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Monolayer films of Ru(bpy):(bpy-C,9)?* and Ru(dp-bpy)s?*, on a Langmuir trough contacted by the
horizontal touch (HT) method with an indium-tin oxide (ITO) coated glass or a highly oriented pyrolytic
graphite (HOPG) electrode, are characterized by imaging of their electrogenerated chemiluminescent
(ECL) emission. ECL photographs of the Ru complexes suggest that aggregation of these amphiphiles
occurs prior to their compression. In addition to the ECL measurements, pressure/area isotherms and
cyclic voltammetry were used to study the behavior of these Ru complexes at the air/water interface.

Introduction

We consider here monolayers of ruthenium complexes
at the air/ aqueous subphase interface and, when contacted
by an electrode surface, their characterization by elec-
trogenerated chemiluminescence (ECL). Two different
Ru complexes are considered; their structures are shown
in Figure 1. The first, Ru(bpy)z(bpy-Ci9)?*, studied
previously,! with a long hydrocarbon tail, is typical of
molecules that form Langmuir monolayers. The second,
Ru(dp-bpy)s?*,2 while fairly insoluble in the aqueous sub-
phase, is a nonconventional monolayer molecule. With
the increasing interest in Langmuir monolayers and mul-
tilayer assemblies transferred onto solid supports by the
Langmuir-Blodgett method, the development of charac-
terization techniques for these thin organic films has
become more and more important.? Techniques are
needed to study monolayer structure, degree of ordering,
uniformity, and stability. For example, imaging of mono-
layer and submonolayer coverages of luminophores by
fluorescence microscopy has been used in the character-
ization of monolayer films. ECL imaging, which involves
the electrogeneration of species which react to form excited
states, can address several of these issues, particularly the
uniformity of ECL-active molecules transferred onto
electrode surfaces.® Photographs of the ECL emission
give a direct measure of the deposition pattern of an ECL-
active probe on the electrode surface. In addition to the
spatial distribution of the probe on the electrode, some
information related to the local environment of the
luminescent probe can be inferred from the intensity of
the ECL emission, which is strongly dependent on the
quenching of the luminescent molecule by the electrode
and by neighboring molecular quenchers. We previously
described®” “on-trough™ electrochemical studies of films
at the air/aqueous subphase interface in which the film
was brought into contact with an electrode using the
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Figure 1. ECL photographs of monolayers of (A) Ru(bpy).-
(bpy-C19)?* and (B) Ru(dp-bpy)s?* transferred to HOPG elec-
trodes at surface coverages of 110 and 125 A2/molecule, respec-
tively. For these ECL photographs (right), the exposure time
was 30 s. For comparison, photographs of the electrodes under
external illumination taken just prior to the ECL measurements
(left) are also shown. HOPG electrode size: 0.5 cm by 0.5 cm.

“horizontal touch” (HT) method.? We now extend this
approach to on-trough ECL photography of Langmuir
monolayers of luminescent Ru complexes. Thetechnique
is also shown to be useful in the study of the aggregation
of amphiphiles at the air/subphase interface at low surface
coverages.

Much recent attention has been directed toward the
formation and structure of highly conjugated, rigid am-
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Figure2. Schematic diagram of the on-trough ECL photography
apparatus. The figure shows a cutaway drawing of a Teflon Lang-
muir trough filled with an aqueous subphase.

phiphiles for possible use in the fabrication of nonlinear
optical films and molecular electronic devices.> Theseam-
phiphiles generally form very “stiff” monolayers which
tend to form two-dimensional crystallites or aggregates
under low surface pressure conditions.? The transfer of
these films onto solid supports via the traditional Lang-
muir-Blodgett method can result in serious film defects.
Characterization of the state of the monolayer film on the
air/subphase interface is therefore of importance for the
development of the optical and electrical uses of these
films. Of particular interest is the relationship of the
structure of the amphiphile to its viscoelastic properties
in monolayer films on the Langmuir trough. In this work
the level of aggregation of ECL-active ruthenium(II)
complexes at the air/subphase interface at low surface
pressures (0-0.1 mN /m) and the uniformity of monolayer
films transferred to electrodes using the HT%7” method are
probed by ECL photography.

