

20 | —— phen3T 4

Current (uA)

20 | -

-30 —_— T —
2.0 15 1.0 0.5 0.0 05 1.0
Potential (E vs Ag/AgCl)

40 4

20 - -

o
T
1

Current (uA)
5
T
1

-40 |- -

T T T T T
20 15 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

Potential (E vs Ag/AgCl)

Figure 5. Cyclic voltammograms of dendritic oligothiophene ligands phen3T and phen7T.

indicates that the thiophene dendron 3T6COMe has very strong
electronic interactions with Ru-to-phenanthroline CT states and
strongly stabilizes these MLCT states. A large red shift (~135 nm)
was also observed in the emission of [Ru(bpy),(phen3T)]*". Mc-
Cusker et al."® studied the delocalization effect of the peripheral phenyl
group and its subsequent effect on the photophysical properties of a
series of aryl-substituted 2,2"-bipyridyl Ru(II) complexes. They proved
that the unusual photophysical properties of [Ru(4,4-diphenyl-2,
2'-bipyridine);](PF), are caused by the coplanarity of the bipy-
ridyl and phenyl fragments in the excited state and nonplanarity in the
ground state. We believe that 3T6COMe thiophene dendrons rotate
into the plane of the bpy ligand to form a planar configuration in the
excited state. This planarity leads to an efficient intraligand delocaliza-
tion in the MLCT excited state, resulting in an abnormally large
bathochromic shift. As the size of thiophene dendrons increases, the
steric bulk strongly hinders coplanarity, correspondingly attenuating
intraligand delocalization. An ~50 nm bathochromic shift is observed
in the emission of [Ru(phen7T);]*" though.

Because of the unusually large bathochromic shift observed in
the emission, these ruthenium—thiophene dendrimers are very
intriguing in terms of photophysical properties, although it is not
fully understood at present why the ruthenium—thiophene
dendrimer [Ru(bpy),(phen3T)]*" shows an only ~15 nm
red shift. While coplanarity alone is probably not enough for
attribution of these unusually large bathochromic shifts, other
factors such as packing between thiophene dendrons might also
play an important role. More photophysical investigations will be
needed to fully understand these interesting dendrimers, includ-
ing fluorescence lifetime measurements.

Redox Behavior. The redox data of the investigated metal
complexes and dendritic ligands are listed in Table 2, as reported
against the SCE reference, and also are shown in Figure S2 of the
Supporting Information. Ferrocene was used to calibrate the
reference electrode and its half-oxidation potential was 0.5 V
versus SCE. Both dendritic ligands phen3T and phen7T
show an ill-defined and mainly irreversible CV response
(Figure S). Only an irreversible reduction peak centered at
approximately —0.7 V is observable. No distinguishable oxida-
tion peak can be found.

For the assignment of the electrochemical processes of the
dendritic metal complexes, the CV data of two model complexes,
[Ru(bpy),(phen)] > and [Ru(phen) 3)*", are also listed in Table 2.
[Ru(bpy),(phen)]*" shows two reversible ligand-centered re-
ductions and a reversible oxidation of Ru(II)/Ru(III),"*** while
[Ru(phen);] > exhibits three reversible ligand reductions and a

reversible metal-centered oxidation (Figure S2 of the Supporting
Information).”®> Compared with [Ru(bpy),(phen)]*", the het-
eroleptic complex [Ru(bpy),(phen3T)]*" has a less positive
oxidation potential at 1.46 V (Table 2 and Figure 6). Oxidation
involves the removal of one electron from the metal d orbital.
Thus, the d orbital of ruthenium was destabilized by the ligand
phen3T. As previously shown by Thummel et al,** electron-
donating groups such as NMe, on 2,2'-bipyridine destabilize
the HOMO (dm) of the metal. Therefore, thiophene dendrons
3T6COMe on dendritic ligand phen3T act as electron-donating
groups due to conjugation with 1,10-phenanthroline. The destabi-
lization effect of phen3T on the ruthenium d orbital is even more
prominent in the homoleptic dendritic complex [Ru(phen3T);]*".
A typical electroactive Ru(1l) metallodendrimer has a more
positive oxidation potential than nondendritic analogues because
of site-isolation/encapsulation effects.”>*® A less positive oxida-
tion potential observed in [Ru(phen3T);]*" (Table 2) is
definitely due to the destabilization effect of the dendritic ligand
phen3T. On the other hand, [Ru(phen3T);]*" shows reduction
at a potential less negative than that observed in [Ru(phen);]*™,
which is typical of the reduction behavior of electroactive Ru(II)
metallodendrimers.”® Therefore, for [Ru(phen3T);]*", the
HOMO (ruthenium d orbital) is destabilized and the LUMO
(7 orbital of the ligand) is stabilized. The combination of these
two effects should lead to this abnormally large (~170 nm) red-
shifted fluorescence observed in [Ru(phen3T);]>*.

