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The complex, dichloro(6,6’-bis(N-dodecylbenzimidazol-2-yl)-2,2’-bipyridine)ruthenium(ir), Ru(ddbbbpy)Cl,

was prepared from the reaction of the free ligand and RuCl,(Me,SO),. Structural characterization of the compound
by 'H NMR revealed that 6,6’-bis(N-dodecylbenzimidazol-2-yl)-2,2'-bipyridine ligand lies symmetrically about

the equatorial plane with the chlorides axial to each other. The electronic structure of the compound shows several
ligand m—m* transitions in the ultraviolet and a broad d —p,- MLCT manifold in the visible region of the spectrum.

A ZINDOI/S calculation reproduces, in some detail, the general features of the electronic spectrum of the title
species. The electronic characteristics of the frontier orbitals are analysed. The parent neutral compound shows

a fully reversible oxidation wave at —0.04 V vs. the Cp,Fe*/Cp,Fe couple in 0.1 M (C,H,),NPF/CH,Cl,. The low
temperature (77 K) EPR spectrum of the one-electron oxidized product is typical for a rhombohedrally distorted
Ru(m) complex with g values of 2.73, 2.20 and 1.82. Surface analysis of the parent complex as studied using
Langmuir-Blodgett methods show a typical isotherm from which an area per molecule of 126 A2 can be derived.
Thin films of the complex were readily transferred to quartz and indium doped tin oxide (ITO) plates. Thin films
are conductive as indicated by the cyclic voltammetry of the complexes on ITO slides.

Introduction

Applications of transition-metal complexes as molecular elec-
tronic devices are often dependent on compounds that have
specific properties and electronic characteristics. Ruthenium—
bipyridine systems [Ru(bpy),;]** and [Ru(bpy),L,]*", where L
denotes auxiliary ligation, used as the building blocks in the
fabrication of molecular assemblies have been an important
focus of such research because ruthenium complexes may serve
as redox-active and photo-induced sensitizers."™

Metal complexes formed as thin solid films are particularly
useful for designing potential devices because the two-
dimensional ordering of their films can be readily controlled.>¢
Accordingly, Langmuir—Blodgett (LB) techniques have
become an invaluable tool for the construction of molecular
assemblies. For example, numerous LB strategies have been
used to construct thin films, with tunable electrochemical and
photophysical properties, based on the well-characterized
photosensitizer [Ru(bpy),]**. Some strategies include incorpor-
ating ruthenium compounds in hydrophobic LB films”® or
designing [Ru(bpy);]** derivatives with hydrophobic func-
tions to help stabilize monolayer formation.>™ De Armond
incorporated [Ru(bpy);** from an aqueous subphase into
stearic acid films by cationic exchange.®® Bard has directly
formed hydrophobic LB films from amphiphilic [Ru(bpy);]**
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derivatives and his group was first to demonstrate electro-
generated chemiluminescence from a Langmuir monolayer.’
Matsuda and co-workers have examined in detail the electrode
kinetics of polypyridine ruthenium and osmium surfactants
formed as monolayer films on tin oxide electrodes by LB tech-
niques.'® The optical properties of monolayer assemblies based
on [Ru(bpy);]** have also been explored.” De Armond and
co-workers have also examined LB films of tris(phenyl-
pyridine)iridium(i) ' and the square-planar system bis(2-(2-
thienyl)pyridine)platinum(ir) mixed with stearic acid."

For the most part, the ruthenium-bipyridine complexes
have an octahedral cis configuration."* By comparison, fewer
studies of trans ruthenium-bipyridine complexes have been
reported.'*'¢

Interest in ruthenium imidazole complexes has grown as
scientists search for novel systems that may potentially serve as
molecular electronic devices."™ Imidazole derivatives are
important building blocks in the synthesis of large molecular
assemblies because they can serve as bridges between the redox
centers of polynuclear metal complexes. An imidazole can
coordinate to a metal ion as either the neutral (HIm) or
deprotonated form (Im), thus most studies involving
ruthenium-bipyridine systems with imidazole have focused on
the electrochemical and spectroscopic properties in relation to
acid-base chemistry."”

To explore the coordination chemistry of ruthenium imid-
azole systems but without the complications of deprotonation
from the N-H imino group, N-alkyl derivatives can be studied.
Accordingly, we have investigated the chemistry of a novel
ruthenium complex containing the tetradentate ligand 2,2',6,6’-
bis(N-dodecylbenzimidazol-2-yl)-2,2'-bipyridine) (Scheme 1).
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We have already reported our preliminary LB analysis,'® and
we now provide a more complete account of the solution and
surface chemistry of the title complex in addition to compu-
tational analysis. The INDO model, as developed by Zerner 228
in the ZINDO program has been shown to be very useful
in reproducing the electronic spectra and the structure of
ruthenium(ir) complexes.?*** It is used here to understand the
electronic structure of the title complex.

