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Introduction

The molecularly governed construction of nanostructured
films has been dominated by the ingenious Langmuir–
Blodgett (LB) technique for about 70 years. Recently elec-
trostatically driven assembly methods have gained attention
as a very promising techniques in the field of template-as-
sisted assembly: oppositely charged materials are used in

order to fabricate high-quality coatings whose thickness is
controlled at the nanometer level.[1] The most substantial ad-
vantage of both techniques is the accurately controlled layer
thickness, thus implying that the macroscopic characteristics
of the molecular film can be governed by the size of the mi-
croscopic arrangement of the different units.
The energy- and electron-accepting ability of [60]fullerene

and its derivatives have made a notable impact in the field
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of the photoinduced charge-separation processes. Moreover,
the observation that C60 is a powerful electron acceptor—
susceptible of receiving up to six electrons[2]—has rendered
the use of [60]fullerene almost unique in conjunction with
electron donors. Thus, several distinct donor–acceptor struc-
tures incorporating [60]fullerene and its derivatives have
been satisfactorily prepared and investigated during the last
decade.[3] C60 manifests, however, comparatively weak ab-
sorbance in the visible portion of the electromagnetic spec-
trum; however, when it is associated with an electron-donat-
ing chromophore that exhibits adequate absorption features,
the resulting dyads typically represent important models for
artificial photosynthetics. Macrocyclic compounds, such as
porphyrins[4] or phthalocyanines,[5] are exceptionally well
suited as photoexcited electron donors. Once the electron is
transferred from the porphyrin to the fullerene moiety, the
generated p-radical cation is usually delocalised among the
different macrocyclic electron donors, as already demon-
strated for chemical sensors based on these macrocycles.[6]

Among the techniques used to fabricate photoactive films
based on C60 derivatives and porphyrins or phthalocyanines,
there are the simple solvent-casting,[7] Langmuir–Blodg-
ett,[8,9] thermal evaporation,[10] layer-by-layer,[11] self-assem-
bly,[12] spin-coating[13] and vacuum deposition[14] methods.
It is known that [60]fullerene and most of its derivatives

form condensed layers on the water surface,[15] mostly as a
consequence of the strong cohesive energy of more than
30 kcalmol�1.[16] This accounts for the existence of intense
intermolecularly attractive p–p interactions and very stable
van der Waals aggregates, even at the air–water interface.
Concentration of the spreading solution, nature and volume
of the spreading solvent, and compression rate are all funda-
mental parameters in determining the quality of the floating
film of C60 derivatives.[17] Therefore, in our approach to-
wards high-quality fullerene films, dilute spreading solutions
(concentration less than 10�4m) of the fullerene derivative,
small volumes (always less than 50 mL) and very low speed
of compression (4 cm2min�1) have been used.
The fullerene derivative 1 and the water soluble porphy-

rin 2 have been prepared according to recently published
synthetic protocols.[18, 19]

Results and Discussion

The Langmuir curves of 1 have been measured for both
pure water and a subphase containing the water-soluble por-
phyrin 2 and are reported in Figure 1.

The two curves appear considerably different, thus pro-
viding first evidence of the effective interaction between the
fullerene derivative 1 and the porphyrin 2 dissolved in the
subphase. The presence of 2 causes a shift of the curve to-
wards larger areas by more than 30 N2. In fact, the limiting
areas (obtained by extrapolation to zero surface pressure of
the steepest and linear portion of the Langmuir curves) for
pure water and the porphyrin aqueous solution subphases
are 66 and 100 N2 per fullerene molecule, respectively. This
means that the presence of the �NH3

+ termination in com-
pound 1 is insufficient to render it adequately amphiphilic
and to allow the generation of a real monolayer on the pure
water surface. On the other hand, the dissolution in the sub-
phase of 2 and the presence of its peripheral anionic groups
induce an efficient electrostatic interaction, promoting the
formation of a more homogeneous floating layer. Such inter-
actions are energetically at least of the same order of magni-
tude as the strong, cohesive, intermolecular p–p interactions,
namely, �30 kcalmol�1.[16] In the following we gather fur-
ther evidence in support of the effective influence of the
water-soluble porphyrin 2 on the organisation of fullerene
derivative 1 on the subphase surface.
Brewster angle microscopy (BAM) is a rather recent and

powerful technique usually utilised to monitor directly the
morphology of floating layers at the air–water interface.[20]

