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Unimolecular rectification behavior of a known amphiphilic fullerene derivative,
1,4,11,15,30-pentakis(4-hydroxyphenyl)-2H-1,2,4,11,15,30-hexahydro-[60]fullerene, (4-
HOCgH,4)sHCgo (referred to here as the fullerene pentapod), is reported. The HOMO and
LUMO energy levels of the pentapod were determined by density functional theory calcu-
lations (B3LYP/6-31G ™). It was found that the HOMO of the donor moiety and the LUMO of
the acceptor are in the same fullerene cage, quite unlike the fullerene derivatives so far
reported as molecular rectifiers. The molecule formed a stable Langmuir-Blodgett film at

I(;?Czlss-c the air—water interface. Characterization of the film indicated that it constitutes mostly a
62.23.-c monolayer of molecules with the hydrophobic Csp moiety pointing upwards. The LB film
68.55.ap was transferred over Au(111) substrate and electrical conductivity of the film was mea-
72.80.Rj sured by conducting atomic force microscopy. An asymmetric electrical rectification
81.05.Tp behavior was observed in the voltage range of £1.0V to +2.0 V. Beyond a bias voltage of

+2.0V, rectification ratio decreased steadily, until at +2.5V the current-voltage curve
Keywords: became symmetric. The observed electrical rectification behavior was ascribed to resonant

Molecular electronics

electron tunneling between the Fermi level of the electrode and the molecular orbital lev-
Fullerene pentapod

. els of the fullerene pentapod. Charge transport in the preferred direction under a suitable
Langmuir-Blodgett (LB) monolayer lied bi facili dd Hfici 1 L. X fth 1 I bital
Conducting atomic force microscopy applied bias was faci itated due to efficient e gctror_nc 1n_teract19ns of t 1e molecular or itals
(CAFM) through a combined effect of homo- and peri-conjugation. This constitutes a new class of
donor-acceptor system and a step forward in the field of molecular electronics.

© 2008 Published by Elsevier B.V.

Rectification

1. Introduction [4], led to a wide interest in the field of unimolecular rec-

tification for over a decade [5]. ‘Unimolecular rectification’

Stable molecular diodes neatly arranged without de-
fects are a viable answer to continued quest for ultimate
device miniaturization in electronics [1,2]. The possibility
that a single molecule could function as a rectifier was pro-
posed by Aviram and Ratner with an exemplary theory of
rectification [3]. This initial theory, modified subsequently
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is a conventional terminology, which in reality concerns
the rectification behavior of an ordered assembly of mole-
cules, since isolating and probing the electrical behavior of
a single molecule is rather impractical. A number of sys-
tematic studies have been devoted to understand the rec-
tification behavior of an organized array of molecules in
Langmuir-Blodgett (LB) films, or self-assembled monolay-
ers (SAM) of organic molecules. The molecules invariably
contained an electron donor moiety (D) bound to an elec-
tron acceptor (A) through an insulating saturated c- or
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conjugated m-bridge. Most devices involved monolayers of
such archetypal organic molecules sandwiched between
two metal-electrodes, one bottom electrode plate and the
tip of the atomic force microscope as the top contact elec-
trode, or an ordered assembly of molecules in a nanopore
or a nanogap connected to two electrodes [6]. Unimolecu-
lar rectification across a LB monolayer was first demon-
strated for hexadecylquinolinium tricyanoquinodi-
methanide [5,6d,7], a D-n-A-type molecule.

Fullerenes are ideal materials for various nanoscale
electronic devices. These molecules have a very strong
affinity towards electrons. Cgg is known as one of the stron-
gest electron acceptors. When a suitable donor molecule is
covalently or non-covalently bound to it, the donor-accep-
tor assembly shows many interesting properties with
promising applications. For the rectification studies involv-
ing Cgo derivatives, there should be an ordered assembly of
preferably a monolayer of molecules over a suitable sub-
strate. One of the deterrent factors, however, is that these
molecules have a strong tendency to aggregate due to the
hydrophobic fullerene-fullerene interactions [8]. This
aggregation problem could easily be circumvented by
attaching strong hydrophilic head groups to the fullerene
[8f,9], blocking the contact of fullerene core by encapsula-
tion [8g,10], and introducing structural constraints in the
molecule [11]. Indeed, several amphiphilic fullerene deriv-
atives are now known to form stable LB films at the
air-water interface [12,13]. Similarly SAMs of fullerene
derivatives, particularly those with appended thiol moiety,
have produced highly ordered and densely packed struc-
tures on gold substrate [11]. The first Cgo-based compound,
dimethylaminophenylazafullerene [14], the LB film of
which was sandwiched between two gold electrode layers,
showed a tremendous apparent rectification ratio as high
as 20,000, which was ascribed to the defects that grew at
the domain boundaries. A Langmuir-Schaefer monolayer
of another fullerene derivative [15] exhibited pronounced
rectification with rectification ratio up to 16.5 when
compared to the sample from the LB film. Interest in fuller-
ene-based rectifier molecules with donor organic moiety

