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[14] Our acid titration studies suggest a pK, of around pH 4.5 for the
poly(4-vinylpyridine) homopolymer.

[15] We have carried out control experiments using linear (non-cross-
linked) P4VP/SiO, nanocomposite particles as an emulsifier. Disso-
lution at low pH causes a significant increase in solution viscosity,
which is detrimental to efficient macroscopic phase separation. Thus
a low degree of crosslinking leads to a significant enhancement in
demulsification efficiency.

[16] B. P. Binks, J. H. Clint, Langmuir 2002, 18, 1270.

[17] In the work of Amalvy et al. [6,7] and Read et al. [8], the sterically
stabilized polystyrene latex actually only acts as a pH-dependent,
rather than a pH-responsive particulate emulsifier. The pH of the ini-
tial solution dictates whether or not a stable emulsion is obtained.
However, once the latex particles are actually adsorbed at the oil-
water interface, desorption cannot be achieved by simply switching
the solution pH. This is contrary to some of the discussion in these
earlier papers and the true situation has only become clear to us very
recently. We have published a correction to previous work [8] in
Langmuir to clarify this important distinction (E. S. Read, S. Fujii,
J. I. Almavy, D. P. Randall, S. P. Armes, Langmuir 2005, 21, 1662).
Thus these nanocomposite microgels are the first example of a genu-
inely pH-responsive particulate emulsifier.

Conductive Hybrid Films of
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Hybrid organic-inorganic materials constitute an active
focus of research in materials science. Indeed, the hybrid ap-
proach can lead to materials with multifunctional properties!']
or to materials where their components interact in a synergic
way leading to improved properties.”) One type of these hy-
brid materials is based on conducting organic polymers com-
bined with inorganic components which act as electroactive,
photoactive, or catalytic agents.[3] Most conducting organic
polymers are based on conjugated organic polymers that are
chemically oxidized. These electrochemically oxidized (or
doped) polymers are usually insoluble in common solvents,
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which makes the processing of these materials difficult. Pro-
cessable conjugated conducting polymers, such as poly(3,4-
ethylenedioxythiophene) (PEDOT) and polyaniline, are
based on semi-stable dispersions.”’

A completely soluble, although less conductive, class of
semiconducting organic materials is based on poly(aryla-
mines). In these systems, the arylamines are either covalently
connected to form soluble macromolecules (for example,
poly[N-vinylcarbazole]) or are dispersed in electronically in-
active polymers to yield molecularly dispersed polymers
(MDPs).1! These materials are soluble in common solvents,
easy to process into thin films, and widely used in photocopiers
and laser printers. More recently, arylamines were used as
hole-transporting units in the photoactive layer of organic
light-emitting diodes (OLEDs) and organic solar cells.”®!. The
conductivity of arylamine-containing polymers, however, is in
general too low (in the range of 10'°-10” Scm™) for applica-
tions where large current transport is required, such as in
charge-injection layers in OLEDs and organic solar cells. It
would be beneficial for the operation of an OLED to have
molecules acting at the same time as the charge-injection and
hole-transport entities, as this feature should lower the driving
voltage of the device."1*!

A possible approach to increasing the conductivity of these
systems consists of increasing the amount of free carriers. This
can be achieved by oxidizing the arylamines with strong oxi-
dant molecules such as ClO4 and AngFg.[“’B] In these oxi-
dized materials the conductivities increase substantially, up to
10 Sem™, but are still too low for applications as charge-in-
jection layers. Recently, conductivities as high as 0.1 Scm™
have been obtained using AgSbFg to oxidize the soluble aryl-
amine polymer poly(N,N’-diphenyl-N,N’bis(4-hexylphenyl)-
[1,1"-biphenyl]-4,4’-diamine) (pTPD; Fig. 1, right), allowing
the use of these materials as charge-injection layers in OLEDs
and organic solar cells." Notice that pTPD is depicted
having N,N’-diphenyl-N,N’bis(4-hexylphenyl)-[1,1’-biphenyl]-
4,4'-diamine (hTPD) as the monomer unit, which resembles
very closely the well-known aromatic amine, N,N-diphenyl-
N,N’-bis(3-methylphenyl)-[1,1"-biphenyl]-4,4’-diamine (TPD,
Fig. 1) used as a transport molecule in MDPs. In pTPD, the
arylamine units are chemically linked to each other; however,
due to the angle between adjacent phenyl rings, the conjuga-
tion is limited and does not extend significantly along the
chain direction.