Results and discussion
Synthetic studies

The reaction of RuCl,(Me,SO), with the free ligand in either
toluene or methylene chloride was used to prepare Ru-
(ddbbbpy)Cl, as a dark purple powder in good yield. Alter-
natively, [RuCl,(cym),], (cym = p-cymene) has been used to
prepare Ru(H,bbbpy)Cl, and Ru(dmbbbpy)Cl,'®** (where
H,bbbpy and dmbbbpy are the corresponding ligands where the
dodecyl group is replaced by hydrogen or methyl respectively).
Elution (methylene chloride/hexane) of Ru(ddbbbpy)Cl, over
silica gel yielded only one fraction and elemental analysis con-
firms the purity of the complex as a monohydrate.'® The elec-
tronic absorption spectrum of Ru(ddbbbpy)Cl, in methanol at
25 °C shows no change upon addition of acid indicating that
the four sp?-nitrogen atoms are coordinated to the ruthenium
center. The title complex is more soluble (ca. 0.1 g/mL™") in
weakly polar solvents such as methylene chloride, chloroform,
and toluene than are Ru(H,bbbpy)Cl, and Ru(dmbbbpy)Cl,;
the relative variations in solubility are attributed to the long
alkyl chains of Ru(ddbbbpy)Cl,.

Only a slight excess of ligand (~1.2 equivalents) is needed to
prepare Ru(ddbbbpy)Cl, presumably due to a strong chelate
effect as manifested by the ability of the ligand to displace all
four Me,SO ligands of the starting Ru complex. For example,
bipyridine and phenanthroline react with RuCl,(Me,SO), to
displace only two Me,SO molecules forming RuCl,(Me,SO),L.
Displacement of four Me,SO ligands was only observed by
refluxing RuCl,(Me,SO), in neat ligand as is the case for the
formation of RuCl,(py),.*® Preparations that used a 10-fold
excess of ligand gave only slight increases in the overall yield.

'"H NMR

The '"H NMR of Ru(ddbbbpy)Cl, recorded in (CD,),SO con-
sists of five sets of resonances in the aromatic region. Proton
are assigned as H,, H,/H;, Hy, H, and H,/H, in order of low-
field to high magnetic field, consistent with C,-symmetry for the
compound. These assignments are based upon decoupling
experiments reported for Ru(dmbbbpy)Cl,.” These assign-
ments are also consistent with the proton spectrum of the free
ligand ¥ and Ru(bpy),Cl,.'"* Signals for H; and H, overlap a
large doublet and the shifts H, and H_ appear as a multiplet.
The bipyridyl protons appear as a doublet (H;), doublet (Hj;),
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and triplet (H,) in increasing field strength. The change in the
chemical resonances of the imidazole protons relative to the
free ligand indicate strong o-donation of the nitrogen lone-
pairs to Ru(m)."

A molecular model of Ru(ddbbbpy)Cl, indicates that the
chelate must distort from planarity and thus lower its symmetry
in order to coordinate to the metal center. The resulting
increase in van der Waals forces between the adjacent H,
protons will lead to their downfield shift.*®* A planar ligand
arrangement around the Ru(i) center will also shift the H,
protons due to Ru(i) n-backbonding to the pyridine ring."
Distortions of the ligand from planarity however should relieve
steric repulsions of the benzimidazole rings and help attenuate
the through-space proton—proton interactions. For example, in
the absence of any strain-relieving distortion, the Hy protons
would be deshielded to an even greater extent.'”®

Computational studies

The title complex, but with replacement of the long chains by
a methyl group, was geometry optimized using the ZINDO/1
method (see Experimental section).?*® The Ru—N(bpy)
optimized at 200 pm which is rather shorter than found
with simple bipyridine ruthenium(i) species, while the Ru—
N(imidazole) fragment bonds were slightly longer (206 pm)
than the former distances. The Ru—Cl bond lengths were 237
pm and the ClI-Ru-Cl angle is very close to 180°. The opti-
mized xyz file can be observed, using CHIME, as supporting
information.