Experimental Section

Materials. The synthesis of Ru(bpy)(bpy-C;)(C10,); has
been described previously.! Tris(4,7-diphenyl-1,10-phenanthro-
line)ruthenium(II) perchlorate, Ru(dpp)s(C10y);, and tris(4,4’-
diphenyl-2,2’-bipyridyl)ruthenium(II) perchlorate, Ru(dp-
bpy)s(Cl0,),, were synthesized using the procedure of Anderson
etal.!? Tris(4,7-diphenyl-1,10-phenanthroline)iron(II) perchlo-
rate, Fe(dpp)s(C10y),, and tris(4,7-diphenyl-1,10-phenanthro-
line)cobalt(IT) perchlorate, Co(dpp)s(C10,),, were synthesized
using a literature procedure.!! All other chemicals were reagent
grade and used as received. Aqueous solutions were prepared
from water purified via an ion exchange purification train (Milli
Q system, Millipore Inc.).

Indium-tin oxide (ITO) electrodes were cut from ITO-coated
glass plates (Delta Technologies, Stillwater, MN). Highly ordered
pyrolytic graphite (HOPG) electrodes were made from samples
generously supplied by Dr. Arthur Moore (Union Carbide).
Squares (0.3 cm?) of HOPG, ca. 0.05 mm thick, were mounted
on the end of a 1-mm-diameter Cu wire using Ag epoxy cement
(H20S from Epo-tek, Billerica, MA). The Cu wire was insulated
with vacuum epoxy cement. Before all experiments, the elec-
trodes were rinsed with EtOH and deionized H20 and dried with
a stream of purified Ar.

Apparatus. Figure 2is aschematic drawing of the apparatus
used for on-trough electrochemical studies and ECL photography
of transferred monolayer films. A Langmuir trough was con-
structed of Teflon with a Teflon bar which allowed for the manual
contraction and expansion of the air/subphase interface. Asin
previous on-trough electrochemistry,8” a Pt counter electrode
and a Ag/AgCl/saturated KCl reference electrode wereimmersed
in the subphase solution. For the ECL experiments, the trough
was filled with 0.1 M NaClO, and 0.1 M Na;C;0, and the surface
cleaned by repeated sweeping of the surface with the Teflon
barrier while some of the subphase solution was aspirated from
the surface of the trough. After the monolayer was deposited
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onto the subphase surface, HOPG or ITO electrodes oriented
with their surfaces parallel to the air/subphase interface were
brought into contact with the monolayer-coated surface using a
Lauda film balance lifter at a speed of 10 mm/s (HT transfer
method). The electrodes weresubsequentlystepped toa potential
of 1.2 V vs Ag/AgCl, oxidizing the surface-bound Ru complex
which, in the presence of oxalate anions, initiated the ECL
emission. The light emitted from the monolayer film was
directed, by means of two mirrors positioned as indicated in Figure
2, toward a CCD camera (model CH210, Photometrics Ltd.,
Tucson, AZ) cooled to -90 °C,

Surface pressure/area isotherms were obtained using a Lauda
preparative film balance, model P (Brinkman Instruments Co.,
Westbury, NY). Electrochemical experiments were performed
using either a potentiostat connected to a function generator
(model 173 and model 175, respectively, Princeton Applied
Research, Princeton, NJ) or a BAS 100A electrochemical analyzer
(Bioanalytical Systems Inc., West Lafayette, IN).

Results and Discussion

Principles of ECL Imaging. Imaging of monolayers
by ECL compared very favorably with fluorescence
photography. In a typical fluorescence apparatus, an
intense monochromatic light source, typically a laser, is
used to excite a fluorescent probe molecule within a mono-
layer film either at the air/subphase interface or on a solid
support.* The fluorescence emission from the monolayer
is separated from the excitation wavelength and photo-
graphed. In an ECL experiment, the probe molecule is
excited chemically through a series of redox reactions. The
probe molecules chosen for study here are those based on
the well-studied Ru(bpy)s?* system.!213 A convenient
excitation scheme for these ruthenium(II) complexes
involves the oxidation of the complex in the presence of
oxalate ion in aqueous solution.56:12 The Ru(III) centers
in the monolayer oxidize the oxalate which decomposes
to form CO; and CO;"" radical anion. The CO;" reacts
directly with the Ru(III) species, or reduces the Ru(II)
complex to Ru(I) which undergoes a redox reaction with
the Ru(III) species, producing an electronically excited
Ru(II) center, which emits light.1? Because the excitation
of the Ru(II) centers is achieved chemically, there is no
background emission or scattered light; this allows very
sensitive detection of the emitted radiation. This low
background characteristic can be exploited to develop
extremely sensitive measurements of ECL-active molecules
in solution.!4!® Because no laser excitation source or
special filters are required for this technique, the optical
system required for ECL photography is simplified over
that used in fluorescence measurements.

