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Abstract: The peculiar electrochemical and photophysical properties of porphyrin and fullerene molecules
make them promising candidates for the construction of two- and three-dimensional organic-based materials.
An important question is how pristine fullerene and porphyrin will organize when deposited on surfaces via
in vacuum molecular beam evaporation. Here we show that codeposition of C;, and Zn-tetraphenyl-porphyrin
(ZnTPP) induces the self-assembly of electron-rich flat aromatic molecules at the curved surface of Cyo,
thus enhancing the chromophore interaction and forming a supramolecular multilayer donor—acceptor
structure. While the ground-state electronic spectra almost reflect a simple summation of ZnTPP and C
components, the excited-state electrons at the porphyrin macrocycle can rapidly delocalize to the fullerene.
The excited charge transfer time scale is faster than 1—2 fs, as shown by resonant photoemission for the

core-excited charges.

Introduction

Molecular and supramolecular donor—acceptor dyads capable
of undergoing light-induced energy and electron transfer have
been widely studied as photochemical molecular devices that
mimic natural photosynthesis reactions.'”’ In particular,
donor—acceptor systems can be used in dye-sensitized semi-
conductor solar cells and organic dye solar cells.® Important
parameters in describing the organic solar cells are the photon
production of exciton, the separation of the exciton at the
donor—acceptor interface, and the transport properties of the
separated charge.®®
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The composition, interchromophore distance, and orientation,
as well as the electronic levels coupling, are important factors
in modulating the electron-transfer efficiency, the lifetime of
the charge-separated state, and the transport properties.' '° To
achieve efficient intramolecular electron-transfer processes, both
covalent chemistry and biomimetic self-assembly methodolo-
gies, such as the formation of s stacks, hydrogen bonds, and
van der Waals contacts, have been successfully utilized to
connect the donor—acceptor systems. In the majority of these
studies, porphyrins or phthalocyanines have been used as
photosensitizers and a variety of electron acceptors have been
employed.' ™ '°

Among the different electron acceptors employed, fullerenes
have become the ultimate electron acceptor owing to favorable
reduction potentials and small reorganization energies in
electron-transfer reactions. As a consequence, fullerenes promote
photoinduced charge separation but retards the charge-recom-
bination process, which results in the formation of much desired
long-lived charge-separated states.® '°

To gain more insight into the influence of molecular topology
on electron transfer, a few porphyrin-fullerene dyads in which
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the 7 systems are structurally forced into a face-to-face
arrangement have been elegantly designed and studied."*’ The
majority of these studies used some molecular linker to connect
the fullerene to the porphyrin, while only few were related to a
direct face-to-face bonding between the curved chromophore
of fullerene and flat chromophore of porphyrin (typically in
solutions or in cocrystals). Controlling the nature of supramo-
lecular self-assembly by noncovalent interactions is a challenge
in science and technology that, when overcome, can lead to a
breakthrough in the creation of new molecular devices.

In the present study we report a nanostructured multilayer of
porphyrin/fullerene pairs obtained by codeposition of Zn-
tetraphenyl-porphyrin (ZnTPP) and Cy in ultrahigh-vacuum by
powder sublimation. The interaction between the two molecular
species was studied via high-resolution X-ray photoemission
(XPS), UV-ray photoemission (UPS), and Near Edge X-ray
Absorption Fine Structure (NEXAFS). The occurrence of an
average preferential orientation was determined by angular
dependent NEXAFS using linearly polarized monochromatic
synchrotron radiation. These measurements were complemented
by density-functional based computations for an isolated pair
of ZnTPP+Cy, allowing us to study the involved electronic
states and the intermolecular charge transfer.

The time scale of excited charge delocalization was then
studied by resonant photoemission (ResPES). This technique
is equivalent to a pump-and-probe experiment, where one
electron is pumped from a core level to an empty bond state,
and the decay channels of the core hole are studied. The balance
between the resonant and the nonresonant decay channel is a
fingerprint of the fast delocalization of the excited charge.''
Because the photon energy is across a core ionization threshold,
this technique provides the chemical specificity of core level
spectroscopy and the core-hole lifetime gives an upper limit
for the time scale of the excited electron delocalization.

Our studies indicate the existence of charge-transfer interac-
tions between the electron-rich ZnTPP and the electron-deficient
fullerene. The resulting face-to-face geometry of the dyads,
which is in agreement with calculations, allows efficient
photoinduced electron transfer from the excited state of the
ZnTPP moiety to the C;y moiety to produce the charge-separated
state at a time faster than 1—2 fs.