~1 nm

~1.42 nm

~1.78 nm

Fig. 1. Energy minimized structure of 1,4,11,15,30-pentakis(4-hydroxy-
phenyl)-2H-1,2,4,11,15,30-hexahydro-[60]fullerene, (4-HOCgH4)sHCo,
the amphiphilic fullerene pentapod, with molecular dimensions. Color
code: grey - carbon, green - hydrogen, and red - oxygen. (For interpre-
tation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

attached to the acceptor Cgo through a suitable spacer con-
tinues unabated [16].

Herein, we report our studies on the monolayer of LB
film of the fullerene pentapod formed at the air-water
interface. The energy minimized structure of the molecule
is shown in Fig. 1. This amphiphilic fullerene derivative is
expected to form stable LB film at the air-water interface
and afford a very robust structure through the five —-OH
groups anchored to the substrate. The electrical behavior
of the film on Au(111) substrate measured using conduct-
ing atomic force microscopy (CAFM) showed that the mol-
ecule behaves as a rectifier when an appropriate bias
voltage was applied. A suitable mechanism of rectification
is proposed.

2. Experimental
2.1. Materials

The fullerene pentapod, (4-HOCgH4)sHCgo, synthesized
following the procedure reported by Nakamura and
coworkers [17-19] was isolated in gram quantities in
highly pure form. The compound is readily soluble in polar
solvents like tetrahydrofuran, N-methyl pyrrolidinone,
pyridine, and N,N’-dimethyl formamide. In nonpolar sol-
vents like toluene solubility is low (~0.001 g/ml). The com-
pound is very stable towards oxidation under ambient
conditions as studied by 'H NMR monitoring the C-H peak
intensity at 5.6 ppm. No change in spectral pattern was ob-
served over a period of several weeks.

2.2. Computations

The geometry of free (4-HOCgH,4)sHCgo Was optimized
using the density functional theory (DFT) method with
the B3LYP functional [20] and the 6-31G™ basis set. The
HOMO and LUMO energy levels were determined on the
final geometry by reading the DFT eigenvalues as well as
by calculating the ionization potential (IP=Ecation —
EneutraL  motecute & —Enomo)  and  electron  affinity
(EA = EneutraL motecute — Eanton & —Erumo). In order to esti-
mate roughly the error attributable to the functional-
dependence of DFT, the energy levels were estimated using
both B3LYP (hybrid) and PBE (GGA) functionals [21]. It
should be noted that though the device in the present case
is metal-organic-metal type, the shift and broadening of
the energy levels due to the substrate (Au) were not taken
into account in our calculations on this “free” isolated mol-
ecule. All the calculations were done with Jaguar v6.5
(Schrodinger Inc., Portland, OR).

2.3. Langmuir-Blodgett film

The LB film was cast using a PC controlled KSV MINIT-
ROUGH instrument attached to a constant temperature
bath. The quality of the LB monolayer at the air-water
interface was monitored by KSV Win LB computational
program. A 70 pl dilute solution of the fullerene pentapod
(0.0235 mg/ml in toluene) was spread on the air-water
interface and the trough area decreased at a rate of
200 cm?/min. The film was transferred at a constant rate
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of 5 mm/min and a surface pressure of 20 mN/M onto a
freshly prepared hydrophilic Au(111) substrate, which
was submerged in the subphase before spreading and com-
pressing the LB film. All the experiments were performed
at 21 °C using pure deionized water as the subphase.