In actual interfaces, the intensity of the reflected radiation is
mainly determined by the interfacial characteristics and evi-
dences a minimum at the Brewster angle. Both the thickness
of the floating layers and the roughness at the interface are
critical parameters that determine the BAM images. Since
the BAM investigation was carried out during the compres-
sion of the floating layer, this method provided essential in-
formation about the presence of pure 1 aggregates on the
water surface. For example, when pure 1 was spread on the
subphase, the existence of large, three-dimensional aggre-
gates floating onto the clean water surface was observed,
even immediately after the spreading solvent evaporation.
In Figure 2a, facets are clearly seen at low surface pressures
(i.e., 0.1 mNm�1) and low area densities (i.e., 93 N2). The
large fullerene clusters contain porous voids, which corre-

Figure 1. Langmuir curves for fullerene derivative 1 on a pure-water sur-
face (solid line) and on a solution of porphyrin 2 (dotted line) at 25 8C.
Spreading solution concentration: 10�4m ; solvent: mixture of chloroform
and dimethylsulfoxide (see Experimental Section).
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spond to pure water surfaces, with dimensions in the range
10–50 mm; the field of view of the BAM instrument is
430 mm along the x axis. Figure 2b confirms that at higher
surface pressure (i.e. , 5 mNm�1) and an area per fullerene
derivative of about 68 N2 such morphology becomes denser
and denser and the voids containing water become progres-
sively smaller and smaller.
Introduction of the water-soluble porphyrin 2 into the

subphase gave rise to considerable and peculiar influence on
the structure and morphology of the floating layer. The
image in Figure 3a was taken at a surface pressure of
0.1 mNm�1, which corresponds to an area per fullerene de-
rivative of about 220 N2, and appears absolutely different
from that reported in Figure 2a. The electrostatic interac-
tions between cationic 1 and anionic 2 at the air–water inter-
face have induced the generation of a more homogeneous
and supposedly thinner floating film. The distinct and sharp
edges and facets, as evidenced for 1 on the pure water sub-
phase, have now disappeared and have been substituted by
continuous and regular boundaries. In Figure 3b, which was
taken at 5 mNm�1 (i.e. , area per fullerene derivative of
about 104 N2), the black subphase surface in Figure 2a has
been replaced by a greyish region contiguous to brighter
and thicker domains. The rationale is the coexistence of a
monolayer of 1 and areas of fullerene–porphyrin aggregates.
The presence and active participation in interfacial phe-

nomena of the porphyrin has also been corroborated by the
reflection spectroscopy under normal incidence in the UV-
visible range; these measurements were carried out directly
on the floating film on the water surface.[21] This unconven-

tional but powerful method is particularly suited for this
purpose, since only chromophores that are located at the in-
terface contribute to the enhanced reflection. In particular,
the difference in reflectivity (DR) from the chromophore
floating layer on the subphase and from the bare subphase
surface was monitored as a function of wavelength. The cor-
responding reflection spectra of 1 on pure water surface at
two different fixed surface pressures, namely, 0.1 and
5 mNm�1 after reaching equilibrium conditions (i.e. , no var-
iation in surface pressure and enhanced reflectivity), are
shown in Figure 4. It is apparent that upon compression the
reflection enhances, because the surface density grows while
the profile remains constant. The increase in DR suggests
that, after the initial aggregation subsequent to solution
spreading, the self-organised and associated clusters are
dragged on the water surface and coalesce, while conse-
quently the surface density of the floating layer is enhanced.
This spectral behaviour is also consistent with the pattern
seen in the Langmuir curves, see above.
Upon introduction into the subphase of 2, a new strong

peak emerges, which corresponds to the Soret band of the
porphyrin. Interestingly, this transition is even apparent at
0.1 mNm�1, which provides further evidence that the fuller-
ene/porphyrin interactions are active, even just after spread-
ing the solutions. Because only those chromophores that are
located at the air–liquid interface affect the enhanced reflec-
tion,[21] these spectra also substantiate the accumulation of 2
at the interface by means of electrostatic interactions with
the oppositely charged 1. In the spectrum taken at
5 mNm�1, a loss of signal intensity of the fullerene deriva-