Toinitiate the ECL, the Ru complexes must be oxidized
to the Ru(IIl) oxidation state. This is achieved electro-
chemically by first depositing the monolayer onto the
electrode using a horizontal touching (HT) transfer in
which the electrode, oriented parallel to the air/subphase
interface, is brought into contact with the monolayer-
coated subphase. After the electrode (fabricated out of
HOPG- or ITO-coated glass) makes contact with the sub-
phase, it is stepped positive of the potential for oxidation
of the Ru complex using a potentiostat connected with a
reference and counter electrode placed in the trough, as
shown in Figure 2.

Figure 1 shows ECL photographs of monolayers of Ru-
(dp-bpy)s?* and Ru(bpy):(bpy-Ci9)?* transferred onto
HOPG electrodes near their limiting coverages (ca. 100

(12) Chang, M.-M.; Saji, T.; Bard, A. J. J. Am. Chem. Soc. 1977, 99,
5399
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and 105 A%/molecule, respectively). Alsoshown in Figure
1 are photographs of the electrodes under external
illumination taken just prior to each of the ECL photo-
graphs. From the resolution of the CCD camera and the
characteristics of its lens, one can calculate that each pixel
corresponds to approximately a 100 um by 100 um square
on the electrode surface. The dark patch seen in the ECL
photograph of the Ru(dp-bpy)s?* monolayer was due to
the air bubble which was trapped during the horizontal
transfer and is alsoseen in the photograph of the electrode
under external illumination.

The ECL photographs in Figure 1 give a direct mea-
surement of the distribution of the luminescent Ru
complex on the electrode surface. For these ECL pho-
tographs to be useful for the characterization of the mono-
layer on the air /subphase interface, the HT transfer must
not introduce macroscopic distortions in the monolayer
structure. Careful control of the HT transfer conditions
is required to achieve this result and has been addressed
at length previously.” Of primary importance is that the
surface of the electrode be uniformly hydrophobic, oriented
closely parallel with the subphase, and brought into contact
with the subphase rapidly. For both EC] images shown
in Figure 1, the emission of light appears uniform across
the surface of the electrode, which is the expected result
for a monolayer compressed to its limiting coverage.
Within the range of 180-100 A2/ molecule the intensity of
the ECL was observed to vary linearly with the surface
coverage. The uniformity in the ECL emission suggests
that the HT transfer has not resulted in collapse or
significant distortion of the monolayer film and that the
quenching of the amphiphile is uniform across the surface
of the electrode. Under these conditions the distribution
of the ECIl emission from the transferred Ru monolayer
should give a good picture of the amphiphile’s distribution
on the air/subphase interface. After the monolayer was
aspirated from the Langmuir trough, the removal of the
electrode from the subphase and reimmersion caused only
minor changes in the ECL pattern for HOPG electrodes
and had no effect on the monolayer pattern on ITO
electrodes. When the electrode was stepped to 1.2 V (vs
Ag/AgCl), both the voltammetric signal and the ECL
intensity decreased with time. For 5-min exposures, the
ECL intensity decreased by 20-30% for each successive
ECL photograph.

The ECL intensity from the Ru(bpy)s(bpy-C19)%* mono-
layer was approximately 2 orders of magnitude more
intense than that for the Ru(dp-bpy)s;** monolayer. This
large difference in the ECL intensity between these two
Ru complexes is probably due primarily to more efficient
quenching of the electronically excited Ru(dp-bpy)s®* by
the electrode surface. The difference in the quenching
rate of the two complexes may be a function of the
hydrocarbon tail present in the Ru(bpy)s(bpy-C9)2* which
may serve to insulate the headgroup from the electrode
surface. Note that the Ru(bpy)z(bpy-Ci9)?* complex
orients on the trough with its headgroup on the water and
the Cgtail toward theair. The HT transfer thus separates
the Ru(II) headgroup from the electrode surface by the
Cigtail.® The Ru(II) center in the Ru(dp-bpy)s2* molecule
lies closer to the electrode surface. Note that the pho-
toluminescence efficiency of Ru(dp-bpy)s?* and its ECL
in MeCN solution is higher than that of Ru(bpy)s?*.2 The
Ru(dp-bpy)s?* complex, when deposited in bilayer and
multilayer converages, displays dramatically enhanced
ECL emission. This effect is demonstrated in Figure 3,
an ECL photograph of a Ru(dp-bpy);2* monolayer which
has been compressed rapidly (barrier speed ca. 0.5 cm/s)
to a surface coverage of 100 A2/molecule. This rapid
compression causes localized collapse of the monolayer
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Figure 3. ECL photographs of a partially collapsed monolayer
of Ru(dp-bpy);?* at two brightness and contrast settings. The
Ru(dp-bpy)s#* monolayer was rapidly compressed to ca. 100 A2/
molecule prior to the horizontal touching (HT) transfer (see text).
During the 30-s exposure, the electrode was held at 1.2 V (vs
Ag/AgCl).

