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The synthesis of a Cgo-peptide using “clickable” fullerene and peptide derivatives is described. The peptide is
composed of a repeating sequence of a-aminoisobutyric acid (Aib) and two L-alanine (Ala) residues,
promoting the formation of a helical conformation, which has been confirmed by IR absorption, NMR and
circular dichroism measurements. In addition, the presence of a lipoyl moiety, at the end of the peptide
sequence, allows the formation of self-assembled monolayers of the Cgo-peptide and the parent peptide on
a gold surface. A Cgp-alkyl derivative was also prepared to compare the self-assembly properties of fullerene
derivatives containing peptides or alkyl chains. The fullerene assembly on a gold substrate characterized by
quartz crystal microbalance and by cyclic voltammetry show that the monolayers containing alkyl chains are
slightly less well packed than the peptide monolayers. Finally, polarization modulation reflection adsorption
infra-red spectroscopy measurements indicate that the Cgo-peptide tends to be more vertical than the
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Introduction

Since their discovery, fullerene C¢, and its derivatives have
attracted the interest of many researchers due to their out-
standing physical and chemical properties, and have promising
applications in the fields of life and materials sciences. In
particular, the surface modification with Cgo-based thin films
or monolayers allows the transfer of their unique properties
to solid surfaces, which may lead to practical applications
especially in organic electronics. The main methods to prepare
monolayers or thin films of fullerenes are based on the
Langmuir and Langmuir-Blodgett deposition techniques, as well
as the formation of self-assembled monolayers (SAMs) on solid
surfaces." The latter approach has attracted much attention,
since self-assembled monolayers are spontaneously formed by
chemisorption, giving rise to robust and well-defined structures
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parent peptide which could originate from complementary Cgo—Cgo and helical—helical interactions.

on solid surfaces.” Fullerene Cgy-based self-assembled monolayers
have been involved in the fabrication of solar cells as the electron
selective layer, noticeably improving the efficiency of the device,®
in field-effect transistors’ and in molecular rectifiers.” The
immobilization of donor—fullerene systems on surfaces for
the construction of photoelectrochemical devices has also been
considered.® The occurrence of photo-induced energy and/or
electron transfer in these donor-fullerene systems was used to
generate photocurrent. More recently, it has been proposed
that the charge separated state formed after illumination of
donor-fullerene SAMs could also function as a hole-blocking
layer and an electron transporting layer for photovoltaic cell
applications.”

The design of [60]fullerene-based self-assembled mono-
layers on a variety of substrates, in particular gold conductive
surfaces, has been extensively studied.® Among the approaches
that have been proposed to form SAMs containing fullerene Cg,
on gold surfaces, the direct strategy yields the most stable as
well as the most homogeneous monolayers.> This method
relies on the use of Cg, derivatives fitted with anchoring units
such as thiols or disulfides, which are well-known to bind
strongly to gold surfaces.” Usually, fullerene Cg, and its sulfur
anchoring unit are connected by a spacer, including alkyl
chains and n-conjugated systems. Very often in the literature,
SAMs of molecular assemblies including fullerene derivatives
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are depicted as idealized representations without defects. How-
ever, Tour and co-workers have shown that the immobilization
of fullerene Cg, on gold surfaces leads to binding anomalies
where the desired monolayers can coexist with multi-layers
and/or head-to-tail assemblies.’® These anomalies could modify
the properties of the devices, thereby limiting the use of C¢-SAMs
in a number of applications.

In this context, we propose to use peptides as surface
structuring agents, as it has been shown that peptides adopting
a helical conformation in solution and in the solid state may
form well-organized and compact monolayers. Moreover, the
diameters of the fullerene Cg,> and of a peptide helix, whatever
its nature (31, or o-helix),’" are of the same order of magnitude
(close to 1.0 nm). In this case, organization within the mono-
layer should be governed by two types of interactions, Ceo—Ceo
and peptide-peptide interactions, which could lead to a
reduction in head-to-tail anomalies. In addition, a helical
peptide appears to be a good electron mediator compared to
an alkyl chain. Electron transfer through a peptide bridge is
also strongly asymmetric, as transfer along the dipole moment
in a helical peptide is much faster than against the dipole
moment. These properties could be very important for organic
electronic applications, especially for the design of electron
selective interfaces, in electrochemical photocurrent generation
as well as in molecular rectifiers.