Experimental Section

All data were collected at the Elettra synchrotron radiation source.
The XPS, UPS, ResPES, and NEXAFS measurements were
performed at the SuperESCA beamline. Photoelectrons were
collected by a douple-pass hemispherical analyzer, with an energy
resolution better than 100 meV. The NEXAFS measurements were
performed in Auger yield mode, i.e., collecting the electron in the
kinetic energy range of 260 £ 0.5 eV for the Cls edge and 370 £
0.5 eV for the Nls edge. The angular dependent NEXAFS
experiment was carried out at the ALOISA beamline, and the
measurements were performed in partial electron yield mode.'? The
total resolution for NEXAFS at SuperESCA is better than 70 meV
and at ALOISA is better than 100 meV.

The codeposited multilayers were grown over a Si(111) surface.
The surface was cleaned in an ultrahigh vacuum, base pressure 1071
mbar, by annealing at 900 °C. The absence of contaminants was
checked by XPS, and the (7 x 7)-reconstructed surface was
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observed by low energy electron diffraction (SuperESCA) and
reflected high-energy electron diffraction (ALOISA).

We choose Cy (instead of the commonly used Cgp) because the
orientation of the molecule can be determined by NEXAFS thanks
to its axial anisotropy.

The molecular films were obtained by powder sublimation
(molecules produced by Sigma Aldrich) using two Kundsen cells.
The base pressure in the preparation never exceeded 8 x 10710
mbar during the evaporation. The temperature of the two Kundsen
cells was set to obtain the same evaporation rate for each molecular
species. The evaporation rate of each cell was estimated by core
level XPS spectra as a function of molecular coverage. The
thickness of the codeposited films was in the range 110 £ 40 nm.

Results and Discussion

XPS. As shown by Castellarin-Cudia and co-workers,'? for
a ZnTPP molecule in a multilayer film the four nitrogen atoms
of the macrocycle are chemically equivalent, like in an isolated
ZnTPP molecule. Therefore, the measured XPS spectra are
simply composed by a single peak.

Recently we realized a porphyrin/fullerene junction depositing
a single porphyrin layer on top a single Cyq layer first deposited
on the freshly cleaned Si(111)-(7 x 7) reconstructed surface.'*
In the following we will refer to this system as the double layer.
When C; and porphyrin are assembled in a double layer
structure, where the fullerenes are forced to stand up with respect
to the surface and consequently the porphyrin is forced to lie
atop the fullerene (which is a quite different geometry with
respect to the calculated “side-on” bonding configuration), a
splitting of the N1s peak was detected.'* In that particular case
the four nitrogen atoms of the macrocycle point to the center
of two hexagons and of two pentagons near the top of the Cy
molecule, and consequently, the energy configuration is different
from that described by theory where structures are optimized
and the free energy is minimum.

On the contrary, as can be seen in Figure 1, in the codeposited
system the Nls spectrum is similar to that of the ZnTPP
multilayer; it presents the same full width at half-maximum,
and the nitrogen atoms are, therefore, chemically equivalent.
The only difference is a very small binding energy shift of 100
meV of the Nls spectrum when compared with the pristine
ZnTPP multilayer, indicating that in the codeposited system the
molecules are free to assemble and the geometrical configuration
they assume is due to the minimization of the interaction energy
with a very small amount of charge reorganization.

Similar information is obtained by the Cls core level
photoemission spectra reported in Figure 2. The binding energy
of the codeposited spectrum is in between the two pristine
systems (Cyo at lower binding energy and ZnTPP at higher
binding energy).

The line shape of the codeposited spectrum is a combination
of the two pristine spectra. Just by a summation of the two
pristine spectra, with the ratio ZnTPP/C; &~ 2.5 with respect to
the stoichiometric ratio considering one Cy and one porphyrin
(there is a redundancy of ZnTPP, which means that the surface
is probably terminated by ZnTPP), we can reproduce quite well
the codeposited spectrum.
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Figure 1. Nls spectra of the pristine ZnTPP multilayer and of the codeposited C;p+ZnTPP multilayer. The spectra were measured at hv = 550 eV.
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Figure 2. Cls spectra of the pristine Cy, the pristine ZnTPP multilayer and the codeposited C7o+ZnTPP multilayer. The fit using the pristine components
(dashed lines), with the relative weight, is also shown. The spectra were measured at hv = 400 eV.

