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A surfactant ion-pair complex, [Ru(bp][EU(NTA) 4], (in which L = 1-docosyl-2-(2- pyridyl)benzimidazole,
bpy = 2,2-bipyridine, and NTA= 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedionato) has been synthesized.
The surface pressur@rea isotherm measurements show that the complex forms a stable Langmuir film at
the air-water interface without adding any electrolytes into the subphase. The monolayers formed at the
surface pressures of 5 mNand 20 mN m?, have been successfully transferred onto glass and quartz
substrates with the transfer ratios close to unity. The LangnRlwdgett films were studied by U¥visible,
infrared, and emission spectroscopies, atomic force microscopy, and cyclic voltammetry. The optical, redox,
and morphology properties of the LB films were found to be significantly affected by the target surface
pressures used for the film depositions.

Introduction emission characteristics, line-like narrow bandwidths (typically
a few nanometers), high emission efficiency and relatively long
luminescent lifetimes (up to milliseconds), arousing keen interest
for photoelectric device¥.

We?1=26 and otherd?8 have reported on the LB films of
luminescent Eu(lll) complexes and found that the photophysical
properties of these Eu(lll) complexes could be tuned by
changing film preparation parameters. We also proved that the
J'se of the hydrophobic and anionic lanthanjéleliketonate

Over the last 40 years, Ru(ll) polypyridyl complexes have
attracted tremendous interest as photosensitizers for conversion
of solar energy into chemical or electrical enetghotocatalytic
reduction of carbon dioxidéand oxidation of water to hydrogen
and oxyger?,and as active components for intelligent sensing
and switching deviceband electrogenerated chemiluminescent
and electroluminescent deviceall of these applications were

based on electron or/and energy transfer reactions performe . ; X .
. . . . could greatly improve the Langmuir and LB film-forming
by photoinduced excited or electrically excited Ru(ll) polypy- properties of cationic amphiphilié&-3 By extending this

ridyl compounds. Usually, directional photoinduced electron or/ strategy? here we report on the preparation of an amphiphilic
and energy transfers in fluid solutions are not desirable becauseIon pair, complex containing two strongly emissive chro-
back processes with redox couples are difficult to suppress. Themophores of a Ru(ll) complex cation and an Eu(lIl) complex
Langmuir-Blodgett (LB) techniqué® is one of the powerful anion. We focus our attention on studying Langmuir- and LB-
approaches of making well organized molecular assemblies Withformiﬁg properties, and the optical properties of the LB films
precisely controlled thickness at the molecular level, crucial to !

performing efficient energy transfers, which are far removed of the complex containing chromophoric Eu(ill) and Ru(ll
from the random molecular arrangerr;ents in solution. complexes. The resultant Langmuir film is stable toward

. . solubility and hydrolysis side reactions at the -airater

o datge_?;any Ru(ll) complexes have been introduced into interface; interestingly, each molecular component contributes
LB films. Thefg films have shc_)wn Interesting _optl_cal a_nd different luminescent properties to LB films, and the morphology
redox propertleg,. and fgund widespread applications in and electrochemical properties of the LB films could be tuned,
second_-orde_r nonlinear optlé%heterogeneoqs catalyé@ho- depending on the surface pressures used for the film depositions.
tovoItguc d?V'CeS and photoenergy conversion célhemical The results provide important fundamental data for the develop-
and. b|olog|cal.s.ensoﬁ§,energy transfer and. electron-transfer ment of novel photoelectronic devices by modulating the optical
devices!® modified electrodes for electrolysis and electrogen-

e . and electrochemical properties of the composite material
erated chemiluminesceniégas sensof® and the synthesis of prop P

o T containing dual chromophores.
supramolecular complexes via interface coordination reactfons.

On the other hand, Eu(ll|}-diketonates exhibit intriguiné—f Experimental Section

Materials. 4,4,4-Trifluoro-1-(2-naphthyl)-1,3-butanedione
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(HNTA) and RuC-nH,O were purchased from Aldrich. Ru-
(bpy):Cly:2H,0%* (bpy = 2,2-bipyridine) and HDP[Eu-
(NTA)4]2* (HDP = N-hexadecy! pyridinium, NTA= deproto-
nated HNTA) were synthesized according to the literature
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(vs) cnTl. UV—visible in CHCE, A/nm (€ x 1074/M~1 cm™1):
460(1.50); 330(16.0); 291(14.6); 268(15.8); 258(18.0).