The overall symmetry of both complex and free ligand
approximates to C,, with the C, axis bisecting the bipyridine
NN coordinating fragment. The deviation from C,, symmetry
is due to the buckling of the benzimidazole residues to minim-
ize steric hindrance. The actual symmetry is C,. The C, axis is
defined as z and the approximate plane of the molecule is xz.
Table 1 shows the molecular orbital energies of the frontier
orbitals of the complex together with a breakdown of the
squared coeflicients into ruthenium, bipyridine and benzimid-
azole localized. Although the ligand is a single entity, some
insight into the structure can be obtained by factoring it into its
bipyridine and benzimidazole components. Frontier molecular
orbitals of the complex are shown in Fig. 1.

The molecular orbitals of the free ligand (Fig. 2) were
derived by removing the ruthenium and chlorine atoms (from
the computer file) and recalculating the MOs of the ligand but
without re-optimizing the geometry.

Approximating the symmetry to C,,, the three d (t,,) orbitals
can be seen fairly closely to have #88 (HOMO) § (xy, a)
symmetry, degenerate with #87 (HOMO) = (yz, b) symmetry,
and #86 (HOMO — 2) 6 (z?, a) symmetry, with respect to the
bipyridine NN fragment, where the a,b refer to symmetry in the
group C,. The degeneracy of #87 and #88 is interesting since
there is no requirement for degeneracy in the point group C,. If
it is not accidental, then the molecule is behaving as if there is
an effective c, axis perpendicular to the molecular plane.
Indeed, a cis-square system, MX,Y, although of C,, symmetry,
does behave*” as though it has such a c, axis with energy levels
appropriate for the point group Dg,. The reason for this is that
the effective field along the x and y axes is the same, being the
sum of the X and Y ligand contributions, and hence there is a
virtual ¢, axis. This is apparently the case here.

Orbital #86 (HOMO — 2, a) is fairly pure Ru since, lying in
the plane of the ligand, it interacts only weakly therewith.
There are three fairly low lying empty n* orbitals. Orbitals #90
(LUMO + 1, b) is mostly localized on the bipyridine fragment,
while orbitals #89 (LUMO, b) and #91 (LUMO + 2, a) are
distributed more evenly over the whole molecule.

The free ligand HOMO-1 (#76), LUMO (#78) and
LUMO + 2 (#80) have “b” symmetry and may then interact
with the metal yz (b) d -orbital while the HOMO (#77) and



Table 1 Molecular orbital energies of the title complex and contributions of atomic orbitals of ruthenium, chloride, bipyridine and benzimidazole
fragments

Orbital“ Energy/eV ~ %Ru %Cl %Benzimidazole %bpy Symmetry®
98 1.239 1 0 72 27 b

97 1.088 65 26 3 5 a,c

96 0.938 0 0 78 21 a

95 0.862 0 0 97 3 b

94 0.809 0 0 85 15 a

93 0.621 0 0 67 33 b

92 0.202 0 0 25 75 a

91 -0.772 11 0 40 49 a, xy, 0
90 —0.896 6 0 5 89 b, yz,
89L —1.198 4 2 43 52 b, yz, m
88H —6.512 62 5 16 17 e(a), xy, &
87H —6.512 63 6 13 18 e(b), yz,
86 —6.700 87 1 7 5 a,z2+x*—)Lo
85 —8.059 2 3 77 18 a, xy, 0
84 —8.223 4 7 81 8 b, yz, 1
83 —8.373 1 18 78 2 b, yz,y,
82 —8.527 3 11 86 1 a, xy, o
81 —8.968 4 66 19 11 by,

80 -9.162 0 34 18 48 a

79 —9.243 0 95 3 2 b

78 —9.288 1 94 2 3 a

LUMO+2, LUMO+1, #90

LUMO, #89 HOMO, #88

HOMO, #87 HOMO-2, #86

Fig. 1 Sketch of some frontier molecular orbitals for the parent complex. See supporting information for sketches of other frontier orbitals of the
complex and the free ligand (in colour).

LUMO + 1 (#79) have “a” symmetry appropriate to interact d,, yz with the free ligand LUMO #78, and to a degree typical
with xy (a), the d; orbital. of simple ruthenium bipyridine species.** Orbital #89 (LUMO)

In the complex, back donation into the bipyridine fragment arises from coupling of d, with the free ligand LUMO + 2
occurs in the #90 (LUMO + 1) orbital via the n-interaction of (#80).
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Fig.2 Sketch of some frontier molecular orbitals for the free ligand in the conformation of the complex. See supporting information for sketches of

other frontier orbitals of the complex and the free ligand (in colour).