Unfortunately, it is difficult to locate the exact oxidation and
reduction potentials because of the irreversible electrochemical
behavior of metal complexes [Ru(bpy)z(phen7T):|er and
[Ru(phen7T),]** (Figure S2 of the Supporting Information).
Moreover, for polythiophene dendrimers, the redox species
based on various conjugated sequences of @,0t and 0,3 linkages
are not easily resolved via the redox CV experiments.*” There-
fore, the thiophene dendron size effect cannot be inferred from
our data at this point.

Bl CONCLUSIONS

Two novel dendritic ligands, phen3T and phen7T, containing
1,10-phenanthroline coordination sites and thiophene dendrons,
have been synthesized, along with the formation of four Ru(II)
complexes of these oligothiophene dendron ligands. The absorp-
tion spectra, fluorescence properties, and redox behavior of the
free ligands and of the Ru(II) —thiophene dendrimers have been
studied, and a correlation between their structure and MLCT
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Figure 6. Cyclic voltammograms of the [Ru(phen3T);]>" complex
with terthiophene dendron ligands. The rest of the CVs for the
individual complexes appear as Supporting Information.

behavior was made. The Ru(II)—thiophene dendrimers exhibit
unusually red-shifted MLCT emission of Ru(II)—polypyridine
complexes. Moreover, these thiophene dendrimers exhibit very
strong MLCT absorption and enhanced absorption in the UV
region. They can be regarded as better light-harvesting species
than either the generic Ru(Il)—polypyridine complexes or all-
polythiophene dendrimers.

B EXPERIMENTAL SECTION

Materials. Thiophene dendrons (Sn3T6COMe and 7T6COMe)
were synthesized as we reported.'® 4,7-Dibromo-1,10-phenanthroline
was synthesized according to the literature procedure.”” Other routes to
thiophene-containing dendrimers have been considered. Spectroscopic-
grade methylene chloride from Aldrich was used for spectral measure-
ments. All other commercially available reagents were purchased from
Aldrich and used as received. Silica gel (60 A, 32—63 um, standard
grade) was purchased from Sorbent Technologies, Inc. (Atlanta, GA),
and aluminum oxide (activated, neutral) was from Aldrich.

Instrumentation. NMR spectra were recorded on a General
Electric QE-300 spectrometer operating at 300 MHz for 'H and 75
MHz for "*C nuclei. UV—vis spectra were recorded on an Agilent 8453
UV —visible spectrometer and fluorescence spectra on a PerkinElmer LS
4S luminescence spectrometer with a red sensitive photomultiplier tube
(R928 from Hamamatsu). Cyclic voltammetry (CV) measurements
were taken using a Bioanalysis BAS Epsilon Electroanalytical System
with a three-electrode cell. The reference electrode was Ag/AgCl and
calibrated against a ferrocene/ferrocenium couple. The working elec-
trode was a glassy carbon, and the counter electrode was a Pt wire. The
solutions contained ~0.5 mM metal complexes in CH,Cl, with 0.05 M
tetrabutylammonium hexafluorophosphate (TBAH) as the supporting
electrolyte. Mass spectra were recorded on an ABI Voyager DE-STR
(MALDI-TOF) using 0t-cyano-4-hydroxycinnamic acid as the matrix.