LB Film Preparation. All LB manipulations were made in
a Nima trough with a Wilhelmy balance as a surface pressure
sensor. The trough was filled with ultrapure waterl@ MQ2
cm) which was purified by an EASY pure RF compact ultrapure

H
@ND NaH =\ N Ru(bpy),Cl,-2H,0 system (Kleiner, Switzland). The trough was placed on a
\N N CaHasBr \ Ny NH,PF, vibration-isolated table and the pure water subphase was

L thermostated by circulating the water under the trough. A

chloroform solution ofl (6.5 mg in 5 mL of chloroform), was
spread onto a pure water subphase. After evaporation of the
solvent for 15 min, the surface presstigea isotherms were
recorded at different subphase temperatures at a compression
speed of 50 cimin~1. Expansions of monolayer were made

at the same rate as the compressions after confirmation with no

=\ N Eu(NO =\ N difference of the contact angle between the Wilhelmy plate and
_%ND ﬁo’ﬂ ~CN>\_<\N]© QQ the monolayer on the water surface, immediately after the barrier
\ ’N\/\RI{\N\‘/ \ 'NfRL{\\N\‘/ o hit to the surface pressures’ preset. Monolayers formed on the
\\'j \{‘jD(PFs)z \"j N= Eu 0> 4 pure water subphase were held at the constant pressures for 30
\_/ \_/ CF; 2 min for stabilization and were then transferred to solid supports
[Ru(bpy);L1(PFs); [Ru(bpy),LIEU(NTA)], (1) at a rate of 5 mm mint. The films, formed at 2@ 0.5°C on
the pure water subphase, were transferred by vertical dipping
in the altered (Y-type) layered mode, namely, the substrates
methods. The synthetic route to the ion-pair complex, [Ru- pre-immersed in_ the subphase prior to the spreadi_ng of the
(bpyLLI[EUNTA) o], is shown in Figure 1. chlo[roform solution, went up and down throu_gh the interface
continuously. The glass and single-crystal silicon (111) sub-

Synthesis of Docosyl-2-(2-pyridyl)benzimidazole (L)This strates were made hydrophilic by consecutive sonication of the
was synthesized according to the procedure described for 2-(1-gypstrates in detergent for 30 min and in CEHEOH for 15

octadecylbenzimidagol-z-yl)pyridine except that 1-bromo- min, soaking in piranha solution (30%85:concd BSO; = 1:3,
docosane was used instead of 1-bromooctadedrtee crude ) for 8 h, and finally washing with copious ultrapure water.
product was chromatographed on silica gel with,Ch-CH;OH CAUTION: Piranha solution reacts violently, even explosively,
(9:1, viv) as an eluant. Yield 68%. M.p. 684°C. Anal. Calcd  wjth organic materials, and it should not be stored in sealed
for C3sHssNs: C, 81.06; H, 10.60; N, 8.34%. Found: C, 80.73; containers or combined with significant quantities of organic
H, 10.55; N, 8.35%H NMR (400 MHz, CDCH): 6 0.878 (t,  materiall
3H, —CHj); 1.30(m, 38H, -(CH)19); 1.88(m, 2H,—CH); 4.82- Physical Measurements.UV—visible spectra of the films
(t, 2H, —CHy); 7.33(m, 3H, -ph); 7.45(d, 1H, -ph); 7.84 (M,  on glass and of a chloroform solution of the ion-pair complex
2H, -ph); 8.41 (d, 1H, -ph), 8.69 ppm (s, 1H, -ph). IR (KBr): were recorded on a Shimidzu UV-240 spectrometer, using blank
432(w); 698(w); 717(m);734(vs); 748(m); 795(m); 992(W); quartz and the solvent as the references. Emission spectra were
1006(w); 1095(w); 1142(m); 1332(m); 1444(s); 1466(s); 1592- measured with a Hitachi F-4500 fluorescence spectrophotometer.
(m); 2846(vs); 2915 cmt (vs). UV in CHCk Amax 311 nm. Atomic force microscope (AFM) images of the monolayer films
Synthesis of [Ru(bpy}L](PFe).. L (0.195 g, 0.39 mmol) and  were measured on a Nanoscope llla AFM microscope in a
Ru(bpy)Clz*2H,0 (0.190 g, 0.37 mmol) in degassed ethylene tapping mode. The mica slides for AFM images were freshly
glycol (20 mL) were heated for 24 h under the protection of cleaved immediately before use. Infrared spectra for the ion-
nitrogen. To the filtered solution was added 4-fold excess of pair complex in the LB film on CaFsubstrate and in KBr pellet
saturated aqueous solution of MM, The precipitate formed ~ were recorded on a Perkin-Elmer 200-FTIR spectrophotometer.

