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Bridging Nanogap Electrodes by In Situ Electropolymerization of a
Bis(terthiophenylphenanthroline)ruthenium Complex

Koiti Araki,*™ "% Hiroaki Endo,™ " Gou Masuda,'! and Takuji Ogawa*!*"!

Abstract: A novel complex containing
a  3,8-bis[terthiophenyl-(1,10-phenan-
throline)] ligand coordinated to
[Ru(bpy),] was synthesized and charac-
terized by electrochemical and spectro-
scopic techniques. The complex was
shown to be a suitable starting material
for the electrodeposition of functional-
ized molecular wires between nanogap

nanodevices.

Introduction

The development of molecular devices requires the prepara-
tion of functional materials with suitable properties.!! Mo-
lecular wires based on, for example, phenylacetylene, thio-
phenylacetylene, and phenylenevinylene frameworks have
been proposed and realized;® however, the preparation of
long unidimensional conducting molecules is still hampered
by synthetic difficulties. Also, little has been reported on the
measurement of molecular conduction properties,*™ and
the majority of the devices were prepared by means of
break junction or electrical migration techniques. Such devi-
ces are very difficult to fabricate, and they seem to be too
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electrodes to generate stable molecular
Temperature-dependent
nonlinear I~V curves were obtained at
80-300 K. The material can also be de-
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posited on indium tin oxide (ITO) to
form compact electrochromic films at
surface concentrations lower than
~1x10"molcm?; however, a more
loosely bond fibrous form is preferen-
tially deposited at higher surface con-

N ligands centrations.

fragile for practical applications. To overcome these difficul-
ties, we started to pursue the possibility of using arrays of
molecules and nanoparticles for that purpose. In previous
work, we showed that stable arrays of gold nanoparticles
can be easily obtained with 1,10-decanedithiol bridging
units.’! This material exhibits semiconductor-like properties
with characteristic sigmoidal-shaped I-V curves and a linear
log! versus 1/T relationship when attached to gold micro-
electrodes, in contrast with the bulk material that showed
ohmic behavior. The difference was attributed to mesoscop-
ic effects, and was explained by means of the Coulomb
blockade theory. Herein, we describe the synthesis and char-
acterization of new bis(thienyl)-1,10-phenanthrolines coordi-
nated to a [Ru(bpy),] group (Scheme 1 and Scheme 2). The
bis(terthienyl) derivative is electropolymerizable and was
used to connect nanogap electrodes to generate stable mo-
lecular devices that exhibit temperature-dependent nonlin-
ear [-V curves.

Results and Discussion

n-Conjugated conducting polymers and oligomers contain-
ing electrochemically and photochemically active transition-
metal complexes, such as [Ru(bpy)s], are of great interest as
materials for molecular devices.”® In particular, linear wires
with extended m systems interacting with metal complexes
are potential candidates for the preparation of functional
single-molecule devices. The molecular conduction is be-
lieved to occur by tunneling and should be proportional to
the negative exponential of the square root of the energy
gap and the chain length.’! Both parameters can be varied;
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however, the energy gap is particularly sensitive to the
degree of m delocalization in the molecular wire.”'! The
metal complexes were assumed to impart some functionality,
for example, by acting as charge-trapping sites in single-elec-
tron transistors®! or electron hopping and photoactive sites.
Finally, a simple method for deposition of a molecular mate-
rial directly in place to afford stable junctions was pursued.
Electropolymerization seemed to satisfy these requirements,
and compound 11 (Scheme 2) was chosen as prototype mon-
omer. Complexes 3 and 13 were utilized in the characteriza-
tion process.

Synthesis: The phenanthroline derivatives were obtained
after a multistep synthesis involving Pd- or Ni-catalyzed
cross-coupling to 3,8-dibromo-1,10-phenanthroline,? which
was obtained by bromination of commercially available
1,10-phenanthroline monohydrate in the presence of S,Cl,.
Compound 2 was obtained by Ni-catalyzed cross-coupling of
dibromophenanthroline with the appropriate Grignard re-
agent (Scheme 1).

4
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2

Scheme 1. Procedure for the preparation of complex 3 from phenanthroline. a) Br,, S,Cl,, n-BuCl, py, 62 %; b)

[Ni(Cl,(dppp)], THF, 94%: c) 1. [Ru(bpy),(OH),[/DMF, 2. NH,PF,, 80%.
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A similar strategy was used to prepare the terthienyl-sub-
stituted phenanthroline derivatives. Initially, the synthesis of
the unsubstituted bis(terthienyl)phenanthroline was at-
tempted by the Ni-catalyzed reaction of the Grignard re-
agent of 5”-bromo-2,2":5'2"-terthiophene with 1; however,
the reaction was hindered by the low solubility of this re-
agent. To overcome this drawback, two n-butyl radicals
were introduced into the 3,4-positions of the middle thio-
phene ring (Scheme 2). This strategy was successful, and the
desired phenanthroline derivative 10 was obtained in 40 %
yield. This was subsequently converted to the corresponding
ruthenium polypyridine complex 11 by reaction with [Ru-
(bpy),(OH,),](NO;), in DMF. Compound 10 was also al-
lowed to react with Br, and KSCN to give the thiocyano de-
rivative 12, and subsequently converted to the ruthenium
complex 13, as described above. All steps gave reasonable-
to-high yields making the strategy convenient for the prepa-
ration of these functionalized thiophene derivatives. The
NMR and mass spectra and the elemental analysis of the
compounds were consistent with the structures shown in
Scheme 1 and Scheme 2.

UV/Vis spectra: The spectra of
oligothiophenes are known to
2PFg” exhibit a band at around
245nm, and a second band,
whose energy is dependent on
the chain length, at higher

Br, Br
S EeS ; O
S

Ru2+
(bpy),

Scheme 2. Scheme for the preparation of complexes 11, 13, and poly-11. a) Br,, CHCl;, 90%; b) Zn, AcOH, H,0, 86 %; c) [NiCL(dppp)], Et,O, 85%,
CH,;(CH,);MgBr; d) Br,, AcOH, CHCL;, 87 %; e) [NiCl,(dppp)], Et,O, 84 %; f) AcOH/CHCI;, NBS, 61 %; g) 1. Mg/THF, 2. [NiCL(dppp)]/THF, 40 %; h)
1. [Ru(bpy),(OH,),//DMF, 2. NH,PF,, 71%; i) electropolymerization in MeCN/TBACIO, 0.1m; j) Br,, KSCN, MeOH, CHCl;, 94%; k) 1. [Ru-
(bpy),(OH,),]/DMF, 2. NH,PF,, 84 % . dppp =1,3-bis(diphenylphosphanyl)propane; NBS = N-bromosuccinimide.

