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The synthesis and spectral and structural characterization of
a new family of ruthenium(Ill) complexes containing 3-
bromo-, 3,8-dibromo-, 3-(thiophen-2',2"'-yl)-, and 3,8-(thio-
phen-2’,2"-yl)-1,10-phenanthroline (phen) ligands is de-
scribed. UV/Vis spectroscopy is used to compare the differ-
ences between the conjugated = systems in these ligands and
their respective [Ru(bpy),]** (bpy = 2,2’-bipyridine) analogs.
Density functional theory (DFT) computations have been car-
ried out to compare the energy differences between the sin-

gle-crystal and the energy-minimized structures for different
conformations ({rans/trans, trans/cis and cis/cis) of the thio-
phene rings and their bonded phen ring. The formation of an
oligothiophene semiconductor polymer bridging gold elec-
trodes with a gap of around 25 nm gap from Ru" complex 7
by in situ electropolymerization, and its removal, is moni-
tored by scanning electron microscopy (SEM).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

In the late 1970s, conjugated polymers were proclaimed
as futuristic new materials that would lead to the next gen-
eration of electronic and optical devices.!!?! Polythiophenes
are an important representative class of conjugated poly-
mers as they form environmentally and thermally stable
materials that can be used as electrical conductors, polymer
light-emitting diodes, transistors, photoresists, antistatic
coatings, sensors, batteries, electromagnetic shielding mate-
rials, new types of memory devices, nanoswitches, optical
modulators and valves, imaging materials, polymer elec-
tronic interconnectors, and nanoelectronic and optical de-
vices.®#! In this research field, we have recently reported a
series of oligothiophene dithiol derivatives and their nanoc-
omposite junctions with active gold nanoparticles between
microgapped gold electrodes which exhibit photoresponsive
properties.[!

1,10-Phenanthroline derivatives are one of the important
organic functional intermediates as they have found wide-
spread application in coordination chemistry, materials
chemistry, analytical chemistry, metalloenzymes, probes of
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nucleic acids, and redox processes due to their strong chelat-
ing ability and good conjugated w systems.[* 8 Halogen sub-
stitution at different positions is generally the first synthetic
step when modifying the 1,10-phenanthroline ring. To date,
there have been several reports on the synthesis of 3-bromo-
or 3,8-dibromo-1,10-phenanthroline by different methods
and with different yields.”] Once the bromides have been
formed, the conjugated m system of 1,10-phenanthroline
can be extended by introducing a variety of functional
groups, which means that the energy levels of the resulting
molecules can be finely tuned. For example, oligothiophene
groups can be introduced at the 3- and 8-positions of 1,10-
phenanthroline by a carbon—carbon cross-coupling reaction
starting from 3,8-dibromo-1,10-phenanthroline.'” Further-
more, the a-H atom of the thiophene ring is relatively active
for subsequent coupling, polymerization, or substitution re-
actions. In one of our previous papers, we reported the syn-
thesis, electrochemistry, and electropolymerization of a
[Ru(bpy),]** complex with a 3,8-bis(terthiophenyl)-1,10-
phenanthroline ligand.'!]

We continue this work here by reporting the crystal
structures of 3,8-(thiophen-2',2"'-yl)-1,10-phenanthroline
and four new Ru!" complexes bearing 3-bromo-, 3,8-di-
bromo-, 3-(thiophen-2',2""-yl)-, and 3,8-bis(thiophen-2',2""-
yD)-1,10-phenanthroline ligands (Scheme 1). Density func-
tional theory computations are used to compare the energy
differences between the single-crystal and the energy-mini-
mized structures with different conformations (trans/trans,
transl/cis and cis/cis) of the thiophene rings and their
bonded phen ring. Moreover, preliminary studies are car-
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Scheme 1. Schematic illustration showing the preparation of compounds 2-9 and polymerization of 7 between a pair of nanogap gold

electrodes.

ried out on the electropolymerization of an oligothiophene-
based polymer connecting a pair of gold electrodes with a
gap of around 25nm, which has been characterized by
SEM images as well as temperature-dependent /-J curves.

2. Results and Discussion

2.1. Synthesis

Pure 3-bromo-1,10-phenanthroline and 3,8-dibromo-
1,10-phenanthroline could be separated by careful silica-gel
column chromatography and subsequent recrystallization
from a mixture of chloroform and hexane. 3-(Thiophen-
2',2""-yl)- (4) and 3,8-bis(thiophen-2’,2""-yl)-1,10-phenanth-
roline (5) were prepared by a nickel-catalyzed cross-coup-
ling reaction from 3-bromo- (2) and 3,8-dibromo-1,10-
phenanthroline (3), respectively, in satisfactory yields. An
excess of bulky counteranions such as BF;  and PF4 was
used to help precipitate the Ru'' complexes. The presence
of BF, (complexes 6, 8, and 9) and PF¢ counterions (com-
plex 7) was confirmed by FT-IR spectroscopy as tetrafluo-
roborate and hexafluorophosphate salts have characteristic
strong absorptions in the range 1054-1089 and 825-
895 cm !, respectively. The in situ electropolymerization re-
action leads to the formation of polymers along the direc-
tion of the electric field, where ruthenium(II) complexes are
1322
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bridged by bithienyl segments due to the formation of a
carbon—carbon bond between the a-carbon atoms of the
thiophene rings.