With the aim to incorporate inorganic molecules with addi-
tional properties into a semiconducting polymer, we have
used the dodecamanganese metal complex [Mn;;0q,-
(H,0)4(C¢FsCOO)y6] (abbreviated as Mn;,PhFs) (Fig. 1, left)
as an oxidant for pTPD. This molecular compound belongs to
an extensive family of magnetic complexes, known as the
Mny, family, which are derivatives of [Mn;;0,(H,0),-
(CH53COO0)16] (Mny; acetate).

From a physical point of view, these compounds exhibit extra-
ordinary magnetic properties. In fact, they behave as magnets
at low temperatures, showing quantum-tunneling effects due to
their nanometer scale.!"> Therefore, these nanomagnets may be
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Figure 1. Molecular structure of Mn;,PhFs functionalized with pentafluorophenyl groups (atoms
represented are Mn, black; F, gray; C, dashed gray; O, white), poly(N,N’-diphenyl-N,N’bis (4-hexyl-
phenyl)-[1,1"-biphenyl]-4,4’-diamine) (pTPD) and N,N-diphenyl-N’,N’-bis(3-methylphenyl)-[1,1"-bi-

phenyl]-4,4’-diamine (TPD).

useful for preparing high-density magnetic memories and quan-
tum-computing devices.""! From a chemical point of view, these
compounds are neutral mixed-valence complexes formed by a
metal core of four Manganese(1v) atoms and eight Mangane-
se(1) atoms connected by oxo and carboxylate ligands; they
can easily be reduced by one or two electrons to yield the corre-
sponding anion complexes. In view of these redox properties,
Mn;, complexes may be used to oxidize aromatic amines. The
resulting hybrid can also be of interest to study how the envi-
ronment around a Mn;; cluster affects the magnetic properties
of these clusters. In this context, we have chosen a Mn,, deriva-
tive functionalized with pentafluorophenylcarboxylate groups,
CgFsCOQO, which are more easily reduced than the acetate de-
rivative due to the electron-withdrawing properties of the fluo-
rine atoms. In this work, we report the preparation and proper-
ties of this kind of hybrid material.

The electrochemical properties of the pTPD were deter-
mined using cyclic voltammetry. Two reversible oxidation
peaks are clearly observed in the cyclic voltammogram of
pTPD in Figure 2a. The first oxidation peak is observed at
0.28 'V, close to that observed for tritolylamine (0.32 V), the
basic chemical building block of the pTPD polymer. How-
ever, in pTPD there is a second oxidation potential (0.53 V)
which appears at the same voltage as the second oxidation
peak of the TPD. Therefore, although the magnitudes of the
first and second oxidation waves are not of equal intensity,
the elementary electronic unit of the pTPD is not a single tri-
phenylamine unit but is better represented by the dimer
(hTPD). The reduction potentials of the Mn;,PhFs complex
(0.64 V and 0.46 V versus ferrocene)!'”! are sufficiently high
to oxidize pTPD, allowing the creation of free carriers in the
semiconducting polymers. In view of the reduction potentials
of Mn;,PhFs, it is conceivable that one cluster can accept two
electrons from the TPD units.

Indeed, upon addition of small amounts of Mn;,PhF5 to a di-
luted chlorobenzene solution containing pTPD, the pTPD was
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spontaneously oxidized. This partially oxi-
dized polymer remained completely solu-
ble, allowing for easy processing into thin
films. Transparent films with thicknesses
between 20 and 200 nm were spin-coated
from solution. These films had an addi-
tional absorption peak with a maximum
around 500 nm (A, =495 nm), typical
for arylamine radical cations, that in-
creased when the amount of Mn;,PhF5
increased. Notice that the obtained films
remained completely transparent up to a
Mn,PhFs/pTPD ratio of 1:2, indicating
that no phase separation occurred on a
submicrometer scale and that the films
were homogeneous.