3332

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org Chem. Eur. J. 2004, 10, 3331 -3340


www.chemeurj.org

In Situ Electropolymerization

3331-3340

wavelengths. The first one is assigned to an intraring m—m*
transition, and the second to a m—t* transition of the conju-
gated m system. This band is strongly influenced by the pres-
ence of electron-accepting groups, such as pyridine deriva-
tives, directly bonded to the thiophene chain. Accordingly,
the red shift was attributed to contributions from donor-ac-
ceptor charge-transfer interactions by Yamamoto et al.'*'¥
Nevertheless, relatively modest shifts were observed in oli-
gothiophene-bridged 2,2'-bpy derivatives by Pappenfus
et al., who found a linear correlation between the energy of
that transition and the number of conjugated rings when the
pyridine rings were considered.™ Accordingly, the red shift
was assigned to the participation of the bpy rings in the ex-
tended m system of the oligothiophene chain, because the
m—m* transition is known to be shifted to lower energies as
the number of thiophene rings is increased.l'®!”) The 3,8-bis-
(thiophene)-1,10-phenanthroline derivatives 2, 10, and 12
also belong to such a class of compounds and should exhibit
a similar behavior. The lowest energy band appeared at
340 nm in the spectrum of compound 2 in DMF. It is shifted
to 419 and 422 nm (Figure 1) in compounds 12 and 10, re-
spectively. These wavelengths are comparable to those of
other analogous oligothiophene derivatives.*'”

— complex 11
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------ complex 3
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Figure 1. UV/Vis spectra of complexes 3, 11, and 13 in DMF.

The coordination of
[Ru(bpy),] should strongly in-
fluence the electronic proper-
ties of the phenanthroline ring,

the conjugated m system. A weak band, assigned to a d-d
transition, is also expected at about 350 nm; however, it
should be hidden under the more intense m—m* bands
nearby. Only one intense and broad band is visible at about
442 nm in the case of the complexes 11 and 13. This enve-
lope contains the terthiophene m—m* and ruthenium complex
charge-transfer transitions, as can be inferred by its higher
molar absorptivity (7.8x10*M 'cm™') compared to a conven-
tional MLCT band in similar compounds (&1.5x
10*m~ ' em™).¥ This means that the electronic absorption
spectra can be satisfactorily explained if the energy levels
are considered to be essentially localized in the thiophene
backbone and the ruthenium polypyridine complex.

Electrochemistry: The electrochemical behavior of the
ruthenium complexes 3, 11, and 13 was examined by cyclic
voltammetry and is summarized in Table 1. The voltammo-
grams in DMF were generally more reversible than in aceto-
nitrile where adsorption occurred more promptly, particular-
ly because of their much lower solubilities in the last sol-
vent. Compound 3 exhibited five reversible monoelectronic
processes at 1.31, —1.18, —1.45, —1.68 and —1.94 V versus
SCE, in DMF and acetonitrile solution (Figure 2). The re-
versible redox couple at 1.31V is readily assigned to the
Ru"™Ru" process. No other oxidation reaction could be
found up to 2V, in analogy with the results obtained by
Pappenfus etal. for the binuclear [Ru(bipy);] complex
bridged by a thienyl ring.™*!

The assignment of the reduction processes is more com-
plicated. A comparison of the potentials in Table 1 indicated
that the first ligand-centered reduction of complex 3 is shift-
ed to more positive potentials by about 200 mV than those
of the [Ru(bpy);] and [Ru(phen);] complexes. However,
even more pronounced shifts have been reported for analo-
gous ruthenium complexes with a bipyridine ligand bonded
to thienyl and bisthienyl radicals at the 5,5-positions.!'!?"]
Consequently, the reduction process at —1.18 V was attribut-
ed to the monoelectronic reduction of the phenanthroline
ligand. The following processes at —1.45 and —1.68 V were
then assigned to the successive monoelectronic reductions of

Table 1. Redox potentials (V versus SCE) of the ruthenium complexes in DMF and acetonitrile solutions. The
E,, values were estimated as the average of the cathodic and anodic peak potentials. The potentials were cor-
rected considering the potential of the Fc/Fc™ process as being 0.40 V versus SCE.

which may affect the degree of  Complex® Eyp(ox)® L/L bpy,”~  bpy,” ™ L/L*>
7 conjugation in the thiophene  |ry(bpy),]iso! 1.26 (Ru™/Ru") ~134 (bpy,") -152 178
backbone. Complex 3 exhibits [Ru(bpy),(phen)] 1.26 -1.36 —1.54 -1.79
the ruthenium complex bands [Ru(bPY)z(thPY)][f}ﬁT: 154 —-1.02 —-1.34
at 290 and 454 nm, respectively, RU(bPY):(btbpy)] ~L10 -l —163

. .7 [Ru(bpy),(2)] 1.32 -1.17 —1.44 -1.67 -1.97
assigned to the characteristic [Ru(bpy)y(2)] 1.22 ~1.18 145 ~1.68 203
bpy w-m* tramsition and  [Ru(bpy),(10)]¥ 1.06%, 1.24% ~1.13 144 164 -1.82
Ru'(dm)-to-bpy(pn*) and - [Ru(bpy),(12)]! 1.22% -1.15 144 —1.66 -1.88

c][19] i 1T
phen(pm*) charge-transfer tran- P4-Ru'“" 0.94,1.10, 1.37(Ru"/Ru") ~ —1.02 -1.30
sitions. The band at 372 nm can P6-RulIl”) 0.79, 0.95, 1.31(Ru"/Ru")  —1.02 -1.33
" Poly-[Ru(bpy),(10)]  0.85, 1.02, 1.36(Ru/Ru'")  —1.13® —1.50°7  —1.84% not observed

be attributed to the thiophene
m—mt* transition. The red shift
reflects the effect of the ruthe-
nium complex coordination on acetonitrile. [d] In DMF.
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[a] tpbpy = 4,4'-bis(3-dioctylthienyl)-2,2"-bipyridine, btbpy = 4,4-bithienyl-2,2"-bipyridine, P4-Ru = poly-
{(bpy),Ru(1,10-phen-5,5'-bis(3,3',3",3""'-tetraoctyl-2,2":5',2":5",2"":5" 2"""-quaterthiophene), P6-Ru = analogous
to P4-Ru, but with hexathienyl radicals. [b] ap = anodic peak potential, cp = cathodic peak potential. [c] In
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Figure 2. Cyclic voltammograms of complex 3 in A) 2.5 mm DMF and B) 3.5 mm acetonitrile, containing 0.1m of TBACIO,. The voltammograms in the
0.3-1.6 V range were shifted by 115 pA to facilitate visualization. The scan rates are indicated in the figure.