4,7-Bis[5,5"-bis(6-methoxyhexyl)[2,2/;3/,2" 1terthiophen-
5’-yl]-1,10-phenanthroline (phen3T). In a round-bottomed flask,
0.23 g of tributyl[S,5" -bis(6-methoxyhexyl) [2,2';3',2" Jterthiophene-S'-
yl]stannane (0.30 mmol), 33.8 mg of 4,7-dibromo-1,10-phenanthroline
(0.10 mmol), 75 mg of Pd(PPh;),, and 10 mL of DMF were charged.
After three freeze—thaw cycles, the mixture was heated to 110 °C for
20 h under nitrogen. After cooling to room temperature, the reaction
mixture was poured into water, extracted with CH,Cl,, and washed tho-
roughly with a NaF solution to remove tributyltin chloride. The organic

layer was dried over Na,SO, and concentrated. The residue was purified
with a flash column using a 20:1 CH,Cl,/CH;OH mixture as the eluent;
96 mg of pure product was obtained (85% yield): '"H NMR (CDCl;) o
922 (d, 2H, J = 4.8 Hz), 8.46 (s, 2H), 7.73 (d, 2H, ] = 4.2 Hz), 7.42 (s,
2H),7.05 (d,2H, J = 3.6 Hz), 6.98 (d, 2H, = 3.9 Hz), 6.71 (m, 4H), 3.36
(m, 20H), 2.81 (t, 8H, ] = 7.2 Hz), 1.69 (m, 8H), 1.58 (m, 8H), 1.40 (m,
16H); *C NMR (CDCL;) O 149.4, 147.5, 146.6, 146.0, 139.7, 135.9,
133.8,133.7,132.2, 131.2, 131.1, 127.6, 126.3, 125.5, 124.1, 123.9, 1237,
123.1, 72.4, $8.1, 31.1, 31.0, 29.7, 29.6, 29.2, 28.5, 25.5.
2,3-Di[5,5"-di(6-methoxyhexyl)[2,2;3’,2"]terthiophen-5'-
yllthiophene (7T6COMe). In a round-bottomed flask, tributyl[5,5" -
bis(6-methoxyhexyl)[2,2/;3',2" Jterthiophen-5'-yl]stannane (2.3 g, 3.0
mmol), 2,3-dibromothiophene (242 mg, 1.0 mmol), 75 mg of Pd(PPhy),,
and 50 mL of DMF were charged. After three freeze—thaw cycles, the
mixture was heated to 110 °C for 20 h under nitrogen. After cooling to
room temperature, the reaction mixture was poured into water, extracted
with CH,Cl,, and washed thoroughly with a NaF solution to remove
tributyltin chloride. The organic layer was dried over Na,SO, and
concentrated. The residue was purified by column chromatography,
eluting with a 1:1 hexane/diethyl ether mixture to give the yellow oil
product (860 mg, 83%): "H NMR (CDCl;) 6 7.27 (4, 1H, ] = 6.0 Hz),
722 (s, 1H), 7.18 (s, 1H), 7.17 (d, 1H, ] = 6.0 Hz), 6.95 (d, 1H, ] =
2.1Hz),6.94 (d, 1H, ] = 1.8 Hz), 6.88 (d, 1H, ] = 3.3 Hz), 6.86 (d, 1H, ] =
3.0 Hz), 6.66 (m, 4H), 3.36 (t, 8H, J = 6.3 Hz), 3.32 (s, 12H), 2.77 (t, 8H,
J = 7.5 Hz), 1.67 (m, 8H), 1.57 (m, 8H), 1.38 (m, 16H); *C NMR
(CDCl3) 6 147.6, 147.4, 146.2, 146.0, 135.3, 135.0, 134.7, 133.0, 132.8,
132.4,132.1,132.0, 131.9, 131.8, 131.6, 131.2, 130.6, 129.8, 129.5, 127.8,
127.6,126.5,126.3,125.1, 124.4, 124.3, 124.2, 73.0, 58.7, 31.7, 31.6, 30.2
(2), 29.7, 29.1, 29.0, 26.0.
Tributyl{2,3-di[5,5"-di(6-methoxyhexyl)[2,2’;3',2" ]terthio-
phen-5'-yl]thiophen-5-yl}stannane (Sn7T6COMe). Approxi-
mately 0.50 mL of n-butyllithium (2.5 M in hexane, 1.3 mmol) was added
dropwise to a solution of 2,3-di[5,5"-di(6-methoxyhexyl)[2,2';3',2"]-
terthiophen-5'-ylJthiophene (1.2 g, 1.2 mmol) in 20 mL of THF at
—78 °C under N,. After 30 min, 0.82 g of tributyltin chloride (0.42 g,