The magnetic properties of these
films are reported in Figure 3 and are
compared to those of crystals of
[Mn;5015-(H,0)4(CsFsCOO)6].  The
typical behavior for a single molecule magnet is observed,
with frequency-dependent in-phase (") and out-of-phase (x”)
alternating current (AC) susceptibility signals.
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Figure 2. a) Cyclic voltammograms of TPD (dashed line) and pTPD (sol-
id line). b) Cyclic voltammogram of tri-tolylamine.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1019



1020

5 4

—+—997 Hz

—+—332Hz

—a— 110 Hz

4 4

n’\%! —o— 10 Hz
=
©
g
=
g
L
_E
=
="
S
£
M
=
g
L
Fr
_E
x

T (X)

2.0 ~
—e— 10000 Hz
—— 8000 Hz
—+— 6000 Hz
—— 4000 Hz
15 4 —»— 2000 Hz
—+—997 Hz
= ——332Hz
= —a— 110 Hz
g
=] J
E 1.0
&)/
_§
=
0.5
0.0 = --‘—‘a.;
2 3 4 5 6 7 8
3
g
M
=
g
L
b
£
=
0 T T T T T 1
2 3 4 5 6 7 8
T (K)

Figure 3. Plots of y,,” versus T (top row) and y,,'Tversus T (bottom row) for a crystalline sample of Mn;,PhFs (left column) and for a pTPD/Mn;,PhFs
8:2 film (right column) in a 3.95x107* T AC field oscillating at the indicated frequencies, where ¥,” and .’ are the out-of-phase and in-phase mag-

netic susceptibilities, respectively (1 emu=10" Am?).

These x” peaks appear at lower temperatures for the
Mn,PhFs/pTPD films than for the Mn,,PhFs5 crystals, indicat-
ing that the relaxation of the magnetization is faster in the
films. For films with decreasing concentrations of Mnj,PhFs,
the magnetic response decreases in magnitude, but the y” be-
havior remains unchanged, indicating the molecular origin of
this behavior. Analysis of the frequency (v) dependence of
the y” peaks through an Arrhenius plot permits estimation of
the magnetization-relaxation parameters in these systems
(Fig. 4).

These data fit to the equation 7 =7,exp(Ues/kgT), where 7 is
the relaxation time, Uy is the effective potential-energy bar-
rier that the molecular magnet has to overcome to flip its mag-
netic moment from spin “up” to spin “down” states, kg is the
Boltzmann constant, and 7 is the temperature. The effective
energy barrier U, for the films was determined to be 28.6 K
with a pre-exponential factor, 7, of 9.8 x 107 s, while for the
crystals these values are U.g/kg=62.3 K and 7,=4.0 % 107 s.
Hence, the U, value for the film was significantly lower than
that found in the crystals. This low value is characteristic of the
two-electron-reduced [Mn;,PhFs]*~ species. In fact, very few
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Figure 4. Plot of the natural logarithm of the inverse magnetization-re-
laxation rates (t=1/2mv, where v is the frequency of the oscillating
field) versus the inverse of the absolute temperature for a pTPD/
Mn;,PhFs (8:2) film (closed circles) and for the Mn;,PhFs crystal (open
circles). The solid lines represents least-square fits of the data to the
Arrhenius equation.
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examples of [Mn,,]*~ species have been reported so far. In
these anions, the U values have been found to be clearly
lower than those reported for [Mnj,]” and neutral Mn;,
species (which are ca. 50 K and 60 K, respectively).'*! From
these data, one can conclude that in the pTPD films containing
the Mn,PhFs complex, the manganese clusters have been
reduced by two electrons, and therefore the amount of oxi-
dized pTPD units is twice the amount of Mn,,PhFs molecules
embedded in the conducting polymer. It is to be noted that
these magnetic properties unambiguously demonstrate that in
the conductive film, Mn;,PhFs was exclusively present as
reduced dianions. In fact, a comparison between the crystal
and a film formed from pTPD containing 20 % of Mn;,PhFs5
(Fig. 3) shows that, in the crystal, a single y” peak is observed
at ca. 5 K at a frequency of 110 Hz. This peak has to be taken
as the signature of the neutral Mn;,PhFs molecule. In the con-
ducting film, a single peak with similar width appeared at 2.5 K
at the same frequency, while no peak was observed at 5 K.