each of the bpy ligands. As expected, these redox potentials
remained more or less constant for all three complexes.
Generally, no other wave can be found next to this set of
waves, but a fourth reversible process was observed for all
ruthenium complexes at about —1.94 V. Similar results were
reported for analogous heteroleptic ruthenium complexes
with diimine ligands carrying electron-withdrawing groups
or having larger aromatic structures.”! Accordingly, it was
tentatively assigned to the second monoelectronic reduction
of the substituted phenanthroline ligand. The anodic coun-
terpeak of this last process decreased as the scan rate dimin-
ished, exhibiting a typical EC mechanism profile, probably
attributable to the reaction of that reduced species with
some trace impurities present in the solvent. All processes
were diffusion-controlled, as attested by the linear relation-
ship between the current and the square root of the scan
rate (not shown). The electrochemical behavior of complex
3 in MeCN is similar to that in DMF, except that sharp ad-
sorption peaks are superimposed on the diffusion-controlled
waves, as can be seen in Figure 2 B. This effect is more pro-
nounced for the cathodic peak at —1.7 V, whose relative in-
tensity increases dramatically at low scan rates. But when
the measurements were limited to the 0.3-1.6 V range, a
typical diffusion-controlled reversible behavior was ob-
served for the Ru™Ru" process at 1.32 V (Figure 2 B).

The electrochemical behavior of the ruthenium complexes
11 and 13 was slightly different from that described above
for compound 3. The difference is associated with the elec-
trochemical activity of the terthiophene moiety as well as
the tendency of the oxidized species, with free terminal a-
positions, to polymerize.'"”) The comparative electrochemical
study was carried out only in DMF because of the low solu-
bility of compound 13 in acetonitrile.

The reduction of compound 11 in the 0 to —2.2 V range
led to four reversible processes at —1.13, —1.44, —1.64, and
—1.82V versus SCE (Figure 3A), which were assigned in
the same way as for compound 3. The CVs of compound 13
were similar to that described above (Figure 3B); however,

3334
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the first cathodic peak was slightly enhanced, probably at-
tributable to an EC mechanism involving the reduction of
the thiocyano radical. This assumption is confirmed by the
appearance of an irreversible oxidation wave at —80 mV,
which is absent in the voltammograms of compound 11
(Figure 3). This chemical process did not change the voltam-
metric behavior of the three subsequent processes (monoe-
lectronic and reversible), nor the profile of the anodic wave
at —1.15'V, corresponding to its counterpeak. The oxidation
profile was irreversible for both complexes, showing a
couple of intense peaks at 1.0 and 1.2 V for compound 11, a
peak at 1.2V for 13, and a reduction peak at about —0.6 V
(not shown). This is consistent with the irreversible oxida-
tion of polythiophenepyridines™ and oligothiophenes
bonded to ferrocene.’” However, no associated reduction
process was observed for the Ru™Ru" reaction regardless
of its reversible character. This strongly suggests that the
Ru'™ species was being rapidly reduced to Ru" by the ter-
thienyl radicals. Interestingly, the Pt electrode remained
clean in the case of compound 11, but a white solid was de-
posited in the case of compound 13. Clearly, this is a reac-
tion by-product and no attempt was made to characterize it
further.

Preparation and properties of the polymer film: The electro-
chemical behavior of compound 11 in acetonitrile contrasts
with that in DMF solution. In this case, a pattern typically
found for the deposition of an electrochemically active ma-
terial on the electrode surface was observed (Figure 4 A).
This electropolymerization process leads to the formation of
linear hexathiophene chains bridged by phenanthroline[Ru-
(bipy),] units through the 3,8-positions. The details of the
electropolymerization process and its electrochemical and
optical properties are described below.

Two reversible processes were found at —1.12 and
—1.34 V when the potentials were scanned from 0 to —1.6 V.
Nevertheless, the anodic wave of the second process is more
intense and bell-shaped, as can be seen in the first scan

www.chemeurj.org Chem. Eur. J. 2004, 10, 3331 -3340
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Figure 3. Cyclic voltammograms of A) 2.1 mm 11 and B) 2.0 mm 13 in a DMF solution containing 0.1 M TBACIO, with a Pt electrode. The scan rates are

indicated in the figure.
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Figure 4. A) 10 successive cyclic voltammograms of a saturated solution of compound 11 from —1.6 to 1.5V, 0.1 TBACIO,, Pt electrode. B) Cyclic vol-
tammograms of an electrode modified with poly-11 (I" = 1x10"* molcm?) at different scan rates. C) Two successive scans from —1.3 to 1.5 V with the
modified electrode obtained in (A) after scanning from 0.3-1.5 V. D) Cyclic voltammogram of poly-11 in the 0.3-2.3 V range (—) followed by a scan in
the 0.3-1.8 V range (----- ). All experiments were carried out in a 0.1 M TBACIO, solution prepared with anhydrous acetonitrile.
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trace. Accordingly, the doubly reduced species was adsorb-
ing, and a relatively intense cathodic wave was found at
about —1.8V, when the potentials were scanned up to
—2.0 V. The two most negative redox processes were irrever-
sible, and a broadened anodic wave was found at —1.7V
(not shown). On the positive side, an irreversible and a re-
versible wave were found at E,, = 1.08 and 1.38 V and as-
signed to the monoelectronic oxidation of ligand 10 and to
the RuVRu" process, respectively. In the reverse scan, the
wave attributed to the reoxidation of the Ru" sites was fol-
lowed by a couple of waves at E,, = 0.96 and 0.77 V, attrib-
uted to the reduction of the electrochemically generated
oxidized poly-11 (Figure 4 A). This contrasts with the elec-
trochemical behavior in DMF solution described above.

In the subsequent scans, the waves related to the reduc-
tion of the phenanthroline and bipyridine ligands were built
up, as well as an irreversible cathodic peak at about
—0.86 V, which shifted to more negative potentials as a func-
tion of the number of scans. It should be noted, however,
that the reoxidation waves at —1.37 and —1.02 V were small-
er than the corresponding reduction waves, and they stop-
ped growing after about seven cycles, while the other peaks
continue to rise. This indicates that the reoxidation reactions
were incomplete at those potentials, and is in fact occurring
at 0.6 V. This irreversible peak is absent when the eletropo-
lymerization process is carried out in the 0.0-1.5V range
and, after few cycles, the successive voltammograms became
similar to that shown in Figure 4 B. The low reversibility of
these reoxidation processes in the polymer film becomes
evident in the CV of a modified Pt electrode (-1.3 to 1.5V
range) in neat electrolyte solution (Figure 4 C). In this case,
a sharp anodic wave appeared superimposed on the reversi-
ble polymer waves at 0.8 V, but only after the reduction of
the polymer at about —1.2 V. The following successive vol-
tammograms (up to 10 scans) remained almost unchanged,
except for a shift and decrease of that peak. However, the
film is rapidly destroyed if the potentials are scanned up to
—2.0 V. Also, the hexathiophene chain becomes electro-
chemically inactive when oxidized at 1.65 V, as shown in Fig-
ure 4D. Only the hexathienyl segments were affected by the
process, as confirmed by the presence of the Ru"™/Ru" wave
in the subsequent voltamograms. Consequently, only the
processes in the 0.3-1.5 V range are electrochemically rever-
sible, and their respective currents are directly proportional
to the scan rate (Figure 4B).