1.3 mmol) in 5.0 mL of anhydrous THF was added to the solution. The
reaction mixture was then warmed to room temperature, stirred for an
additional 3 h, and poured into a saturated NaHCOj5 solution. The
mixture was extracted with CH,Cl, and dried over MgSO, and the
solvent evaporated. The residue was used for the next reaction without
further purification: "H NMR (CDCly) 6 7.20 (s, 1H), 7.18 (s, 1H), 7.16
(s, 1H), 6.94 (m, 2H), 6.87 (m, 2H), 6.66 (m, 4H), 3.36 (t, 8H, ] =
6.6 Hz), 3.32 (s, 12H), 2.77 (t, 8H, ] = 7.2 Hz), 1.67 (m, 8H), 1.57 (m,
14H), 1.38 (m, 22H), 1.12 (m, 6H), 0.92 (t, 9H, ] = 7.2 Hz).
4,7-Bis{2,3-Di[5,5"-di(6-methoxyhexyl)[2,2";3,2" ]terthio-
phen-5"-ylthiophen-5'-yl}-1,10-phenanthroline (phen7T) and
Brphen7T. In a round-bottomed flask, 0.4 g of tributyl{2,3-di[5,5"-
di(6-methoxyhexyl)[2,2";3',2 Jterthiophen-5’-yl]thiophen-5-yl} stan-
nane (Sn7T6COMe, 0.3 mmol), 33.8 mg of 4,7-dibromo-1,10-phenan-
throline (0.1 mmol), 7S mg of Pd(PPh;),, and 10 mL of DMF were
charged. After three freeze—thaw cycles, the mixture was heated to
110 °C for 20 h under nitrogen. After cooling to room temperature, the
reaction mixture was poured into water, extracted with CH,Cl,, and
washed thoroughly with a NaF solution to remove tributyltin chloride.
The organic layer was dried over Na,SO,4 and concentrated. The residue
was purified with a flash column using a 20:1 CH,Cl,/CH;OH mixture
as an eluent. Twelve milligrams of monocoupled byproduct Brphen7T
(9:4% yield; Ry = 0.25) and 158 mg of phen7T (70% yield; R;= 0.53)
were obtained. Brphen7T: 'H NMR (CDCl;) 6 8.88 (d, 1H, J =
3.9Hz),8.45 (d, 1H, J=9.0 Hz), 8.21 (d, 1H, ] = 9.0 Hz), 7.87 (d, 1H, ] =
7.5Hz),7.67 (d, 1H, J=4.2 Hz), 7.48 (s, 1H), 7.32 (s, 1H), 7.27 (s, 1H),
6.96 (m, 2H), 6.90 (m, 2H), 6.67 (m, 4H), 6.59 (d, 1H, J = 7.5 Hz), 3.36
(t, 8H, ] = 6.3 Hz), 3.32 (s, 12H), 2.77 (m, 8H), 1.67 (m, 8H), 1.57 (m,
8H), 1.38 (m, 16H); *C NMR (CDCl;) 0 178.3, 148.3, 147.7, 147.5,
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146.3,146.1,140.4,139.7,137.1,136.8, 136.6, 134.5, 134.2, 134.1, 133.9,
1337, 1324, 132.1, 132.0, 131.9, 131.7, 131.5 (2), 1314, 130.8 (2),
130.0, 129.9, 128.7, 127.7,127.6,126.7, 126.5, 126.3, 124.5, 124.3, 124.1,
123.8, 123.7, 119.4, 113.4, 72.8, 58.5, 31.5, 31.4, 30.0 (2), 29.7, 29.5,
28.9,25.8. phen7T: "H NMR (CDCL;) 6 9.25 (d, 2H, ] = 4.5 Hz), 8.48
(s,2H),7.76 (d,2H, J= 4.5 Hz), 7.49 (s, 2H), 7.32 (s, 2H), 7.28 (s, 2H),
6.96 (d,2H, J=4.2Hz),6.95 (d,2H, J= 3.9 Hz), 6.90 (d,2H, ] = 3.6 Hz),
6.87 (d, 2H, J = 3.0 Hz), 6.65 (m, 8H), 3.38—3.31 (m, 40H), 2.76 (m,
16H), 1.67 (m, 16H), 1.58 (m, 16H), 1.38 (m, 32H); *C NMR
(CDCLy) 6 149.9, 149.8, 147.6, 147.3, 146.9, 1462, 1460, 139.9,
137.3, 134.5, 134.2, 133.6, 133.5, 132.3, 132.0, 131.8, 131.7, 131.6,
131.4, 130.8, 129.9 (2), 127.7, 127.5, 126.5, 1263, 126.0, 124.2, 1242,
124.1, 123.7, 727, $8.5, 31.5, 31.4, 30.0 (2), 29.5, 28.9, 25.8.