2.2. Electronic Spectra

The UV/Vis spectra of 4 and 6 in methanol are shown in
Figure 1. Compared with the spectrum of 3-(thiophen-2'-
yI)-1,10-phenanthroline, a new broad but weak peak is ob-
served at 450 nm for its [Ru(bpy),]** complex, which can
be assigned to the metal-ligand charge transfer (MLCT)
absorption between the central Ru'' ion and the ligands. In
addition, a red shift of 24 nm (from 326 nm in 4 to 350 nm
in 6) is observed for the n—mr* transition of the conjugated
7 system in the ligands upon metal-ion complexation. 3,8-
Bis(thiophen-2',2""-yl)-1,10-phenanthroline (5) has a more
delocalized w system than 4, which means that the influence
of the molecular structures on the UV/Vis absorptions can
be seen by comparing the corresponding UV/Vis peaks of
5 and its [Ru(bpy),]>* complex 7.[''l The lower energy ab-
sorptions are found at 454 nm for the MLCT absorption in
7 and at 340 and 372 nm for the thiophene/phenanthroline
n—7* transition in 5 and 7.

The UV/Vis spectra of 8 and 9 are illustrated in Figure 2.
The low energy MLCT bands appear at 449 nm for 8 and
438 nm for 9, which is consistent with their molecular struc-
tures since the bromide atom is more electron-withdrawing.

Eur. J. Inorg. Chem. 2009, 1321-1330
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Figure 1. Electronic absorption spectra of ligand 4 (solid line) and
complex 6 (dashed line) in methanol.
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Figure 2. Electronic absorption spectra of complexes 8 (solid line)

and 9 (dashed line) in methanol.

2.3. Structural Description of Compound 5

The molecular structure of 5, with the atom-numbering
scheme, is shown in Figure 3. X-ray diffraction studies with
5 indicate that it crystallizes in the triclinic space group Pl

Table 1. Main hydrogen-bonding interactions (A, °) in 5, 6, 8 and 9.

European Journal
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with the chloroform molecule in each asymmetric unit held
in place by two C—H:-**N hydrogen bonds (Table 1) between
the hydrogen atom of the chloroform molecule and the two
nitrogen atoms of phenanthroline unit. The two side thio-
phene rings are not coplanar with the central phenanth-
roline ring but are staggered at each side of the phenanth-
roline plane with dihedral angles of 14.6° and 15.8°, respec-
tively. The two sulfur atoms of thiophene rings point in the
same direction (trans/trans) as the two nitrogen atoms of
the phenanthroline unit.

Figure 3. ORTEP diagram (30% thermal probability) of the molec-
ular structure of 5 with the atom-numbering scheme.

Figure 4. View of the hydrogen bonding and n-m stacking interac-
tions in the packing structure of 5 along with the unit cell. The
centroid—centroid separation between the thiophene ring and the
side pyridyl ring of phenanthroline is labeled.

D-H--A D-H H--A DA /DHA Symmetry transformation
5

C21-H21-Nl1 1.00 2.22 3.14(1) 152 l-x,1-y1-z
C21-H21-N2 1.00 2.38 3.17(1) 135 l-x,1-p1-z

6

O1-H1A-F6 0.85 2.40 2.98(1) 126 1-x,-12+y 32~z
O1-H1A-F8 0.85 2.24 2.96(2) 142 1-x,-12+y 32~z
8

02-H2A--03 0.85 2.36 3.16(6) 156

02-H2B--F6 0.85 2.23 2.86(2) 131 l-x,1-p1-z
O3-H3B--F7 0.85 2.19 2.73(3) 121 l-x,1-p1-z

9

02-H2A-F5 0.92 2.49 3.41(4) 175 l-x,1-p1-z
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In the crystal packing of 5, n-m stacking interactions are
found between an adjacent thiophene ring and a side-arm
pyridyl ring of phenanthroline, with a centroid—centroid
separation of 3.642 A (Figure 4). Additionally, weak S+--Cl
interactions are observed between the thiophene sulfur
atom and the solvent chloroform molecule [3.557 A].

2.4. Density Functional Theory (DFT) Computational
Study for Different Isomers of 4 and 5

DFT calculations were carried out to compare the energy
differences between the single-crystal and the energy-mini-
mized structures for 4 and 5 with the thiophene rings in a
trans/trans, trans/cis, and cis/cis conformation relative to the
phen plane (Scheme 2). The total energy for the single-crys-
tal structure of 5, where the two sulfur atoms of thiophene
rings are in a trans/trans conformation relative to the two
nitrogen atoms of phen unit, is —2356784.36 kJ/mol, while
the energy-minimized structure, which has both thiophene
rings staggered on each side of the phen plane with a dihe-
dral angle of 14.5°, has a total energy of —2357318.06 kJ/
mol. If the two sulfur atoms of the thiophene rings are set
to point in the same direction (cis/cis) as the two nitrogen
atoms of the phenanthroline unit, the energy of the ground
state optimization is —2357313.66 kJ/mol, with both thio-
phene rings staggered on each side of the phen plane with
a dihedral angle of 21.5°. In contrast, if the two sulfur
atoms of the thiophene rings are set on each side of the
two nitrogen atoms of the phen unit (¢trans/cis), the energy-
minimized structure has a total energy of —2357315.96 kJ/
mol, with both thiophene rings staggered on each side of
the phenanthroline plane with a dihedral angle of 17.8°
each.

VW W e Y aW,

4-trans 4-cis

\ /N N2 ] TN L s

5-trans/trans

5-trans/cis
I\ /T N/ \

5-cis/cis

Scheme 2. Schematic illustration of isomers of 4 and 5 in different
conformations.