It is important to notice that in the pTPD, the number of
hopping sites is well-defined as they coincide with the hTPD
sites. Therefore, when a known amount of Mn,PhF5 mole-
cules is added to the pTPD, it is possible to determine the
amount of oxidized pTPD units. As one Mn;,PhFs molecule
is capable of oxidizing two hTPD moieties, the total number
of free charges is twice the number of Mn,PhFs molecules
added, assuming the conductivity is solely occurring based on
holes. If the electrons also participate in the conduction pro-
cess via hopping between the reduced Mn;,PhF5 anions, one
can predict that each Mn;,PhF;5 gives rise to four free charges
(resulting from two holes on the polyarylamine and two elec-
trons on the Mn;,PhFs site). These features can facilitate the
study of the charge-transport properties of these films as a
function of the amount of oxidized hTPD units. When pTPD
was oxidized with Mn,PhFs, the conductivity of the film in-
creased significantly with the amount of oxidant (Fig. 5a).
High conductivities on the order of 0.01 Scm™ were obtained
at ratios of Mn;,PhFs/hTPD above 0.02 (hTPD*/hTPD >
0.04). These conductivities were sufficiently high so that this
composite could be used as a charge-transporting material for
OLED:s and organic solar cells.'”’ Both the high conductiv-
ities and the relatively low levels of oxidation needed to ob-
tain them are surprising.

First, we would like to comment on the high conductivity
levels reached in these films. These values are three orders-of-
magnitude higher than those found in highly oxidized aryl-
amine-based MDPs.''3] They resemble those reported for
thin films of chemically oxidized conjugated thiophene oligo-
mers, despite the limited conjugation between adjacent TPD
moieties compared to the conjugation existing in an oligothio-
phene.[zol An effect that strongly influences the overall con-
ductivity is the intersite hopping. For reasons not yet under-
stood, the intersite hopping might be better in the pTPD
chain than in oligothiophenes.

Second, and perhaps more surprising than the absolute val-
ues of the conductivities, is the low level of oxidized sites
needed to reach these values. At Mn;,PhFs/hTPD ratios of
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Figure 5. a) Conductivity of pTPD films as a function of the oxidized
hTPD units using Mny,PhFs as oxidant () and when using AgSbFe as
oxidant ([J); the dashed line is a linear fit for the AgSbFe-doped film. The
hTPD*/hTPD ratio corresponds to two times the Mn;,PhFs/hTPD ratio
when Mny,PhFs is used as the oxidant. b) Volume fraction of Mn;,PhFs
(V) and TPD units (@) as a function of oxidized hTPD units.

around 0.02 (hTPD*/hTPD >0.04), which equals 2 x 10* oxi-
dized sites per cubic centimeter, the conductivity rapidly in-
creased by two orders of magnitude, after which it remained
relatively constant up to high doping ratios. In conjugated
oligomers or polymers such as polythiophene, conductivities
of 0.01 Scm™ are reached at much higher concentrations of
oxidized sites, ranging from 5x 10 to 1 x 10*'x cm™." This
shows that the Mn,PhFs/pTPD hybrid material shows superi-
or conductivity, even with respect to oxidized conjugated
polymers, at low levels of oxidation.