The hexathiophene/ruthenium ion ratio in the polymer is
1:1, and the charge consumed for the oxidation of the hexa-
thienyl segments is about twice as large. Consequently, the
two broad waves that precede the Ru™Ru'" wave can be as-
signed to two successive monoelectronic oxidation processes.
Accordingly, the hexathiophene moiety is oxidized to the
radical cation at 0.85 V and to the dication at 1.02 V, as con-
firmed by spectroelectrochemistry (Figure 5). Zhu et al.
have shown that the electronic properties of the bpy ligand
are dependent on the substitution position by the thienyl
radicals.”' The 4,4'-substituted bpy (equivalent to 3,8-sub-
stituted phen) was found to favor the delocalization along
the chain to the detriment of the electronic coupling to the
metal center. The same kind of effect may be responsible

3336 ———
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Figure 5. Spectroelectrochemistry of poly-11 on ITO-glass in acetonitrile
containing 0.1 TBACIO,. The spectra of the starting polymer Ru"HT"
(0.52 V), the hexathienyl radical cation Ru"HT* (0.92 V), the dication
Ru"HT** (1.22 V), and the Ru™HT** (1.52 V) species are shown. The
spectrum of complex 11 in DMF solution was included for comparison.
HT = hexathienyl radical.

for the broadening of the respective voltammetric waves in
our complex; however, the contribution of some nonhomo-
geneity in the local microenvironment cannot be ruled out.
The electropolymerization reaction should lead to linear
chains containing many ruthenium complexes bridged by
hexathienyl segments. Despite the strong & delocalization in
the conjugated backbone, bridging oligothiophenes!™!*! were
shown to weakly couple transition-metal sites, even when
two ruthenium bis(bipyridine) or terpyridine® complexes
are connected by a single ring. Similar behavior has also
been observed for large highly conjugated macrocycles, such
as porphyrins,®! but a strong coupling was reported for
small heterocyclic ligands, such as pyrazines and benzotria-
zole.?! In this case, the electronic states of the binuclear
complexes are highly mixed, and the redox processes involv-
ing the metal sites are no longer degenerate. In our case,
only one sharp and bell-shaped pair of peaks, displaced by
~30 mV, were found for the Ru"'Ru" process. This means
that the full-width at half-maximum (FWHM = 115 mV at
100 mVs™) is close to the theoretical value of 90 mV, and
that there is almost no interaction between the electrochem-
ically active sites. Also, the chemical environment around
the ruthenium sites should be very similar. The pattern de-
scribed above is valid for thin films, such that much broader
peaks separated further apart were found at higher surface
concentrations. This effect is probably caused by impedances
associated with the formation of a less firmly bound fibrous
material, as confirmed by SEM microscopy (Figure 6).
Poly-11 films can be deposited on different substrates,
such as glassy carbon, gold, and ITO; however, they are rel-
atively fragile. The films deposited on ITO exhibited absorp-
tion bands spanning the visible region up to 650 nm, at 440
and 540 nm (Figure 5, —). These bands can be assigned to
the Ru"-to-polypyridine and -hexathiophene m—m* transi-
tions, which were red-shifted after electropolymerization
and formation of longer oligothiophene segments. When the
polymer film was oxidized at 0.92 V, a characteristic band
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Figure 6. SEM microscopy images of ITO modified with poly-11, I'~1x
10~ molcm 2, showing A) the fibrous structures (x3300), and B) the ITO
grains covered by a film of poly-11 in an apparently clean region (x
45000).

appeared at 805 nm, and the absorbance at 540 nm de-
creased to approximately half its initial intensity. The
second oxidation process at 1.22 V led to the appearance of
a very broad band at 1100 nm and to the complete disap-
pearance of the bands at 805 and 540 nm. These changes
contrast with what is generally observed during the oxida-
tion of analogous Ru" complexes and are consistent with
the formation of the hexathiophene radical cation and dica-
tion,'>!”! respectively. When the polymer was further oxi-
dized at 1.52V, the band characteristic of the dication at
1100 nm was significantly enhanced, and the absorbance in
the 400 to 600 nm range diminished. This is attributed to the
disappearance of the Ru'(dm)-to-bpy(pn*) and -phen(pm*)
charge-transfer transitions. The hexathiophene-to-ruthenium
complex charge-transfer transition is absent in poly-11, in
contrast with oligothiophenes bond to ferrocene,” because
the Ru" ion is an electron acceptor rather than a donor.

The morphology of poly-11 deposited on ITO was ana-
lyzed by optical and scanning electron microscopy (SEM).
The red-brown color of the polymer and the area covered
by a fibrous material increased as a function of the surface
concentration in the I'~10"® molcm ™ range. An inspection
of the modified surface by SEM with a similar magnification
showed analogous structures (Figure 6A). However, the
amount of poly-11 on the surface seemed to be too low
compared to the surface concentration. Accordingly, a
closer inspection of the modified surface was carried out in
comparison with the clean substrate. The result shown in
Figure 6B revealed that the indium tin oxide (ITO) grains
in apparently clean regions are in fact covered by a thin
layer of poly-11, explaining the apparent inconsistency. This
suggests that, at the beginning of the electropolymerization
process, the polymer is obtained preferentially as a tight
film on the surface of the grains. Nevertheless, a more loose-
ly attached fibrous form seems to be favored as the surface
concentration increases.