Figure 2. BAM images of pure fullerene derivative 1 at the air–water in-
terface at a surface pressure of a) 0.1 mNm�1 and b) 5 mNm�1. The field
of view of the BAM instrument along the x axis is 430 mm.

Figure 3. BAM images of fullerene derivative 1 at the air–water interface
at a surface pressure of a) 0.1 mNm�1 and b) 5 mNm�1. The water-solu-
ble porphyrin 2 was dissolved in the aqueous subphase. The area of the
BAM instrument along the x axis is 430 mm.
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tive is noted when 2 is present in the subphase. This is yet
another piece of evidence in support of the strong interac-
tions between 1 and 2. In fact, a plausible rationale is that 2
intercalates between the molecules of 1; this intercalation
would lead to fewer chromophores per surface unit.
The deposition of such layers onto different substrates

(i.e., glass, quartz, silicon, indium–tin–oxide (ITO)) was car-
ried out by the horizontal lifting (Langmuir–Sch+fer, LS)
method. Films obtained by up to 40 horizontal liftings were
deposited, though even thicker films could be transferred.
An inspection of the absorption spectrum of a 30 layer LS

film reveals the following features. Firstly, the UV region is
dominated by optical absorptions of the C60 subunits, while
the porphyrin absorptions are very weak in this region. The
characteristic and very intense p–p* absorption of C60 is
clearly discernible in the spectrum of the LS film at 262 nm,
a value very close to that observed in the solution spectrum.
Secondly, the intense Soret band and the weaker Qx(0.0),

Qx(1.0), Qy(0.0) and Qy(1.0) bands of the 2 system are also
discernible in the near-UV region, at 428 nm, and in the visi-
ble region, at 644, 586, 545 and 517 nm, respectively. The
Soret band shows a bathochromic shift (ca. 14 nm) with re-
spect to the solution spectrum of 2 ; however, a comparable
bathochromic shift has been observed for solution spectra of
2 over the period of a few hours after dissolution of the por-
phyrin; this behaviour could be attributed to the formation
of porphyrinic dimeric species, mediated by hydrogen-bond-
ing interactions between the peripheral phosphonic groups
of adjacent subunits. At variance indeed with the previously
studied 4-phosphonatophenyl isomer, which was found to
give extended aggregates,[22] the porphyrin 2, due to the geo-
metric position of the peripheral substituents that prevents
the formation of extended aggregates, tends to form dimeric
species.[23] In view of the significant photoconduction re-
sponse of the system (vide infra) it cannot be excluded,
however, that a non-negligible contribution to this batho-
chromic shift may arise, in the quasi solid state, from effec-
tive interactions between the p systems of 1 and 2.[24,25]

Thirdly, a rather weak absorption due to bending defor-
mations of the O�H groups belonging to interstitial water
and to the porphyrin peripheral functions, and of the C�H
groups present in the fullerene substituent, extends in the
near-IR up to 2500 nm.
The films are also investigated with polarised light, with

the light polarisation plane parallel or perpendicular to the
incidence plane of radiation at an incidence angle I=08 of
the light beam with respect to the plane normal to the lifting
direction. The main absorptions of 1 and 2 show a small, but
significant dependence on the direction of the electric field
vector, see Figure 5. These dependencies suggest that the

films exhibit a significant molecular order. Whereas safe
predictions on the ordering of the fullerene subunits can
hardly be made on the basis of these observed spectral
changes, analysis of the dichroic ratios measured for the por-
phyrin absorptions leads us to think that the macrocyclic
rings are preferentially edge-on-oriented with respect to the
surface (i.e., quartz).
Next, we investigated the structure of ITO/(1+2), in