Synthesis of [Ru(bpy),(phen3T)]*>". Ru(bpy),Cl,-2H,0 (95
mg, 0.18 mmol) and phen3T (250 mg, 0.22 mmol) were added to wet
DMF (10 mL) and heated at 120 °C for 4 days. After the mixture had
been cooled to room temperature and an excess of solid NH,PF¢ had
been added, solvents were removed under reduced pressure. The residue
was purified by using a column of neutral alumina, prepared with a 2:1
(v/v) toluene/acetonitrile mixture. The product was eluted using a 1:2
(v/v) toluene/acetonitrile mixture, after the solvent mixture had been
gradually biased. The product [Ru(bpy),(phen3T)]*" was obtained as
ared solid (185 mg, $6%): "H NMR (CDCl;) 6 8.71 (s, 2H), 8.42 (m,
4H), 8.12 (d, 2H, ] = 5.7 Hz), 7.96 (m, 4H), 7.83 (m, 4H), 7.65 (d, 2H,
J=5.7Hz),7.55 (s, 2H), 7.51 (m, 2H), 7.35 (m, 2H), 7.01 (d, 2H, ] =
3.6 Hz), 6.96 (d, 2H, ] = 3.6 Hz), 6.69 (m, 4H), 3.37 (t, 8H, ] = 6.6 Hz),
332 (s, 6H), 3.31 (s, 6H), 2.77 (t, 8H, J = 7.5 Hz), 1.66 (m, 8H), 1.56
(m, 8H), 1.37 (m, 16H); *C NMR (CDCl;) 0 156.6, 156.5, 151.8,
151.5,151.3,148.6, 148.2, 146.8, 140.7,138.1, 136.5, 133.7,133.3, 133.2,
130.8, 128.3, 1282, 128.0, 127.1, 126.1, 124.5, 124.3, 1242, 72.7, 58.5,
314 (2), 30.0, 29.9, 29.5, 28.8, 25.8; MALDL-TOF calcd for Cg,Fg-
Hy,N4O,PRuSs (M — PFg) 1688.09 and CgyHorNO4RuSs (M —
2PF¢) 1543.13, found 1688 (M — PFy), 1543 (M — 2PF).

