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Fabrication of Polymer Organized Thin Films Containing Ruthenium Complexes
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ABSTRACT: Polyion complex Langmuir-Blodgett (LB) films containing Ru(dpphen),** (dpphen = 4,7-diphenyl-1,10-
phenanthroline) probe (Rudpphen) were prepared by spreading a mixed chloroform solution of N-dodecylacrylamide
(DDA)-N-acryloxysuccinimide (SuOA) copolymer and Ru(dpphen),Cl, onto the water subphase at pH = 11. The SuOA
groups undergo a hydrolysis at pH = 11 yielding the acrylate anion, which forms an ion-complex with Ru(dpphen) > in the
monolayer. It was found that Ru(dpphen),* is located in the hydrophobic portion of the monolayer at the air/water
interface. The monolayers of p(DDA/Rudpphen) could be successfully transferred on a quartz substrate with less than 14
mol % Ru(dpphen),* content. The UV-vis spectroscopy and X-ray diffraction confirmed that the Ru(dpphen),* mol-
ecules were densely packed and uniformly distributed in the polyion complex LB films. The properties of p(DDA/Rudpphen)
monolayer and LB films were compared with p(DDA/Rubpy) LB films (bpy = 2, 2’-bipyridine), which have been previ-
ously reported. The luminescence quenching of Ru(dpphen),** by oxygen was also discussed.
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Langmuir-Blodgett (LB) films, which are prepared from
the deposition of a monolayer spread on water surface
onto solid supports, such as silicon wafers, are expected
to provide a molecular organized assembly. Various kinds
of amphiphilic materials such as long-chain fatty acids
have been utilized. These LB films, however, exhibit
weak physical and thermal stability. Furthermore, the
aggregation of chromophores in low molecular weight
LB films often causes a serious problem for constructing
uniformly organized assemblies. We have continued to
study the preparation of polymer LB films using
alkylacrylamide polymers. Furthermore, various func-
tional groups have been incorporated into polymer films
as a comonomer of N-dodecylacrylamide (DDA) poly-
mer, which has an excellent ability to form a stable LB
multilayer.!-2

For example, the polymer LB films containing several
aromatic chromophores have been prepared for the pur-
pose of investigating the photochemical behavior of the
chromophores located at a regulated distance in the or-
ganized assemblies.® The efficient energy migration was
found in p(DDA/VCz) LB films,* and the pyrene moiety
well worked as a probe to characterize the molecular en-
vironment of the LB films.> In addition, polymer LB
films using copolymers of DDA with ferrocene deriva-
tives and with ruthenium complexes, were fabricated to
investigate their electrochemical properties, in particu-
lar, of their hetero-deposited LB films.® Recently we have
reported another approach to fabricate functionalized
polymer LB films, which is based on the replacement
reaction of an active ester moiety (N-
acryloxysuccinimide, SuOA) at the monolayer interface.
This method allows us to incorporate a variety of func-
tional groups, such as bioactive groups, which is diffi-
cult to incorporate by copolymerization method, mainly
due to electronic and/or steric factors.’

As a deposition technique of LB films, a polyion com-
plex method has been reported by several research
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groups;®'* a charged surfactant is spread onto a subphase
containing oppositely charged polyelectrolyte, resulting

compression

polyion complex formation

Figure 1. Schematic illustration for the formation of polyion com-
plex LB monolayer containing Ru(dpphen),*".
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Figure 2. Structure of copolymer p(DDA/SuOA) and Ru(dpphen),CI,.

in the improvement of the film stability. In the current
study, we attempt to prepare LB films containing bulky
Ru(dpphen),” group by a modified polyion complex
method (Figure 1). First, p(DDA/SuOA) is spread with
Ru(dpphen),** on the subphase at pH = 11. The SuOA
moieties undergo hydrolysis yielding acrylate anions on
the water surface. By compressing the mixed monolayer,
a stable polymer monolayer with Ru(dpphen).** is formed
as a polyion complex. The LB films fabricated from the
transfer of the monolayer were investigated by X-ray
diffraction, UV-vis spectroscopy, and time-resolved emis-
sion measurements.