The combination of peptides and Cg, has been largely explored,
mainly for biological applications and in the field of materials
science.""'® However, immobilization of Cey-peptides on surfaces
in which the peptide adopts a helical conformation has been
scarcely studied. To our knowledge, only one example has been
reported by Kimura. In this study, porphyrin- and fullerene-
terminated 16-mer helical peptides were used to form homo-
geneous binary SAMs. The formation and characterization of
homogeneous SAMs based exclusively on fullerene terminated
peptides were not reported in this paper.**

Herein, we describe the synthesis of a Cgo-peptide using
“clickable” fullerene and peptide derivatives. The fullerene
building block bears an alkyne moiety and a protected maleimide.
This derivative can be easily functionalized with azido and thiol
derivatives after deprotection of the maleimide,"® which represents
a significant advantage over previously used derivatives that allow
grafting of only one unit."* Moreover, we used a simple hexa-
peptide containing the repeating sequence o-aminoisobutyric
acid (Aib) and two r-alanine (Ala) residues. The choice of the
peptide length, its composition and the position of the Aib
residues in the sequence were determined by the conforma-
tional properties of C*-tetrasubstituted amino acids, known to
promote the formation of 3;4-helical structures in very short
peptides.’® This hexapeptide carries a lipoyl moiety (at the
N-terminus) which acts as a bidentate ligand on the gold surface,
and an azide moiety (at the C-terminus) allowing a copper-
catalyzed alkyne-azide 1,3-dipolar cycloaddition (CuAAC) reaction
with the fullerene building block. The CuAAC reaction is a very
powerful synthetic tool in fullerene chemistry, which has allowed
the efficient synthesis of a variety of fullerene derivatives, some of
which cannot be obtained by classical methods."” This approach
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allows the grafting of our fullerene building block to the peptide in
one step, unlike previous strategies in which multiple steps were
necessary to complete the required fullerene-peptide conjugates.™*
In addition, a reference compound (Cgg-alkyl), in which an alkyl
chain replaced the peptide, was also prepared in order to compare
the self-assembly properties of the corresponding fullerene
derivatives. The SAMs of the starting peptide, Cgo-alkyl and
Ceo-peptide were then immobilized on a gold surface and their
properties were studied using surface characterization and
electrochemical techniques.

Results and discussion
Synthesis

Fullerene building block 5 was prepared in a similar way to our
previously reported fullerene platform, developed for sequential
orthogonal transformations (Scheme $1, ESIT)."> The alkyl spacer
between the alkyne moiety and the Cg, unit is shorter than in the
previously described platform, in order to reduce the Cgo-surface
distance in the final assembly. In the present Cq, derivative, a
maleimide moiety was introduced but remained protected. Lipoyl
azide 7 was prepared in three steps from 4-aminobutanol. Reaction
with hydrogen bromide followed by substitution with sodium azide
afforded an azido amine'® which was then coupled with (R)-lipoic
acid in the presence of HATU (Scheme S2, ESIt). Hexapeptide 15
was synthesised step-by-step in solution (Scheme S3, ESIt), using
O-(7-azabenzo-1,2,3-triazol-1-y1)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HATU) as the coupling reagent and an N*-Boc
protecting group strategy. The C-terminal alkyl azide chain was
introduced by reaction of the N-Boc-alanine succinimide ester
with 4-aminobutanol, followed by mesylation and substitution
with sodium azide, to give the desired protected azido-amide 9.
Peptide chain elongation was performed by sequential deprotec-
tion of the N-terminal Boc group with trifluoroacetic acid and
coupling of the following amino acid residue in the presence of
HATU. The hexapeptide was finally substituted with (R)-lipoic
acid at its N-terminal.

The reaction conditions for the copper-catalyzed alkyne-
azide cycloaddition (CuAAC) reaction between the fullerene
alkyne and the peptide azide or alkyl azide were investigated.
Since the presence of sulfur atoms in substrates may lead to
partial deactivation of the CuAAC catalytic system,">*'°
performed preliminary experiments using copper(r) salts and
various ligands in dichloromethane to determine the optimum
conditions. From these experiments, it appeared that the best
yields were obtained with bulky ligands such as (hexabenzyl)tren®°
and tris-{(benzyltriazolylmethyl)amine (TBTA).>" The preferred con-
ditions for the CuAAC reaction between the alkyne Cg, derivative 5
and the azide-peptide 15 or lipoyl azide 7 involved the use of the
preformed complex [Cu(i)ligand(hexabenzyl)tren|Br, prepared
from CuBr and the hexabenzyltren ligand, in dichloromethane at
room temperature under an inert atmosphere (Scheme 1). The
fullerene-alkyl and fullerene-peptide adducts were isolated in 40%
and 60% yields respectively, consistent with previous results
obtained for this type of derivatization. This approach allowed

we
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Scheme 1 Preparation of Cgg-alkyl and Cgo-peptide. Reagents and conditions: (i) CuBr, hexabenzyltren, CH,Cl,, rt, Ar atmosphere, 2 days (Cgo-alkyl:

40%; Ceo-peptide: 60%).

the preparation of a significant amount of both the fullerene
building block, the fullerene-alkyl adduct and the fullerene-
peptide, and exhibits a higher yield than a previously reported
method.™ Complete characterization of these derivatives using
NMR and mass spectrometry was carried out.”*?*

Solution conformational analysis

The solution conformation of the reference hexapeptide 15 and
of the Cgo-peptide was studied by using a combination of infra-
red absorption, NMR and circular dichroism measurements.
IR absorption spectroscopy. The FT-IR spectra of the hexa-
peptide 15 and of the Cgo-peptide were recorded in CDCl; at a
concentration of 1 mM. The absorption bands of the two
derivatives are located at the same position in the amide
A and amide I region, indicating as previously reported that
the conformation of the peptide is not modified by the
presence of the Cgo unit.>* In the N-H stretching region
(Fig. S1, ESIt), the FT-IR spectra show a strong absorption
band at 3315 cm™ ! (N-H groups in intramolecular C=0- - -H-N

hydrogen bonds) and a weaker band at 3430 cm™ "' (free N-H
groups). The amide I region (Fig. S2, ESIf) of the derivatives
shows a strong absorption band with its maximum at 1655-
1660 cm ', in accordance with the carbonyl stretching of a
peptide adopting a helical conformation. However, it is difficult
to determine the nature of the helix using this technique since
the absorption maximum of a 3;y-helix and o-helix is close to
the 1666-1663 cm™ ' and 1663-1658 cm™ ' region, respectively.”®
While the carbonyl stretching band is located in the o-helix region,
the 3;0-helix conformation may also contribute to our short
peptide structures.

'"H NMR spectroscopy. The NMR analysis of the starting
hexapeptide 15 was carried out in CDCI; at a concentration of
50 mM (see below) using a combination of COSY and ROESY
experiments (Fig. S3 and S5-S7, ESIt). The use of these com-
plementary 2D experiments allowed the complete assignment
of all proton resonances. The cross peaks observed in the
ROESY spectrum between NH-NH (i — i + 1) protons permitted
the identification of all the amide protons of the peptide.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018 New J. Chem., 2018, 42, 19423-19432 | 19425


http://dx.doi.org/10.1039/c8nj04599b

Published on 19 October 2018. Downloaded by Tulane University on 1/20/2019 11:34:57 PM.

Paper

View Article Online

NJC
N(I)H N(lIH N(V)H N(VI)H
H H © - H
N\)LN N\/U\N N\/\/\N;,
N(II)H N(IV)H N(VI)H 15

Vv I vk

M

10% DMSO-d6

8% DMSO-d6

6% DMSO-dé

4% DMSO-d6

2% DMSO-dé

I |
" jL 0% DMSO-dé

7.9 1.7 7.5 7.3 7.1 6.

1 (ppm)

Fig. 1 Stack plot of the partial *H NMR spectra in which DMSO-dg was added
labelled with an asterisk are due to satellite bands.

These NH-NH (i — i + 1) and some oH-NH (i —» i + 1)
interactions also indicate that the peptide adopts a prevailing
folded structure. To complement the 2D experiments, DMSO-dg
titrations were performed on 1 mM solutions of the hexapeptide
15 in CDCl; (Fig. 1 and Fig. S11, ESIt). Similar titration experi-
ments have already been used to verify that peptides containing
Aib moieties adopt a 3;¢-helical conformation in solution.>® Upon
the addition of the hydrogen bond acceptor DMSO-d,, the two
amide NH protons of the Aib and Ala residues at the 1st and 2nd

