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Characteristics of Monolayers of Ferrocene Derivatives and
Estimation of Electrical Double Layers Formed in Langmuir Films
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In order to estimate the potential difference of the electrical double layer formed in heterogeneous Sensitizer
(S)/Electron Donor (D) Langmuir-Blodgett (LB) films, the surface potentials of the constituent monolayers
were measured simultaneously with the 7—A isotherms. The S monolayer was a mixed [Ru(bpy)s]*" complex
monolayer with a long alkyl fatty acid, while the D monolayer was one of three kinds of ferrocene monolayers
with different signs of the hydrophilic head groups and with the same redox potential. The formation of the
potential difference between the charged head group of the amphiphile and its counterion at the water-air
interface was confirmed; those values were consistent with the electrical double-layer effect on the luminescent
lifetime of [Ru(bpy)s]* in the S monolayer in contact with the D monolayer.

It has been pointed out that the value of the in-
ner potential difference of the electrical double layer
formed between different phases can not be measured
electrochemically.V Thus, a direct estimation of the po-
tential difference of the electrical double layer has at-
tracted the attention of many electrochemists for a long
time.

By making use of a heterogeneous Langmuir-Blod-
gett (LB) trough, which enable one to form a multilayer
having more than two kinds of monolayers, the inter-
molecular electron transfer>=® and energy transfer®
in well organized monolayer assemblies have been ex-
tensively investigated. We have studied the effects of
the distances and energy gaps between the sensitiz-
ers (S) and electron donors (D) on intermolecular®”
and intramolecular® electron transfer in LB films. In
the course of these investigations, we found that the
inner potential differences in heterogeneous LB films
are formed by the head-group charge and the counter-
ion, and that those potential differences influence the
photoinduced electron-transfer rates in various S/D LB
systems.?) If these potential differences formed in het-
erogeneous LB films can be estimated by any means,
the effect of the electrical double layer on the photoin-
duced electron transfer could be discussed in a more
quantitative manner.

The surface potential of a monolayer is measured as
the potential difference before and after the monolayer
formation on an aqueous subphase. The observed sur-
face potential can be related to the dipole moments, due
to the tail group of the amphiphilic molecules and the
dipole moment or the electrical double layer between
the polar head group and the aqueous subphase. Thus,
the relative values of the inner-potential differences of
the electrical double layers created with different signs
of the head group can be estimated by comparing the
surface potentials of these different monolayers. By us-
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ing neutral, cationic, and aninic micelles, Fromherz and
his co-workers estimated the electrical double layer and
polarities by using coumarin dyes incorporated in mi-
celles, as fluorescent probes.!® Blinov et al.!V) have in-
vestigated the local fields in dielectric LB films by stark
spectroscopic techniques, and De Schryver et al.'? stud-
ied the relation among the ionization potential, the in-
terfacial electric field, and the influence on the pho-
toinduced hole transfer processes in LB films. At a
symposium recently held on electrified interfaces,'® sev-
eral theoretical and experimental publications regarding
electrical double layers at solid/liquid interfaces were
reported.

In the present work we synthesized three kinds of fer-
rocene amphiphiles with different signs of their head-
group charge and with the same residual part. The sur-
face potentials of the monolayers of such three kinds of
ferrocene derivatives were measured. Those values were
finally compared with the results of the luminescent de-
cay rates of the heterogeneous S/D LB systems and are
discussed in terms of the effect of the electrical double
layer on the energy-gap law for a photoinduced electron
transfer.

Experimental

1. Materials. The [Ru(bpy)s]** amphiphilie (RuC19)
was prepared and purified by methods described in the
literature.!®) Three kinds of ferrocene amphiphiles (AFc,
NFc, and CFc) have an anionic —COO™, a nonionic
~COOCH3, and a cationic —N*(C2Hs)s head group,
respectively.”) GR grade arachidic acid (AA) from Aldrich
was used without further purification. All other chemicals
were the same as those described previously.”®

2. Syntheses of Ferrocene Derivatives.  The syn-
thetic routes of AFc, NFc, and CFc are shown in Schemes 1
and 2. Stearoylferrocene was prepared by the Friedel-
Crafts acylation with ferrocene and stearoyl chloride in
the presence of AlCl3.'> NFc (methyl-6-(1'-(1-stearoyl)-
ferrocenoyl)hexanoate) was prepared by the Friedel-Crafts
acylation of stearoylferrocene with adipyl chloride mono-
methylester, which was prepared from adipic acid mono-
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Scheme 1. Synthetic route for NFc and AFc.