EXPERIMENTAL

Materials

N-Dodecylacrylamide (DDA) and N-
acryloxysuccinimide (SuOA) monomers were synthe-
sized as published earlier.” DDA copolymers with SuOA
(p(DDA/SuOA)) were prepared by free radical polymer-
ization in distilled toluene at 60°C in the presence of 2,
2’-azobis(isobutyronitrile) as an initiator. The copoly-
mers were purified by dissolution in chloroform, followed
by precipitation in a large excess of acetonitrile. The
synthesis of Ru(dpphen),Cl, has been reported else-
where.!* The molecular structures of p(DDA/SuOA) and
Ru(dpphen),Cl, are shown in Figure 2. Spectroscopic
grade chloroform was used for spreading monolayer on
the water surface. Monolayer subphases were prepared

using Milli-Q filtered water (> 17.5 MQ-cm). The pH of

subphase was regulated using 0.1 M phosphate or NaCO,
1122

Table I. Characterization of copolymers, p(DDA/Rudpphen)s

: DDA/Su0A)  PUDDA/SuOA):

DDA:SuOA p( uOA) Ru(dpphen)
mol % M X10* MM, mol %
p(DDA/Rudpphen6)  80:20  8.60 1.54 95:5
p(DDA/Rudpphenl4) 67:43 11.04 1.42 88:12

and NaHCO, buffer solution.

Preparation of Langmuir-Blodgett Films

The measurement of surface pressure (1) — area (4) iso-
therms and the deposition of monolayers were carried
out with an automatically operated Langmuir trough
(Kyowa Kaimen Kagaku HBM-AP using a Wilhelmy type
film balance). Monolayers were spread froma 1 X 103
M chloroform solution at 15°C on the water surface. The
monolayer was compressed by a Teflon barrier at a rate
of 14 cm?/min. The quartz substrate was cleaned by im-
mersing in a 2-propanol solution, boiling in HNO, solu-
tion, and washing with pure water. The substrate was
then treated with octadecyltrichlorosilane in chloroform
for 1 h. Finally, the substrate was washed with chloro-
form, acetone, and pure water to remove the excess si-
lane-coupling reagent. The monolayers were transferred
onto the quartz substrate with a dipping speed of 5 mm/
min.

Instruments

The molecular weights given in Table I were obtained
by gel permeation chromatography using a polystyrene
standard. The molecular compositions of SUOA were
determined by '"H NMR spectroscopy.

X-ray diffraction (XRD) patterns were measured with
an X-ray diffractometer (M18XHF?2-SRA, MAC Science).
The p(DDA/Rudpphen) LB film with 40 layers depos-
ited on a cleaned glass substrate (Matsunami) was used
for the XRD measurement.

UV-vis absorption and emission spectra were measured
with a Hitachi U-3000 UV-vis spectrophotometer and a
Hitachi F-4500 spectrofluorophotometer, respectively.

Time-resolved emission measurements were performed
using a third harmonics of Q-switched Nd:YAG laser
system (Spectron, pulse width 10 ns, repetition rate 10
Hz, lex =355 nm). The emission was monitored by a
streak camera (Hamamatsu, C4334) through a cut-off fil-
ter (Y52). All measurements were carried out at room
temperature.

RESULTS AND DISCUSSION

Monolayer Behavior at the Air/Water Interface

First, we investigated the spreading behavior of co-
polymers of DDA with SuOA at pH = 7 and 11 (Figure
3). The m — A isotherms of p(DDA/SuOA20) in which
the content of the SUOA is 20 mol % shifted toward larger
areas as the pH increases from 7 to 11. The expansion of
monolayer can be attributed to the electrostatic repulsion
between acrylate ions, since the SuOA group undergoes
alkaline hydrolysis at pH = 11 and turns into an acrylate
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Figure 3. 1 — A4 isotherms at 15°C for p(DDA/SuOA20) mono-
layer at pH =7 (——) and pH = 11 (- —-), and p(DDA/Rudpphen6)
atpH=11(—).

anion. Polymer LB films of p(DDA/SuOA20) were de-
posited on CaF, substrates to characterize the degree of
the alkaline hydrolysis using FT-IR spectroscopy. For
the LB film deposited at pH = 7, the C = O stretching
band was observed at ca. 1735-1783 cm’!, which is as-
signed to the N-acryloxysuccinimide group. AtpH =11,
the band was diminished and a new absorption band ap-
peared at 1573 cm!. This indicates that almost all the
SuOA groups undergo the hydrolysis at pH = 11. The
area of DDA residues is determined to be 0.28 nm?*/unit
from the 7w — A isotherm of the DDA monolayer, thus, the
limiting area of SUOA group could be evaluated to be
0.12 nm?*/unit at pH = 7 and 0.33 nm?*unit at pH = 11, by
extrapolating the linear portion of the condensed state in
the 7 - 4 curve of p(DDA/SuOA) to zero surface pres-
sure. This indicates that negatively charged monolayer
of p(DDA/SuOA) is formed at pH = 11 and that the elec-
trostatic adsorption at the air/water interface will be ex-
pected in analogy with the conventional polyion com-
plex method.