9 6.7 6.5 6.3 6.1

in a 1 mM solution of the peptide 15 in CDClz (300 MHz, 298 K). The peaks

positions from the N-terminus (denoted as N(I)H and N(II)H)
underwent significant downfield shifts (A = 1.25 and 0.47 ppm,
respectively) while the other amide protons displayed minimal
shifts (Ad = 0.05 to 0.19 ppm). This suggests a 3;¢-helical con-
formation in solution where most NH groups (from N(III)H
onward) are in a stable, intramolecular H-bonding network, while
the two NH groups closest to the N-terminus are exposed to
intermolecular interactions. In addition, the concentration-
dependence of the "H NMR resonances of the amide NH groups

I I m v vV v
W\.} 100 mM
-
Loonm Vv i
50 mM
miu v vV Vi
. 25 mM
I\ vvi
fh L . 13 mM
n Vi
m RV
ML N
1 LV
M MM
8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6
1 (ppm)

Fig. 2 Stack plot of the partial 'H NMR spectra of peptide 15 taken at varying
labelled with an asterisk are due to satellite bands.

concentrations from 1 mM to 100 mM (300 MHz, CDClz, 298 K). The peaks
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of 15 in CDCl; was examined (Fig. 2 and Fig. S9, ESIf). Such
experiments have already been used to study the aggregation of
helical peptides in non-polar aprotic media.”’ As previously
reported, the concentration-dependence study followed the trend
observed during the DMSO dilution studies, with the N(I)H and
N(ID)H protons being more involved in intermolecular interactions
undergoing significant shifts as the concentration was raised from
1 to 100 mM (Ad = 1.51 and 1.17 ppm, respectively), while the other
NH protons, involved in the H-bonding network, showed smaller
shifts (Ad = 0.03 to 0.23 ppm, respectively).

For the Cgp-peptide, NMR analyses were performed in CDCl; at
a concentration of 30 mM (Fig. S3, ESIt). These experiments
allowed the complete assignment of all proton resonances except
those belonging to the amide protons, as some were too close to
allow clear identification using the ROESY experiment. In order to
assign the amide protons and to confirm the helical conformation
of the Cgo-peptide, NMR experiments were further conducted in
CsDsN for this compound, along with the reference hexapeptide 15
(Fig. S14-S21, ESIt). For both compounds, the amide protons are
well-dispersed and well-defined (Fig. 3 and 4). The use of com-
plementary 2D experiments (COSY, NOESY and ROESY) allowed
the complete assignments of all proton resonances for 15 and
Ceo-peptide. In particular, the NOESY spectrum of 15 showed two
oH-NH (i — i+ 2) cross peaks, suggesting specifically a 3;¢-helical
structure. In addition, the cross peaks observed in the ROESY
spectrum of the Cgo-peptide between the NH-NH (i — i + 1)
protons demonstrated that the peptide adopts a similar prevailing,
likely helical, conformation to the reference hexapeptide 15.

Circular dichroism. A far-UV CD spectrum of the hexapep-
tide 15 was acquired in MeOH solution (Fig. S22, ESIt). A strong
negative Cotton effect at 203 nm was observed. It is widely
recognised that negative Cotton effects below 200 nm (peptide
n-1* transition) indicate an unordered peptide conformation,
while this band is shifted in peptides folded into helical
conformations to 203-208 nm.?® These results suggest an at
least partially helical conformation for 15, consistent with
previous studies of short Aib-containing peptides.>®

Self-assembled monolayer formation and characterization

The Ceo-peptide and Cgp-alkyl were self-assembled on gold
surfaces by exposing a gold coated glass substrate to a solution
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of Cgo-peptide and Cep-alkyl in dichloromethane. To determine
the contribution of the peptide to the quality of the fullerene
SAM, the SAMs were characterized in depth.

Cyclic voltammetry (CV). The molecular packing of the
fullerene SAMs was evaluated by CV (blocking) experiments
using bare and modified gold substrates as the working elec-
trode. Fig. 5 shows the CV responses of K;[Fe(CN)s] aqueous
solution on different substrates. The peaks for the ferricyanide/
ferrocyanide redox signal are clearly observed for the naked
gold while these peaks are nearly abolished for the gold surface
functionalized with Cgo-peptide molecules, highlighting the
compactness of the Cgo-peptide SAM. In contrast, in the case
of the Cgp-alkyl SAM the signal is lower than that of naked gold
but is still present. The gold surface is accessible to the redox
probe which implies that the Cgo-alkyl molecules formed a less
dense monolayer than Cgo-peptide molecules.>®