Similarly, if the thiophene ring in 4 is set to a trans con-
formation relative to the two nitrogen atoms of the phen
unit, the energy-minimized structure has a total energy of
—1928010.84 kJ/mol, with a dihedral angle between the
1324
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thiophene ring and the phen ring of 18.4°. In contrast, if
the thiophene ring is set to the cis conformation relative to
the two nitrogen atoms of the phen unit, the energy-mini-
mized structure has a total energy of —1928003.73 kJ/mol,
with a dihedral angle between the thiophene ring and the
phen ring of 21.6°.

Analogous dihedral angles (14.5° for the energy-mini-
mized structure and 14.6° and 15.8° for the single-crystal
structure) between the thiophene rings and the phen plane
suggest the reliability of our DFT calculations. A large en-
ergy gap between the single-crystal structure and the en-
ergy-minimized structure in the same trans/trans configura-
tion reflects the contribution of supramolecular interactions
between molecules in the solid state such as hydrogen bond-
ing and m-n stacking. More importantly, the sequence for
the thermal stability of energy-minimized structures of 5 in
these configurations is trans/trans > translcis > cislcis iso-
mers. However, the energy gaps (2.30 kJ/mol between the
cislcis and trans/cis isomers and 2.10 kJ/mol between the
transicis and trans/trans isomers) are not particularly large,
which means that all of them are accessible. As for the en-
ergy-minimized structures of 4 in the trans and cis configu-
rations, the frans isomer is also somewhat more thermally
stable than the cis one, although again there is little differ-
ence (7.11 kJ/mol) between them. It is likely that the small
energy gaps between the trans and cis isomers of 4 and 5
allow inversion of the thiophene ring due to the free rota-
tion of C—C single bonds between the thiophene rings and
the phen ring. These results support the disorder of the
thiophene rings found in the [Ru(bpy),]** complexes 6 and
7. However, the presence of S---Cl interactions between the
thiophene sulfur atom and the solvent chloroform molecule
in the solid-state structure of 5 may restrict the free rotation
of C-C single bonds between the thiophene rings and the
phen ring. As a result, the two thiophene rings in 5 are in
the trans/trans conformation relative to the central phen
ring and no disorder is observed.

2.5. Structural Description of Complexes 6 and 7

The molecular structures of the cations in 6 and 7, along
with the atom-numbering scheme, are shown in Figure 5.
Both cations show similar crystallographic symmetry, with
one ethanol molecule present in each asymmetric unit cell.
Both ruthenium(II) centers are coordinated by six nitrogen
atoms from two bidentate bpy and one bidentate 3-(thio-
phen-2".2""-yl)- or 3,8-bis(thiophen-2',2""-yl)-1,10-phen-
anthroline ligand in a distorted octahedral configuration.
There are only slight differences between the bond lengths
and bond angles around the central Ru' ions in 6 and 7.

The dihedral angle between the thiophene ring and its
parent phen ring in complex 6 is 19.9°, while the dihedral
angles between the phen plane and the two bpy rings are
80.0° and 85.1°, respectively, and that between the two bpy
rings is 84.6°. The dihedral angles between the two pyridine
rings in two bidentate bpy ligands are 8.0° and 2.5°, respec-
tively. The sulfur atom S1 is best located at the trans posi-

Eur. J. Inorg. Chem. 2009, 1321-1330
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(b)

Figure 5. ORTEP diagrams (30% thermal probability) of the
molecular structures of 6 (a) and 7 (b) with the atom-numbering
scheme. Anions, solvent molecules, and disordered sulfur atoms
have been omitted for clarity.

tion of phen ring as the site occupancy factors are 0.765(7)/
0.235(7). For comparison, the dihedral angles between the
two side thiophene rings and the parent phen ring in com-
plex 7 are lower at 10.6° and 8.1°, respectively. The dihedral
angles between the phen plane and the two bpy rings are
80.8° and 89.5°, respectively, and the dihedral angle be-
tween the two bpy rings is 72.9°. The two pyridine rings of
two bidentate bpy ligands are also essentially coplanar, with
dihedral angles of 7.0° and 4.6°. The site occupancy factors
are 0.794(10)/0.206(10) for atom S1 and 0.404(9)/0.596(9)
for atom S2.

Both complexes contain m-m stacking interactions be-
tween adjacent 3-(thiophen-2',2"’-yl)- or 3,8-bis(thiophen-
2',2""-yl)-1,10-phenanthroline units, which lead to the for-
mation of layered stacking structures. However, the inter-
layer separations (3.56 A for 6 and 3.51 A for 7; Figure 6)
are different due to the different m-systems of the ligands.

Eur. J. Inorg. Chem. 2009, 1321-1330
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To the best of our knowledge, this is the first structural
report on thiophene-substituted 1,10-phenanthroline metal
complexes.

Figure 6. View of the n-m stacking interactions between adjacent
molecules in 7 together with the unit cell.

2.6. Structural Description of Complexes 8 and 9

The molecular structures of the cations in 8 and 9, along
with the atom-numbering scheme, are shown in Figure 7.
They have the same crystallographic symmetry as the cat-
ions in 6 and 7 (monoclinic P2,/c space group), with one
ethanol and two water molecules in 8 and three water mole-
cules in 9 in their asymmetric unit cells. Both ruthenium(II)
centers are also coordinated by six nitrogen atoms from one
bidentate 3-bromo- or 3,8-dibromo-1,10-phenanthroline
and two bidentate bpy ligands in a distorted octahedral
configuration. The measured bond lengths and bond angles
around the central Ru' ions in 8 and 9 are similar.