Back donation into the LUMO + 2 (#91) is surprisingly
large (ca. 11%, Table 1) and involves the ds-orbital coupled to
free ligand LUMO + 1 (#79). The reason for the enhanced
degree of back donation can be seen in the representation of
this molecular orbital (#91) in Fig. 1. It is evident that the d;
orbital is well placed to back donate into ©* orbitals of both the
bipyridine and benzimidazole fragments at the same time. A
unique observation.

Absorption spectra

The electronic spectrum (Table 2, Fig. 3) of Ru(ddbbbpy)Cl,
shows a broad absorption manifold in the visible region
(1300025000 cm™!) which is a series of overlapping d,—p,«
MLCT bands.'®" Two narrow absorption peaks at 2720028400
cm ! are also MLCT in origin. In addition there are two strong
ligand based n—n* transitions in the ultraviolet region, to 42000
cm™!, corresponding to similar absorption to the free ligand
being relatively unshifted upon coordination.”

The existence of three low lying n* orbitals explains the
presence of so many spectrum overlapping Ru d—n* MLCT
transitions. A gaussian deconvolution revealing at least six
absorption bands is shown in Fig. 3 (inset). The ZINDO/S
calculation®*® reproduces these general features and predicts
as many as 12 MLCT transitions of reasonable intensity
(f>0.01) up to 31000 cm ™! (Table 2). These arise, in this rather
low symmetry molecule from transitions from each of the d(t,,)
orbitals to the aforementioned three low lying n* orbitals local-
ized on the ddbbpy ligand but having a significant metal contri-
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bution. Additional MLCT bands (Table 2) lie above 25000 cm ™!
and will overlap the lower lying m—m* transitions. We have
assigned the specific experimental transitions, in terms of their
general agreement in energy and relative intensities to the pre-
dicted data. The vertical bars in Fig. 3 illustrate the positions of
the predicted transitions and are scaled to the maximum visible
region intensity (see Experimental section). There is really quite
good agreement between predicted and experimental data in
terms of both energy and relative intensity.

Electrochemistry

The cyclic voltammetry of Ru(ddbbbpy)Cl, was investigated at
ambient temperature in CH,Cl, with 0.1 M (C,H,),NPF as
supporting electrolyte. The oxidation potential of Ru®-
(ddbbbpy)Cl, is E: = —0.04 V vs. Fc*/Fc (+0.63 V versus NHE);
the redox wave exhibits L,/I,.=1 and E,,=80 mV which is
consistent with a reversible one-electron oxidation process. The
wave is stable with respect to continued cycling. A linear
relationship between anodic peak current and square root
potential scan rate is observed below 200 mV s™!. The reduction
wave at —1.66 V vs. Fc*/Fc is irreversible'® however upon
repeated cycling the return (anodic) wave stabilizes with £, =
140 mV at a scan rate of 100 mV s~ .

Spectroelectrochemistry and electron paramagnetic resonance
spectra

The reversibility of the controlled potential oxidation clearly
demonstrates that no irreversible structural changes occur



Table 2 Comparison of experimental and predicted transition
energies (cm '), with assignments

Experimental Predicted® Assignment©
14690 (7.3, 2619) 13300 (0.04) 86, 88—89
17050 (8.2, 2370) 16650 (0.04) 8791
17900 (0.03) 88—91; 87, 89—90 (vm)
21335 (4.7, 1824) 19150 (0.05) 86, 88—89; 86, 88—90 (vm)

19900 (0.15) 86, 88—90; 8889

27200 (24.8) 24900 (0.12) 87—90, 88—91
28400 (26.9) 28450 (0.33) 87—92; 8589
28650 (0.02) 86, 88—92
29450 (0.01) 87—92; 85—>89*
29500 (0.02) 86, 88—92*
31400 (62.0) 30100 (0.09) 8699
31000 (0.83) 84—89; 8591 (vm) t—1*
40300 (49.3) etc. T

“See Fig. 3. Numbers in parentheses are the molar absorptivity (1073
M ! cm™) followed by the bandwidth in cm™". * Values calculated by
the ZINDO method (Reimers/Hush code) as previously described.??®
Numbers in parentheses are calculated oscillator strengths. All bands
with oscillator strengths of at least 0.01 are reported. Predicted bands
above 31000 cm ™! are less accurate and are not included. Energies are
rounded to the nearest 50 cm™". ¢ See text and Table 1 for the nature of
these transitions, and supplementary material for pictures of the
orbitals concerned. All the transitions are MLCT except where indi-
cated otherwise. (vim) signifies an extensive mixture, due to configur-
ation interaction, of many transitions of which only the major ones are
cited. Cautionary note: because of the presence of so many overlapping
bands, the 1:1 correspondence shown here between experimental and
predicted bands, should be considered illustrative rather than definitive.
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Fig. 3 (a) Electronic absorption spectrum of Ru(ddbbbpy)Cl, in
CH,Cl, The vertical bars are the ZINDO/S calculated energies with
oscillator strengths scaled to the maximum of the visible absorption
(see Experimental section). (inset) Curve fitting analysis of d—n*
MLCT manifold. Experimental data indicated by a dotted line and a
bold solid line represents the sum of the Gaussians (lines) used in
analysis. See text.