Then the chloroform solution containing p(DDA/SuOA)
and Ru(dpphen),Cl, was spread on the water subphase at
pH = 11 to form a mixed monolayer of Ru(dpphen),*
with DDA polymer. The solid line in Figure 3 shows the
7t — A curve of mixed monolayer of p(DDA/SuOA20)
and Ru(dpphen).Cl,, p(DDA/Rudpphen6) at pH = 11.
Ru(dpphen),”* can interact with the acrylate anions on
the water surface at pH = 11. The molecular area mark-
edly shifts toward larger areas, indicating that the adsorp-
tion of the polyion monolayer with Ru(dpphen),>* oc-
curred. Furthermore, we observed no change in the area
of p(DDA/Rudpphen)s on keeping the surface pressure
at 25 mN/m. It seems that the monolayer assume dense
packing and forms a condensed one.

The surface limiting area of Ru(dpphen),”* was evalu-
ated as follows. The area of the acrylate anion at pH = 11
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(a)

(b)

Figure 4. Schematic illustration of (a) p(DDA/Rubpy) and (b) p(DDA/
Rudpphen) monolayers at the air/water interface.

is 0.33 nm?/unit as mentioned above. Assuming that
Ru(dpphen),* is bound to two acrylate anions, the sur-
face limiting area of Ru(dpphen),** group is evaluated to
be 1.11 nm%unit. The value is almost the same as the
calculated one, 1.13 nm?, which is based on a radius of 6
A for Ru(dpphen),?*.'°

As a comparison, a mixed chloroform solution of pDDA
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Figure 5. (a) UV-vis absorption spectra of p(DDA/Rudpphen6) LB
films from 20 to 80 layers and (b) plots of the absorption (470 nm)
of p(DDA/Rudpphené) (closed circle) and p(DDA/Rudpphen14)
(open circle) LB films as a function of the number of layers.

and Ru(dpphen),* was spread on the water subphase at
pH = 7. The monolayer was not stable, and the surface
limiting area of Ru(dpphen),?* group was found to be even
lower, 0.5 nm?*/unit. No significant interaction for stable
monolayer formation occurs between positively charged
Ru(dpphen),** and neutral amphiphiles (DDA).

We have previously described polymer LB films con-
taining ruthenium complex, Ru(bpy),* (bpy = 2, 2°-
bipyridine), which is incorporated as a comonomer of
the copolymerization method.® The surface limiting area
of Ru(bpy),*" moiety was estimated to be much smaller,
ca. 0.01 nm?*/unit. The difference is attributed to the solu-
bility in water; amphiphilic Ru(bpy),** group enters into
the water subphase (Figure 4(a)), while hydrophobic
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Ru(dpphen),” moiety lies in the hydrophobic portion of
alkyl side chains occupying its own molecular area on
the water surface (1.11 nm?/unit). The Ru(dpphen),** moi-
eties would be densely packed between dodecyl alkyl side
chains in the monolayer at the interface (Figure 4(b)).

LB Film Formation

The monolayers can be transferred onto a hydropho-
bic substrate at a surface pressure of 25 mN/m, yielding
Y-type LB films with a transfer ratio of unity. To con-
firm the introduction of the Ru(dpphen),*" group into the
polymer monolayer, the UV-vis absorption spectra of the
LB films were measured. Figure 5(a) shows the UV-vis
spectra of the LB films as a function of the number of
deposited layers. The typical absorption band, observed
at around 470 nm, is attributed to the Metal to Ligand
Charge Transfer (MLCT) band of the Ru(dpphen) >
group. Figure 5(b) shows the plots of the absorbance at
470 nm with the number of layers. A linear relationship
can be obtained in both p(DDA/Rudpphen6) and p(DDA/
Rudpphenl4) LB films, indicating successive regular
deposition of the monolayer. As for p(DDA/Rudpphen6)
LB films, we evaluated the surface density of
Ru(dpphen),** moieties in the LB film. The absorbance
per monolayer of p(DDA/Rudpphené) can be obtained
from the slope of the straight line in Figure 5(b) to be
9.49 x 10*. When the molar extinction coefficient ¢ is
assumed to be 3.00 x 10* M! cm! at 470 nm,!” the molar
concentration of Ru(dpphen),>” could be determined to
be 3.16 x 107" mol/cm? using Lambert-Beer’s Law. From
the 7 — A isotherms, the surface molar concentration of
Ru(dpphen),** was determined to be 3.02 x 10! mol/
cm?, which is consistent with the former one. This means
that the Ru(dpphen),”* residues are dispersed molecularly,
without aggregation. In addition, all Ru(dpphen),>* mol-
ecules are tightly adsorbed by acrylate anions, and trans-
ferred onto the substrates. It is concluded that the
Ru(dpphen),** chromophores are homogeneously intro-
duced into the polymer monolayer by the electrostatic
adsorption with acrylate anion groups.