The dihedral angles between the phen plane and the two
bpy rings in complex 8 are 96.1° and 94.1°, respectively, and
the dihedral angle between the two bpy rings is 94.3°. The
dihedral angles between two pyridine rings of two bidentate
bpy ligands are 7.4° and 7.3°, respectively. In contrast, the
dihedral angles between the phen plane and the two bpy
rings for complex 9 are 85.7° and 95.3°, and the dihedral
angle between the two bpy rings is 98.4°. The dihedral
angles between the two pyridine rings of two bidentate bpy
ligands are 11.1° and 2.9°, respectively.

A survey of the latest version of the Cambridge Struc-
tural Database (Version 5.29)['2 showed that there are no
other structures containing 3,8-dibromo-1,10-phenanth-
roline except for our recent contribution on cadmium(II)
complexes.['33 Furthermore, 3-bromo-1,10-phenanthroline
is also rarely involved in structural studies except for one
report of an iron(II) complex formulated as [Fe(3-bromo-
1,10-phenanthroline)s](PFg),-CH;CN.I3% In addition, an-
other two 1,10-phenanthroline complexes multiply substi-
tuted by Br at different positions have been documen-
ted [16e.14]
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(b)

Figure 7. ORTEP diagrams (30% thermal probability) of the
molecular structures of 8 (a) and 9 (b) with the atom-numbering
scheme. Anions and solvent molecules have been omitted for
clarity.

2.7. SEM Images and Temperature-Dependent I~V Curves
for the Polymer Formed From 7

Electropolymerization has been shown to be a suitable
strategy for the preparation of oligothiophene polymers di-
rectly between nanogap electrodes as this method avoids the
complicated techniques required to manipulate the molecu-
lar species for appropriate positioning and contact. As
shown in Figure 8§, the formation of a polymer from 7 be-
tween gold electrodes with a gap of about 25 nm by electro-
polymerization can clearly be seen in the SEM images be-
fore (Figure 8, a) and after electropolymerization (see parts
1326
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b and ¢ in Figure 8, different magnifications) and that taken
after subsequent cleaning with an O, plasma (Figure 8, d).
The polymer is supposed to grow preferentially oriented
along the electric field during the electropolymerization
process to form a bunch of wires connecting the two Au
electrodes on SizN, surface. These figures show that the
polymer is present between the pair of Au electrodes and
that it can be removed by O, plasma. However, the SEM
images of the bridging polymer in this case are not clear
enough, which is probably due to the surface electron
charging effect of organic molecules with low conductivity.

(C)

Figure 8. SEM images of the polymer prepared from 7 by electro-
polymerization between nanogap gold electrodes: a) An Au elec-
trode pair freshly cleaned with O, plasma; b) and c) images of the
polymer formed between the same gold electrodes taken at different
magnifications; d) an SEM image showing partial removal of the
polymer between the gold electrodes by O, plasma.

In addition to comparing the SEM images of the nano-
devices before and after the electropolymerization, a more
reliable way to confirm bridging polymer synthesis is to
measure the conductivity change between the nanogap Au
electrodes in an I~V experiment. No current (<1X 10~14 A
in the voltage range —12 to 12 V) was observed between the
bare Au electrodes before the electropolymerization or after
O, plasma cleaning, whereas a change in conductivity was
found upon formation of the semiconductor film. As shown
in Figure 9, non-linear, asymmetric temperature-dependent
I-V curves were found in the range 80-300 K (intervals of
20 K) in the bias voltage range from —12 to 12 V. The likely
reason for this is as follows: small changes in interface bind-
ing might give an asymmetric response for metal/organic/
metal junctions because of nonsymmetric binding even
when the electrodes are identical and the molecules are sup-
posedly symmetric, since some charge flow, charge re-
arrangement, and geometric reorganization, which is volt-
age-dependent, will occur between the molecule and the
metal electrodes. In other words, the different capacitance

Eur. J. Inorg. Chem. 2009, 1321-1330
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of these nanodevices (Schottky barrier between gold elec-
trodes and semiconductor molecules) is likely to influence
the symmetry of the /-7 curves at different temperatures.
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Figure 9. Full range of I~V curves between 80 and 300 K recorded
at intervals of 20 K for the polymer formed between nanogap gold
electrodes in the voltage range —12 to 12 V.

The conductivity of the electropolymerized polymer
formed from 7 between the nanogap gold electrodes is rela-
tively low, on the order of a few tens of picoamperes. How-
ever, the temperature-dependent I~V curves exhibit typical
semiconductor characteristics when comparing the I~V
curves at different temperatures as the overall resistance of
the film decreases as the temperature increases. Compared
with the I~V curves of the film prepared from the ruthe-
nium complex of the same 1,10-phenanthroline ligand,'!]
the “blockaded” region of the polymer is wider and the
conductivity lower at every temperature. This difference can
be attributed to the different © conjugated systems of these
two species, which affect their bandgaps.

The fixed atom coordinates of 4, 5, 6, and 7, based on
the structural parameters of 5, 6, and 7 determined by X-
ray diffraction, were used to calculate the HOMO and
LUMO. With the MPW1PW91 method and the LanL.2DZ
basis, the resultant HOMO-LUMO gaps (bandgaps) for li-
gands 4 and 5 are 4.822 and 4.037 eV, respectively, whereas
those for their respective [Ru(bpy),]** complexes 6 and 7
are 3.272 and 3.213 eV. Compared with 3,8-bis(4-mercap-
tophenyl)-1,10-phenanthroline and its [Ru(bpy),]** com-
plex (4.149 and 2.614 €V),['] these bandgaps are consistent
with their molecular structures and somewhat higher than
those of 3,8-bis(terthiophenyl)phenanthroline dithiol and
its [Ru(bpy),]** complex (1.770 eV), mainly due to the pres-
ence of a different delocalized n-system. The relatively large
bandgap value for complex 7 (3.213 eV) may explain the
higher resistivity compared with earlier reported Ru'' com-
plexes (1.770 eV) under the same experimental conditions.