methylester and excess freshly distilled thionyl chloride. The
product was purified by column chromatography on silica gel
with chloroform used as an eluant to yield 38.4% (10.35 g)
of methyl-6-(1'-(1-stearoyl)ferrocenoyl)hexanoate. 'H NMR
(CDCl3) 6=0.86—0.97 (t, 3H, CH3), 1.30 (m, 30H, CH),
1.62—1.85 (m, 4H, CHy), 2.38 (t, 2H, -O-C(=0)-CH), 2.65
(t, 4H, C(=0)-CHz), 3.65 (s, 3H, C(=0)-O-CH3s), 4.40 (4,
4H, arom(ferrocene)), 4.70 (d, 4H, arom(ferrocene)). AFc
(6-(1'-(1-stearoyl)ferrocenoyl)hexanoic acid) was prepared
by alkali hydrolysis of NFc.!® The product was purified by
column chromatography on silica gel with mixtures of ben-
zene and acetone (9:1—2:1) to yield 28% (0.14 g) of 6-
(1'-(1-stearoyl)ferrocenoyl)hexanoic acid. *HNMR (CDCls)
6=0.86—0.97 (t, 3H, CH3), 1.30 (m, 30H, CH2), 1.62—1.85
(t, 4H, C(=0)-CH,), 2.38 (t, 2H, -O-C(=0)-CH.), 2.65 (t,
4H, C(=0)—CHz), 4.40 (t, 4H, arom(ferrocene)), 4.70 (d, 4H,
arom(ferrocene)). 1-Bromo-5-(1’-(1-stearoyl)ferrocenoyl)-5-
on-pentene was prepared by the Friedel-Crafts acylation of
stearoylferrocene with 5-bromovaleryl chloride. CFc (5-(1'-
(1-stearoyl(ferrocenoyl)-5-on-pentyltriethylammonium bro-
mide) was prepared by quaternization of 1-bromo-5-(1"-(1-
stearoyl)ferrocenoyl)-5-on-pentene with triethyl amine.'”
Anal. Caled for C3gHgsO2NBrFe(716.71) : C, 65.36; H, 9.28;
N, 1.95; Br, 11.14%. Found: C, 65.45; H, 9.18; N, 1.87; Br,
11.53%.

3. Preparations and Measurements of the Mono-
layers. The monolayers were prepared at the water/air in-
terface of a rectangular Teflon trough with inner dimensions
of 56x18 cm? and a depth of 1 cm, that was enclosed in a
tight box and thermostated. The surface pressure was mea-
sured by a filter-paper Wilhelmy balance. The surface po-
tential was measured with a vibrating-plate condenser. The
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principle of the potential measurement is given in Fig. 1.18)

Deionized water filtered by a Milli-Q system was used as a
subphase for monolayer preparation. For monolayers, the
[Ru(bpy)s])?* derivative was mixed with AA at a molar ra-
tio of 1:2 or used by itself, while the ferrocene derivatives
were used by themselves. The surface pressures and poten-
tials were measured at 15 °C, mostly on pure water; for AFc,
however, they were also measured on 0.3 mM CaCl; and 0.15
mM NaHCOj; (1 M=1 moldm™3) ; for mixed [Ru(bpy)s}**
and NFc monolayers, they were also measured on 0.05 mM
NaHCOj3. All of the sample preparations and measurements
were carried out in the dark to avoid photooxidation of the
films.'®
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Fig. 1.
mation of a monolayer (A V) measured by the vibrat-
ing-plate condenser method: One platinum electrode
is put into an aqueous subphase; the second elec-
trode vibrates in air at a distance of about 2 mm
from the interface. The current due to periodical ca-
pacitance changes is compensated. The air electrode

Change in the surface potential due to the for-

is grounded.'®
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Results and Discussion

The surface pressure—area (m—A) and surface po-
tential-area (A V-A) isotherms of the monolayers are
shown in Fig. 2. As shown in the 7—A curves in
Figs. 2a, 2b, and 2c, the surface pressure of the RuC19
pure monolayer, that of the mixed monolayer of RuC19
and AA with a molar ratio of 1: 2, and that of the pure
monolayer of stearic acid (SA) start to increase from a
mean area of 1.05, 0.50, and 0.24 nm? molecule™!, re-
spectively. Because the area per molecule of a normal
carboxylic acid with a single alkyl chain is 0.20—0.24
nm? molecule™},2% and both AA and SA have long alkyl
chains and carboxyl head groups, we can assume here
that the mean area of the AA monolayer is the same
as that of the SA monolayer. Since the mean areas
of pure RuC19 and pure AA monolayers are 1.05 and
0.24 nm? molecule™!, respectively, the mean area of the
mixed monolayer of RuC19 and AA with a molar ratio
of 1:2 would be 0.51 nm? molecule? if the mixed film is
ideal, i. e. (1.054+0.24x2)/3=0.51 nm? molecule~!. Al-
though the observed mean area of 0.50 nm? molecule~!
was in a good agreement with this value, the ideality of
the mixed film may be superficial, because the compo-
nents interact strongly and form stable neutralized ion
pairs, as described later.