into multilayer regions on the air/subphase interface.
Several of these multilayer regions can be seen appearing
as bright patches surrounding areas covered with a single
monolayer. The ECL intensity from the monolayer
patches in Figure 3 is nearly identical to that seenin Figure
1 while the luminescence from the surrounding regions is
approximately 2 orders of magnitude more intense. When
the average area per molecule of the Ru(dp-bpy)s** on the
trough prior to the horizontal transfer and the relative
area of the multilayer regions transferred onto the electrode
are compared, the bright regions represent, on the average,
bilayers of the Rucomplex. The ECL intensity from these
bright regions is approximately equal to that of the Ru-
(bpy)a(bpy-Cig)** complex.

Comparative Behavior of Ru(bpy)2(bpy-Ci9)** and
Ru(dp-bpy)s?* Films. On-trough ECL and electrochem-
ical measurements, in addition to more traditional Il /area
determinations, were useful in contrasting the behavior
of the two molecules at the air/water interface. Although
both molecules are insoluble in the aqueous subphase, the
Cg species is a traditional L-B-type amphiphile with a
polar headgroup and a hydrocarbon chain, while the dp-
bpy complex contains the Ru(II) center inside a roughly
spherical hydrophobic shell, with charge compensating
anions in the aqueous phase.

The structural differences between these two ECL-active
complexes are also responsible for very different mono-
layer characteristics on the air/water interface. For the
I1/area isotherms for these two Ru complexes (Figure 4),
at molecular areas above ca. 200 A%/ molecule, the surface
pressure is below measurable levels for both Rucomplexes.
As seen in Figure 4A, compression of the Ru(bpy)2(bpy-
C19)?* monolayer to 160 A2/ molecule results in a gradual
increase in the surface pressure to 0.1 mN/m. Further
compression of the monolayer below 160 A%/molecule
results in a smooth increase in the surface pressure until
the collapse of the monolayer at surface pressures greater
than ca. 40 mN/m. Monolayers compressed to 30 mN/m
could be reexpanded with little hysteresis in the II/area
isotherm. While the I1/areaisotherm of the Ru(dp-bpy)s**
(Figure 4B) appears quite similar in shape to that for the
Ru(bpy)s(bpy-C19)?* complex, several distinct differences
are apparent. The surface pressure rises to a measurable
level at 170 A2/molecule and rises gradually until the mono-
layer collapses at pressures above 50 mN/m. Reexpan-
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Figure 4. Surface pressure/area isotherms for monolayers of
(A) Ru(bpy)s(bpy-Cy)?* and (B) Ru(dp-bpy)s?*. Subphases: (A)
0.3 M Na;S0,, 1.0 mM NaClO,; (B) 0.1 M NaClO,. Two surface
pressure scales are shown in (A) corresponding to the two segments
of the isotherm as indicated. The I1/area isotherm in (B) shows
three compression to expansion reversals and the large hysteresis
in this isotherm (see text).

sion of the Ru(dp-bpy)s?* monolayer at pressures below
itscollapse point resulted in a rapid decrease in the surface
pressure to near zero levels. Upon recompression of the
monolayer, the surface pressure remained near zero until
the area per molecule decreased below the previous
compression, at which point the pressure rapidly increased
to follow the previous II/area curve. Three such com-
pression/expansion reversals are shown in the Il/area
isotherm for the Ru(dp-bpy)s;?* monolayer. The I1/area
characteristics of other structurally similar tris(diphen-
ylphenanthroline) complexes, Ru(dpp)s?*, Fe(dpp)s?*,
and Co(dpp)s**, were essentially identical to that of Ru-
(dp-bpy)s?*. It is surprising that these symmetrical
complexes can form monolayers which withstand extreme
surface pressures without collapsing.’® At first glance,