Nl1s and Cls XPS spectra are both the fingerprint of the
electrostatic interaction and of the charge displacement between
the ZnTPP and the C;, which, apparently (simply judging from
the relative shifts with respect to the pristine molecules), is from
porphyrin to Cy.

NEXAFS. Figure 3 shows the NEXAFS at the N1s edge of
the codeposited system. The first peak in the NEXAFS spectrum
corresponds to the transition from the Nls core level to the
LUMO++4 (;r;*) of the complex, while the successive two peaks
are due to transitions to higher 7% energy levels and above
409—410 eV to o* states (see the supporting material).

The dichroism of the N1s spectrum as a function of the angle
between the linear polarization of the light and the surface would
describe how the porphyrin macrocycle is oriented.'” The
NEXAFS spectra of the codeposited system show a clear
dependence of the s* states of the macrocycles from the
polarization vector of the impinging radiation, indicating that
there is a preferential molecular orientation. To obtain this

(15) Stohr J. NEXAFS Spectroscopy; Springer Series in Surface Science
25; Springer: Berlin, 1992..
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molecular orientation we have plotted in the inset of Figure 3
the intensity ratio between the first 771* state as a function of
the angle 6 between the polarization vector and the normal to
the surface plane. Because the substrate is Si(111), the best fit
is obtained using a function that describes three or more domains
of orientation in the plane:'’

%Sin2 0 sin® y

The only fitting parameter is the angle y that the macrocycle
plane forms with the surface. The result is y = 47.8 + 2.5°
and obviously is independent from the azimuth. However, as
noted by Glowatzki et al.'® in a recent paper, apart from the
cases were the macrocycle is flat or perpendicular to the
substrate, in the intermediate cases the angle obtained by
NEXAFS might be equally due to the superposition of two or
more orientations. Since we have no complementary diffraction

L.=1 —cos® 0 cos” y —

(16) Glowatzki, H.; Gavrila, G. N.; Seifert, S.; Johnson, R. L.; Réader, J.;
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2008, 712, 1570.



Mesoscopic Donor—Acceptor Multilayer

ARTICLES

7, "/, (max)

N 1s NEXAFS
Co-deposited system

395 400

410 415

Photon Energy (eV)

Figure 3. NEXAFS spectra at the N1s threshold as a function of the angle 6 between the substrate normal and the polarization vector of the light for some
chosen angle. The Gaussian fit of the 7,* peak in the & = 80° spectrum is also shown. The inset reports the ratio 7r,*/77;*(max) as a function of 6 and the

relative fit.!

data to compare with the NEXAFS, we rather refer to the
molecular orientation y as the “average angle” of the macrocycle.

From the NEXAFS spectra at the Cls edge we can obtain
further information about the geometrical configuration of the
system. Figure 4a shows the Cls NEXAFS measured at
SuperESCA (normal incidence of the light, 70° of emission)
on the pristine ZnTPP and C;, multilayers, the linear combina-
tion of these two spectra, and the spectrum of the codeposited
film.

The absorption spectrum at the Cls threshold of the code-
posited film contains clearly the features of the two component
molecules. Similarly to the photoemission core level spectra,
the NEXAFS can be almost completely composed by a
summation of the C;, and porphyrin spectra with the ratio
ZnTPP/C;y ~ 1.5 with respect to the stoichiometric ratio (as
defined for the XPS spectra).

Figure 4b shows the Cls NEXAFS spectra measured at the
ALOISA beamline on the codeposited film as a function of the
angle between the surface and the linear electrical field of the
synchrotron radiation. Because of the peculiar grazing incidence
geometry at this beamline,'? which is kept at 6°, and due to the
fact that the spectra were taken in partial yield mode, these
spectra appeared a bit different from the one presented in Figure
4a. In particular the macrocycle porphyrin peak at 284.2 eV is
more evident. Also in this way, looking at the dichroism that
some peaks display as a function of the light polarization, we
can detect the porphyrin and, possibly, the C; orientations.

As before, the angular dependence of the first excitation
belonging to the porphyrin reflects the behavior of the s7* states
located at the macrocycle. As for the N1s NEXAFS spectra,
the best fit was obtained using the same model function for
more than three azimuthal orientations. The angle y = 46.8 £+
2.5° obtained for this state confirms the evaluation at the N1s
edge for the average angle that the macrocycle plane forms with
the surface. It is a good confirmation that in the C1s NEXFAS
spectrum of the complex system the first excitation belongs only
to the porphyrin and a very small superposition with other states
occurs.