Current-voltage characteristics of poly-11: Electropolymeri-
zation was shown to be a suitable strategy for the prepara-
tion of poly-11 directly between nanogap electrodes. This
avoids complicated techniques to manipulate the molecular
species for proper positioning and contact. Furthermore, the
polymer chains may grow preferentially oriented along the
electric field, forming a bunch of wires connecting the two
electrodes. The HOMO and LUMO energies in different
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oxidation states were estimated from the electrochemistry
and UV/Vis spectroscopy data, and compared with the Au
Fermi level (Scheme 3).”1 It is easy to see that the HOMO
of the neutral species is very close to the Au Fermi level, as

Poly-11 Poly-11* Poly-11**

Scheme 3. Energy level[eV] diagram of poly-11 in different oxidation
states with reference to the vacuum level estimated from the electronic
spectra and electrochemistry data; Ex(Au) = 5.31 eV.”"]

expected for a p-type material. The hole injection barrier is
zero and the HOMO-LUMO gap, estimated from the ab-
sorption onset, is 1.77 eV. Temperature-dependent nonlinear
I-V curves with similar profiles were obtained, as shown in
Figure 7. The devices were stable enough to allow the col-
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Figure 7. Typical temperature-dependent /-V(T) curves for poly-11 on a
gold nanoelectrode with a 15 nm gap at 80-300 K.

lection of more than a hundred I-V curves as a function of
the temperature without significant changes. They were gen-
erally symmetric, and the conductivity of the device de-
creased as the temperature was decreased from 300 to 80 K.
Concomitantly, the “blockaded” region was widened and
reached about 2.7 eV at 80 K, which is about 1eV higher
than the HOMO-LUMO gap. The strong temperature-de-
pendence was successfully explained based on the thermion-
ic and tunneling models, and is being published elsewhere.?!
Smaller energy gaps (1.25 and ~0.8 eV) are anticipated for
poly-11" and poly-11°", respectively (Scheme 3).

Conclusion

A new bis(terthienyl)-1,10-phenanthroline coordinated to
[Ru(bpy),] was synthesized and characterized by UV/Vis
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spectroscopy and cyclic voltammetry. The electrochemistry
of the three derivatives was consistent with that of analo-
gous compounds: four reversible reduction processes were
exhibited in the 0 to —2.2 V range. The voltammetric behav-
ior was irreversible in the 0-1.5V range for the terthienyl
derivatives on account of its fast oxidation by the electro-
chemically generated Ru™ complexes. This reaction leads to
electropolymerization and the build up of an electrochemi-
cally and electrochromically active material on the electrode
surface from an acetonitrile solution. A tight film is generat-
ed on ITO at low surface concentrations, and a lose fibrous
form is preferentially formed at higher concentrations. The
monomer was shown to be a suitable starting material for
the electrodeposition of functionalized molecular wires di-
rectly between gold electrodes separated by a nanometer-
sized gap. Stable molecular devices exhibiting temperature-
dependent nonlinear /-V curves were obtained in this way.

Experimental Section

All reagents and solvents were of analytical grade and used without fur-
ther purification. The anhydrous solvents were drawn up into a syringe
under a flow of dry N, gas and were directly transferred into the reaction
flask to avoid contamination. The intermediates and products were char-
acterized by elemental analysis and spectroscopic methods.

The UV/Vis spectra, in solution or as a polymeric film on ITO glass,
were recorded with a Shimadzu UV-3150 double-beam spectrophotome-
ter. The IR spectra were recorded in a Horiba FT-700 spectrophotome-
ter. Cyclic voltammograms were registered with a BAS CV-50W voltam-
metric analyzer in a conventional three-electrode cell arrangement com-
prising a Pt coil counterelectrode, a Ag/Ag* (0.01m, TBACIO, 0.1M in
CH;CN) reference electrode, and a Pt working electrode (0.16 mm diam-
eter). The spectra of oxidized poly-11 were obtained in a electrochemical
minicell mounted inside a quartz cuvette with an ITO glass modified
with the polymer as the working electrode. "H NMR spectra were collect-
ed on a Varian Unit 500 MHz spectrometer and a JEOL GSX 270 MHz
spectrometer with TMS (6 = 0.0) as the reference. >*C NMR data were
recorded at 67.8 MHz with a JEOLGSX spectrometer. The DI-EI
(70 V) mass spectra were recorded with a Hitachi M80-B spectrometer.
The SEM images were collected with a Jeol JSM-6700F microscope.

The I-V curves were collected with an Advantest R6245 2Channels Volt-
age Current Source Monitor interfaced to a microcomputer through a
GPIB-SCSI board and NI-488.2 protocol. The data were acquired with a
homemade procedure and IgorPro 4.0 (Wavemetrics) software. Triaxial
cables were used to connect the molecular devices and the /-V monitor
in order to minimize external noise. All measurements were carried out
inside a vacuum chamber (P<2x10~* Pascal) equipped with a thermo-
stat (+0.001°C) and with liquid nitrogen as the coolant. The polymer
was successfully prepared in situ between the gold nanogap electrodes
(250 nm wide, gap width ~15 nm) by electropolymerization from a satu-
rated solution of 11 in acetonitrile (0.1 TBACIO,). The nanogap elec-
trodes were used as working and counterelectrodes, and a silver wire was
employed as a pseudoreference electrode. The potentials were scanned
10 times in the 0-800 mV range. The procedure was repeated after the
polarization had been reversed. The samples were then washed thorough-
ly with methanol and acetone and dried in vacuo. The details of the
nanogap electrode fabrication were published elsewhere.*!

3,8-Dibromo-1,10-phenanthroline (1): was prepared according to a previ-
ously reported method.!'”

3,8-Di(thiophen-2',2"-yl)-1,10-phenanthroline (Dtphen, 2): Activated
magnesium (0.672 g, 27.7 mmol) and dry THF (12 mL) were transferred
to a round-bottom flask in a N, atmosphere. 2-Bromothiophene
(1.22 mL, 12.6 mmol) was carefully added, and the mixture was left to
react for 2 h at room temperature with constant stirring. A solution of 1
(1.52 g, 4.5 mmol) and [NiCl,(dppp)] (0.069 g, 0.127 mmol) in dry THF
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(15 mL) was prepared in a two-necked round-bottom flask connected to
a fritted glass filter, and was then cooled to 0°C in an ice/water bath. The
previously prepared Grignard reagent was carefully added by means of a
cannula, through the filter. The mixture was left to stand for 2 h at room
temperature, and was then refluxed for 12 h. The reaction mixture was
quenched with saturated NH,Cl aqueous solution, extracted with CHCl,,
washed with a NaCl solution, and purified by column chromatography
(silica gel, CHCly/n-hexane 1:1). A yellow crystalline product (1.45 g,
94%) was obtained after removal of the solvent and drying in vacuo. 'H
NMR (270 MHz, CDCL,): 6 = 9.45 (d, J = 2.3 Hz, 2H, phen), 8.34 (d, J
= 2.3 Hz, 2H, phen), 7.82 (s, 2H, phen), 7.59 (dd, / = 3.7, 0.6 Hz, 2H,
thiophenyl), 7.45 (dd, J = 5.3, 0.6 Hz, 2H, thiophenyl), 7.20 ppm (dd, J
= 5.3, 3.7Hz, 2H, thiophenyl); *C NMR (67.8 MHz, CDCL}): 6 =
148.12, 140.3, 131.6, 129.5, 128.6, 128.5, 127.2, 126.6, 125.0, 99.1 ppm; MS
(DI-EI): m/z: 344 [C,)H)N,S,]*.