2.4. Atomic force microscopy

The LB film was examined by atomic force microscopy
(AFM) to determine the height of the particles. The AFM
images were acquired with a Nanoscope III dimension
(Digital Instruments Inc. Santa Barbara, CA). Super sharp
silicon taping mode with a cantilever (Nanosensor, Wetz-
lar-Blankenfeld, Germany) having resonance frequency of
ca. 330 kHz and scan rate of 0.5 Hz was used. The tip of
the cantilever has a normal radius of ca. 2 nm. The samples
for AFM measurement were prepared by LB deposition
method at the air-water interface over Au(11 1) substrate.

2.5. Ellipsometry

Variable angle spectroscopic ellipsometry measure-
ment was done on a NFT I-ELLI 2000 ellipsometer equipped
with a Nd:YAG LASER at 65°, 70° and 75° angles of inci-
dence in the wavelength range of 300-1000 nm. The opti-
cal constants for bare gold were measured immediately
before measuring the fullerene pentapod film-coated sub-
strate. A refractive index of 1.533 was assumed for all mea-
surements. The thickness of the film using three samples
was calculated from variation of the ellipsometric parame-
ters 4 and ¥. Repeated measurements were made at dif-
ferent positions all through the substrate for obtaining
accurate results.

2.6. Contact angle measurement

The wettability of the LB film was investigated by mea-
suring the contact angle of water of a freshly prepared
sample using CA-S150, KYOWA instrument. Ten microlitre
of ultra pure water (Barnstead Easypure LF, 18.3 MQ cm)
was used throughout the experiment. The contact angle
was read only on one side of the drop.

2.7. Conducting atomic force microscopy

Samples for CAFM measurements are the fullerene pen-
tapod LB films transferred over Au(111) substrate. These
were dried in a vacuum desiccator for 48 h prior to the
electrical measurements. Precautions were taken to pre-
vent damage to the film in view of its fragile nature by
thermal radiation. Current-voltage (I-V) measurement
was performed using a commercially available AFM system
(PSIA, XE-100 model) with conductive AFM tips that were
made from Au (20 nm)/Cr (20 nm) coating around conven-
tional AFM tips. Two terminal DC I-V data were acquired
using a semiconductor parameter analyzer (HP4145B).
Voltage was applied to CAFM tip while the Au substrate
was grounded. All the electrical measurements were car-
ried out inside a covered AFM chamber through which
nitrogen gas was passed to minimize the formation of con-
taminants on the surface of the film. From Johnson-Ken-

dall-Roberts (JKR) model [22] the radius of the contact
area under the CAFM tip was estimated to be less than
10 nm [23].

3. Results and discussion
3.1. Computations

The outer diameter of Cgg is ~1 nm estimated by tak-
ing into account the size of the m-electron cloud associ-
ated with the carbon atoms [24]. This value was taken
as the diameter of the fullerene moiety in the pentapod
(see Fig. 1). The five phenolic groups form a circular
face, the diameter of which was ~1.78 nm. The differ-
ence between the diameters of the top fullerene moiety
and bottom circular face is 0.78 nm. This is large en-
ough to prevent fullerene-fullerene interaction among
the neighboring molecules if uniformly oriented in a
monolayer. Similar observations have been made for ful-
lerene derivative Cgo-MPPA [11] where aggregation was
prevented due to the difference in size between the ful-
lerene head group attached to a relatively larger MPAA
unit.

In the study of molecular electronics, computational
calculations of the molecular energy levels relative to
metal-electrode energies bear specific significance. Such
calculations have been made for several fullerene deriva-
tives [14,15,25]. Even though the device in the present
case is metal-organic-metal type, the shift and broaden-
ing of these energy levels due to the substrate (Au)
was not taken into account in our calculations on the
“free” isolated molecule. Thus, the calculated HOMO
and LUMO levels, shown in Fig. 2, should be taken as
approximate.

The two functionals of DFT, B3LYP and PBE, result in
essentially the same electronic structure. Both of them pre-
dict the same molecular energy diagram. The HOMO and
HOMO — 1 are very close in energy and hence considered
as degenerate MOs, and similarly the LUMO and LUMO + 1
constitute a pair of degenerate orbitals. The energy levels
taken from the B3LYP eigenvalues are as follows (in eV):
—5.45 (Enomo), —5-47 (Enomo —1)» —5.63 (Enomo - 2)s
—5.84 (Enomo - 3), —5.94 (Enomo - 4), and —5.96 (Enowmo - 5)
for the HOMO levels; —2.47 (Erymo), —2.45 (Erumo + 1), and
—2.32 (ELumo + 2) for the LUMO levels. Both functionals also
predict that the frontier MOs of the molecule are essen-
tially localized on the same Cgo moiety, which is in sharp
contrast to other fullerene derivative-based donor-accep-
tor systems studied for molecular rectification where the
donor HOMO is located on the exocyclic group and the
acceptor LUMO is on Cgo [14-16,26].