3. Conclusions

Four six-coordinate [Ru(bpy),]** complexes 6-9 contain-
ing 3-bromo, 3,8-dibromo, 3-(thiophen-2',2''-yl), and 3,8-
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bis(thiophen-2’,2"'-yl)-1,10-phenanthroline ligands, and the
3,8-bis(thiophen-2',2""-yl)-1,10-phenanthroline ligand itself,
have been synthesized and structurally characterized. The
MLCT and n—7* transitions of the conjugated 1 system in
their UV/Vis spectra have been compared before and after
metal complexation and the shifts found to agree well with
their molecular structures. The DFT calculations carried
out for the single-crystal and energy-minimized structures
in different conformations (trans/trans, trans/cis and cis/cis)
of thiophene rings and their bonded phen ring explain well
the structures found in the solid state and the disorder of
the sulfur atoms of the thiophene rings.

All four six-coordinate Ru'' complexes crystallize in cen-
trosymmetric space groups, which indicates that the A and
A enantiomers are present in equal amounts in the solid
state and that spontaneous resolution does not take
place.l'”? The coordination chemistry and crystallography
reported in this work are valuable because they lead to an
estimate for the length of molecule 7 (1.61 nm) and allow
us to generate computational models for the DFT studies,
especially for the structural comparisons. As far as we are
aware, this is the first structural report concerning 3,8-di-
bromo-1,10-phenanthroline and thiophene-substituted
1,10-phenanthroline ligands and their metal complexes.

SEM has been used to characterize the formation of an
oligothiophene polymer, prepared from the Ru!' complex 7
by in situ electropolymerization, bridging gold electrodes
with a gap of about 25 nm and its subsequent removal by
oxygen plasma cleaning. The I~V curves of this polymer
have been measured and its temperature-dependent current-
voltage characteristics (80-300 K) investigated. The high
resistivity of this nanodevice is thought to originate from
the relatively large bandgap value for complex 7. In order
to improve the conductivity of the films bridging the nano-
gap Au electrodes, studies are currently underway to pre-
pare disulfide-bridged oligothiophene films doped with dif-
ferent amounts of iodine or NOBF,4 by in situ oxidation
of terminal oligothiophene-based dithiols and to determine
their temperature-dependent current-voltage characteristics
before and after metal-ion complexation.

Experimental Section

Materials and Measurements: All reagents and solvents were of an-
alytical grade and were used without further purification. The an-
hydrous solvents were drawn into a syringe under a flow of dry N,
gas and were transferred directly into the reaction flask to avoid
contamination. UV/Vis spectra were recorded with a Shimadzu
UV-3150 double-beam spectrophotometer using a Pyrex cell with
a path length of 10 mm. Infrared spectra (FT-IR, 4000400 cm ')
were recorded using a Horiba FT-700 spectrophotometer. 'H
NMR spectra were collected with a Varian Unit 500 MHz spec-
trometer or a JEOL GSX 270 MHz spectrometer. C, H, and N
microanalyses were performed with a Perkin—Elmer 1400C ana-
lyzer. Electrospray ionization mass spectra (ESI-MS) were recorded
with a Finnigan MAT SSQ 710 mass spectrometer in a scan range
of 100-1200 amu. An OLYMPUS BX60M optical microscope was
used to check all the electrodes before determination of their /-1
curves. A Yanaco PLASMA ASHER LTA-102 instrument was
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used to clean all the electrodes. SEM images were collected with a
JEOL JSM-6700F microscope with an acceleration voltage of 5 kV.

The polymer was prepared in situ between gold nanogap electrodes
(250 nm wide, gap width ca. 25 nm) by electropolymerization of
asaturated solution of 7 in acetonitrile [0.1 M (TBA)CIO,]. The nano-
gap electrodes were used as working and counterelectrodes, and
a silver wire was employed as a pseudo-reference electrode. The
potentials were scanned 10 times in the range —800 to 800 mV. The
procedure was repeated after the polarization had been reversed.
The samples were then washed thoroughly with methanol and ace-
tone and dried in vacuo. Details of the nanogap electrode fabrica-
tion have been published elsewhere.['8! The I~V curves were col-
lected with an Advantest R6245 2Channels Voltage Current Source
Monitor interfaced with a microcomputer through a GPIB-SCSI
board and NI-488.2 protocol. Data were acquired using a home-
made procedure and Igor Pro 4.0 (Wavemetrics) software. The sam-
ples were mounted on top of an antivibration table with a tempera-
ture-controlled cryogenic chamber (£0.005 °C). All measurements
were carried out under high vacuum (P < 2.0 X 104 Pa at room
temperature), achieved with a turbo molecular pump, and the sam-
ples were cooled using liquid helium as the coolant. The positions
of four Pt probes could be adjusted in the x, y, and z directions in
order to touch the Au electrodes effectively. Short triaxial cables
were used to connect the nanodevices and the /-J monitor in order
to minimize the external noise.

All DFT calculations were carried out with the Gaussian 03 (re-
vision C.02) program suite!!”! using the MPW1PW91 method and
the LanL2DZ basis set. The fixed atom coordinates of 5, deter-
mined from the structural parameters obtained by X-ray diffrac-
tion, were used as the input file for the total energy calculation.