during oxidation to generate [Ru™(ddbbbpy)Cl,]*. The change
in the electronic spectrum that results during the controlled-
potential oxidation is essentially identical to that shown previ-
ously for the dimethyl analog (Fig. 4 of ref. 19). It is shown as
supporting information (Fig. S2). The species exhibits no
absorption in the near-infrared region. The neutral parent
complex Ru*(ddbbbpy)Cl, is diamagnetic based on its sharp
NMR spectrum and silent EPR signal at room and low
temperature. The low temperature (77 K) EPR spectrum of
[Ru(ddbbbpy)Cl,]* produced coulometrically by electrolysis at
0.72 V vs. NHE was recorded in frozen methylene chloride—
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Fig. 4 Surface pressure—area (n—A) isotherm for the title complex at

20 °C on a pure water surface recorded at a linear compression speed of

20 mm min L.

methyltetrahydrofuran. The oxidation product was previously
ascribed (for the R = Me species ') to formation of a Ru(im)
species and this is confirmed in the current work by an EPR
spectrum typical for a rhombohedrally distorted Ru(ir) com-
plex with g values of 2.73, 2.20 and 1.82 for (arbitrarily labeled)
g+ & and g, respectively.*® A relatively large rhombic distortion
is manifest by the difference in the three g values, i.e., the non-
degenerate components of g,, consistent for a planar C, sym-
metrical complex and the non-degeneracy of the two equivalent
sets of coordinating nitrogen atoms of the ddbbbpy chelate.®®

Langmuir films

n—A Isotherms. The 7—A isotherms of Ru(ddbbbpy)Cl,
spread from CHCI; solutions onto pure water at 20 °C were
recorded at several barrier compression rates. The mean area
occupied by a molecule at monomolecular coverage is deter-
mined to be 115+ 3 A? and does not vary with compression
speed. The isotherm (Fig. 4) indicates that the complex begins
to pack at an area per molecule of ~126 A2. The isotherms then
become steep with a limiting molecular area of ¥91 A2 and a
collapse pressure of 28 mN m™! consistent with data for other
ruthenium-bipyridine surfactant derivatives.'® By using crystal-
lographic data*****! or the ZINDO optimized structure, the
largest cross sectional area for Ru(ddbbbpy)Cl, is approxi-
mately 150 A% From these data, the tilt angle for the molecule
lying on the subphase surface can be approximated at =30°.
Yamada and co-workers'® determined tilt angles of 38° for
various Ru(bpy);>* surfactants bearing hexadecyl and octa-
decyl alkyl chains albeit their data pertain to multilayer films on
a solid substrate. The molecular orientation and tilt angles were
attributed to weak surface interactions of the hydrophobic
head groups with the solid substrates.

Interestingly, isotherms recorded at slow linear barrier-
compression-speeds (0.5-3.0 mm min~') indicate that the
monolayer film appears to collapse at 44 mN m ™' with a corre-
sponding area per molecule (APM) of ~60 A2 and an estimated
tilt angle of 66°. The APM is very small for a molecule as large
as Ru(ddbbbpy)Cl, although small APM values and thus large
tilt angles have been reported for phthalocyanines and related
complexes.*** Isotherms recorded at barrier speeds of 5-50
mm min~! more clearly show monolayer collapse consistent
with a large complex with a large cross-sectional area. Mono-
layer films are readily transferred from the trough to solid
substrates indicative of the stability of the film. For example,
electrostatic intermolecular and intramolecular interactions
increase as the film is compressed, i.e., intermolecular n—mn
interactions of the aromatic portion of the ligands and n—CH
interactions resulting from the alkyl chains and the conju-
gated portion of the ligand.** Strong m—m interactions may
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Fig. 5 Electronic absorption spectra of Ru(ddbbbpy)Cl, recorded as
LB film 20 layers thick (5 cycles of Y-type transfer) at a deposition
pressure of 17 mN m™'. Films transferred from monolayers formed
at compression speeds of 1 (solid), 5 (———-), and 20 (-+----+ ) mm min !
(in order of decreasing intensity). The correlation of absorbance
(Amax = 324) vs. number of layers transferred is shown inset.

lead to aggregation of the film,* but repeated compression—
decompression cycles of the monolayer show hysteresis in the
isotherm. Reproducible compression—decompression cycling
also demonstrate that the monolayer film does not polymerize
during compression.*?