(16) Watanabe, I; Hong, K.; Rubner, M. F. J. Chem. Soc., Chem. Com-
mun. 1989, 123.
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Figure 5. A schematic representation of the aggregation of the
diphenylphenanthroline and diphenylbipyridine complexes and
the effect of their compression on a Langmuir trough. Thisshows
top views of the trough as the moving barrier compresses the tris
complex monolayer to (A) 0.5, (B) 0.75, and (C) 0.95 of the close-
packed molecular area.

these tris complexes appear tolack the traditional structure
of an amphiphile (i.e., a hydrophobic tail and hydrophilic
headgroup). However, because these complexes are
charged, one can view the complex as a hydrophobic ball
with the counterions as the hydrophilic headgroup. The
dramatic hysteresis in the compression and expansion of
these monolayers seen in Figure 4 can be explained by
assuming the Ru(dp-bpy)s2* aggregates into rigid mono-
layer “rafts” which are compacted rather than compressed
as indicated in the schematic representation shown in
Figure 5. Figure 5a shows a schematic representation of
a Ru(dp-bpy)s?* monolayer after its deposition from a
HCClI; solution on the Langmuir trough. The surface
pressure remains zero during the initial compression of
the monolayer until, as shown in Figure 5b, the aggregates
begin to touch. Therising surface pressure observed upon
further compression results from the force required to
rotate, fracture, and pack these aggregates so that they
conform to the decreasing air/subphase area. Reexpan-
sion of the monolayer causes the surface pressure to drop
to zero because these incompressible aggregates do not
expand to fill the increasing surface area.

The limiting areas for the Ru(bpy)z(bpy-C1s)** and the
tris complexes are governed by the size and packing
characteristics of the cationic headgroups. The limiting
area for the Ru(bpy)z(bpy-Cie)?* complex (105 A?/
molecule) is in very good agreement with that predicted
on the basis of space-filling models, assuming free rotation
of the Ru complex (100 A2/molecule). The same assump-
tion of free rotation of the tris complexes leads to a
predicted molecular area of ca. 300 A2/molecule. While
the incompressibility of the tris complexes and the
subsequent large hysteresis in the I1 /area isotherms make
it difficult to measure the limiting coverage precisely, a
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value of ca. 100 A2/ molecule seems a reasonable estimate.
The discrepancy between the observed and predicted mo-
lecular areas for the tris complexes strongly suggests
significant interpenetration of the pendant phenyl groups.
The possible stacking of the phenyl groups between
adjacent molecules should increase the tendency of these
tris complexes to aggregate into two-dimensional crys-
tallites and severely limit any rotation about the central
metal atom. In contrast to molecules of Ru(bpy)z(bpy-
C19)?t, which has a flexible hydrocarbon chain, the tris
complexes have few structural degrees of freedom and so
should have a lower entropic barrier to forming crystal-
lites.

Several other experimental results support the presence
of these rigid single monolayer aggregates. For the Ru
and Fe complexes, these monolayer patches are visible to
the naked eye when viewed at normal incidence above a
dark background. Due to the large extinction coefficients
for these complexes at visible wavelengths, the reflectiv-
ity of the air/subphase interface is changed noticeably
due to the presence of a single monolayer of these am-
phiphiles.!"1® After a monolayer film was spread from a
0.5 mM solution in HCCl; to yield a monolayer with a
molecular area of 300 A2/ molecule, irregular light and dark
patches with sizes ranging up to ca. 5 mm in diameter
were seen at the air/water interface. As the monolayer
was compressed, the dark patches decreased in size until
atca. 110 A2/molecule when the dark patches disappeared.
The presence of the highly adsorbing monolayer increases
the reflectivity of the air/subphase interface, resulting in
the faintly visible light areas. Monolayer patches of Fe-
(dpp)s?* on the subphase were most easily seen due to its
absorbance maximum being at a longer wavelength than
that for the Ru complexes. The visible molar absorbances
(M1 ecm™!) in HCCl3 for Fe(dpp)s?*, Ru(dp-bpy)s?*, Ru-
(dpp)s?*, and Bu(bpy)z(bpy-C1g)?* are Amex = 536 nm, ¢ =
2.3 X 10% Apax = 476 nm, ¢ = 2.5 X 104 Amax = 466 nm,
€= 3.9 X 104 Aoy = 458 nm, ¢ = 1.5 X 104, respectively.
No variation in the reflectivity of the subphase surface
was visible for either the Co(dpp)s?* or Ru(bpy)z(bpy-
Ci9)?* complex.