[Ru(bpy),(OH,),](NO3),: This complex was synthesized as a reactive in-
termediate in order to obtain the desired [Ru(bpy),(L)] complexes (L =
3,8-bis(thiophene)-1,10-phenanthroline ligands) under mild conditions.
The required amount was prepared immediately before use. Typically,
[Ru(bipy),CL]-H,O (Aldrich, 0.1 g, 0.71 mmol) was suspended in a 1:1
methanol/water mixture (15 mL), heated to 70°C, and the dissociated C1~
ion precipitated by the addition of two equivalents of Ag(NO); (Cica Re-
agents) in a N, atmosphere. The reaction mixture was stirred for 30 min,
and the suspension was filtered through a thick Celite (Aldrich) bed. The
clean solution was dried in the rotary evaporator to obtain the aqua com-
plex as a dark solid, which was dissolved in DMF and reacted with the li-
gands 2, 10, and 12, as described below.
Bis(2,2"-bipyridine)(3,8-(thiophen-2'2"-yl)-1,10-phenanthroline)ruthenium-
(@ ([Ru(bpy),(DTphen)](PF),, 3): Compound 2 (0.24 g, 0.71 mmol) in
CHCl; (10mL) was reacted with an equivalent amount of [Ru-
(bpy),(OH,),](NO;), in DMF (20 mL) for 10 min (60°C). This intermedi-
ate was prepared from [Ru(bpy),CL]-H,O (0.34 g), as described above.
The solvent was removed in the rotary evaporator. The solid was redis-
solved in DMF (15 mL), and the solution was added into an aqueous
NH,PF; solution (30 mL). The resultant brown solid was filtered, thor-
oughly washed with water, and dried in vacuo. Yield: 0.46 g (61%); 'H
NMR (500 MHz, DMSO): 6 = 9.05 (d, / = 1.8 Hz, 2H, phen), 8.92 (d,
J = 82 Hz, 2H, bpy), 8.83 (d, J = 8.2 Hz, 2H, bpy), 8.35 (s, 2H, phen),
8.29 (t,J = 7.9 Hz, 2H, bpy), 8.12 (t,J = 7.9 Hz, 2H, bpy), 8.03 (d, J =
1.8 Hz, 2H, phen), 7.96 (d, / = 5.5Hz, 2H, bpy), 7.84 (d, /] = 5.8 Hz,
2H, bpy), 7.78 (d, / = 5.0 Hz, 2H, thienyl), 7.66 (t, / = 6.7 Hz, 2H,
bpy), 7.55 (d, J = 3.6 Hz, 2H, thienyl), 7.39 (t, / = 6.7 Hz, 2H, bpy),
7.24 ppm (dd, J = 5.2 and 3.6 Hz, 2H, thienyl); elemental analysis calcd
(%) for CyHyNgS,P,F,Ru: C 45.85, H 2.69, N 8.02; found: C 45.07, H
2.90, N 7.90.

2,3.4,5-Tetrabromothiophene (4): Thiophene (0.3 mol) and CHCl,
(12mL) were transferred to a round-bottom flask and Br, (69 mL,
1.35 mol) was added dropwise into the vigorously stirred solution. The re-
action mixture was kept at room temperature for 17 h and then refluxed
for 2 h. After cooling to room temperature, a KOH solution (33 g) in eth-
anol (180 mL) was added. The mixture was refluxed for 4 h, poured into
an ice/water mixture (400 mL), and extracted with CHCl;. Colorless crys-
tals of the desired product were obtained in 90 % yield after recrystalliza-
tion from a CHCL/EtOH mixture. “C NMR (CDCly): 6 = 116.94,
110.28 ppm; MS (EI): m/z: 400 (C,Br,S*), 321, 240, 161.
3,4-Dibromothiophene (5): An acetic acid/water mixture (1:2, 180 mL)
was transferred to a round-bottom flask, followed by the alternate addi-
tion of powdered zinc (60 g, 918 mmol) and 4 (113 g, 283 mmol) in small
portions. The resultant mixture was kept at room temperature for 1h
and then refluxed for 3 h. The mixture was filtered through a celite bed
and the product extracted with diethyl ether from the filtrate. The solu-
tion was dried with Na,SO,, the solvent was removed, and the residue
then distilled under vacuum. A colorless liquid was obtained in 86 %
yield. '"H NMR (270 MHz, CDCl;): 6 = 7.29 ppm (s, 2H); *C NMR
(CDClLy): 6 = 123.73, 113.88 ppm.

3,4-Dibutylthiophene (6): Magnesium (5.74 g, 236 mmol) was transferred
to a three necked round-bottom flask and heated to 100°C in a N, atmos-
phere. Dry diethyl ether (90 mL) and some I, were added, and the mix-
ture was left to react for 10 min. n-Butylbromide (18.0 mL, 167.6 mmol)
was carefully added to avoid excessive increase of temperature, and the
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mixture was refluxed for an hour to obtain the corresponding Grignard
reagent. Thiophene 5 (6.8 mL, 60.1 mmol) and [NiCl,(dppp)] (1.02 g,
1.88 mmol) were transferred to a separate three-necked round-bottom
flask connected to a sintered glass filter. After purging with N,, dry dieth-
yl ether (80 mL) was added and the Grignard reagent was carefully trans-
ferred through the filter. The reaction mixture was refluxed for 2 h, left
to stand at room temperature for 12 h, and then quenched with 1~ HCIL.
It was then filtered through a celite bed and extracted with diethyl ether.
The solvent was removed in a flash evaporator, and the residue was dis-
tilled. A colorless liquid was obtained in 85% yield. 'H NMR (270 MHz,
CDCLy): 0 = 6.88 (s, 2H), 2.51 (t, J = 7.3 Hz, 4H), 1.66-1.52 (m, 4H),
1.47-1.36 (m, 4H), 0.95ppm (t, / = 7.3 Hz, 4H); *C NMR (68 MHz,
CDClL): 6 = 142.04, 119.86, 31.82, 28.48, 22.65, 13.99 ppm; MS (DI-EI):
miz: 196 [C,H,S]*; elemental analysis caled (%) for C;,H,,S: C 73.40,
H 10.27; found: C 73.15, H 10.07.