Let us consider now the carbon atoms of C;y. They form
closed chains of atoms at the C;y cage, starting with the

pentagons at the top and at the bottom of the molecule (C1
atoms'”"'®) and ending with the C5 chain atoms at the shortest
equator.'”'® The dichroism of the corresponding peaks would
describe, although not in an easy manner, the orientation of the
long axis of the molecule'® and, therefore, how the molecule is
oriented. However, looking at the first peak at ~284.5 eV, which
belongs almost completely to Cy, it seems that there is no
variation of the intensity. This can be simply interpreted as the
Cy is disordered, but the disorder must be a rotation in a plane
almost parallel to the porphyrin macrocycle. In fact if there were
Co positions with the long axis perpendicular to the macro-
cycles, this should also reflect in the XPS spectra. In particular
the N1s spectra should be much broader than what is observed
in this system (see for example the N1s spectrum of the double-
layer '*). Another possibility, however, is that Cy has the long
axis at the magic angle, i.e., at ~35.3° with respect to the
substrate surface; therefore it would be almost parallel to the
macrocyle plane with a tilted angle of ~12 £ 5°.

In both cases, C;y accommodates in a “side-on” rather than
“end-on” orientation, with its 5-fold axis possibly a bit tilted
with respect to the porphyrin macrocycle plane. This is the
expected result of maximizing the van der Waals contact, which,
from molecular mechanics modeling,'® is the fundamental basis
of the fullerene—porphyrin interaction. A similar orientation is
observed in the discrete supramolecular chemistry of jaws
porphyrin®® and cocrystallite structures.**'~2* For example in
CuTPP+Cy cocrystals®' the macrocycle is nearly parallel (10°)
to the long axis of the ellipsoidal Cy,. The same ‘“side-on”
approach of C;, to porphyrin was found in cocrystal of
ZnTPP+C;¢** and in the series of isostructural complexes.* In
this case the long axis of the Cy is inclined by ~16° with respect
to the porphyrin plane. This arrangement contrasts with the “end-

(17) Nyberg, M.; Luo, Y.; Triguero, L.; Pettersson, L. G. M.; Agren, H.
Phys. Rev. B 1999, 60, 7956.

(18) Goldoni, A.; Cepek, C.; Larciprete, R.; Sangaletti, L.; Pagliara, S.;
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Figure 4. NEXAFS at the Cls threshold of the codeposited film. (a) The codeposited spectrum can be reproduced by a linear combination of the C;, and
ZnTPP pristine spectra (see text). (b) Dependence of the spectral features (macrocycle and first C7 peaks) as a function of the angle 6 between the substrate
normal and the polarization vector of the light. The fit of the spectrum at 6 = 0° is shown with the components (dashed lines). The inset shows the intensity

of the first 7r* transition as a function of 0 and the relative fit.">

on” coordination of C;, with metal surfaces, which occurs when
the back-bonding interaction is significant.'®>

ResPES at C1s Ionization Edge. In Figure 5 the photoelectron
intensity in the valence band is shown as the photon energy
scans through the absorption edge of the Cls core level. At the
top is a plot of the valence band measured before the ionization
edge, at 278.8 eV. At the left side the NEXAFS spectrum
measured in Auger yield mode is plotted. In the picture the sharp
enhancement in the low binding energy region between 0 and
9 eV, in correspondence of the excitation in the NEXAFS
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spectrum between 285 and 287 eV, is clearly visible. These
are the resonant contributions to the spectrum belonging to
participator and spectator decays. Since our spectra are plotted
in the binding energy region, the strong carbon KVV Auger
emission is visible as a linear dispersion in binding energy
(constant in kinetic energy) in the higher energy part of the
spectrum. Instead, in the low binding energy region a small
dispersing intensity due to the Cls core level excited by the
second diffraction order of the monochromator is visible. For
example, for the first spectrum taken at hv = 278.8 eV, this
peak is at 6.5 eV, and it is distinguishable because it follows
the dispersion in kinetic energy of two times the photon energy.
For an appropriate data analysis of the resonant photoemission
spectra, the Auger and the second diffraction order peaks must
be removed (see Supporting Information). Finally, the strong
intensity at 10.3 eV is due to the Zn3d core levels that lie in
the valence band region.