The distribution of the amphiphile between the light
and dark patches was assessed by cyclic voltammetry.
Upon reexpansion of the monolayer from pressures
between 5 and 40 mN/m, the monolayer breaks into much
larger aggregates several centimeters squared in area. For
this reexpanded film, horizontal transfers were performed
over the light and dark regions of the monolayer film. The
amount of the amphiphile transferred was assessed by
integrating the voltammetric signal for the surface-bound
redox-active Ru or Fe complex. Figure 6 shows a typical
result of this analysis for the Fe(dpp)s?* complex. The
amount of the Fe complex transferred in the HT transfer
of a light patch is approximately identical to that trans-
ferred when the monolayer is held at a constant surface
pressure of 15mN/m. Incontrast,the voltammetricsignal
is nearly zero for transfers of the dark patches. This
variability in the voltammetric signal of HT transfers from
an expanded monolayer film is very similar to previous
voltammetric measurements of highly expanded mono-
layers of Ru(bpy)a(bpy-C15)2*.6 An important difference
between the variability seen here and that observed
previously is that, in this experiment, the level of the vol-
tammetric signal is perfectly predictable because the
location of the monolayer aggregates can be seen directly.

The difference in the reflectivity of a single monolayer
of these complexes was not sufficiently large to allow the

(17) Marple, D. T. F.; Vanderslice, T. A. J. Phys. Chem. 1960, 64, 1231.
(18) Tweet, A. G. Rev. Sci. Instrum. 1963, 34, 1412.
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Figure 6. Cyclic voltammograms of transferred monolayers of
Fe(dpp)s?*: (A) obtained using an ITO electrode coated via an
HT transfer of a Fe(dpp);** monolayer held at 15 mN/m; (B)
obtained with the same ITO electrode coated via an HT transfer
of a “light” and “dark” area of a reexpanded Fe(dpp)s?* mono-
layer (see text).

film to be easily observed from photographs of the air/
water interface. However, ECL photographs of a trans-
ferred monolayer show quite well these monolayer ag-
gregates. Figure 7 is a photograph of the ECL of a
monolayer of Ru(dp-bpy)s?* transferred to an ITO elec-
trode. Prior to the HT transfer, the monolayer film was
compressed to 30 mN/m and then expanded to a molec-
ular area of 300 A2/molecule. The monolayer appears as
a group of angular patches with a number of fissures
induced primarily by the expansion of the monolayer prior
toits transfer. The ECL emission appears uniform across
each monolayer patch and is approximately equally intense
as the monolayer transferred at 120 A2/molecule shown
in Figure 1. This suggests that the compaction of the
monolayer aggregates does not result in multilayer for-
mation which would give rise to a much enhanced ECL
intensity.

Formation of Aggregates. A question of interest with
film-forming materials at the air/water interface is the
extent of molecular aggregation, when the surface pressure
isverylow. Although thisrealm of Il is usually considered
as a two-dimensional gaseous state, nonideal gas behavior
could occur in the presence of sufficiently strong inter-
molecular attraction. In a previous paper from this
laboratory® we studied this by HT electrochemical tech-
niques. This can also be studied by on-trough ECL.

The level of aggregation of these monolayers is a strong
function of the spreading conditions. When deposited on
a clean subphase surface, a HCCl3 droplet-expands at a
certain rate, growing the several centimeters in diameter
before evaporating. Addition of Ru(dp-bpy)s?* to the
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Figure 7. ECL photographs of a Fe(dpp)s?* monolayer on an
ITO e at two magnifications. The monolayer was
compressed to 15 mN/m and then expanded to 300 A2/molecule
and the HT transfer made over a mostly “light® area (5-min
exposure; electrode width, 1.05 cm).