Electronic absorption spectra. Absorption spectra of the
Langmuir-Blodgett films of Ru(ddbbbpy)Cl, are shown in
Fig. 5. The films were transferred at a surface pressure of 17
mN m™ ! and 5 cycles of Y-type transfer resulting in 20 layers.
The most intense absorption lies at 30900 cm™ in the elec-
tronic spectra of these LB film layers. The absorption is slightly
greater for samples fabricated at slower compression speeds
(inset of Fig. 5) inferring better film formation and transfer-
ability presumably due to better film organization. Although
the transfer ratios of the monolayer to substrate were all osten-
sibly unity, an increase in absorption may be due to a more
efficiently closed packed film formed at slow speeds thus giving
more sample per area than films transferred at faster speeds.

Several ligand n—n* bands observed in the solution spectra
disappear in the spectra of the LB films and the absorption
maxima at 31400 cm ™' is shifted down 500 cm™!. This may
indicate weak intermolecular m—m interactions between the
aromatic portion of the chelates in the layered films; a broaden-
ing of the ligand-based n—n* bands into a single broad mani-
fold supports this hypothesis.** A consistent amount of
material is transferred to the substrate after each deposition
cycle is complete as noted by the linear plot of absorption vs.
number of layers (inset, Fig. 5). Polarized spectra of the LB
films were recorded at angles of 0° and 60° to the normal of the
substrate surface. An increase in o-polarized absorption and a
decrease in m-polarized absorption is observed in the spectrum
recorded at 60° relative to the 0° spectrum supporting that the
film is canted by ~30° on the substrate’s surface, and more
generally, arguing for organization of the film.

The electronic spectrum of the monolayer recorded on a pure
water subphase (a mirror is placed under the surface to reflect
back the incident beam) is similar to the spectra of the LB
multilayer films transferred to and recorded on a substrate; no
discernible shift in the 1,,,, at 324 nm was observed. Addition-
ally, absorption of the monolayer increases with an increase in
the surface pressures of the monolayer (from 5 mN m™! to 30
mN m ™) as would be expected as the APM decreases and thus
the film surface density increases.

Electrochemistry. Examination of the electrochemical prop-
erties of the films of Ru(ddbbbpy)Cl, is essential toward under-
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Fig. 6 Cyclic voltammetry of 20 layers of Ru(ddbbbpy)Cl, deposited
on ITO electrodes at a deposition pressure of 17 mN m™!in 0.2 M KCl
aqueous solution. Inset is corrected anodic peak current versus scan
rates of the potential sweep.

standing the potential uses for such complexes as molecular
electronic devices. The electrochemical properties of thin films
of Ru(ddbbbpy)Cl, were studied by using cyclic voltammetry
on films comprised of 20 monolayers (5 Y-type transfers) trans-
ferred on to hydrophobic indium doped tin oxide (ITO)
electrodes in aqueous solution with 0.2 M KCl as supporting
electrolyte. The conductivity of the films was confirmed
through observation of quasi-reversible cyclic voltammograms.
Fig. 6 shows the voltammograms for Ru(ddbbbpy)Cl, recorded
at scan rates of 20, 50, 100 and 200 mV s~ !. An average
Eé =0.70 V vs. NHE (0.46 vs. SCE) for the surface waves was
measured as compared to 0.63 vs. NHE in solution. The
solution E: value was recorded in a non-polar media with a
platinum vzvorking electrode while the surface potential was
recorded in a dilute aqueous KClI solution and these differences
likely account for differences in the two oxidation potentials. At
higher scan rates, the peak-to-peak separation increases,
accompanied by an increase in i,,/i,. and a broadening of the
reduction wave. The increase in peak-to-peak separation may
be due to poor contact between Ru(ddbbbpy)Cl, and the elec-
trode surface perhaps stemming from interferences with the
long alkyl chains or distortion in the aromatic backbone of the
chelate, the relatively large resistance of the ITO electrode, or
an orientation of the complex on the slide that results in
kinetically inefficient electron-transfer.” As described in the
Experimental section, the ITO slides are hydrophobic, thus the
first monolayer of Ru(ddbbbpy)Cl, is transferred to the slide
with the alkyl tails in contact with the electrode surface with the
redox active metal center situated away from the ITO surface.
Accordingly, the lipophilic alkyl groups create an additional
barrier for electron transfer as manifested by an increase in the
broadness of the waves at increasing scan rates.