The bottom panel of Figure 6 shows a collection of the
valence band spectra obtained at the photon energies corre-
sponding to the maxima in the absorption spectrum, after the
Shirley background (proportional to the full spectrum) and the
Auger subtraction. The second spectrum is taken at hv = 284.2
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Figure 5. Full resonant spectrum of the codeposited system scanning the
Cls threshold. On the left side there is the NEXAFS spectrum at the Cls
edge along which the resonance has been taken and on the top part the
valence band measured before the resonance at photon energy of 278.8
eV. The main dispersing features are the KVV Auger peaks, whereas the
weak dispersing feature at the low binding energy is the Cls peak excited
by the second order radiation.

eV of excitation energy, i.e., the energy of the porphyrin
macrocycle structure in the NEXAFS spectrum. This spectrum
closely resembles the nonresonant spectrum (hv = 278.8 eV),
and no clear resonant decay is detected. This means that when
the electron is excited from an atom belonging to the macro-
cycle, the excitation is transferred away from the excited atom
on a time scale faster than the core-hole lifetime. This charge
transfer could occur from the porphyrin to the porphyrin itself
(just to neighbor atoms or molecule) or to the C.

At an energy of 284.6 eV, i.e., when the excitation is localized
at the first intense peak, an evident electron enhancement is
detected. Since this excitation peak mainly belongs to Cy this
allows the assignments of the enhanced state in valence band
to the Cyy and shows that an electron excited to the Cy cage
remains localized for a time longer than the core hole lifetime.
This is more evident after subtracting the nonresonant spectrum
at 278.8 eV and integrating all the resonant contributions
between 0 and 9 eV (leaving out the Zn3d peak) to obtain the
“pure resonant” spectrum, which can be compared with the
NEXAFS spectrum.

When normalized to the same intensity at 285.4 eV, there
are some important differences between the two spectra (Figure
6, top panel). The resonant photoemission intensity is, for some
photon energy, quite screened or completely absent indicating
that for these photon energies the excited electron is suddenly
transferred to another molecule or to another atom. If we
compare the pure resonant spectrum with the pristine porphyrin
multilayer resonant spectrum,'® we could note that in the latter
case a clear resonant contribution is detectable in correspondence
to the excitation into the 7* states of the macrocycle, demon-
strating a competition between the decay channels and the
ultrafast charge delocalization of the excited charge. In our case,
instead, the resonance is completely quenched when we excite
electrons in the macrocycle; therefore the ultrafast delocalization
should occur between the porphyrin and the Cy, indicating that,
at this energy, the porphyrin acts as the electron donor and the
Cy as the electron acceptor.

This is also true, but in the opposite way, for the third
absorption peak at 286.6 eV that belongs to Cy, which is
strongly attenuated with respect to the NEXAFS spectrum.
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Figure 6. (Top panel) NEXAFS spectrum at the Cls threshold compared
to the “pure resonant” spectrum (see text) obtained by integrating in the
range 0—9 eV of binding energy the valence band at each photon energy.
(Bottom panel) A selection of resonant photoemission spectra at different
photon energies across the Cls threshold after the Auger and background
subtraction, corresponding to the maxima in the Cls NEXAFS spectrum
shown above. The peak due to second-order radiation that overlaps the
valence band has been shown as a black line.

The time scale of these charge transfers can be obtained
by looking at the Fano profile of some resonant features.*’
In Figure 7 we plot the resonant behavior or constant initial
state profile (CIS) of the resonant features A and B in Figure
6 and the corresponding fit with the Fano profile I = (¢ +
£)4(1+¢% where g is the asymmetry parameter, ¢ = (E —
E.)/T’, and E,. and I" are the energy and the spectral half-
width of the resonance, respectively.?’” The spectral width
of the resonance is given by 2I' =X Vij, i.e., the superposi-
tion of all the matrix elements of the processes i,j involved
in the de-excitation of the core hole.?’ Therefore 2T is a
measure of the lifetime of the core hole (r = A/2I" or 7 =
h/4xl). Although these profiles correspond to different
parameters due to the fact that the core hole is excited from
different carbon atoms, it is evident that the charge transfer
time scale should be much shorter than 1—2 fs to not observe
the resonant behavior.