The X-ray diffraction measurement was carried out for
the LB film with 40 layers to investigate the layer struc-
ture of p(DDA/Rudpphen6) LB films. Some Kiessig
fringe and one Bragg peak patterns could be obtained,
and the thickness for one layer was determined to be 1.77
nm from the Bragg peak (Figure 6). The length well cor-
responds to that of pDDA LB films. This also supports
that the highly ordered layer structure would be formed
even if the bulky Ru(dpphen),*” is incorporated in the
LB films.

Emission Quenching of p(DDA/Rudpphen) LB films by
Oxygen

From the applicational point of view, Demas et al.!”"°
and other research groups?*?! have intensively investi-
gated the potential of ruthenium complexes as a lumi-
nescence-based optical sensor. Ruthenium complexes
exhibit a high quantum yield, a long excited-state life-
time, and strong absorption in the blue-green spectral
region. The luminescence can be easily quenched by
oxygen. Recently, Gouterman investigated the oxygen
quenching of luminescence as a pressure sensitive paint
for wind tunnel research.??  We considered the potential
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Figure 6. X-ray diffraction patterns of p(DDA/Rudpphen6) LB films
with 40 layers.

of the polyion complex LB films containing
Ru(dpphen),* as a two-dimensional ultrathin film sen-
sor. Figure 7 shows the decay curve of the LB films con-
sisting five pre-deposited layers of pDDA and a p(DDA/
Rudpphen6) monolayer (A, = 610 nm). The pDDA lay-
ers are firstly deposited as a protecting layer to prevent
from suffering the substrate quenching. As shown in Fig-
ure 7, the luminescence of Ru(dpphen),** is effectively
quenched under the atmosphere of pure oxygen. The
decay curve could not be analyzed by single exponential
fitting. This implies that the ruthenium complexes of
polymer LB films lie in the microheterogeneous media
in view of luminescent quenching. In general, it seems
to be difficult to address the relative contributions of lu-
minescent quenching, e.g., static and dynamic quench-
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Figure 7. Time-resolved emission curves of p(DDA/Rudpphen6)
LB films under the atmosphere of pure argon and oxygen. As for
the layer structure, see the text.
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Table I1. Sensitivity to oxygen quenching
of p(DDA/Rudpphen) LB films

Quenching Efficiency

T, (ns) 7, (ns)

To,/ T,
p(DDA/Rudpphen6) 1200 2300 0.52
p(DDA/Rudppheni4) 600 1000 0.60

ing. For simplicity, we used two exponential fitting and
calculated averaged-lifetime using eq 1.

I(t) = a,exp(—t/1)) + a, exp(—t/T,)

_ (al7,'12+a2122) (1)
(a1, +a,1,)

ave

The results are listed in Table II. The lifetime of
Ru(dpphen),* is very long, and rather sensitive to oxy-
gen. The quenching efficiency of p(DDA/Rudpphen) LB
films was around 50 %.

CONCLUDING REMARKS

Our attempt to fabricate polyion complex LB films is
based on the replacement reaction of SuOA group which
is followed by the successive electrostatic adsorption be-
tween Ru(dpphen),” and acrylate anions at the air/water
interface. Polymer LB films containing Ru(dpphen),**
were prepared by spreading a chloroform solution of
p(DDA/SuOA) and Ru(dpphen),Cl, onto the water
subphase at pH = 11. Of interest is the use of hydropho-
bic p(DDA/SuOA) and Ru(dpphen),*, resulting in the
stable polyion complex monolayer formation at the air/
water interface. The Ru(dpphen),* molecules are con-
sidered to be densely packed in the hydrophobic part of
polyion monolayer. The monolayer could be success-
fully transferred on a quartz substrate. We confirmed the
uniform distribution of Ru(dpphen),** and the highly or-
dered layer structure of p(DDA/Rudpphen) LB films with
UV-vis spectroscopy and X-ray diffraction measurement.
The luminescence of p(DDA/Rudpphen) LB films was
rather sensitive to oxygen. Considering these facts, the
p(DDA/Rudpphen) LB films are expected to be a two-
dimensional ultrathin film sensor sensitive to oxygen.
The pressure profile based on hydrodynamic flow might
be visualized as a change in luminescent intensity with
micrometer scale. From this point of view, the work is
now in progress.
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