Figure 1. The synthetic route to the ion-pair complix

was filtered and twice recrystallized from @El,—hexane. 150 nm-thick In-tin oxide (ITO) (sheet resistance of 15
Anal. Calcd for GsHgoN7RUPF12: C, 53.75; H, 5.72; N, 8.12%. Q/square) coated glass substrates were donated by China
Found: C, 53.62; H, 5.58; N, 8.03%. M.p. 21816°C. UV— Southern Glass Holding Co., Ltd.. Cyclic votammetry measure-
visible in CHCE, A/nm (¢ x 10-4M~1cm1): 460(1.86); 340- ments were conducted on a model CH 600 voltammetric
(2.48); 323(3.22); 290(7.86). analyzer with an ITO substrate as working electrode, a saturated

calomel electrode (SCE) as the reference electrode, and a
polished platinum wire as the counter electrode. The supporting
electrolyte was NaCl in water (0.5 M). Prior to each measure-
ment, the solutions were deoxygenated with bubbling nitrogen
for 15 min.

Synthesis of [Ru(bpy}L][EU(NTA) 4] (1). A solution of
HNTA (0.213 g, 0.8 mmol) in ethanol (20 mL) was neutralized
with sodium hydroxide aqueous solution (0.4 mL, 2.0 M).
An Eu(NGs); aqueous solution (0.2 mL, 1.0 M) was then
added under gentle heating and continuous stirring. To this
mixture a solution of [Ru(bpy)](PFe)2 (121 mg, 0.1 mmol)
in ethanol (10 mL) was dropwise added. A mass red pre-
cipitate quickly appeared was filtered, washed with hot ethanol  Surface Pressure-Area (7—A) Isotherms. The 7—A
and twice recrystallized from CHgtethanol. Anal. Calcd for  isotherms ofl at the airwater interface with different subphase
CieeH13N7F1EWLO6RU: C, 59.64; H, 4.01; N, 2.93%. Found: temperatures of 15C, 20°C, and 30°C, are shown in Figure
C,59.10; H, 4.04; N, 3.11%. M.p. 168.08°C. IR(KBr): 473- 2. The monolayers df show subphase temperature-dependent
(w); 568(w); 684(m); 750(w); 766(w); 791(s); 844(vw); 867- phase transition behaviors. The shapesrefA isotherms at
(vw); 960(vw); 1074(vw); 1134(s); 1184(s); 1197(s); 1299(vs); each temperature are similar with a long plateau separating two
1465(m); 1483(m); 1510(s); 1529(s); 1571(m); 1595(s); 1615- regions of sharp increases in surface pressures. The plateau

Results and Discussion
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surface pressures decrease with increasing the subphase tem- 50+

peratures: 7.1 mN mi for 15°C, 6.3 mN nt? for 20 °C, and T

2.6 mN nt1for 30°C. The collapse pressures of the monolayers § 40+

at the different temperatures show same temperature dependence %

as the plateau surface pressures: 45 mN for 15°C, 34 mN 5 301

m~1 for 20°C, and 24 mN m? for 30 °C. Taking the isotherm e

at 20 °C as an example, we discuss Langmuir film-forming E‘) 204

properties ofl as follows: At 20°C, the molecules on the pure t]

water subphase give a “lifting off” area of 2.8 Amolecule’; ‘é 104

they are then compressed into a liquid expanded (LE) phase ol

and a liquid condensed (LC) phase at-2248 and 1.21.8

nm? molecule’l, respectively. The LC phase is steeper than 0 1 2 3 4
the LE phase, which can be seen from the slopes of the linear Molecular area/nm® molecule™ '

parts of LE phase (0.15 mNThnm2) and the LC phase (0.93  Figure 2. The surface pressur@rea isotherms df at the air-water
mN m~! nm=2). These two slopes lie within the range of interface with different temperatures of 16 (dashed line), 26C (solid
slopes for the previously reported amphiphilic lanthanide line), and 30°C (dotted line).