which the monolayers were produced at the air–water inter-
face and transferred onto the ITO electrodes with the LS
method at several surface pressures (i.e., 2, 5, 15, 20, and
25 mNm�1); photocurrent experiments were performed, that
is, the response of light illumination on the generation of
electrical energy was measured. Exact experimental condi-
tions were 0.1m NaH2PO4, 1mm ascorbic acid and nitrogen.
Replacing 0.1m NaH2PO4 with 0.1m NaCl, while leaving
1mm ascorbic acid and nitrogen, led to a fivefold drop in
the photocurrent.
Saturation of the aqueous electrolyte solution (0.1m

NaH2PO4, without ascorbic acid) with oxygen led to a three-
fold intensification of the photocurrent. Considering that
the reduction potential of C60/C60s� couple in fulleropyrroli-
dines (E1/2=�1.05 V versus Fc/Fc+) relative to that of the
O2/O2C� couple (E1/2=�0.91 V versus Fc/Fc+ ; pH 7) an elec-

Figure 4. Absolute reflection spectra of 1 on a pure-water surface at sur-
face pressures of 0.1 mNm�1 (green) and 5 mNm�1 (blue) and on an
aqueous solution of 2 at surface pressures of 0.1 mNm�1 (red) and
5 mNm�1 (black).

Figure 5. Electronic spectrum in polarised light of the Langmuir–Sh+fer
film (30 layers) fabricated with 1 and 2 : electric field vector parallel to
the incidence plane (dashed line); electric field vector perpendicular to
the incidence plane (solid line).
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tron transfer from the primary electron acceptor (i.e. , C60C�)
to molecular oxygen is thermodynamically possible.[26] In
fact, several photolytical and radiolytical studies, all con-
ducted in aqueous media, have shown that O2C� is generated
upon electron transfer from C60C� .[27] Once oxygen is reduced
to superoxide radical anion, it acts as a very mobile electron
carrier to transport the negative charge to the electron-col-
lecting ITO electrode.
After the preparation, the photoaction spectra of the

modified ITO electrodes were recorded and a representative
photoaction spectrum of an ITO/(1+2) electrode is reported
in Figure 6. An excellent match is noted with the absorption

spectrum seen in the reflection experiments. To be precise,
the porphyrin6s Soret and also Q-band features are notice-
able. The features of C60, on the other hand, are masked by
the ITO absorption at wavelengths <350 nm. With the pho-
toaction spectrum in hand, we were able to confirm the
origin of the photocurrents, namely, that porphyrin is the
photoactive species.
Mechanistically, a picture evolves that is sketched in

Figure 7. An important factor is that the above-described
deposition of 1/2 places the electron acceptor (i.e., 1) in
close proximity to the ITO electrodes, while the electron-
donor/chromophore system (i.e., 2) is located at the aqueous
interface.
Upon the initial photoexcitation event of 2, a thermody-

namically driven electron transfer to 1 occurs. (For recent
reviews on fullerene-containing donor–acceptor ensembles
and fullerene anions see reference [28].) Electron injection
from reduced 1 into the conduction band of ITO (i.e. ,
�0.25 V versus SCE)[29] and sacrificial electron transfer from
ascorbate to oxidised 2 help to reinstate the ground state of
1/2.
Interestingly, the photocurrents increased notably with in-

creasing surface pressure, which corresponds to a closer
packing of the dyad molecules. This observation can be ra-
tionalised on the grounds of higher absorption cross sections
at higher surface pressures (see the section on reflection
spectroscopy). The incident photon to current conversion ef-

ficiency (IPCE) values were 0.022 (2 mNm�1), 0.038
(5 mNm�1), 0.048 (15 mNm�1), 0.061 (20 mNm�1) and 0.064
(25 mNm�1).
Relative to bare ITO electrodes and ITO electrodes that

just carry a fullerene monolayer, for which we measured
IPCE values of less than 0.001 and 0.01%,[30] respectively,
we consider our current finding to be an appreciable im-
provement. Interestingly, films transferred at the highest sur-
face pressure (i.e. , 25 mNm�1) reveal IPCEs that are similar
to those of ZnP–C60,