X-ray Data Collection and Solution: All single-crystal samples were
covered with glue and mounted on glass fibers for data collection
with a Rigaku Mercury CCD area-detector at 100-291 K using
graphite-monochromated Mo-K,, radiation (/. = 0.71073 A). The
collected data were reduced with the program Crystalclear?”! and
empirical absorption corrections were performed. The original data
files generated by Crystalclear were transformed to SHELXTL97
format with the TEXSAN program.?'l The crystal systems were
determined by Laue symmetry and the space groups were assigned
on the basis of systematic absences using XPREP. The structures
were solved by direct methods and refined by least-squares meth-
ods on F,? using the SHELXTL PC software package.*”! All non-
H atoms were refined anisotropically and all hydrogen atoms were
inserted in their calculated positions, assigned fixed isotropic ther-
mal parameters, and allowed to ride on their respective parent
atoms. All calculations and molecular graphics were carried out
with the SHELXTL PC program package. The sulfur atoms in 6
and 7 as well as some of the fluorine atoms of one of two BF,~
anions in 6 and 9 and both PF4 anions in 7 were refined as disor-
dered with different site occupancy factors. The data for 7 were
of relatively low quality, especially for the disordered PF4 anions.
However, attempts to determine the low-temperature structure were
not successful as the crystal appeared to be unstable in the liquid
nitrogen stream. A summary of the crystal data, experimental de-
tails, and refinement results for 5-9 is provided in Table 2. Selected
bond lengths and bond angles involving the ruthenium ions and
the heteroatoms are given in Table 3, while the hydrogen-bonding
interactions are listed in Table 1.

CCDC-670541 (for 5), -670542 (for 6), -670543 (for 7), -670544 (for
8), -670545 (for 9) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
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Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

Preparation of Compounds: 3-Bromo-1,10-phenanthroline and 3,8-
dibromo-1,10-phenanthroline were prepared from 1,10-phenanth-
roline monohydrate by the literature method.l'” [Ru(bpy),-
(H>,0),](NO3),, 3,8-bis(thiophen-2',2"’-yl)-1,10-phenanthroline (5)
and its Ru'l complex bis(2,2'-bipyridine)[3,8-bis(thiophen-2',2"'-
yl)-1,10-phenanthroline]ruthenium(I) dihexafluorophosphate (7)
were prepared from 3,8-dibromo-1,10-phenanthroline according to
a previously described method.['"! Single crystals of 5 suitable for
X-ray diffraction were grown from a mixed solution of chloroform
and acetone (2:1, v/v) by slow evaporation in air at room tempera-
ture. Single crystals of 7 suitable for X-ray diffraction were ob-
tained from a mixed solution of ethanol and water (4:1, v/v) by
slow evaporation in air at room temperature.

Synthesis of (3-Thiophen-2’'-yl)-1,10-phenanthroline (4): Compound
4 was prepared by a method similar to that for 3,8-bis(thiophen-
2',2""-yl)-1,10-phenanthroline (5) except that 3-bromo-1,10-phen-
anthroline (25.9 mg, 0.1 mmol) was used as the starting material.
Yield 19.4 mg (74%). FT-IR (KBr pellets): ¥ = 3058 (m), 1603 (w),
1590 (m), 1557 (w), 1499 (m), 1446 (m), 1428 (s), 1416 (m), 899 (s),
834 (s), 732 (s), 695 (m) cm™!. C;¢H;(N,S (262.33): calcd. C 73.26,
H 3.84, N 10.68; found C 73.22, H 3.95, N 10.64. '"H NMR
(500 MHz, CD;COCDs, 298 K, TMS): 6 = 9.31 (s, 1 H, phen), 8.99
(d, J = 440 Hz, 1 H, phen), 8.51 (s, 1 H, phen), 8.31 (d, J =
8.05 Hz, 1 H, phen), 7.88 (dd, J = 8.75 and 8.80 Hz, 2 H, phen),
7.70 (d, J = 3.65 Hz, 1 H, phen), 7.60 (dd, J = 4.15 and 4.10 Hz,
1 H, thienyl), 7.53 (d, J = 5.15 Hz, 1 H, thienyl), 7.15 (dd, J = 3.65
and 3.40 Hz, 1 H, thienyl) ppm. EI-MS: m/z 262 [M]*. UV/Vis
(methanol): Aya, = 326, 278, 231 nm.

Synthesis of [Bis(2,2'-bipyridine)(3-thiophen-2'-yl)-1,10-phenanthro-
line[ruthenium(II) Ditetrafluoroborate (6): Complex 6 was prepared
by a method similar to that for the Ru'! complex 7 except that (3-
thiophen-2'-yl)-1,10-phenanthroline (26.2 mg, 0.1 mmol) was used
as the starting material and an excess of NaBF, was used instead
of NH4PF¢ to precipitate the resulting complex. Yield 58.6 mg
(69%). FT-IR (KBr pellet): ¥ = 3038 (w), 1638 (m), 1599 (m), 1465
(m), 1440 (s), 1097 (vs), 1060 (vs), 1035 (vs), 841 (m), 770 (s), 732
(m) em™!. C34H,6B,FgNGRuS (849.38): caled. C 50.91, H 3.09, N
9.89; found C 51.04, H 3.21, N 9.94. '"H NMR (500 MHz,
CD;COCDs3, 298 K, TMS): 0 = 9.01 (d, J = 5.85 Hz, 1 H, phen),
8.92 (d, J = 8.05 Hz, 1 H, phen), 8.90 (d, J = 8.55 Hz, 2 H, bpy),
8.84 (d, J = 8.05 Hz, 2 H, bpy), 8.80 (d, J = 6.80 Hz, 1 H, phen),
8.44 (d, J = 5.40 Hz, 1 H, phen), 8.41 (dd, J = 1.35 and 1.25 Hz,
1 H, phen), 8.34 (d, J = 8.10 Hz, 1 H, phen), 8.31-8.27 (m, 2 H,
bpy), 8.19 (d, J = 5.15 Hz, 2 H, bpy), 8.16-8.14 (m, 2 H, bpy), 8.10
(d, J=5.10 Hz, 1 H, phen), 7.94-7.91 (m, 2 H, bpy), 7.71-7.64 (m,
2 H, bpy), 7.49 (d, J = 2.45 Hz, 2 H, thienyl), 7.43-7.38 (m, 2 H,
bpy), 7.19 (dd, J = 3.90 and 3.70 Hz, 1 H, thienyl) ppm. FAB-MS:
mlz 763 [Ru(phen)(bpy),BF,]* (100%). UV/Vis (methanol): Zy.x =
450, 350, 287, 255, 236 nm. Single crystals of 6 suitable for X-ray
diffraction were grown from a mixed solution of ethanol and ace-
tone (2:1, v/v) by slow evaporation in air at room temperature.