spreading solvent has no effect on the rate of spreading
of the HCCl; on the subphase. If the quantity of the
complex exceeded a monolayer coverage within the area
defined by the expanding HCCI; droplet just prior to its
complete evaporation, then multilayer aggregates would
beformed. Experimentally, we observed that the I1/area
isotherms of these tris complexes shifted to lower mo-
lecular areas with increasing concentration of the com-
plexes in the spreading solution, consistent with a loss of
material from the monolayer film due to the formation of
these multilayer aggregates. This can be contrasted with
the large increase in the spreading of HCCl; droplets
containing Ru(bpy)z(bpy-Ci9)2*. Nochangeinthe IT/area
isotherms of this complex was observed with concentration
in the spreading solution, even when it was 5 mM. The
multilayer aggregates of the tris complexes could be
detected visually as small white flakes at the air/subphase
interface and were observed whenever the concentration
of the complex significantly exceeded 0.5 mM. A 2-uL
droplet of a 0.5 mM solution of one of these tris(diphe-
nylphenanthroline) or tris(diphenylbipyridine) complexes
would yield a complete monolayer at its limiting molec-
ular area in a circular area 3 cm in diameter. This is
approximately the extent of the spreading of the chloro-
form before itsevaporation. More concentrated spreading
solutions of these complexes could be used if a small
quantity of another surfactant (e.g., arachidic or oleic acid)
with a higher equilibrium spreading pressure was mixed
in the Ru(dp-bpy)s?* solution. The second amphiphile
increased the rate of spreading of the HCClz droplet; thus,
each droplet covered a larger area on the air/subphase
interface before its evaporation.
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When the concentration of the complex is held well below
the 0.5 mM concentration, the amphiphiles should be
distributed uniformly within the expanding HCCl; layer
droplet just prior to its complete evaporation. Through
some process of surface diffusion, nucleation, and growth,
larger monolayer aggregates form. Indeed, the formation
of aggregates on the air /subphase interface was observed
to be a requirement for the formation of stable monolayer
films of these tris complexes. If the concentration of one
of these tris complexes in the spreading solution was
lowered below 10 uM, dissolution of the complex into the
subphase competed effectively with this aggregation,
resulting in a loss of the complex from the air/subphase
interface.” However, once aggregated, no further loss of
material from the monolayer was noted.

We were interested in probing the level of aggregation
of these monolayer films under highly expanded conditions
using ECL photography. A difficulty in addressing the
level of aggregation and nonuniformity of Ru(dp-bpy)s?*
and Ru(bpy)(bpy-Ci19)2* monolayers prior to their com-
pression into compact monolayer films is that the process
of depositing the amphiphile on the trough can lead to
artifacts in the amphiphile distribution on the air/sub-
phase interface. The expansion of each droplet of the
spreading solvent will tend to push amphiphiles at the
perimeter of the expanding solvent droplet, producing
localized compression. This local compression would be
expected to produce aggregates in the same way that large
monolayer aggregates are formed upon mechanical com-
pression of the monolayers to ca. 100 A2/molecule using
the moving barrier of the Langmuir trough. This isa likely
cause for the large (up to 5-mm diameter) aggregates
observed visually when a monolayer was spread from a 0.5
mM solution of Fe(dpp)s?* at a molecular area of 300 A2/
molecule. To minimize the compression of the monolay-
ers resulting from the spreading of the monolayer, the
concentration of the complexes in the spreading solution
was limited to between 0.1 and 0.2 mM, and each droplet
was deposited on a different region of the trough surface.
The final coverage of the amphiphiles on the Langmuir
trough was limited to a small fraction of their limiting
coverages. Under these conditions, no variation in the
reflectivity of the subphase surface could be detected
visually. ECL photography, however, shows clearly that
these amphiphiles are not uniformly spread on the air/
subphase interface but are localized into a collection of
small aggregates. Figure 8 shows ECL photographs of
highly expanded monolayers of Ru(dp-bpy)s?* and Ru-
(bpy)2(bpy-C19)2* obtained at a molecular area of 1000
A?/molecule. For the expanded monolayers of Ru(dp-
bpy)s?* (Figure 8A), several light patches ranging from ca.
0.4 to 1.0 mm in diameter are seen on the electrodes.

The transfers of monolayers of Ru(bpy)z(bpy-C19)?* at
1000 A2/molecule (Figure 8B) also show a nonuniform
distribution on the electrode surface. The localized areas
of ECI emission are similar in size to those of the Ru-
(dp-bpy)s2* monolayer but have a more diffuse perimeter.
It is apparent that some of the Ru(bpy)s(bpy-Ci9)?* is
present at a lower density over a larger region of the
electrode. From a comparison of the intensity of the ECL
emissions between these aggregates and a full monolayer
coverage shown in Figure 1, one can estimate that the
aggregates formed are roughly equivalent in coverage to
a monolayer with a molecular area of ca. 120 A2/molecule
for Ru(dp-bpy)s?* and ca. 300 A2/molecule for Ru(bpy),-
(bpy-Ci9)2*. The Ru(bpy)z(bpy-Ci9)2* aggregates are
much less compact than the Ru(dp-bpy)s?*. Confirming
evidence for this assessment was obtained by taking ECL
photographs of monolayers transferred after these highly
expanded monolayers were compressed to ca. 300 A2/
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Figure 8. ECL photographs of highly expanded monolayers of
(A) Ru(dp-bpy)s?* and (B) Ru(bpy)2(bpy-Ci9)2*. Monolayers were
transferred onto HOPG electrodes at 1000 A2/molecule (30-s
exposure).