complexegl~26.29-31 indicating good film-forming properties

of 1, even at surface pressures below 1 mN'nThe limiting
molecular areas obtained by extrapolation of the linear parts of
the two phases to a zero surface pressure are found to be 2.85 0.6+
and 1.75 nrd molecule’?, respectively. On the basis of a
molecular area of\g, = ~1.05 nn#, reported for the analogous
amphiphilic Ru(ll) complexes of [Ru(bpy)18]?" (L18 = 4,4 -
dioctadecyl-carboxyl-2,2bipyridine) and [Ru(bpyppyCigl?>"
(bpyGig = 4-methyl-4-methylenestearamide-2-Ripyridine) on
the pure water subph&8andAg, = 0.62 nn? for [EU(NTA)4 ~,%* ‘
we designate the LE phase with the limiting molecular area of 0.0 A — ™= )

2.85 nnf¥ molecule® to the formation of a closely packed 300 Waﬁg?ength,nfn"" 600

monolayer film. The limiting molecu_lar area obseryed for this Figure 3. UV—visible spectra of L (dotted line), [Ru(bpy)(PFe)s
phase is 0.56 nilarger than the simple summation area (2 (sojid line), andl (dashed line) in CHG

Agy + Ary) of 2.29 nn?. This difference in molecular areas is

reasonable cpnsidering Fhe packing space .Ieft and potential(b|oy)2|_](|:>,:6)2 and some amphiphilic Ru(ll) complexes exhib-
defects, ., pinholes, which may be present in the monolayer jted continuously decreases of the surface areas upon keeping
film. The difference in the limiting molecular areas for the LE 3 constant film-forming surface pressure at the-wiater inter-
and LC phases, 1.10 rircannot be ascribed to the changes in face in the absence of a subphase electrolyte, due to appreciable
molecular conformations, e.g., the lifting off of the alkyl chain solubility of the spread molecules into the subphase wHter.
and/or the transition from a shoulder-by-shoulder to a vertically UV—Visible Spectra.UV —visible spectra of L, [Ru(bpyb]-
stacked (superimposed) packing of the Ru(ll) complex cations (PRs)» and1 in CHC; are compared in Figure 3_’ In comparison
and the Eu(lll) complex anions caused by compression of the .. the absorption spectra of [Ru(bpk)(PFe), and
monolayer film from the LE phase intg thg LC phase. Therefore, [Eu(NTA)4]~ 24 and with reference to the absorption spectrum
we assign the LC phase with the limiting molecular area of ¢ yig(hipyridyl)ruthenium(i1)2 a broad absorption band at 330
1.75 nn? molecule'* to the formation of aggregations. To further nm in the spectrum of is assigned to the dominant NTA
characterize the phase properties of the monolayer film, the .onteredz—* transition, and the absorption in the visible
compressiofrexpansion isotherms dfat 20°C were measured  region at 460 nm is ascribed to the metal-to-ligand charge-
and are shown in Figure S1 (Supporting Information). As the yansfer transition}MLCT), which consists of overlapping Ru-
monolayer was compressed to a surface pressure of 6 MN m (d) — bpy (7*) and Ru(dt) — L (s*) transitions. ThéMLCT
which is within the LE phase and was subsequently expanded,p5nd shows a tail up to 550 nm, which is a 50-nm extension to
a small hysteresis was observed, characteristic of typical closely|gyer energy compared to tris(bipyridyl)ruthenium@indicat-
packed monolayer®. As the reversal surface pressure was set jnq that the ligand L is electronically similar to 2;8ipyridine.
at 20 mN n71, which is within the LC phase, a relatively large  The Uv—visible spectra ofl in LB films prepared at 5 and 20
hysteresis was observed, indicating tﬂ]&tbrmed aggregations N m! are displayed in Figures 4 and 5, respectively. The
on the pure water surface as compressed into the LC phase. Agpectral shapes of the LB films are independent of the surface
dramatic decreases in molecular occupied areas have beemyressures and match well with that observed in the chloroform
attributed to the formations of molecular aggregations at the sojytion with respect to both the band maxima and the relative
air-water interface as reported on squaraihesd an am-  apsorption intensities of the peaks. As shown in the insets of
phiphilic Eu(ll) complex?* As the monolayer was compressed  Figures 4 and 5, the absorbance of LB films monitored at 336
to a surface pressure of over 34 mN'na significant hysteresis  and 466 nm linearly increases with the number of layers
was revealed, and the monolayer could not be recovered to thedeposited, showing that has good deposition behaviors at
pre-compression stage as the surface pressure was released fQnstant surface pressures lying at both the LE and the LC
zero, showing that the monolayer collapsed as being compresseq,hases observed from the-A curve. We have used the Beer
to a surface pressure over 34 mN'n Lambert law modified for two-dimensional concentration, i.e.,
Above all, 1 can form stable Langmuir films with a high T = 10-3A/e, wherel is the surface concentration (mol c),
collapse pressure on the pure water subphase without anyA ande are the absorbance per layer and the molar extinction
electrolytes added. On the contrary, it was reported that [Ru- coefficient for the film-forming molecule in the film at a fixed
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Figure 6. Emission spectra of [Ru(bpyb)](PFs) powder (alex = 468
nm), HDP [Eu(NTA)] in powder (b,Aex = 340 nm),1 in powder (c,
Aex = 340 nm),1 in monolayer LB films of deposited at 20 mNTh
(d, Zex =338 nm), 5 mN m? (e, Aex = 338 nm), and 0.3 mN n# (f,
Aex = 338 nm).