Synthesis of [Ru(bpy),(phen7T)1?*. Ru(bpy),Cl, - 2H,0 (36.5
mg, 0.07 mmol) and phen7T (180 mg, 0.08 mmol) were added to wet
DMF (5 mL) and heated at 120 °C for 4 days. After the mixture had been
cooled to room temperature and an excess of solid NH,PF4 had been
added, solvents were removed under reduced pressure. The residue
was purified with a flash column [alumina neutral, 15:1 (v/v) CHCl;/
CH;O0H]. The product [Ru(bpy),(phen7T)]*" was obtained as a red
oil (80 mg, 40%): "H NMR (CDCl,) 6 8.81 (m, 4H), 8.76 (s, 2H), 8.34
(d,2H, J= 5.4 Hz), 8.09 (m, 4H), 7.93 (m, 4H), 7.75 (d, 2H, ] = 5.4 Hz),
7.62 (s,2H),7.58 (m, 2H), 7.43 (m, 2H), 7.32 (s, 2H), 7.27 (s, 2H), 6.95
(m, 4H), 6.88 (m, 4H), 6.66 (m, 8H), 3.37—3.30 (m, 40H), 2.77 (m,
16H), 1.65 (m, 16H), 1.56 (m, 16H), 1.37 (m, 32H); *C NMR
(CDCly) 0 156.7 (2), 152.2, 151.5, 151.4, 148.3, 147.9, 147.5, 146.4,
146.1,140.4, 138.3, 136.0, 134.5, 134.3, 134.1, 133.9, 133.4, 133.1,132.5,
132.1,132.0, 131.7, 1314, 131.1, 130.9, 130.2, 128.2, 128.1, 127.8, 127.6,
126.6, 126.4,125.0, 124.3, 124.2, 124.0, 72.7, 58.5, 31.4, 31.3, 29.9, 29.6,
29.5, 28.8, 25.8; MALDL-TOF caled for CyuqH;64NgOgRuUS; 4 (M —
2PF¢) 2656.87, found 2657 (M — 2PFy).

Synthesis of [Ru(phen3T);]*". RuCl, - 3H,0 (26 mg, 0.1 mmol)
and phen3T (373 mg, 0.33 mmol) were added to wet DMF (10 mL) and
heated at 120 °C for 4 days. After the mixture had cooled, a 4:1 (v/v)
methanol/water mixture (20 mL) was added. The reaction mixture was
heated to reflux for an additional 2 days. After the mixture had been
cooled and an excess of solid NH4PF4 had been added, solvents were
removed under reduced pressure. The residue was purified with a flash
column [alumina neutral, 160:40:1 (v/v/v) CH,Cl,/ethyl acetate/
CH;OH]. [Ru(phen3T);]*" was obtained as a red oil (170 mg,
45%): "H NMR (CDCl;) 6 8.76 (s, 6H), 829 (d, 6H, J = 6.0 Hz),
7.88 (d, 6H, ] = 5.4 Hz), 7.57 (s, 6H), 7.05 (d, 6H, J = 3.6 Hz), 6.97
(d, 6H, J = 3.6 Hz), 6.70 (m, 12H), 3.36 (t, 24H, ] = 6.3 Hz), 3.32 (s, 36H),
2.79 (t,24H, ] = 7.5 Hz), 1.68 (m, 24H), 1.57 (m, 24H), 1.38 (m, 48H);

13C NMR (CDCl;) 6 152.6, 148.4, 148.2, 146.7, 140.9, 136.6, 133.8,
133.5,133.3,133.2,131.0, 128.3,127.9, 127.0, 126.3, 126.0, 124.5, 124.2,
72.7,58.4,31.4,31.3,30.0,29.9, 29.4, 28.8, 25.8; MALDI-TOF calcd for
C102H325N01,RuS 5 (M — 2PFg) 3490.16, found 3491 (M — 2PFg).

Synthesis of [Ru(phen7T);]*". RuCl;-3H,0 (8.6 mg, 0.03
mmol) and phen7T (250 mg, 0.12 mmol) were added to wet DMF
(10 mL) and heated at 120 °C for 4 days. After the mixture had cooled, a
4:1 (v/v) methanol/water mixture (20 mL) was added. The reaction
mixture was heated to reflux for an additional 2 days. After the mixture
had been cooled and an excess of solid NH,PF4 had been added,
solvents were removed under reduced pressure. The residue was purified
with a flash column [alumina neutral, 20:1 (v/v) CHCIl;/CH;0H].
[Ru(phen7T);]*" was obtained as a red oil (71.5 mg, 30%): "H NMR
(CDCly) 0 8.76 (s, 6H), 8.00 (m, 6H), 7.79 (m, 6H), 7.66 (m, 6H), 7.55
(m, 6H), 7.28 (m, 6H), 6.95 (m, 12H), 6.88 (m, 12H), 6.66 (m, 24H),
3.35 (m, 120H), 2.76 (s, 48H), 1.62 (m, 48H), 1.55 (m, 48H), 1.37 (m,
96H); MALDLITOF caled for Cy7,HysaNgO,RuS, (M — 2PFg)
6831.37, found 6832 (M — 2PFy).
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