[31] NiP–C60,
[32] and H2P–C60 systems[33]

that were assembled through electrostatic interactions.
To probe the stability of the photocurrents, a modified

ITO electrode was illuminated over several time intervals.
Only a 337 nm filter was employed to cut-off the wavelength
region that would correspond to the illumination of the ITO
electrode itself. Importantly, the response to ON/OFF cy-
cling (i.e. , turning the light source on and off) was prompt
and reproducible. Over the monitored time window of 60 s a
moderate decrease in current of less than 5% was noted.
Atomic force microscopy (AFM) inspection of one layer

of both pure 1 and the mixed 1/2 systems deposited at

Figure 6. Photoaction spectrum of a modified ITO-electrode bearing a
mixed 1/2 coverage (deposited at a surface pressure of 25 mNm�1) under
deoxygenated conditions (i.e., no bias voltage is applied).

Figure 7. a) Organisation of 1/2 onto ITO electrodes. b) Schematic repre-
sentation of electron-transfer events in modified ITO-electrodes bearing
a mixed 1/2 coverage.
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25 mNm�1 onto hydrophobised silicon substrates is reported
in Figure 8. In the case of the film of pure 1 (Figure 8, top),
the surface appears covered by a network of nanorods, with
hole-like defects, much larger than those observed for the
mixed 1/2 layer (vide infra). The lateral dimensions of these
rodlike objects range between 20–60 nm, whereas the height
is 2–7 nm. The related root mean square roughness (RMS)
is about 1.8 nm. The 1/2 mixed layer (Figure 8, bottom)
shows a quite different morphology if compared with that of
pure 1. It exhibits the appearance of homogeneously dis-
persed nanorods, which are tens of nanometers (10–20 nm)
in diameter and 1–2 nm high. The measured RMS is approx-
imately 0.9 nm (note that the hydrophobic silicon substrate
shows values of RMS of about 0.2 nm). All these results
agree with recent literature data concerning similar fuller-
ene derivatives.[34]

Insights into the morphology of the multilayers obtained
by this mixed method have been gained by the top view
AFM images related to films obtained after five horizontal
liftings for both pure 1 and mixed 1/2 films (Figure 9). In
both cases, the surfaces show rodlike-shaped nanostructures
with lateral dimensions essentially similar to those observed
for the monolayers. However, the molecular organisation is
quite different for the two systems. In the case of pure 1
coatings (Figure 9, top), the film is much more rough than
the monolayer, with a consequent increase of RMS value up
to about 2.2 nm. In contrast, the layers of the 1/2 system
(Figure 9, bottom) appear more homogeneous, densely
packed and flat. Accordingly, the related RMS is now about
1.3 nm.

Figure 8. Atomic force microscopy images of a monolayer of pure 1 (top) and of a mixture of 1/2 (bottom) deposited on hydrophobic silicon substrates.

Figure 9. Atomic force microscopy three-dimensional images of five
layers of pure 1 (top) and of a mixture of 1/2 (bottom) deposited on hy-
drophobic silicon substrates.

I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6523 – 65306528

FULL PAPER L. Valli et al.

www.chemeurj.org


It is worth noting that the above AFM data are in good
agreement with the BAM analysis, which showed larger ho-
mogeneity of the floating films of the 1/2 composite.
In conclusion, we have constructed mixed composite thin

films consisting of a cationic fulleropyrrolidine derivative
(1) and an anionic porphyrin derivative (2) dissolved in the
subphase. We have fabricated high-quality, robust and pho-
toactive films by making use of the horizontal lifting
method and electrostatic interactions. To the best of our
knowledge we have for the first time organised such moiet-
ies through this unique and powerful procedure. Moreover,
such a combination of donor (i.e. , 2) and acceptor moieties
(i.e., 1) held in close proximity by electrostatic interactions
leads to photocurrent generations that exhibited a meaning-
ful efficiency increase with increasing transfer pressures. All
these considerations suggest the utilisation of the described
method of deposition as a new effective technique for the
fabrication of functioning devices that contain fullerene and
macrocyclic derivatives as active species for photocurrent
generation. Our research is currently proceeding with new,
charged fullerene and porphyric moieties in order to change
the cation-to-anion charge ratio and to check how such pa-
rameters reflect on molecular organisation and vary the film
response to light illumination.