distinguish the dual emission from the Ru(ll) and Eu(lll)
complexes despite the spectral overlapping observed. It is
noteworthy that characteristic Ru(ll) emission appears without
discernible trace of Eu(lll) emission in the spectrumloin
powder, probably due to the electron-transfer quenching of Eu-
(1) emission by [Ru(bpyjL]?*. Interestingly, the emission
spectra of LB films are shown to be strongly dependent on the
surface pressures used for LB depositions. For a LB film
prepared at 0.3 mN m, a dominant Eu(lll) emission peak at
616 nm appears compared to the wide-band Ru(ll) emission at

wavelength. The absorbance per layer at 336 nm, calculatedthe overlapped spectral range, sharp contrast to dominant Ru-

from the slopes in linear relationship for the films deposited at
5 mN nT ! and 20 mN m?, was found to be 0.00421/layer and
0.0096/layer, respectively. If we suppose thatamlue at 336
nm for 1 in the films is approximately equal t&3s nm= 3.22

x 10* mol~* dm?® cm™ for 1 in the chloroform solution, the
surface concentrations @fin the films deposited at 5 mN ™
and 20 mN m! are derived to be 1.38 1071% mol cnT2 and
2.98 x 1071° mol cnm?, respectively. The occupied areas per
molecule are derived to be 1.28 Aand 2.92 nrafor 1in the
films deposited at 5 mN mt and 20 mN m?, respectively.
The area of 2.92 niis comparable to a value of 2.85 Am
molecule obtained from ther—A curve, while 1.28 nrhis
smaller than 1.75 nfmolecule® obtained from ther—A curve.

(I1) emission exhibited byl in power and in LB films deposited
at5 and 20 mN m!. We can also see that the emission patterns
for LB films deposited at 5 and 20 mNThare quite similar to
each other with the relative intensity of Eu(lll) emission at 616
nm being slightly stronger than that of Ru(ll) emission at the
same wavelength. In connection with reversible compression
expansion cycles df at the airwater interface, as the reversal
pressures were set below 6 mNrthe LB film constitutes an
Eu(lll) emission switching device driven by the surface pres-
sures, e.g., 0.3 and 5 mNTh The emission switching observed
above can be understood by the fact that the moleculésc#
highly emissive as they are separated at a low surface pressure
of 0.3 mN n7%, but become highly quenched in emission as