The two functionals, however, show discrepancy in
the precise locations of these energy levels (Table 1).
The HOMO-LUMO gaps calculated with B3LYP are signif-
icantly larger than those calculated with PBE, as ob-
served previously [27]. Interestingly this discrepancy
becomes small when estimated from the IP and EA val-
ues. Since the PBE functional is known to underestimate
the HOMO-LUMO gap, we focus on analyzing the exper-
imental data only based on the two B3LYP values in the
following discussion.
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Fig. 2. Molecular orbitals of the fullerene pentapod generated by DFT calculations (B3LYP/6-31G ). (a) LUMO (—2.47 eV) (b) LUMO + 1 (—2.45 eV), (c)
HOMO (-5.45 eV), and (d) HOMO — 1 (-5.47 eV). Color code: grey - carbon, white - hydrogen, and red - oxygen. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
HOMO-LUMO gap calculated by B3LYP and PBE functionals.

Method Enomo (eV) Erumo (eV) HOMO-LUMO gap (eV)
B3LYP -5.5 -2.5 3.0

B3LYP IP/EA -6.3 -1.6 4.7

PBE —4.8 -3.0 1.8

PBE IP/EA -5.9 -1.7 4.2

3.2. LB film

The LB pressure-area isotherm of the fullerene
pentapod is shown in Fig. 3. From the isotherm, the mean
molecular area per molecule, Ay, obtained by extrapo-
lating the pressure-area isotherm to zero pressure was
0.98 nm? molecule™!, which corresponds to a mean diam-
eter of 1.117 nm per molecule. The LB films of unmodified
dilute Cgg solution show a limiting area of 0.98 nm? mole-
cule™! [8a,8¢,8¢], as against the theoretically predicted va-
lue of 0.866 nm? molecule™! for a monolayer of the
molecule [9b,28]. This suggested that the pentapod formed
a monolayer at the air-water interface rather than an irre-
versible aggregation of the fullerene clusters [12]. The
mean molecular area at the inflection point (A.) calculated
at the collapse pressure II. of 33 mN/M was 0.83 nm? mol-
ecule™!. Above the collapse pressure, the nature of the
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Fig. 3. Pressure-area isotherm (I71-A) of the LB film at the air-water
interface obtained by spreading the fullerene pentapod solution in
toluene.

curve changed indicating phase transition, possibly from
one closely packed structure to another. The pentapod
was transferred atop the Au(111) substrate at a transfer
pressure, II,, of 20 mN/M. The mean molecular area at
the transfer pressure, Ay, was 0.90 nm? molecule™!, from
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which the mean diameter per molecule was calculated to
be ~1.07 nm.

The diameter of the bottom circular face of the molecule
calculated from computational measurement is ~1.78 nm.
This should be the nearest neighbor distance between the
molecules if they are in direct contact. However, an exam-
ination of the energy minimized structure of the molecule
showed that there is enough space between the phenolic
rings to allow the neighboring molecules to interdigitate
as schematically shown in Fig. 4. This evidently means that
the molecules could be packed more closely than 1.78 nm,
i.e.,, even when the mean molecular diameter was 1.07 nm,
the molecules could still form a monolayer without verti-
cal stacking. It may be noted here that the molecules in
the LB film though seem to interdigitate at the transfer
pressure could get organized further while drying to opti-
mize the intermolecular order. The mean molecular area of
1.07 nm is in close agreement with the nearest neighbor
distance in a close-packed (11 1) plane of the Cgo molecules
[8e]. The LB film of Cgg, Cs00 and CgiH, showed (111)
close-pack arrangement for the molecules with nearest
neighbor distances of 1.002, 1.003 and 1.003 nm, respec-
tively. Hexagonal (111) face-centered cubic lattice with

neighboring distance of 0.95 nm is reported for other ful-
lerene derivatives [29].