2,5-Dibromo-3,4-dibutylthiophene (7): Bromine (7.85mL, 154.7 mmol)
diluted in CHCl; (20 mL) was added to a solution obtained by mixing 6
(12.5 g, 63.7mmol) and CHCly/acetic acid (1:2, 100 mL) in a round-
bottom flask. The mixture was stirred overnight at room temperature
and washed with water. The organic phase was washed five more times
with water, the CHCI; was removed in a flash evaporator, and the resi-
due was distilled in vacuo. A pale yellow liquid was obtained in 87 %
yield. '"H NMR (270 MHz, CDCLy): 6 = 2.52 (t, J = 7.6 Hz, 4H), 1.42
(m, 8H), 0.94 ppm (t, J = 7.2 Hz, 6H); "C NMR (68 MHz, CDCl;): 6 =
141.38, 107.81, 31.69, 28.65, 22.63, 13.87 ppm; MS (DI-EI): m/z: 354
[C.HsBr,S] ™.

3,4-Dibutyl-2,2":5'2"-terthiophene (8): Magnesium (7.62 g) was transfer-
red to a round-bottom flask and heated to 100°C in a N, atmosphere.
After the mixture was cooled down to room temperature, dry diethyl
ether (140 mL) and some iodine were added, and the mixture was left to
react for 10 minutes under magnetic stirring. 2-Bromothiophene
(21.7 mL, 224 mmol, Aldrich) was then carefully added, and the mixture
was refluxed for an hour to obtain the corresponding Grignard reagent.
This was slowly added to a solution obtained by dissolving 7 (28.33 g,
80.0 mmol) and [NiCl,(dppp)] (1.46 g, 2.70 mmol) in dry diethyl ether
(150 mL). The mixture was refluxed for 4 h in a N, atmosphere. The reac-
tion mixture was stirred for 12 h at room temperature, quenched with 1N
HCI, extracted with CHCl;, and purified by silica column chromatogra-
phy (n-hexane). A yellow liquid was obtained in 84 % yield. "H NMR
(270 MHz, CDCL): 6 = 7.27 (dd,J = 5.2, 1.1 Hz, 2H), 7.12 (dd, J = 3.7,
1.1 Hz, 2H), 7.04 (dd, J = 5.2, 3.7Hz, 2H), 2.70 (t, J = 8.1 Hz, 4H),
1.51-1.41 (m, 8H), 0.94 ppm (t, / = 7.2 Hz, 6H); *C NMR (68 MHz,
CDCLy): 6 = 139.99, 136.19, 129.80, 127.31, 125.81, 125.24, 32.90, 27.79,
22.98, 13.84 ppm; MS (DI-EI): m/z: 360 [CyH,,S;]*; FT-IR (NaCl): # =
2954, 2931, 2870, 2858, 1466, 845, 827, 692 cm™!; elemental analysis calcd
(%) for CyyH,,S5: C 66.62, H 6.71; found: C 66.43, H 6.71.