(26) Weinelt, M.; Nilsson, A.; Magnuson, M.; Wiell, T.; Wassdahl, N.;
Karis, O.; Fohlisch, A.; Stohr, N. M. J.; Samant, M. Phys. Rev. Lett.
1997, 78, 967.

(27) Fano, U. Phys. Rev. 1961, 124, 1866.
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Figure 7. CIS spectra of the resonant features A (bottom) and B (top) of
Figure 6 and the corresponding fit with a Fano profile. The fit parameters
and the resulting hole-lifetime 7 are also reported.

Computational Results

Previous calculations'® for a system of ZnTPP+C5, predicted a
prevalently electrostatic binding interaction. By describing the
potential surfaces of pristine ZnTPP, pristine Cyy, and complex
ZnTPP+Cy, those calculations indicate that the interaction respon-
sible for the bonding between the two molecules involves the
nitrogen atoms of the porphyrin and the center of three hexagons
and one pentagon in Cy. The Cy, stays in a “side-on” bonding
configuration with the long axis almost parallel to the porphyrin
macrocycle. In particular, the calculated equilibrium configuration
predicts the porphyrin at a distance of 2.9 A from the fullerene
and a charge transfer from the porphyrin to the fullerene of ~0.13
electrons/molecule.

We have also performed density-functional calculations of the
structural and electronic properties of the metalloporphyrin+Cs
system. Using the quantum-ESPRESSO code,?® a plane-wave basis
set was used with a kinetic energy cutoff of 25 and 210 Ry for the
electronic orbitals and the charge density, respectively. The
molecules were placed in an orthorhombic box of 25 A x 25 A x
27.3 A sides to which periodic boundary conditions were applied.
The PBE?® functional was used for exchange-correlation energies,
and the electron—ion interaction was described using ultrasoft
pseudopotentials.®®  Structural relaxations of the metallo-
porphyrin—Cy, system were performed to determine the lowest
energy geometry. In those relaxations, the distance between the
Zn atom and the center of the closest 6:6 bond of the fullerene
was constrained to the experimental value 2.8 A.>° This procedure
was chosen to account for the well-known incapacity of the density
functional to correctly describe bond lengths in such weakly bound
systems.

Our calculations find a “side-on” orientation of the Cy, molecule
with respect to the macrocycle of the porphyrin, similar to what
was obtained by Wang et al.'® with a Co—porphyrin distance of
2.9 A. The angle between the long axis of Cy and the macrocycle
plane of the porphyrin is ~10°. This is in good agreement with the
experimental evaluation of the relative molecular orientation of Cyg
and porphyrin. The charge transfer and the relative orientation
between the two molecules is depicted in Figure 8, which shows
the planar integrals of the charge difference between the combined
system and the two isolated molecules. The net charge transfer

(28) Giannozzi, P., et al. http://www.quantum-espresso.org.

(29) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865.

(30) Vanderbilt, D. Phys. Rev. B 1990, 41, 7892.
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Figure 8. Planar integral of the difference in charge density between the
combined system and the two isolated molecules. The relative position of
the ZnTPP and C in the complex is also shown.

toward the fullerene is clearly visible. In our calculations, the
amount of this charge transfer is 0.05e, less than the 0.13e found
in the calculations in ref 19.

We attribute this deviation to the different basis sets used in the
calculations (localized basis set vs plane-wave basis). In any case,
both calculations show that in the ground state the amount of charge
transfer is quite small and the charge reorganization seems to go
from the porphyrin to Cs.

Figure 9 shows the highest occupied molecular orbital (HOMO),
the HOMO-1, the lowest unoccupied molecular orbital (LUMO),
and LUMO+1 of the porphyrin+Cy, system, similarly to what have
been obtained by Basiuk et al. in the case of porphyrin—Cgg
complexes.?' It is worth noting that, although there is no molecular
linker and the molecules are very close together, the HOMO orbitals
are on the porphyrin molecule while the LUMO orbitals are on the
C;0 molecule, and the same is true for the HOMO-—1 and
LUMO-1, respectively. Therefore, the HOMO and LUMO orbitals
are “separated” on the two molecular species, so the excited-state
interactions may be present in the contiguous chromophores and
this system acts as a donor/acceptor junction.