The change in the surface potentials due to the forma-
tion of a monolayer (A V) is proportional to the change
in the normal component of the dipole density (n-u), as
given by the Helmholtz equation,

AV =np/eo (1)

or
p=eAV A, (2)

where the number of molecules per unit area (n) is re-
lated to the mean area per molecule (4) by n=1/A4 and
€o is the permittivity of the vacuum. We can give the
total effective dipole moment(u) as

B = Pa + o, (3)

where 4 is the effective dipole moment due to the polar
monolayer head group region and u,, is that of the hy-
drophobic end.'®

The surface—potential data of the condensed mono-
layers are listed in Table 1. Vogel and Mobius ana-
lyzed the local surface potentials (local electric dipole
moments) by separating the contributions of the hydro-
phobic and hydrophilic monolayer interfaces described
above.'® From their analysis, the dipole moments of
the CHs-group (ucm,) and the hydrated carboxyl-
ato group (ucoo-) are 0.35 D and —0.20 D (1 D=
3.3356x1073% m), respectively. Hence, the total dipole
moment of the SA monolayer is 0.15 D, and the calcu-
lated surface potential from its mean area is 285 mV
by Egs. 3 and 2, respectively. This result is very close
to the present observation of +280 mV. However, in
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spite of the positive sign of the divalent cation head
group, AV for the pure RuC19 monolayer is less than
that for SA with the carboxylate anion. On the con-
trary, A V has a much more positive value for a cationic
CFc¢ monolayer, as we would expect. As shown in
Fig. 3, in the pure RuC19 monolayer, it is expected
that the head group of RuC19 occupies an area of 1.05
nm? molecule™!, and the space over the head group is
too widely open for the two straight alkyl chains to fill
the space; consequently, the space must be filled with
the folded alkyl chains. In other words, if the two al-
kyl chains stand normal to the air-water interface in
the extended straight chain form, they would occupy
40% of hydrophobic region of the pure RuC19 mono-
layer, and the residual 60% would be free space. Thus,
in the hydrophobic region filled with the folded alkyl
chains, the positive dipole moments of the tail groups
(-CHj3) are directed in random orientation. The idea
that the contribution of this large positive dipole to the
surface potential is reduced by random orientation ra-
tionalizes the small surface potential observed in the
pure RuC19 monolayer. Still, in the surface potentials
of the ferrocene derivatives discussed below, the effect
of the reduction in the y, by the random orientation
due to the somewhat large molecular areas may not be
negligible, but is expected to be smaller than that for
the pure RuC19 monolayer.

The mean areas and the surface potentials of AFc,
NFc, and CFc, are 0.44, 0.44, and 0.47 nm? molecule™!
and 4360, +380, and +720 mV, respectively (Table 1).
These mean areas of ferrocene amphiphiles are con-
sistent with the calculated value of a ferrocene ring,
and with the reported value of the cross-sectional area
of the ferrocene moiety.?) These mean areas are al-
most the same as that for the mixed monolayer of 0.50
nm? molecule™!. Even if the average area per alkyl
chain is taken into account for the mixed monolayer,
i. e. 1.50/4=0.375 nm? molecule ™!, the average area is
also almost comparable to those of the ferrocene am-
phiphiles. Therefore, among these four monolayers, the
contribution of y,, can be concluded to be roughly com-
parable. In view of these considerations, the order of
the surface potentials, CFc>1:2 mixed >NFc¢>AFc
monolayers, can be attributed to the contribution of the
head dipole moments (i ). Namely, for the CFc mono-
layer, the value of the surface potential is the most pos-
itive among them, because of its cationic head group,
-N*(C3Hs);. In previous studies® we assumed that the
head group charges of the mixed monolayer are neutral-
ized by mixing the anionic AA to divalent cationic [Ru-
(bpy)s)?* with a molar ratio of 2:1. Since AV for the
mixed monolayer gives a medium value between those
for a cationic CFc¢ and an anionic AFc, one can assume
that the head groups of the 1:2 mixed monolayer are
neutralized with each other and, as a whole, the head
group of the 1:2 ion pair can be regarded as being a
nonionic one. In contrast, the value of AV for NFc is
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H;0, (b) a mixed RuC19: AA=1:2 monolayer on 0.15 mM NaHCOs, (c) SA monolayer on H20, (d) AFc monolayer
on 0.3 mM CaCl;+0.15 mM NaHCOs, (e¢) NFc monolayer on 0.15 mM NaHCOs3, and (f) CFc monolayer on HzO.