The thickness of the LB film, determined from ellipsom-
etry (1.5 +0.01 nm) and the height image of atomic force
microscopy (AFM) studies (Fig. 5), was consistent with
the height of the molecule from computational measure-
ment. Thus, the LB film is mostly a monolayer of the mol-
ecules. Water contact angle of the film on Au(111)
substrate was 97°. The high contact angles of H,O on LB
film suggested the hydrophobic nature of the film, which
is expected of the film with the fullerene moieties exposed
to air. Thus the molecule on the substrate surface formed a
homogeneous monomolecular film with the five functional
groups anchored to the substrate leading to a robust struc-
ture without aggregation. Recently Nakamura and cowork-
ers [30] have reported the photophysical properties of the
monolayer of the benzoic acid derivative of a series of ful-
lerene penta-addition derivatives, which show the same
anchoring behavior to the substrate.

Control experiments were performed using two other
fullerene penta-addition derivatives, (CgHs)sHCgo and
(4-CH3SCgH4)sHCgo. From the pressure-area isotherms, Ag
was  1.98 nm?molecule™!  for (CgHs)sHCgo and

Fig. 4. Schematic arrangement of fullerene pentapods in the LB film. (a) Top view of the molecules showing the phenolic groups of neighboring molecules to
interdigitate resulting in close-packing of the molecules. (b) Side view of the molecules showing arrangement at the air-water interface (shown for a single

row of molecules).
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pDepth [nm)

Fig. 5. Atomic force microscopy picture of the (4-HOCgH,4)sHCgo LB film on Au(11 1) substrate showing particle height of 1.445 nm.

2.09 nm? molecule™! for (4-CH3SCgH4)sHCgo, which corre-
spond to mean diameters of 1.587 nm and 1.631 nm per
molecule, respectively. In comparison, the mean diameter
of (4-HOCgH,4)sHCgo was 1.117 nm per molecule. The
large molecular diameters of (CeHs)sHCso and
(4-CH3SCgH4)sHCgo imply that the derivatives are ran-
domly oriented at the air-water interface due to their poor
amphiphilic nature.

3.3. I-V measurement

The I-V measurements for the LB films of the fullerene
pentapods performed using CAFM method [31] with gold
as the top and the bottom electrodes is schematically
shown in Fig. 6. The LB monolayer exhibited electrical rec-
tification when a positive bias was applied to the CAFM tip
(Fig. 7). The I-V characteristics showed current rectifica-
tion at bias voltage of +1.0 V measured at different mono-
layer junctions, with high rectification ratios (RR)
registered at each junction. The LB monolayer exhibited
larger current flow when a positive bias was applied to
the CAFM tip. In this condition, current flows from the
CAFM tip top electrode to the bottom gold electrode. The
direction of electron transport as shown in Fig. 6 is oppo-
site to that seen in previous unimolecular rectifiers using
either Al or Au electrodes [6b,6d,6g,7c,14]. Our observation
on the direction of rectification is consistent with elastic
transport model [32] and opposite to that predicted by Avi-
ram-Ratner inelastic transport model [3].

Fig. 8 represents the I-V curves of the pentapod LB film
measured up to higher bias voltages of 1.5V, 2.0V,
+2.5V, and £3.0 V. In the bias voltages +1.0V, 1.5V, and
+2.0 V high current asymmetries were observed with recti-
fication ratios of 1.3-48.0, 2.0-32.6, and 2.0-19.5, respec-
tively. However, further increase of voltage sweep up to

Fig. 6. Schematic representation of the [-V measurement of the fullerene
pentapod by CAFM. The arrow indicates the direction of electron
transport when positive bias is applied to the CAFM tip (top electrode).
The Au substrate (bottom electrode) is grounded.

+2.5 V led to gradual increase in current in the negative bias
direction with lowering of rectification ratiosto 1.0at +2.5V
and 0.9 at £3.0 V. Thus current asymmetricity was substan-
tially reduced for higher voltage sweeps. The best results
were obtained at bias voltages of +1.0 V and 1.5V, when
there was negligible current flow in the negative bias direc-
tion. Current started flowing in the negative direction once
the bias voltage exceeded +1.5 V. The asymmetric nature
persisted with gradual lowering of RR and at +2.5 V the I-V
curve became symmetrical (RR = 1). A plausible explana-
tion for such behavior is presented (see below).
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Fig. 7. I-V characteristics of the LB film of the fullerene pentapod
showing current rectification at bias voltage of +1.0V measured at
different junction positions, with high rectification ratios (RR) registered
at each junction.