Although the difference is probable to be ascribed to the the molecules are closely packed as being deposited into the
presence of structural defects in the film deposited at 5 mN film at high surface pressures, e.g., 5 and 20 mN.nThe
m~1,40 it is also probably due to some orientation changes of sensitivity in emission quenching of Eu(lll) characteristic
the chromophores. We also attempted to transfer the LB films emission in LB films to the surface pressures has been observed

at a lower surface pressure of 0.3 mN*but only monolayer

on tris@-thenoyltrifluoroacetonato)mono(1-octadecyl-2-(2-py-

film was deposited, the spectral feature still remained unchangedridyl)benzimidazole)europium(lIB*

relative to the chloroform solution df However, an ITO-coated
glass substrate gave poor surface concentrations ofx0 85 10
mol cnT2 and 1.56x 10719 mol cn12 for the films transferred
at 5 mN ntt and 20 mN m?, respectively, probably due to
the rough surface of the ITO substrate.

Emission Spectra.The emission spectra for the solid powders
of [Ru(bpy)L](PFs)2, HDP [Eu(NTA)] and 1, and for mono-
layer LB films of 1 deposited at 0.3, 5, and 20 mN-fare
compared in Figure 6. [Ru(bpy](PFe)2 gives a wide charac-
teristic SMLCT emission band centered at 616 nm; HDP[Eu-
(NTA)4] exhibits characteristic Eu(lll) sharp emission peaks at
580, 593, 613, and 655 nm, which are duélbg — ’F (j = 0,

1, 2, and 3) transitions, respectively, with the electric dipole
transition Do — 7F,) being the strongest orfé2? It is easy to

Infrared Spectra. In Figure 7, the infrared spectrum fin
a KBr pellet is compared with that in a 25-layer LB film
transferred at 20 mN i onto a Caksubstrate. The frequencies
of CHj, stretching bands are sensitive to the conformations of a
hydrocarbon chain. The low frequencies of bands at 2918 and
2848 cm! are characteristic of a highly ordered alkyl chain,
while their upward shifts to 2927 and 2956 chindicate a
conformational disorder with a gauche conformations in the
hydrocarbon chaift=#4 The CH, antisymmetric and symmetric
stretching frequencies for the spectrum of the KBr pellet are
seen at 2924 and 2852 ci and are red shifted to 2918 and
2849 cn1l, respectively, for the LB film, indicative of highly
ordered alkyl chain in the LB filn¥? The two peaks at 1615
and 1572 cm? for the KBr pellet are assigned to the stretching



7406 J. Phys. Chem. B, Vol. 110, No. 14, 2006 Gao et al.

a

Transmission/a.u.

1000 1500 2000 2500 3000
Wavenumber/cm’

Figure 7. IR spectra forl in KBr pellet (a) and in a 25-layer LB film
transferred at 20 mN m onto a Cak substrate (b).

vibration of the carbonyl groups near to and far away from the
naphthalene ring? respectively. The separation of these two
peaks in the KBr pelletAv = 33 cnt?, is identical to that
observed for the LB film, and is less than a valueof = 44
cm! observed for uncoordinated free HNTA which gives the
two peaks at 1672 and 1628 chAlso the alkenol stretching
peak at 3416 cmi for free HNTA disappeared in the spectrum
of 1, indicative of deprotonation of HNTA and occurring of
coordination reaction via the carbonyl oxygen atoms. These facts
are in agreement with those observed previously for the ion-
pair complexes composed of hemicyanines and [Ln(NJA)
(Ln = lanthanide ion¥° The comparisons of some characteristic
peaks for the KBr pellet and the LB film (listed in brackets)
are given as follows:yc=c) at 1530 (1529) and 1509 (1510);
aromatic ring stretching vibrationg, at 1465(1465); in plane-
bending vibrations oBc-c) + dc-0) at 1297(1297), 1250-
(1251), 1197(1198), 1185(1186), and 1133(1132) &
leading to the fact that thé is robust toward hydrolysis side
reaction at the airwater interface.