Synthesis of Bis(2,2'-bipyridine)(3-bromo-1,10-phenanthroline)ruthe-
nium(Il) Ditetrafluoroborate (8): A mixture of stoichiometric
amounts of cis-bis(2,2'-bipyridine)dichlororuthenium(Il) hydrate
(484 mg, 1.0 mmol) and 3-bromo-1,10-phenanthroline (259 mg,
1.0 mmol) in 50 mL ethanol was refluxed for 2 h, then the mixture
was cooled to room temperature and treated with an excess of
aqueous NaBF, solution. The mixture was concentrated to around
5mL on a rotary evaporator in order to precipitate the Ru'' com-
plex, and then the resulting orange precipitate (8) was filtered and
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Table 2. Crystal and refinement data for compounds 5-9.
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Compound

5

6

7

8

9

Empirical formula

CZ 1 H1 3NZSZC13

RUC38H32NGSB2F80 RUC42H34NGS2P2F120 RuBrC34H33N6B2FgO3 RuBr2C32H28N6B2FgO3

Formula weight 463.80 895.45 1093.88 928.26 979.11
Crystal size [mm)] 0.40x0.10x0.10 0.30 X 0.20 < 0.10 0.40 X 0.30<0.20 0.30<0.200.20 0.30x0.20 X 0.20
Crystal system triclinic monoclinic monoclinic monoclinic monoclinic
Space group Pl P2)/c P2,/n P2lc P2)/c

afAl 6.156(1) 23.142(5) 13.830(2) 18.037(4) 10.639(2)

b A 10.669(2) 8.460(2) 21.998(3) 22.244(4) 22.345(5)
c[A] 15.351(3) 21.288(4) 14.502(2) 8.878(2) 16.159(3)

a ] 85.60(3) 90 90 90 90

AN 88.08(2) 115.93(3) 93.54(1) 90.80(3) 96.43(3)

v [°] 75.64(3) 90 90 90 90

VA3 973.7(4) 3750.8(16) 4403.6(11) 3561.4(12) 3817.8(18)
Z, Deaiea [Mgm) 2, 1.582 4, 1.586 4, 1.650 4,1.731 4, 1.704
F(000) 472 1808 2200 1856 1928

w1 [mm 1] 0.696 0.555 0.617 1.650 2.585
Temperature [K] 100(2) 200(2) 291(2) 150(2) 291(2)
e/ Mo 17 27123 ~16/14 21721 1212
Knin/Kinax -10/12 -10/10 24126 -26/25 -23/26
Din/Inax -18/18 -23/25 17115 -10/9 -19/19
Refinement method Full-matrix Full-matrix Full-matrix Full-matrix Full-matrix

least-squares on F>

least-squares on F>

least-squares on F>

least-squares on F>

least-squares on F>

Parameters 253 572 745 496 497
Final R indices [I > 20(])] R, =0.0764 R, =0.0838 R, =0.0738 R, = 0.0873 R, = 0.0655
wR, = 0.1283 wR, = 0.1512 wR, = 0.1384 wRy = 0.1967 wR, = 0.1449
R indices (all data) R, = 0.0956 R, =0.0978 R, = 0.0864 R, =0.0933 R, =0.0733
wR, = 0.1350 wR, = 0.1564 wR, = 0.1427 wR, = 0.1999 wR, = 0.1486
OF on F* 1.200 1.194 1.283 1.185 1.190
Res. max./min. electron dens. 0.403/-0.468 0.523/-0.552 0.575/-0.517 1.633/~1.479 0.672/-0.700
[eA”]
Table 3. Selected bond lengths [A] and angles [°] in 5-9.
5 6 7 8 9
C2-C13 1.468(7) Rul-N1 2.059(6) 2.058(4) 2.061(7) 2.075(5)
C9-C17 1.476(7) Rul-N2 2.063(5) 2.080(4) 2.065(5) 2.070(5)
C13-S1 1.735(5) Rul-N3 2.056(5) 2.058(4) 2.059(6) 2.057(5)
Cl16-S1 1.707(5) Rul-N4 2.060(7) 2.063(4) 4 2.064(7) 2.065(5)
C17-S2 1.727(5) Rul-N35 2.046(5) 2.045(4) 2.062(6) 2.061(5)
C20-S2 1.704(5) Rul-N6 2.062(7) 2.053(4) 2.068(2) 2.055(5)
C13-S1-C16 92.1(2) NI1-Rul-N2 79.7(2) 80.1(1) 79.7(2) 280.0(2)
C17-S2-C20 92.2(2) NI1-Rul-N3 96.2(2) 94.2(2) 96.5(2) 97.6(2)
NI1-Rul-N4 174.4(2) 171.0(2) 173.3(2) 174.7(2)
NI1-Rul-N5 96.0(2) 91.0(1) 93.9(2) 95.5(2)
NI1-Rul-N6 86.5(2) 89.5(2) 88.0(2) 87.3(2)
N2-Rul-N3 86.4(2) 86.5(2) 89.6(2) 87.7(2)
N2-Rul-N4 97.7(2) 93.5(2) 95.4(2) 96.4(2)
N2-Rul-N5 174.0(3) 170.8(1) 171.7(3) 174.2(2)
N2-Rul-N6 96.8(2) 99.1(2) 95.6(2) 97.6(2)
N3-Rul-N4 78.7(2) 79.0(2) 78.9(3) 78.3(2)
N3-Rul-N5 98.2(2) 96.2(2) 96.5(2) 96.6(2)
N3-Rul-N6 176.2(2) 173.8(2) 173.7(2) 173.4(2)
N4-Rul-N5 87.0(2) 95.6(2) 91.4(2) 88.4(2)
N4-Rul-N6 98.7(2) 97.9(2) 97.0(3) 97.1(2)
N5-Rul-N6 78.7(2) 78.7(2) 78.8(2) 78.4(2)