The I-V measurements were taken repeatedly by
changing the position of the CAFM tip and the rectification
ratio for each position was recorded. It was observed that
the molecule showed rectification behavior in almost 80%
of the devices measured. From the statistical histograms
(Fig. 9) the mean rectification ratios were 10.8 and 14.7,
at bias voltages of £1.0V and *1.5V, respectively.

The I-V characteristics of LB films from fullerene penta-
derivatives, (CgHs)sHCgo and (4-CH3SCgH4)sHCgo were
studied. For these molecules no rectification was observed
in the same applied tip bias voltage ranges in which the
fullerene pentapod (4-HOCgH4)sHCso showed rectifica-
tion. Evidently, in the LB films, (CgHs)sHCgo and
(4-CH3SCgH4)sHCgo are not as uniformly oriented as the
highly amphiphilic (4-HOCgH4)sHCge. Furthermore, the
I-V characteristics of the alkane thiol SAMs under a similar
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experimental set up used for the present study were sym-
metric with a mean RR value of 1.17 [33a]. Thus, the ob-
served current rectification behavior of (4-HOCgH4)sHCgo
is a characteristic attributable to the typical structural fea-
ture of the pentapod.

3.4. Mechanism of electron transport

The mechanism of the electron transport is explained
by the interaction between the molecular energy levels ob-
tained from the DFT calculation of the fullerene pentapod
and the Fermi level of the electrode. Here the work func-
tion of Au was taken as —4.6 eV though in the literature
there is considerable variation of this value from
—4.70 eV to —5.40 eV [34], depending upon the crystal face
of Au and the method of measurement.

According to the B3LYP eigenvalues the HOMO and
LUMO energies of the free molecule are separated by
2.98 eV, but this separation is expected to be smaller in
the actual device as the interaction with the electrodes
would broaden the molecular energy levels. At zero bias,
the HOMO and HOMO - 1 levels of the free molecule are
located ~0.9 eV below the Fermi level (Ef) of Au, and the
LUMO and LUMO + 1 levels are located ~2.1 eV above the
Er.

When a bias of +1.0 V is applied to the top electrode, Er
of Au goes down approximately by 1 eV relative to the
cathode and becomes —5.6eV, approaching resonance
with the HOMO and HOMO - 1 levels of the molecule
(EHOMO =-545¢eV, EHOMO 1= -5.47 eV) (Flg 10) Hence
current flow in the forward direction is favored. When a
negative bias voltage (—1.0V) is applied to the top elec-
trode, the Er of Au goes up to —3.6 eV, and neither the
HOMOs nor the LUMOs are aligned with the electrode en-
ergy levels, thus impeding current flow in the reverse
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Fig. 8. Typical I-V plots measured up to a higher bias than +1.0V. (a) RR=12.0 at #1.5V, (b) RR=19.5 at 2.0V, (c) RR=1.0 at £2.5V, and (d) RR=0.9 at

+3.0V.
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b. Reverse bias
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Fig. 10. Energy levels of the device under applied bias voltage. (a) A forward bias voltage of +1.0 V facilitates the electron transport from the bottom Au
electrode to the top CAFM tip electrode, and (b) a reverse bias voltage of —1.0 V impedes it in the opposite direction. The HOMO and HOMO — 1 levels are of
nearly similar energy and so are LUMO and LUMO + 1. Hence these are shown to take part in the electron tunneling process as though they are degenerate

orbitals.

direction. When a bias voltage of +2.0V is applied
(EF=—-6.6 V), lower HOMO levels, such as HOMO — 10
(Esomo — 10 = —6.22 eV), become energetically favorable
and participate in the current flow process. At —2.0V the
LUMO levels (ELUMO =-2.47¢eV, ELUMO +1= -2.45 eV) ap-
proach resonance with Eg of Au (—2.6 V). Hence, some cur-
rent starts flowing in the reverse direction as well.
Apparently, for higher bias voltages, lower HOMO — X
and upper LUMO + X levels had energies aligned to a sim-
ilar extent with Eg of Au, facilitating current flow in both
the directions with equal ease.