closed to that for AFc, although NFc has a nonionic
head group, -COOCHj;. This result is, however, consis-
tent with the reported dipole moment of the methoxy-
carbonyl group.!® It is therefore not necessarily true
that the neutral head group does not have a negligible
small p,.

Previously, when the energy-gap dependence of the
electron transfer rate in S(RuC19)/D(AFc, NFc, or
CFc¢) heterogeneous LB films was studied, an efficient

photoinduced electron transfer quenching occurred,
even in S/D LB films in which the reaction was ex-
pected to be up-hill energetics. In the luminescent life-
time measurements of these S/D LB systems, the order
of longness of the luminescence lifetimes of the [Ru-
(bpy)s)?* moiety in the heterogeneous S/D LB films
was on the order of the used D monolayers of CFc>
NFc>AFc.” The most important and intrinsic factor in
LB films which affect the relative energy levels between
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Table 1. Molecular Mean Areas and Surface Potentials of Various Monolayers

Monolayers Hydrophilic Subphases Molecular mean areas  Surface potentials
groups A/nm? molecule™! AV /mV
Pure RuC19 [Ru(bpy)a)®* H20 1.05 100
RuC19 : AA=1:2 [Ru(bpy)s]**+-COO~  0.15 mM NaHCO3; 0.50 570
SA -CO0~ H,0O 0.24 280
AFc —-COO0~ 0.3 mM CaClz+ 0.44 360
0.15 mM NaHCOs;
NFc —-COOCH3 0.15 mM NaHCOs3 0.44 380
CFc ~N*(C2Hs)s H,0 0.47 720
@ ®
Ang - 0 o g :“
| — P o=+ —@Pao:
Apg
Electrical Double Layer Electrical Double Layer
Fig. 4. The structures of S/D heterogeneous LB films
subphase and electrical double layers (EDL) created between
Fig. 3. Schematic structure of a pure RuC19 mono- the § and D monolayers. (a) Schematic diagram

layer at the air/water interface.

the D and S molecules may be the electrical potential
differences created between the monolayers inside the
LB films. As shown in Fig. 4, the region across which
the electron transfer is expected to occur is the electri-
cal double layer where the hydrophilic head groups of
the RuC19 and ferrocene amphiphiles face each other.
As shown in the schematic diagram of the LB structure
in Figs. 4a and 4b, it seemed to be quite reasonable to
assume that: i) the positive charges of [Ru(bpy)s)**
are neutralized by the carboxylate anions present in
the same plane in the mixed monolayer, ii) the nega-
tive charges of the head groups of AFc (-COO™) are
in contact with their Ca?* cations, and iii) the posi-
tive charges of CFc (-N*(C2Hs)3) in contact with Br~
counter anions. Namely, the difference in the lifetimes
was interpreted in terms of the effect of the electrical
double layer on the free energy of the photoinduced
electron transfer in the heterogeneous LB films. The
present experimental results concerning the surface po-
tential for AFc, NFc, and CFc support the explanation
mentioned above.

Although the features of 7—A curves for AFc and NFc
are very similar, and the values of the mean areas are
the same, it is found from Brewster angle microscopy
(BAM) that the stabilities of the monolayers are quite
different.?? Both 7—A isotherms for AFc and NFc have
one peak with a range of 10—20 mN m~!. For the AFc
monolayer, the monolayer is still stable after compress-
ing beyond this peak. On the contrary, the monolayer
is collapsed and crystallized after this peak for NFc.

of EDL created in the S/AFc pair; (b) EDL in the
S/CFc pair.

It is suggested that the hydrophilicity of the carboxyl-
ate anion is more powerful than that of the nonionic
methoxycarbonyl group and stabilized the monolayer.
However, for the CFc monolayer, the monolayer on the
water is homogeneous. The homogeneity can be ex-
plained by the complete dissociation of the ammonium
head groups, and is also consistent with the high surface
potential observed before the surface pressure starts to
increase.”
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