Atomic Force Microscopy (AFM). To reveal the differences
in morphologies of the monolayers at the different phases, and
to get insight into the phase properties of the monolayers, an
atomic force microscope study of monolayers transferred onto
glass substrates at the surface pressures of 5 and 20 MN m
was carried out. As shown in Figure 8, the surface of the bare
glass substrate is flat and featureless; the monolayer films
deposited at 5 mN rt, on the other hand, appear as elliptical
islands with a maximum length of about 0.4, these islands
are aggregated into larger ones with the maximum length about
0.28um at a higher surface pressure of 20 mN*mand the
surface of the film deposited at 20 mNis more corrugated
than that at 5 mN mt. Atomically flat mica was also chosen
for the solid supports of the monolayers in order to preserve
the molecular arrangements as much as possible before and after. :
the film transfers onto the solid support and to minimize the Figure 8. AFMimages of bare glass substrate (top), and the monolayer
complication of potential phase transfers induced by the fims of 1deposited at 5 mN m# (middie) and 20 mN m (bottom).
substrate4® Although both atomically flat mica and graphite evidently tilted long alkyl chains can easily intertwine. Upon
can be used for the solid supports of the films studied by compression of the monolayer film to 20 mN ~k the
scanning probe techniques, AFM demonstrated that fatty acid “pinholes” disappear in the AFM image instead of corrugated
molecules were induced by mica to orientate nearly vertical to domains surrounded by a “moat” of mean depth of 1.16 nm.
the surface of the mica, while lying down when deposited on The absence of the pinholes at the higher surface pressure
graphite*® The AFM images for the monolayer films transferred relative to the lower surface pressure has been observed on the
onto mica are shown in Figures S2 and S3 (Supporting LB films of Ru(L18)(tppz)(Pk). (L18 = 2,6-bis(N-octadecyl
Information). The profiles for the two images are distinctly benziimidazolyl)pyridine; tppz= 2,3,5,6-tetrakis(2-pyridyl)-
different. The image for the monolayer film deposited at 5 mN pyrazine)” Obviously, surface morphologies in LB monolayers
m~1is composed of flat terraces punched with many “pinholes”, of 1 can be distinctly different on hydrophilic glass and mica
with a maximum diameter of about 0/&m. The significant substrates. The surface charge of the mica plays an important
defects in the film can account for the abnormally large limiting role. It should be pointed out that the anionic charge of mica
molecular area observed. The mean depth of the pinholes isalso likely alters the chemical composition of the films
0.74 nm. This is not surprising considering the fact that the deposited, e.g., fewer [Eu(NT4) and more [Ru(bpy)]?"
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60 where L18= 2,6-bis(N-octadecylbenzimidazol-2-yl)pyridine and
tpy-PQH = 2,2:6',2"-terpyridine-4-phosphonic acid® A AEy,
d::I. 40 * (the total width at half-height of the anodic peak) value of 240
E_" 20 30 pA mV found for the both films transferred at 5 and 20 mNImn
| is significantly larger than the Nernstian width of 90 r?0
This disagreement between the experimental and theoretical

0+ . : .
0.0 04 08 1.2

values is probably due to two reasons: (1) large intermolecular
Scan rate/V s™

space hindrance caused the monolayer to be less ordered;
therefore, all the redox centers are in a nonuniformed environ-
ment; (2) high concentration of surface-confined redox centers
produce a strong lateral interaction betwen them. A formal
potentialE;, for the anodic peak of 1.06 V found for the films
deposited at 5 mN i, is almost identical to that for the films
deposited at 20 mN i, and that observed for an analogous
Ru(ll) complex of [Ru(bpyjopyCig]?" (bpyCie = 4-methyl-
4'-methylenestearamide-2-Ripyridine) 3! due to their similar
electronic properties of L and bpyC19, but 120 mV more

f ' ' ' T ' T ' ! negative tharl in CHsCN solution €1, = 1.18 V vs SCE)
0.0 0.4 0.8 1.2 16 (Figure S4, Supporting Information), suggesting strong interac-
Voltage/V tion between the complex molecules on the ITO surfédhe
Figure 9. Cyclic voltammograms of in monolayer LB film transferred ~ @nodic peak currents increase linearly with potential scan rates
at5 mN nth of v over scan rates of 0.65L.0 V s for LB films transferred
at 5 mN nti, and of 0.05-0.4 V s1 for LB films transferred
100 at 20 mN nt?, rather than the dependence of the anodic peak
< . I current onv!2 observed forl in CHzCN solution (Figure S4),
= 50 " 30 pA confirming the surface-confined rather than the diffuse-
== t controlled redox reactions for the films as expected from the
/ adsorbed redox species in a thin-layer cell according to ¥q 1:
8o 04 o8 1. 1/ O\