To verify if this rapid increase in conductivity at low oxidiza-
tion levels occurs in pTPD polymers doped with classical oxi-
dants, we have investigated the conductivities of pTPD films
as a function of AgSbF,. As can be seen from the open squares

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in Figure 5a, the conductivity increases linearly in the log-log
presentation, and no sudden increase in conductivity is ob-
served at low oxidation levels. This implies that the Mn;,PhFs,
apart from functioning as an oxidant for pTPD, plays an addi-
tional role in the transport properties of the pTPD/Mn;,PhFs5
material. One possibility is that Mn,,PhFs contributes to the
rise in conductivity via inter-cluster electron hopping. In fact,
this hopping process has already been proposed to explain the
semiconducting properties of crystals of Mn;, acetate.”?! In
our case, the rise in conductivity occurred at a Mn;,PhFs vol-
ume fraction of around 14 %, which is close to that needed to
form a percolating network of Mn;,PhFs clusters.”® However,
when studying the conductivities of a TPD/polystyrene MDP
as a function of amount of Mn,PhFs, we found an increase in
conductivity with increasing Mn;,PhFs levels, showing a linear
increase on a log-log presentation reaching 10° Scm™ for a
Mn;,PhFs/TPD ratio of 0.2. This conductivity is much lower
than observed in the Mn;,PhFs/pTPD films and thus rules out
inter-cluster electron hopping as a reason for the high conduc-
tivities observed in these films. Hence, a synergic interaction
between the Mn,,PhFs and the pTPD seems to be taking place
in these films. The hole mobility through the TPD moieties is
improved by the presence of the Mn;, anions, which seems to
reduce the energy barrier for hopping due to electrostatic
interactions. From temperature-dependent conductivity mea-
surements, Arrhenius activation energies were obtained rang-
ing from 0.3 eV to 0.2 eV from the low- to high-doping-level
regime, respectively. No decrease in activation energy was ob-
served at doping ratios where the conductivity of the hybrid
films rose rapidly. In a future paper, a model describing this
data will be presented.

A final point that needs explanation is the observation that
the conductivity remained at a constant level over a wide
range of Mn;,PhFs/hTPD ratios (0.02-0.5). This is also sur-
prising, as generally conductivity is expected to decrease with
increasing intersite TPD distances.”*! Even though the con-
ductivity is expected to increase with increasing amount of
oxidized molecules, it is unexpected that the effect of more
free carriers and larger intersite distances result in a constant
conductivity. If we assume that the charge transport occurs
solely through the pTPD network, it is difficult to understand
that, for high volume fractions of Mn,PhF5 (as high as 80 %),
which implies a high dilution of the pTPD chains, the conduc-
tivity does not decrease (Fig. 5Sb). This suggests that at high
levels of doping Mn;,PhFs must also contribute to the charge-
transport process.

In conclusion, we have prepared a soluble hybrid organic—
inorganic semiconductor based on the synergy between an
arylamine polymer and the molecular nanomagnet [Mn,01,-
(H,0)4(C¢FsCOO0O)14]. At Mn,PhFs/hTPD ratios as low as
0.02, the conductivity of the hybrid films reaches values
around 0.01 Scm™. This high conductivity, in combination
with the low amount of oxidized transport sites needed to ob-
tain it, makes this material very suitable as a charge-transport
material in organic solar cells and in organic light-emitting
diodes.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In terms of magnetism research, this hybrid material consti-
tutes the first attempt to embed a Mn;, nanomagnet into a
conducting polymer. The presence of the semiconducting
polymer does not seem to affect the magnetism, as expected
for isolated molecules. However, the high conductivities ob-
served in this hybrid material imply that the Mnj, clusters
play an important, although as yet not completely understood,
role in the electrical properties of these hybrid materials.

Experimental

Poly(N,N’-diphenyl-N,N’bis(4-hexylphenyl)-[1,1’-biphenyl]-4,4’-dia-
mine) (pTPD) was obtained from American Dye Source and used
without further purification. The solvents used were obtained from
Aldrich. Mn,PhFs was prepared using the ligand-substitution method
[25]. Oxidation of the pTPD films was done in chlorobenzene solution
by slowly adding a dilute solution of Mn;,PhFs in dichloromethane.
In the case when AgSbF, was used as the oxidant, the resulting solu-
tion was centrifuged and decanted to remove the solid silver that
resulted from the redox reaction. Finally, before spin-coating, the
solutions were filtered over a 0.45 um polytetrafluoroethylene filter.
Films were spin-coated from a chlorobenzene/dichloromethane (3:1
v/v) solution onto quartz plates with photolithographically defined in-
terdigitated Pt electrodes. The thickness of the films was determined
using an Ambios XP1 profilometer. Electrical measurements were
performed using a Keithley 2400 source meter. The current was found
to be proportional to the voltage, and the resistivity was determined
from the slope of the current-voltage curves. Temperature-dependent
electrical measurements were performed on a Physical Property Mea-
surement System (Quantum Design PPMS-9) equipped with a liquid-
He Dewar, permitting a temperature range from 300 K to 2 K. Oxi-
dation and reduction potentials were determined using an Autolab
potentiostat, Pt working and counter electrodes, and a Ag/AgNOj ref-
erence electrode. Voltages are reported relative to the ferrocene/fer-
rocenium couple.
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Bacteriorhodopsin Monolayers for
Optoelectronics: Orientation and
Photoelectric Response on Solid
Supports**