Experimental Section

Synthesis : The fullerene derivative 1 and the water soluble porphyrin 2
were prepared according to recently published synthetic protocols.[18, 19]

Langmuir experiments : Chloroform (Fluka, HPLC grade) and dimethyl
sulfoxide (Fluka, GC grade) were used in making up the spreading so-
lution: fullerene derivative 1 (1.71 mg, 1R10�3 mmol) was completely dis-
solved in a few drops of dimethyl sulfoxide and then chloroform was
added up to give a total volume of the solution of 10 mL. Langmuir ex-
periments were carried out on a KSV5000 System3 apparatus. Ultrapure
water (resistivity larger than 18mW cm) from a Milli-Q system was used
as the subphase (pH ;5.9). It was thermostated at 20 8C by a Haake GH-
D8 apparatus. A 200 mL aliquot of the spreading solution was spread
onto the subphase. After solvent evaporation, the floating film was com-
pressed at a speed of 5 N2 per molecule per minute. During the deposi-
tions, the transfer surface pressure was fixed at different values (2, 5, 10,
15, 20, and 25 mNm�1). Glass, quartz and silicon substrates were all ren-
dered hydrophobic before deposition by storing overnight in a dessicator
in contact with vapour of 1,1,1,6,6,6-hexamethydisilazane. The transfer of
all substrates was performed by the horizontal lifting method (Langmuir–
Sch+fer technique).

Reflection spectroscopy and Brewster angle microscopy : Reflection spec-
troscopy and Brewster angle microscopy (BAM) analysis were carried
out by using an NIMA 601BAM apparatus. Again, a compression speed
of 5 N2 per molecule per minute was utilised. The reflection data (DR)
were obtained on an NFT RefSpec instrument. They were acquired
under normal incidence of radiation according to the description given in
reference [35] and correspond to the difference between the reflectivities
of the floating film–liquid interface and the clean air–liquid interface.
BAM measurements were obtained on an NFT BAM2plus system with a
lateral resolution of 2 mm.

UV-visible and near-IR spectroscopy: Electronic solution spectra in
0.1 cm path length quartz cells in the region 200–2500 nm were per-
formed on a UV-vis-NIR 05E Cary spectrophotometer equipped with a
polarised spectroscopy set-up. A Glan–Taylor polariser was set between
the lamp and sample to obtain desired polarised UV-visible irradiation.

Photoelectrochemical measurements : Photoelectrochemical measure-
ments were carried out in a three-armed cell that had provision to insert

a working (ITO), counter (Pt gauze) and reference electrodes (Ag/AgCl,
when bias voltage was applied). The electrolyte was either 0.1m
NaH2PO4 (pH 7) or 0.1m NaCl (pH 7) and N2 or O2 was bubbled into the
solution for 10–15 minutes prior to photoelectrochemical measurements.
Photocurrent measurements were carried out on a Keithley model 617
programmable electrometer immediately after illumination. A collimated
light beam from a 150 Xenon lamp was used for UV illumination. When
white light was used, a 375 nm cut filter was used. When recording a pho-
toaction spectrum, a Bausch and Lomb high-intensity grating monochro-
mator was introduced into the path of the excitation beam for selecting
the required wavelengths. The incident photon to current conversion effi-
ciency (IPCE), defined as the number of electrons collected per incident
photon, was evaluated from short circuit photocurrent measurements at
different wavelengths versus the photocurrent measured using a photo-
diode of the type PIN UV 100 (UDT Sensors Inc.).

Atomic force microscopy : The atomic force microscopy (AFM) images
were acquired in air by using a Digital 3100 microscope in the tapping
mode. Commercially available tapping etched silicon probes (Digital)
with a pyramidal shape tip that has a nominal curvature of 10 nm and a
nominal internal angle of 358 were used.
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