Figure 9. ECL photographs of (A) Ru(bpy)s(bpy-C;5)?* and (B)
Ru(dp-bpy)s?* monolayers. Monolayers were initially deposited
under the same experimental conditions as those in Figure 8 and
then compressed to 290 and 320 A2/molecule, for (A) and (B),
respectively.

molecule. Figure 9 shows ECL photographs of Ru(bpy).-
(bpy-Ci9)2* and Ru(dp-bpy);2* monolayers transferred at
290 and 320 A2/molecule, respectively. The Ru(bpy),-
(bpy-Ci9)2* monolayer shown in Figure 9A is quite uniform;
this signals the coalescence of the aggregates. The Ru-
(dp-bpy)s?* monolayer, in contrast, is heterogeneous,
displaying the same small aggregates seen in Figure 8.

Langmuir, Vol. 7, No. 11, 1991 2787

The aggregation seen in the ECL photographsin Figures
8 and 9 occurs with the amphiphiles under extremely low
or zero surface pressure. From the II/area isotherm of
Ru(bpy)s(bpy-C19)2* shown in Figure 4A, the highest
coverage that would be possible for this amphiphile would
be ca. 200 A2/molecule. Thisisthe molecular area at which
the monolayer displays a measurable surface pressure. The
estimate of the coverage of the aggregates obtained from
ECL photography is therefore in reasonable agreement
with that predicted by the isotherm in Figure 4. By
compressing the Ru(dp-bpy)s?* monolayer to ca. 100 A2/
molecule and then reexpanding to 110 A2/ molecule, this
monolayer can be present at near limiting area coverage
and yet have no measurable surface pressure as seen in
Figure 4B.

Conclusions

ECL photography is a potentially powerful technique
for studying monolayer films. Because of the electro-
chemical excitation of the luminescent probe, the exper-
imental apparatus is significantly simplified when com-
pared to fluorescence techniques. The light emitted from
a monolayer of a luminescent probe such as Ru(bpy)e-
(bpy-C19)?* is several orders of magnitude higher than the
detection limit of the CCD camera used in this study. A
small fraction of a monolayer could therefore be imaged
easily with this technique. The sensitivity of the ECL
photography could then allow one to study nonlumines-
cent monolayers by adding a small quantity of an ECL-
active amphiphile as a luminescent probe as is done in
fluorescence microscopy. As demonstrated by the large
difference in the ECL efficiency between Ru(bpy)z(bpy-
C19)?* 2 and Ru(dp-bpy)s?* monolayers, special emphasis
must be placed on the structure of potential ECL probes
to minimize their quenching by the electrode surface.
These results also reinforce our earlier suggestions!®
concerning the use of adsorbed ECL emitting species as
an approach to high-sensitivity detection of very small
amounts (submonolayers) of these materials.

ECL photographs of Ru(bpy)s(bpy-Ci9)?* and Ru(dp-
bpy)s?* monolayers transferred to HOPG and ITO elec-
trodes clearly show that aggregation of the amphiphiles
occurs at very low or zero surface pressure prior to their
compression. The aggregations of the tris(diphenylphenan-
throline) and tris(diphenylbipyridine) complexes are also
supported by direct visual observations and electrochem-
ical measurements. These symmetrical amphiphiles are
anew and interesting class of Langmuir monolayers. Their
resistance to collapse and small limiting molecular areas
suggest an intimate interaction of their diphenyl moieties.
While we have no evidence about what determines the
degree of crystallinity of these monolayers, it seems
reasonable that the aggregates are in the form of micro-
crystallites which adhere into the larger aggregates ob-
served in the ECL photographs. The effect of the
compaction/compression of these crystallites in the Lang-
muir balance, the possibility of annealing the monolayer
into large single two-dimensional crystals, and their study
by X-ray or electron diffraction techniques are questions
of current interest.
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