5-Bromo-3' 4'-dibutyl-2,2":5' 2"-terthiophene (9): A solution of NBS
(1.24 g, 6.96 mmol) in acetic acid/CHCl; (1:1, 100 mL) was added drop-
wise to a solution of 8 (2.51 g, 6.96 mmol) in the same solvent (100 mL)
cooled by an ice/water bath. The mixture was stirred overnight at room
temperature, poured onto an aqueous NaCl solution (400 mL), and ex-
tracted with CHCl;. The organic phase was washed five more times with
distilled water. The solvent was removed in a flash evaporator, and the
residue was purified by silica-gel column chromatography. A yellow
liquid was obtained in 61 % yield. 'H NMR (270 MHz, CDCL): 6 = 7.29
(dd,J = 52,12Hz, 1H), 7.12 (dd, J = 3.7, 1.2 Hz, 1H), 7.05 (dd, J =
5.2,3.7Hz, 1H), 7.00 (d, J = 3.7 Hz, 1H), 6.86 (d, / = 3.7 Hz, 1H), 2.68
(t,J = 7.6 Hz, 2H), 2.65 (t, J = 7.9 Hz, 2H), 1.53-1.41 (br, 8H), 0.95 (t,
J = 7.0Hz, 3H), 0.94ppm (t, J = 7.0 Hz, 3H); “C NMR (68 MHz,
CDCl;): 6 = 140.49, 140.00, 137.73, 135.89, 130.36, 130.14, 128.79, 127.34,
126.02, 126.98, 125.45, 32.96, 32.87 27.79, 27.75, 22.96, 13.83 ppm; MS
(DI-EI): m/z: 440 [CxHy;BrS;])*; FT-IR (NaCl): # = 2954, 2929, 2870,
2858, 1464, 970, 829, 790, 692 cm™!; elemental analysis caled (%) for
C,0H,;B1S;: C 54.66, H 5.27; found: C 54.77, H 5.28.
3.8-Bis(3'.4'-dibutyl-2,2":5' 2"-terthiophen-5-yl)-1,10-phenanthroline
(DBTT-phen, 10): A solution of terthiophene 9 (8.90 g, 20.25 mmol) in
dry THF (15 mL) was added dropwise into a suspension of magnesium
(0.77 g, 31.7 mmol, activated with I,) in the same solvent (40 mL). The
mixture was refluxed for 4 h in a N, atmosphere. A solution of 1 (2.59 g,
7.7 mmol) and [NiClL(dppp)] (0.43 g, 0.79 mmol) in dry THF (70 mL)
was prepared, the Grignard reagent was added, and the mixture was re-
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fluxed for 10 h. The reaction was quenched with 1M aqueous HCI, ex-
tracted with CHCI;, washed with water, and purified by silica-gel column
chromatography (60 % CHCI; in n-hexane) followed by recrystallization
from a CHCly/n-hexane mixture. The product was obtained as yellow
crystals in 40% yield. 'H NMR (270 MHz, CDCly): 6 = 943 (d, J =
2.1Hz, 2H), 8.30 (d, / = 2.1 Hz, 2H), 7.82 (s, 2H), 7.54 (d, / = 3.7 Hz,
2H), 7.33 (dd,J = 5.0, 1.2 Hz,2H), 7.20 (d, J = 3.7 Hz, 2H), 7.17 (dd, J
= 3.7,12Hz, 2H), 7.08 (dd, J = 5.0, 3.7 Hz, 2H), 2.79 (t, J = 9.3, 4H),
2.73 (t,J = 9.3 Hz, 4H), 1.59-1.47 (br, 16H), 1.01 (t, J = 7.2 Hz, 6H),
0.97 ppm (t, J = 7.2 Hz, 6H); "C NMR (68 MHz, CDCl;): § = 147.82,
144.81, 140.61, 140.29, 139.51, 137.74, 136.00, 130.98, 130.45, 129.37,
129.24, 128.45, 127.40, 127.20, 126.84, 125.99, 125.48, 125.27, 32.90, 32.82,
27.99, 27.82, 23.05, 22.99, 13.88, 13.85ppm; MS (FAB): m/z: 897.3
[Cs:Hs,N,S¢] ;s FT-IR (KBr): # = 2954, 2931, 1558, 1521, 1473 cm™'; ele-
mental analysis caled (%) for C;,HyN,S,0: C 68.23, H 5.95, N 3.06;
found: C 68.54, H 5.81, N 2.83.
Bis(2,2'-bipyridyl)(3,8-bis(3'.4'-dibutyl-2,2":5' 2" -terthiophen-5-y1)-1,10-
phenanthroline)ruthenium(m), [Ru(bipy),(10)](PF), (11): The ruthenium
complex was obtained by the reaction of compound 11 (50 mg,
0.056 mmol/5 mL CHCl;) and an equivalent amount of [Ru(b-
pY)2(OH,),](NOs), in DMF (10 mL), as described above. This mixture
was concentrated in a flash evaporator and added to an aqueous NH,PF¢
solution. The precipitate was collected, washed with water, and dried in
vacuo. A dark-red solid was obtained in 71% yield (59 mg). 'H NMR
(500 MHz, [D4]DMSO): 6 = 9.04 (d, / = 1.7 Hz, 2H, phen), 8.90 (d,
J = 83 Hz, 2H, bpy), 8.84 (d, /] = 8.3 Hz, 2H, bpy), 8.35 (s, 2H, phen),
828 (t,J = 7.9, 2H, bpy), 8.13 (t, /] = 79 Hz, 2H, bpy), 807 (d, J =
1.9 Hz, 2H, phen), 7.94 (d, / = 5.1 Hz, 2H, bpy), 7.86 (d, / = 5.1 Hz,
2H, bpy), 7.68 (d, J] = 5.1, 2H, thienyl), 7.65 (t, / = 6.7, 2H, bpy), 7.54
(d, J = 3.9Hz, 2H, thienyl), 741 (t, J = 6.7, 2H, bpy), 7.34 (d, J =
3.9 Hz, 2H, thienyl), 7.25 (d, / = 3.5 Hz, 2H, thienyl), 7.18 (dd, / = 5.1
and 3.5 Hz, 2H, thienyl), 2.70 (br, 8H, butyl), 1.49 (br, 8H, butyl), 1.41
(br, 8H, butyl), 0.95 ppm (br, 12H, butyl); MS (FAB): m/z: 1600.3
[C/,HgsNgRuSPF,]*, 1455.3 [C,HNgRuSPF]*; FT-IR (KBr): # =
630, 2343, 2329cm™'; elemental analysis caled (%) for
C7,HggNeSeP,F,Ru: C 54.02, H 4.28, N 5.25; found: C 54.30, H 4.26, N
5.28.
3.8-Bis(3',4'-dibutyl-5"-thiocyanato-2,2':5'.2"-terthiophen-5-yl)-1,10-phe-
nanthroline (12): A solution of compound 10 (1.35 g) in CHCl; (60 mL)
was added to a mixture of KSCN (1.35g, 1.5 mmol), Br, (4.6 mL,
89.8 mmol), and CHCl; (15 mL) at —70°C. This mixture was stirred for
4h at room temperature, quenched with water, extracted with CHCl;,
and purified by silica-gel column chromatography (CHCl;). A yellow
crystalline product was obtained (94 % yield) after recrystallization from
CHCly/n-hexane. 'H NMR (270 MHz, CDCL,): 6 = 9.44 (d, J = 2.1 Hz,
2H), 8.34 (d, J = 2.1Hz, 2H), 7.86 (s, 2H), 7.57 (d, ] = 3.7 Hz, 2H),
7.41 (d,J = 40Hz, 2H), 7.24 (d, / = 3.7Hz, 2H), 7.12 (d, / = 4.0 Hz,
2H), 2.77 (m, 8H), 1.56-1.25 (br, 16H), 1.01 (t, / = 7.0Hz, 6H),
0.99 ppm (t, J = 7.0 Hz, 6H); “C NMR (68 MHz, CDCl;): 6 = 147.77,
144.49, 141.88, 140.89, 140.09, 138.10, 137.03, 131.15, 131.06, 128.59,
127.36, 127.27, 126.48, 125.39, 116.39, 110.23, 32.81, 27.94, 23.02, 22.98,
13.86, 13.83 ppm; MS (FAB): m/z: 1011.3 [Cs,H5N,Ss]*; FT-IR (KBr):
7 = 2954, 2156, 1558, 1506, 1419, 796 cm™'; elemental analysis calcd (%)
for Cs,Hs5)N,Sg: C 64.12, H 4.98, N 5.54; found: C 64.19, H 5.02, N 5.52.
Bis(2,2'-bipyridyl)(3,8-bis(3',4'-dibutyl-5"-thiocyanato-2,2":5',2"-terthio-
phen-5-yl)-1,10-phenanthroline)ruthenium(m) ([Ru(bipy),(12)](PFy),, 13):
This ruthenium complex was obtained by the reaction of compound 12
(114 mg, 0.11 mmol) in CHCl; (SmL) with an equivalent amount of
[Ru(bpy),(OH,),](NO;), dissolved in DMF (10 mL). The product, pre-
cipitated as the PF, salt, was recrystallized as a red-orange solid by
dropwise addition of methanol into a concentrated acetone solution.
Yield: 153 mg (84%); '"H NMR (500 MHz, [D(]DMSO): 6 = 9.06 (d,
J = 2.0 Hz, 2H, phen), 8.90 (d, / = 8.5 Hz, 2H, bpy), 8.83 (d, / = 8.0Hz,
2H, bpy), 8.36 (s, 2H, phen), 8.28 (t, / = 7.5 Hz, 2H, bpy), 8.12 (t, J =
8.5 Hz, 2H, bpy), 8.08 (d, / = 2.0 Hz, 2H, phen), 7.93 (d, /] = 5.5 Hz,
2H, bpy), 7.85 (d, J = 5.5Hz, 2H, bpy), 7.69 (d, /] = 4.5 Hz, 2H, thien-
yl), 7.65 (t, J = 7.0 Hz, 2H, bpy), 7.56 (d, J = 3.5 Hz, 2H, thienyl), 7.40
(t,J = 6.5Hz, 2H, bpy), 7.39 (d, / = 4.5 Hz, 2H, thienyl), 7.31 (d, J =
4.0 Hz, 2H, thienyl), 2.72 (br, 8H, butyl), 1.49 (br, 8H, butyl), 1.40 (br,
8H, butyl), 0.93 (br, 12H, butyl); elemental analysis calcd (%) for

— 3339
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CreH,F NP, RuS, C 52.31, H 4.16, N 6.42; found: C 51.49, H 425, N
6.38.
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