Discussion

The Cls core level spectra (XPS and NEXAFS) show that
the majority of the features can be described with a superposition
of the two pristine spectra (ZnTPP and C5), indicating that the
electronic states (in the case of NEXAFS, the joint density of
states) are the same as those for the separated molecules. Similar
information is obtained from the ultraviolet photoemission
spectroscopy (UPS) in the valence band region (see the
Supporting Information), where the pristine valence band spectra
can reproduce quite well the codeposited spectrum just with a
shift of the ZnTPP spectrum toward the Fermi level and of the
Co spectrum in the opposite direction. At the same time, the
N1s core level spectra of the codeposited system are practically
the same as those for the ZnTPP, if we exclude the shifts. XPS,
NEXAFS, and UPS, therefore, indicate that the ground-state
electronic spectra of the codeposited system reflect a simple
summation of the pristine components, apart from small shifts
due to the equalization of the Fermi level and the charge
reorganization at the interface between ZnTPP and C;y. More-
over, the line shape of the Zn3p states (data not shown) is similar
to the spectrum of pure ZnTPP, indicating that the Zn remains
in the center of the macrocycle and that the macrocycle is not
bent or distorted because of the interaction with Cy. These
observations indicate also that the whole geometrical structure
of the two single molecular species is conserved when the
complex is formed.

(31) Basiuk, V. J. Phys. Chem. A 2005, 109, 3704.
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Figure 10. Computed density of states of the porphyrin (red), Cy (blue),
and prophyrin+Cs, (black) systems.

These experimental data were confirmed by our calculations
in the ground state that show an amount of charge transfer that
is quite small (the charge reorganization seems to go from the
porphyrin to Cy) and the pristine molecular structure is
unchanged. In particular, Figure 10 shows the empty and filled
density of states (DOS) of the porphyrin, C;p, and
prophyrin+Csy. Even in the region where there are both Cy
and porphyrin states, and therefore an hybridization might occur,
the DOS of the complex system is practically the superposition
of the two DOS of the pristine molecules, indicating that in the
electronic spectra of this material the pristine molecular ground-
state perturbation is weak as obtained in our experimental data.

This situation changes when the excited-state interaction
dynamics are considered. The ResPES data indicate the electrons
excited into the first macrocycle empty state suddenly transfer
to the C;o on a time scale faster than 1—2 fs. Experimental data
and calculations both suggest this system should act as a donor/
acceptor junction. Upon photoexcitation an ultrafast electron
transfer between donor and the proximate acceptor takes place,
which ensures an efficient charge production that is the first
step for the generation of photovoltaic current. Photovoltaic
applications, however, need the separated charges to be collected
at the electrodes, which is a considerably less efficient process,
related to the unsolved problems of nanoscale morphology and
vertical phase segregation of the dyad. This set of information
is based on conformational and supramolecular design of the
organic molecules; thus it is of fundamental interest to determine
the adsorption geometry and the internal conformation of the
donor—acceptor dyes.

In the present case Cy brings the porphyrins into a tilted plane
register, with an average angle of the macrocycle of 47°, as
compared with the in-plane relationship observed in the por-
phyrin multilayer.'> Although we have not measured the
transport properties, the molecular arrangement found and the
local geometrical correlation of the donor—acceptor system
(“side-on” orientation of the C7, molecule with respect to the
macrocycle) are expected to favor the collection of the separated
charges at the electrodes.

Conclusions

The attraction of a fullerene to a porphyrin represents a
supramolecular recognition element that allows the engineering
of supramolecular solids on a mesoscopic scale. In fact, we were
able to grow in an ultrahigh vacuum a self-assembled molecular
complex composed by ZnTPP and Cy, codeposited on a
semiconductor surface, where the two molecules assume a
preferential reciprocal orientation in agreement with theoretical
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models. We anticipate, also with our former work, ' the present
molecular design principles will be most useful in the manipula-
tion of photophysical properties, in adjusting the charge transfer
and in the creation of new (partly ordered) frameworks. In the
present case, the ground-state electronic spectra of our code-
posited material reflect a simple summation of components, so
the ground-state perturbation is weak. However, the excited-
state interactions are present in the contiguous chromophores,
and this system acts as a donor/acceptor junction where the
excited charges at the porphyrin macrocycle can rapidly
delocalize to the fullerene. The time scale of the ultrafast charge
transfer is smaller than 1—2 fs.

Finally, we observed that C;, brings the porphyrins into a
tilted plane register with the macrocycle at an average angle of
~47° from the substrate surface, which in organic photovoltaic
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cells should probably increase the possibility to collect the
separated charges at the electrodes.
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