Scan rate/V s i, = [(NP?AT v])/(4RT) 1)

wheren, I', F, v, andA are the number of electrons involved in
the electrode reaction, the surface concentration, Faraday’'s
constant, the potential scan rate, and the electrode area,
respectively. Based on this equation, the surface concentrations
of 1 are found to be 1.2% 10719 mol cm2 for the film
transferred at 5 mN m# and 2.33x 1071% mol cn12 for the

film transferred at 20 mN mt. The surface concentrations of

T T ] the redox-active centers on the electrode are also derived to be

0.0 0.4 0.8 1.2 1.6 0.63 x 10719 mol cm2 for the film transferred at 5 mN m,
Voltage/V and 1.2x 1071 mol cnv2 for the film transferred at 20 mN
Figure 10. Cyclic voltammograms ofl in monolayer LB film m~* by mtegratlng_chargeQ) passing on the_anodlc waves at
transferred at 20 mN . 50 mV s1, according to the following equatidf:
than the 1:2 stoichiometric ratio of the Ru(ll) complex cation I' = Q/InFA 2)

and the Eu(lll) complex anion i, contributing to the difference
in morphologies observed between the films on glass and micadespite the dispencies in the surface concentrations derived from
substrates. Nanoshaving has also been done for the measurdghe two methods mentioned above, the surface concentrations
ments of the thickness of the films deposited on both mica and of 1 on ITO substrate are obviously smaller than those on glass
single-crystal silicon substrates by increasing the force on the and quartz substrates, probably due to the rough surface and
AFM tip to dig holes on the films; however, we were not able not as good hydrophilic properties of ITO as glass and quartz
to obtain reasonable information on film thickness because of substrates. Almost no variations of cyclic voltammograms are
the uncertainties in the measured depths of the holes, whichobserved after repeated successive potential scans, demonstrating
were caused by the contamination of the tip by the digging that the monolayers were stable against pealing off during the
procedure and by piles of the molecules around the H8les.  potential scans. The differences between the anodic peak
Cyclic Voltammetry. The redox properties of LB films on  potential &y and cathodic peak potentiaE{) of the im-
ITO substrates were examined by cyclic voltammetry. The mobilized Ru complexAE, = Epa — Ep) increase with the
effects of potential scan rates on voltammograms of the potential scan rates, indicating that the electrode reactions are
monolayer LB films transferred at 5 and 20 mN hare shown controlled by electron transfer (ET) kinetics. Thé&, values
in Figures 9 and 10, respectively. The relationships between observed at a fixed scan rate for the film deposited at 20 mN
the anodic peak currents and the scan rates are exhibited in then™2, were larger than those at 5 mN#indicating a decrease
insets of the two figures. The significantly asymmetric shapes in ET rate upon increasing film-forming surface pressures. The
of the redox waves were observed, indicating that the redox values of formal potentialEy obtained a€so = (Epa + Epd)/2,
reaction ofl on ITO electrode was quasi-reversible, similar to are almost the same and hardly affected by the potential scan
the observations on the LB film of Ru(L18)(tpy-R@PF;, rates, indicating that the electron-transfer coefficients for anodic



7408 J. Phys. Chem. B, Vol. 110, No. 14, 2006

and cathodic processes are simila & o = 0.5). From
observed dependencedE, = Eya — Epc0n logv, the standard
heterogeneous electron-transfer rate condtaagsociated with

the redox process of the immobilized Ru complex is estimated

by using Laviron’s equatiop?>3
__4RT  (nFv
p = 2.303F Y \2RT

Theks value for the monolayer film transferred at 5 mNhis
derived to be 0.2373, which is approximately 20 times the
value of 9.6x 1073 s™1 for the monolayer film transferred at
20 mN nt! at a fixed scan rate of 1.2 V& This is to say, a
loosely packed film has a relatively largks value than the
closely packed one, as anticipated.

AE

®)

Conclusions

A robust and easily accessible surfactant EutiRu(Il)
complex is synthesized by utilization of the europium(lll)
complex anion as the counterion of the amphiphilic Ru(ll)
complex cation. This ion-pair complex containing Eu(lll) and

Ru(ll) complex dual chromophores, affords advantages of stable

Langmuir and LangmuitrBlodgett film-forming properties as
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