The voltammograms are quasi-reversible in that the ratio i,/
i, 1s greater than unity. The slope of the graph of the anodic
peak current versus scan rate (inset in Fig. 6) is 4.8 x 107* A's
V! with a correlation coefficient of 0.999. Non-linear behavior
at scan rates in the range of 20-500 mV s~ was not observed
regardless of the large resistivity of the ITO electrode and an
increased barrier for electron transfer due to the insulating alkyl
chains. Deviations from linearity at higher scan rates illustrated
through broadening of the cathodic peak current have also
been attributed to the kinetics of the flow of counter anions,



needed to maintain charge balance, in and out of the absorbed
film. For example, at fast scan rates, anion diffusion through
the film is slower than the CV time scale: anions can readily
diffuse through the films but once the film is oxidized, outward
anionic diffusion is slow. The Cl” counter ions apparently
migrate through the film which indicates that monolayers of
Ru(ddbbbpy)Cl,, are self-assembled in a diffuse manner due to
van der Waals interactions of the long alkyl chains.**

From the peak current of the voltammograms and the area
of the electrode surface, an approximation of the concentration
of Ru(ddbbbpy)Cl, on the electrode surface can be determined
from eqn. (1), where 4 is the surface area of the electrode, i, , is

iy =1 FPVAT/ART (1)

derived from eqn. (2), I' is the concentration (mol m™?) of
the absorbed substance, n = no. of electrons transferred during
oxidation, v = the potential scan rate, R=4.184 J mol™* K!
and T = the cell temperature. From eqn. (1), an estimate of the
surface concentration of I"=1.75 mol m ™2 is derived leading to
a value of 95 A2 per molecule consistent with the APM derived
from the LB studies described earlier.***

Conclusions

The title complex is readily prepared in high yield from
RuCl,(Me,SO),. The complex has a rich charge transfer spec-
trum in the visible region attributed to d,—p,- transitions to the
three lower lying unoccupied orbitals of the tetra-imine ligand.
An unusual d; back-donation mechanism is noted. The com-
plex is soluble in weakly polar organic solvents which facilitates
its study by using Langmuir—Blodgett methods. The electronic
absorption spectra of thin films of Ru(ddbbbpy)Cl, on a solid
substrate lose some of the optical features observed in the solu-
tion spectrum and more closely resemble solid-state spectra.
Thin films of Ru(ddbbbpy)Cl, are conductive as demonstrated
by the quasi-reversible cyclic voltammograms of the films
formed on ITO electrodes. Further modifications of the com-
plex will be necessary in order to utilize Ru(ddbbbpy)Cl, for
application purposes.

Experimental

Preparation of dichloro(6,6’-bis(/V-dodecylbenzimidazol-2-yl)-
2,2'-bipyridine)ruthenium(1r)

A solution of RuCl,(Me,SO), (96 mg, 0.20 mmol) and 6,6’'-
bis(N-dodecylbenzimidazole)-2,2'-bipyridine (150 mg, 0.21
mmol) in degassed toluene or methylene chloride (25 mL) was
refluxed for 2 hours. The solution volume was reduced in vacuo
followed by addition of acetone (10 mL). The resulting solution
was poured into diethyl ether (200 mL) and the solution cooled
in a refrigerator for 2 hours to complete precipitation. The dark
purple powdery product was then collected by filtration,
washed several times with diethyl ether and dried: yield 130 mg,
73%. 'H NMR (500 MHz, (CD;,),S0O): § 8.59 (2H, d, J=17.6,
H,), 8.50 (4H, d, J=8.2, H; and H,), 8.03 (2H, d, J=8.1, Hy),
7.86 2H, t, J=17.9, H,), 7.70 (4H, m, J = 8.3, H, and H,), 0.84
(6H, t,J =12.8, C;;H,,CH,). Shifts from ¢ 3.37 to 0.84 integrate
for SOH. Anal. Calc. for C,HCLLN.Ru-H,O: C, 63.00; H,
7.27; N, 9.18. Found: C, 63.10; H, 7.25; N, 9.19%.