Quartz crystal microbalance (QCM). To monitor the assembly
of fullerene derivatives on gold surfaces, QCM measurements were
performed in situ using dichloromethane as a solvent (Fig. 6). The
amount of Cgo-peptide and Cegp-alkyl in the SAMs was calculated
from the frequency shifts by applying the Sauerbrey equation. After
rinsing the quartz diskette with dichloromethane, the measured
frequency variations are 475 ng cm™> and 301 ng cm™ >, corres-
ponding to densities of 2.6 x 10 *° and 2.15 x 10" *° mol cm™?,
which are close to the reported values for fullerene compounds.”!
These results suggest a higher density of molecules adsorbed on
the surface with the Cgo-peptide. The lower Cgp-alkyl SAM coverage
compared to the Cgo-peptide SAM is consistent with the less dense
monolayer observed by cyclic voltammetry which shows clearly
that the peptide moiety allows the formation of a more densely
packed layer.

X-ray photoelectron spectroscopy (XPS). The Cg-peptide and
Ceo-alkyl SAMs on gold were characterized using XPS to assess
the SAM composition and the bonds with the gold surface.
The XPS spectrum of the hexapeptide reference molecule 15
adsorbed on gold was also recorded to determine how the
fullerene moiety influences the organization of the SAM. For
the three samples, after SAM formation, the Au4f peak
decreased in intensity while the C1s, O1s, N1s and the S2p
peaks appeared, indicating the presence of an additional layer
on the surface. High resolution N1s and S2p XPS signals are
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Fig. 3 *H NMR spectrum of 15 in CsDsN (300 MHz, 298 K).
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Fig. 5 CVs of Kz[Fe(CN)el for naked gold electrode (black), Cgo-alkyl
(blue) and Cgo-peptide (red) SAMs on a gold electrode.

shown in Fig. 7. The N1s peak of the peptide azide terminated
SAM presents four contributions at 400.0, 400.3, 401.3 and
404.4 £ 0.1 eV. The major contribution at 400.0 £ 0.1 eV is
attributed to the N-H amide groups of the peptide (~78%).>>
The presence of the azide function is unambiguously revealed
by the three other components at 400.3, 401.3 and 404.4 4 0.1 eV.*?
One can note here that the relative intensity ratio characteristic of

Fig. 6 Resonance frequency changes of the Au quartz crystal during
Ceo-alkyl and Cgo-peptide SAM formation; a 0.1 mM solution of
Ceo-alkyl and Ceo-peptide in dichloromethane was flowed for 55 min.

the molecule N-amide/N-azide is equal to 3.5, above the expected
value (2.3). This can be explained by partial decomposition upon
X-ray radiation of the azide moiety, leading to a contribution at a
lower bonding energy probably included in the amide contribution
at 400 ev.*

In the case of the Cgo-peptide or Cgp-alkyl SAMs, the Nis
peaks are best fitted with three contributions. The main con-
tribution at 399.9 + 0.1 eV is assigned to the N-H of the amide,
to the O—C-N- of the maleimide or to the N-N-C of the
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Fig. 7 High resolution S2p and N1s XPS spectra of Cgg-alkyl, Ceo-peptide and hexapeptide 15 SAMs (from the top to the bottom).

triazole. The two contributions at higher binding energies of
400.6 eV and 401.8 £ 0.1 eV in an approximate ratio of 1:1 are
attributed to the triazole N—N-N-C and N=—N-N-C, respec-
tively, showing that the molecules were intact when adsorbed
on the gold surface. To explore the binding mode of the
molecules on the gold surfaces, the S2p signals were recorded.
The S2p signals of the two SAMs with a peptide moiety are very
similar and are best fitted with four S2p3,, 1, doublets. The first
two doublets at a lower binding energy e.g. 161.1 £+ 0.1 eV
(green) and 162.0 £ 0.1 eV (S2p3,) (blue) are characteristics of
multi-coordinated sulfur bonds to the gold surface and thiolate-
gold bonds, respectively.*® In the two SAMs, a third S2p signal at
163.6 £+ 0.1 eV (orange) is present, attributed to disulfide sulfur
atoms, suggesting that a fraction of the disulfide groups are not
bonded to the surface despite the intensive rinsing of the
samples.***> Also, a broad S2p peak showing a significant
presence of unbound sulfur was systematically observed in XPS
for the helical peptide adsorbed on gold.*® Finally, a small doublet
at a higher binding energy, 168.1 & 0.1 eV (red), is characteristic of
oxidized sulfur. The presence of unbound disulfide can originate
from different species in the SAMs. In the case of fullerene
derivative SAMs, the strong attraction between fullerene Cg, units
and the gold surface can produce head-to-tail arrangements and
disorganised multi-layers.'"® However, the unbound disulfide
proportion in the S2p signal is of the same order of magnitude
in the hexapeptide 15 and Cep-peptide SAMs as shown in Table 1.
This finding indicates that the head to tail arrangements of the
Ceo-peptide are not likely to be the major contribution of unbound
thiols. The presence of unbound thiols in the peptide and
Ceo-peptide SAMs could originate from lateral interactions
between peptide chains or fullerene-fullerene contacts that
hamper the binding of the thiol to the gold surface.