It may be pointed out here that the conventional use of
the one-electron molecular orbitals from a DFT calculation
may be an approximation to the many-electron states that
will influence the real transport processes. Nevertheless, it
is not actually the reaching of resonances that leads to the
rectification but rather the approaching of resonances.
Hence the explanation of charge transport in a preferred
direction based on alignment of calculated orbital energies
with those of the Fermi levels of the electrodes using the
present method of computation, though qualitative, is a ra-
tional approach at the moment.

Besides, in the present case, there is homo-conjugation
[35] between the cyclopentadiene moiety with the rest of
the 50 sp? carbon atoms of the fullerene and peri-conjuga-
tion [36] between the p,-m orbitals of phenolic groups and
orbitals of adjoining fullerene carbon atoms. Thus, the phe-
nolic groups, the cyclopentadiene moiety, and the rest of
the fullerene molecule in the pentapod electronically inter-
act. From the B3LYP calculation it was found that the ful-
lerene pentapod has a high ground state dipole moment
of 3.23 debye (4.53 debye calculated from PBE), and hence
the molecule is quite polar. Cgg accepts six electrons elec-
trochemically to form hexa-anion whereas oxidation is rel-
atively difficult [37]. The electron affinity of Cgo is
2.65+0.05 eV and the first ionization potential is 7.58 eV
[38]. The values for the hydroxypentapod, calculated using
B3LYP/6-31G", are 1.6 eV and 6.3 eV, respectively (1.7 eV
and 5.9 eV from PBE/6-31G""). Thus, the pentapod has re-
tained to a significant extent the characteristic electron-
withdrawing ability of Cgo. Considering that the Csg moiety
of the pentapod is still strongly electron-withdrawing, the
direction of the dipole moment must be towards the fuller-
ene moiety. Besides, the molecule could undergo further
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polarization in this direction when a positive bias is ap-
plied to the CAFM tip electrode. Hence electron transport
in the forward bias condition should be facilitated, as has
been actually observed. Similar rectification behavior has
been explained by polarization of the electron cloud of
the molecule under an applied potential [39].

Three mechanisms, S-, A- or U-types, have been sug-
gested to explain current rectification in metal-organic-
metal devices [5,7a]. When the current passing through a
molecule involves electron transfer between its own
molecular orbitals, or asymmetry in the molecule itself
causes asymmetry in current flow it is called the U-type
of electrical rectification. Previously, the mechanism of
electrical rectification in fullerene derivatives involve elec-
tron transfer in which Cgg acts as an acceptor and exohe-
dral functional groups attached to it act as donors
[14,16,26]. The donor is attached to the acceptor by a
o-bond and there is through-bond electron transfer from
the HOMO of the donor to the LUMO of the acceptor. How-
ever, in the present case, both the HOMO and the LUMO
are in the same fullerene cage interacting with each other
through homo-conjugation. Under a suitable applied bias,
electron from the HOMO level is transferred to the LUMO
level through the fullerene cage itself. This is completely
a new case observation in the field of molecular rectifica-
tion of the fullerene derivatives and a novel example of a
true U-type unimolecular rectifier.

4. Conclusions

An amphiphilic fullerene pentapod, (4-HOCgH,4)sHCeo,
formed well-defined LB film at the air-water interface
and constitutes mostly a monomolecular arrangement
with Cgo facing upwards. The LB film transferred over
Au(111) substrate afforded a robust structure through
anchoring of the five phenolic -OH groups. When the de-
vice was subjected to a forward bias using the CAFM tip
as the top electrode in contact with the fullerene moiety,
electrons moved from the bottom negative electrode to
the top electrode through the fullerene molecule. When a
negative bias was applied to the CAFM tip electron trans-
port was significantly less in the opposite direction. The
rectification was appreciable up to an applied bias of
+2.0V; decreasing thereafter until at +2.5 V there was no
rectification. Two other fullerene derivatives, (CgHs)sHCgg
and (4-CH3SCgH,4)sHCgp, did not show any electrical rectifi-
cation. These molecules are not as uniformly oriented on
the substrate surface in contrast to (4-HOCgH,4)sHCgo. Thus,
(4-HOCgHy4)sHCgp constitutes a new class of molecule, in
which the donor HOMO and acceptor LUMO levels are on
the same fullerene cage and hence represent true unimo-
lecular U-type rectifier.
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