Physical measurements

Electronic spectra were recorded with a CARY 2400 UV-vis-
NIR spectrophotometer for solutions and with a HP 8354
diode array processor for LB films. Electrochemical measure-
ments were obtained with a PINE instruments RDE3 potentio-
stat. The working electrode was either glassy carbon or a
platinum button electrode and the auxiliary electrode was a
platinum plate. The ferrocenium/ferrocene couple was used as

an internal calibrant (0.45 V versus AgCl/Ag or 0.67 vs. NHE in
CH,Cl,).*® For the LB film work, a normal three-electrode cell
was used with the ITO slide serving as the working electrode
and Pt wire and SCE used as counter and reference electrodes,
respectively. Solutions were degassed by Ar bubbling prior to all
electrochemical measurements. An optically thin cell was used
to collect spectro-electrochemical data with the CARY 2400
spectrophotometer and the PINE electrochemical potentiostat.
Spectra were taken at or near the oxidation potential of the title
complex. Given the thickness of the cell (0.25 mm), five minutes
was typically sufficient to complete the bulk electrolysis at a
selected potential. Spectra were recorded at a selected potential
step until no further change in the spectrum was observed.
Electron paramagnetic resonance spectra were obtained with a
Varian E4 spectrophotometer and were calibrated against
diphenylpicrylhydrazyl (DPPH). 'H NMR were measured with
a 300 MHz Briiker instrument or a 500 MHz JEOL spec-
trometer with tetramethylsilane used as an internal standard.

Isotherm measurements and formation of LB films

Pressure—area isotherms of Ru(dddbpy)Cl, were recorded on a
KSV (Stratford, CT) 3000 Langmuir-Blodgett trough modified
to operate double barriers. Purified water (resistivity of 18 MQ
cm) was used in all the LB experiments. Langmuir monolayers
were formed by spreading 80 puL of a 1.4 x 10™* M chloroform
solution of Ru(dddbpy)Cl, onto an aqueous subphase. After
allowing for solvent evaporation and molecular reorganization,
about 5 minutes, the monolayer was compressed at speeds from
0.5 mm min~! to 100 mm min.”! Surface pressure was measured
with a platinum Wilhelmy plate suspended from a KSV
microbalance.

Glass microscope slides used for recording absorption spec-
tra were first cleaned by using the RCA cleaning procedure and
then dried under nitrogen.* Octadecyltrichlorosilane, OTS, was
self-assembled onto the substrates to make them hydrophobic.
The clean slides were immersed into a 2% solution of OTS in
hexadecane for 2 hours, and dried under nitrogen. Hydro-
phobic ITO slides were used as provided.

For the UV-Vis and electrochemical studies, Langmuir
monolayers were compressed to a pressure of 17 mN m™! and
bilayers were transferred onto hydrophobic substrates at speeds
of 15 mm min~! on the upstroke and downstroke. During film
transfer, the Langmuir monolayer was held at a constant pres-
sure and the films were formed by continuous deposition at the
air/water interface. Multilayers were deposited onto substrates
with transfer ratios of approximately unity.

Computational studies

Geometry optimizations were carried out by the INDO/1
method and used a developmental version® of ZINDO run-
ning on a Silicon Graphics Computer and with Ru, p(4d) = —20
eV.** These optimized files were then used as input for a further
round of geometry optimization using Hyperchem 5.1 (Hyper-
cube, Florida, v 5.1) running on a Pentium III 600 MHz Intel
computer. The electronic spectra, orbital energies and mixing
coefficients were calculated with ZINDO/S using a code kindly
supplied by Reimers and Hush.5! This utilized the ruthenium
INDO/S parameter set obtained by Krogh-Jespersen et al.>?
Interaction factors were k,, = 1 and 1.267 and k,, = 1 and 0.585
for ZINDO/1 and ZINDO/S respectively. The configuration
interaction calculation, with ZINDO/S, used the 400 lowest
energy singly excited configurations exciting from orbitals 68 to
88 into 89 to 108. Increasing the number of configurations had
little effect on the predicted transition energies. Oscillator
strengths of electronic transitions were calculated in the dipole
length approximation including the one-center sp and pd
atomic terms. Fig. 3 shows the predicted energies as bars. The
predicted oscillator strengths were scaled to the experimental
data by fitting the maximum intensity absorption in the visible
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region. We are scaling oscillator strengths to molar absorptivity
so that a direct match cannot be expected due to undoubted
variations in bandwidth. Nevertheless a general fit can be
anticipated.

The molecular orbitals shown in Fig. 1, 2 were generated
by the Hyperchem 5.1 programme. The orbital energies
and percent mixing derived for the frontier orbitals using this
programme were extremely close to those predicted by the
Reimers/Hush code. The mixing coeflicients were calculated
using the MOMIX program ver. 4 written by by S. I. Gorelsky
and A. B. P. Lever. This programme, which can be used to
process output from a variety of codes, is available from the
authors.
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