Table 1 XPS sulfur contribution comparison for hexapeptide 15,
Ceo-peptide and Cgp-alkyl SAMs on gold

S2p components Hexapeptide 15 Ceo-peptide Ceo-alkyl
% S bound 48.5 47.6 73.3

% S unbound 37.4 36.9 26.7

% S oxidized 14.1 15.5

Polarization modulation reflection adsorption infrared
spectroscopy (PM-RAIRS). Information on the orientation and
order of molecules in the three SAMs (hexapeptide 15,
Ceopeptide and the Cgo-alkyl SAMs) were then probed by
PM-RAIRS. First, the general spectroscopic profiles for the
two molecules either as bulk, recorded by IR-ATR, or after
assembly on gold, probed by PM-RAIRS, are shown in
Fig. S23-525 (ESIT). The ATR and PM-RAIRS profiles are com-
parable, which suggests successful adsorption on the gold
surface. In the three cases, there is a quite good agreement
between both spectra, and the differences observed can be
explained by the specificity of both IR techniques. While ATR
provides information from the bulk, the RAIRS experiments,
which follow metal surface selection rules (MSSRs),”” imply
that absorption bands with a transition moment perpendicular
to the surface are enhanced, whereas parallel modes experience
the opposite effect. The PM-RAIRS spectrum of the hexapeptide
15 adsorbed on gold is shown in Fig. 8. The band at 2093 cm ™",
characteristic of the azide moiety, confirmed the formation of
the hexapeptide 15 SAM.**° The spectrum is dominated by the
amide I and II bands at 1658 and 1542 cm ' respectively
characteristic of a helical peptide.”®* The upshift of the amide
I band on the SAM compared to the bulk (Fig. S24 and S25,
ESIt) can be attributed to vibrational coupling between the
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Fig. 8 PM-RAIRS spectra of the Cgo-alkyl, Cgo-peptide and hexapeptide
15 SAMs (from top to bottom).

amide groups of the nearby helices.*® This suggests the forma-
tion of a relatively dense monolayer of molecules on the sur-
face. The Cgo-peptide SAM PM-RAIRS spectra highlight the
amide I and II vibration bands at very similar wave-numbers
to that in the case of the hexapeptide 15 SAM, suggesting the
formation of a similar dense layer on the surface and confirm-
ing the dense layer observed by cyclic voltammetry.

Additional bands characteristic of the Cgo-peptide molecule
are also present. Three bands characteristic of the C¢, malonate
at 1740, 1267 and 1181 cm ™" are clearly seen in the spectrum.*!
The bands at 1740 and 1267 ecm ™" correspond to the malonate
C=O0 and C-O stretching, respectively, while the band at
1181 cm™ " can be assigned to the w; Cg, cage vibration.” Other
bands characteristic of the maleimide and triazole groups
of the Cgo-peptide molecule are visible in the spectra and
summarized in Table S1 (ESIt). The PM-RAIRS spectrum of
the Cego-alkyl SAM highlights all the same bands characteristic
of the molecule as in the Cgo-peptide SAM, with some differences
in intensity. The amide I and II bands at 1644 and 1542 cm ™' are
not as intense as in the spectrum of the Cgo-peptide SAM, due to
the presence of only one amide group in the Cgg-alkyl molecule. A
careful analysis of the amide I and II band absorbance ratio in the
SAMs involving the peptide, using a distribution function model,
shows that the tilt angles of the helix axis from the surface normal