dried under vacuum. Yield 609 mg (72%). FT-IR (KBr pellet): ¥ =
3230 (w), 1648 (m), 1577 (m), 1560 (m), 1499 (m), 1420 (s), 1084
(vs), 1060 (vs), 731 (s), 668 (s) cm .
C3,H,»3B5>BrFgNgRu-C,HsOH-2H,O (928.25): caled. C 43.99, H
3.58, N 9.05; found C 44.17, H 3.69, N 9.23. 'H NMR (500 MHz,
CD;COCD3, 298 K, TMS): 6 = 9.07 (dd, J = 1.95 and 1.95Hz, 1
H, phen), 8.87 (d, J = 1.70 Hz, 1 H, phen), 8.85 (d, J = 4.40 Hz, 2
H, bpy), 8.82 (d, J = 5.65 Hz, 2 H, bpy), 8.81 (d, / = 1.15Hz, 1
H, phen), 8.48 (d, J = 4.40 Hz, 1 H, phen), 8.45 (dd, J = 1.35 and
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1.25Hz, 1 H, phen), 8.35 (d, J = 9.05 Hz, 1 H, phen), 8.27-8.23
(m, 2 H, bpy), 8.19 (d, J = 5.65 Hz, 2 H, bpy), 8.16-8.10 (m, 2 H,
bpy), 8.05 (d, J = 5.60 Hz, 1 H, phen), 7.96-7.86 (m, 2 H, bpy),
7.64-7.62 (m, 2 H, bpy), 7.41-7.37 (m, 2 H, bpy) ppm. UV/Vis
(methanol): Ay, = 449, 285, 274, 235 nm. ESI-MS: m/z 759 [Ru(3-
bromo-1,10-phenanthroline)(bpy),BF4]* (100%). Single crystals of
8 suitable for X-ray diffraction were grown from a mixed solution
of ethanol and water (3:1, v/v) by slow evaporation in air at room
temperature.
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Synthesis of Bis(2,2’-bipyridine)(3,8-dibromo-1,10-phenanthroline)-
ruthenium(Il) Ditetrafluoroborate (9): A mixture of stoichiometric
amounts of cis-bis(2,2’-bipyridine)dichlororuthenium(Il) hydrate
(484 mg, 1.0 mmol) and 3,8-dibromo-1,10-phenanthroline (340 mg,
1.0 mmol) in 50 mL of ethanol was refluxed for 2 h, then the mix-
ture was cooled to room temperature and treated with an excess of
aqueous NaBF, solution. The mixture was concentrated to around
5mL using a rotary evaporator in order to precipitate the Ru''
complex, and then the resulting orange precipitate (9) was filtered
and dried under vacuum. Yield 740 mg (80%). FT-IR (KBr pellet):
¥ = 3397 (w), 3065 (w), 1653 (m), 1636 (m), 1560 (s), 1465 (m),
1437 (s), 1420 (s), 1089 (vs), 1076 (vs), 1054 (vs), 1036 (vs), 939
(m), 889 (m), 768 (s) cm'. Cs,H»B>Br,FgNgRu-3H,O (979.09):
caled. C 39.26, H 2.88, N 8.58; found C 39.19, H 2.91, N 8.63. 'H
NMR (500 MHz, CD;COCD3, 298 K, TMS): 6 = 9.08 (d, J =
1.95 Hz, 2 H, phen), 8.85 (d, J = 8.30 Hz, 2 H, bpy), 8.82 (d, J =
8.10 Hz, 2 H, bpy), 8.48 (d, J = 1.95 Hz, 2 H, phen), 8.41 (s, 2 H,
phen), 8.27-8.23 (m, 2 H, bpy), 8.18 (d, J = 7.55 Hz, 2 H, bpy),
8.15-8.11 (m, 2 H, bpy), 8.02 (d, J = 5.85 Hz, 2 H, bpy), 7.64-7.62
(m, 2 H, bpy), 7.41-7.38 (m, 2 H, bpy) ppm. UV/Vis (methanol):
Amax = 438, 280, 244 nm. ESI-MS: m/z 838 [Ru(3,8-dibromo-1,10-
phenanthroline)(bpy),BF,]* (100%). Single crystals of 9 suitable
for X-ray diffraction determination were grown from a mixed solu-
tion of methanol and water in a ratio of 3:1 (v/v) by slow evapora-
tion in air at room temperature.
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