By Tao He, Noga Friedman, David Cahen,*
and Mordechai Sheves*

Bacteriorhodopsin (bR) is an integral protein, with a supra-
molecular organization, found in the purple membrane (PM)
of Halobacterium salinarum. Following light absorption, bR
releases protons into the outer medium and takes up protons
on the cytoplasmic (CP) side of the cell, accompanied by an
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immediate charge-separation step and an energy gradient
across the cell membrane.” At the same time, bR undergoes
a photochemical cycle, passing through a series of intermedi-
ate states, referred to as the J, K, L, M, N, and O states.>”
The M state exhibits the strongest spectral shift (absorbing at
412 nm) and the highest population of all the intermediates
under steady-state illumination, and it decays thermally or
upon blue-light irradiation. Even more important is that the
photosensitivity of this biological photochrome and the cycli-
city of its response to illumination is far better than that of
synthetic materials.”! In addition, bR exhibits long-term sta-
bility over a wide range of pH, temperature, and humidity
values, and it does so in a variety of (photo)chemical environ-
ments.”! All of these properties make it a promising biomater-
ial for optical and photoelectric applications.[z’é'g] From engi-
neering considerations, however, PM fragments should be
immobilized or assembled onto solid supports before the pro-
tein can be incorporated into functional devices. Furthermore,
to generate a maximal photoelectric response for the whole
system upon photon absorption, macroscopic orientation of
the PM fragments is vital. This is due to the highly directional
nature of this membrane protein, in which membrane orienta-
tion determines the polarity of the photoelectric response.[g‘m]
Among the methods used so far for membrane immobi-
lization, we note Langmuir-Blodgett (LB) deposition,!!
electrostatic (layer-by-layer) self-assembly,®*! molecular rec-
ognition,!®! adsorption onto a lipid monolayer,'”! and sedi-
mentation under a direct-current (DC) bias!"®! or under the
combined action of electric and magnetic fields.'" In addition
to the orientation, the thickness of bR films should also be
controlled for the fabrication of bR-based bio-optoelectronic
devices, especially if the nanometer-sized dimensions of the
membranes are to be exploited.

Constructing a monolayer of bR onto a solid support allows,
in principle, the best possible control over film orientation
and, thus, should yield the most reproducible results. We show
here how to prepare such monolayers and present data indi-
cating that a monolayer of native bR can be converted com-
pletely to the M intermediate under steady-state irradiation,
even at 87 % humidity and at pH 7. This is remarkable be-
cause in multilayers under similar conditions or in suspensions
(pH 7), the M state does not accumulate.

bR monolayers were prepared by a self-assembly proce-
dure. Atomic force microscopy (AFM) topography, ellipsom-
etry, UV-vis absorption spectroscopy, and Fourier-transform
infrared (FTIR) absorption spectroscopy indicated the pres-
ence of a reasonably dense net of PM patches on the solid sur-
face. Both the AFM images (Fig. 1) and the ellipsometric data
indicated that the resulting thin film was a monolayer with
partially overlapping patches. The size of the PM patches ran-
ged from several hundreds of nanometers to several micro-
meters, and their thicknesses were about 5-6 nm, in agree-
ment with values in the literature.”! The coverage increased
on increasing the concentration of the PM suspensions. How-
ever at high coverage, the fraction of partially overlapping
PM patches increased, i.e., a multilayer started to form on the
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