Fig. 9 Schematic representation of SAMs of the hexapeptide 15 and
Ceo-peptide adopting a 3;0-helical conformation along with the tilt angles
of the helices from the surface normal.
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are calculated to be 48.5 and 37.4 £ 2° for the hexapeptide 15 and
Ceo-peptide SAMs, respectively. The tilt angle of the peptide SAM is
very close to the tilt angle reported in the literature for a short
chain peptide (49° for a peptide containing the [Ala-Aib],
sequence)."*****> Surprisingly, the tilt angle of the Ceo-peptide
SAM is closer to the tilt angle of a longer peptide (36° for a peptide
containing the [Ala-Aib];¢ sequence). This result suggests that the
interactions between the fullerene units are added to the inter-
actions between the short peptides, leading to intermolecular
interactions that can be assimilated to the stronger intermolecular
interactions of longer peptides, which finally result in a greater
vertical orientation (Fig. 9).*> Interestingly, the presence of the Cgo
moiety increases the density of the monolayer compared to the
hexapeptide 15 since the Cgo-peptide SAMs are more densely
packed than the peptide SAMs.*

Conclusion

In summary, we have prepared a fullerene-terminated helical
peptide and a fullerene-alkyl derivative through the use of
copper-catalyzed alkyne-azide cycloaddition reactions. The peptide
azide and alkyl azide were grafted on a fullerene platform that
bears on one side an alkyne unit, and a protected maleimide
moiety on the other, allowing further functional modification."> A
copper() source based on the preformed complex [Cu(iligand-
(hexabenzyl)tren|Br, prepared from CuBr and the hexabenzyltren
ligand, was used for this reaction, which led to 40% and 60%
yields for the Cgo-alkyl and Cep-peptide, respectively. This approach
allowed the preparation of a significant amount of these deriva-
tives, in particular the Ceo-peptide, at a higher yield than the
previously reported strategy.'* The solution conformation analysis
by IR absorption, NMR and circular dichroism measurements, of
the starting hexapeptide and Cgo-peptide, confirmed their helical
conformation, likely a 3;4-helical structure from NMR experiments.
In addition, the starting hexapeptide, Cep-alkyl and Cey-peptide
were designed with a lipoyl moiety at the end of the alkyl chain or
the peptide N-terminus, which allowed their grafting on a gold
surface. The XPS and PM-RAIRS data showed that the monolayers
of these derivatives could be successfully prepared, and their self-
assembly properties were studied and compared using surface
characterization and electrochemical measurements. The beneficial
effect of the peptide on SAM formation was also confirmed. The
helical Cgo-peptide allowed the formation of well-packed fullerene
SAMs compared to the Cgp-alkyl, as determined from the coverage
rate obtained by QCM and the difference in the intensity of the CV
responses of the Fe(CN)s®/*~ redox probe. In addition to demon-
strating the contribution of the peptide towards the formation of a
denser fullerene layer, the comparison of angles obtained from the
PM-RAIRS measurements indicated that the Ceo-peptide tended to
be more vertical than the parent hexapeptide. This finding confirms
the starting assumption that the organization within the mono-
layers is governed both by fullerene interactions and peptide
interactions.

We currently envision using the electron mediator properties of
the helical peptides along with their organising properties in
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fullerene-terminated peptide SAMs for organic electronic applica-
tions. In particular, we are planning to graft a donor—fullerene
dyad on a helical peptide in order to develop photoelectrochemical
devices. In such systems, the use of a short peptide, as used in this
study, able to assume a helical conformation should be beneficial
since the rate of electron transfer exponentially decreases with
increasing distance of the photo- and electro-active units from the
metal surface. The length of the short peptide should also be
sufficient not only to diminish the quenching of the photo-excited
chromophores by energy transfer from the gold surface, but also to
reduce charge recombination processes. In addition, the strongly
directional characteristic of electron transfer through the peptide
chain could also be exploited with fullerene-based SAMs for the
design of molecular rectifiers.

Experimental section

The synthesis of compounds 1-15, Cge-alkyl and Ce, peptide
and the experimental details for SAM formation and character-
ization are described in the ESL{ The NMR spectra of the
hexapeptide 15 and Ceo-peptide are depicted in Fig. S3-S21
(ESIt). The IR spectra of hexapeptide 15 and Ceo-peptide in
CDCl; solution, in ATR and on gold surfaces are depicted in
Fig. S1, S2 and S$23-S25 (ESIt). The CD spectrum of hexapeptide
15 is also provided in Fig. S22 (ESIt).
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