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ABSTRACT

Keywords:
Organic synthesis

Due to their efficient light absorption properties and their electronic dipole, “push-pull”
chromophores with thiophene-based spacer between donor and acceptor groups are very
promising for potential use in optoelectronics, photovoltaics, non-linear optics, or electronics.
Such applications could benefit from chromophore deposition on a surface in an ordered way
with oriented dipoles. For this purpose, self-assembled monolayers (SAMs) constitute an
interesting approach. In this work we present a multi-step synthesis of a series of push-pull
structures based on 2,2’-bithiophene or dithieno[3,2-b:2',3"-d]thiophene frameworks born on an
alkyl chain terminated with an anchoring group for further use in surface modification. Obtained
molecules and SAMs were analyzed by cyclic voltammetry, spectroscopy and scanning probe
microscopy. We show that varying the acceptor moiety allows to tune the absorption band in a
wide spectral range, and that a longer chain length improves the organization of the dipole-

Donor-acceptor systems
Push-pull chromophores
Self-assembled monolayers
Electronic properties.

oriented chromophore SAM.

1. Introduction

Controlled spatial organization of chromophores, by covalent
bonding, on solid surfaces has sparked a growing interest in the
last decades due to its importance in the field of molecular
nanotechnology for the fabrication, for instance, of innovative
smart materials and surfaces, and biosensors." Moreover, the
control of the composition and orientation of chromophores at the
nanometer scale is of crucial importance in order to optimize
both their photophysical and photochemical properties. In this
respect, the formation of self-assembled monolayers (SAMs)?
appears to be a method of choice to produce robust nature-
inspired * thin films that are highly ordered, dense, associated
with a good uniformity in thickness and in composition.

Among the myriad of chromophores, linear push-pull derivatives
(consisting of a m-conjugated system (r) end-capped with a donor
(D) on one side and an acceptor (A) on the other side (namely D-
n-A))* represent one of the most widely studied structures that
have been used in several molecular nanotechnology applications
comprising non-linear optics (NLO),” organic photovoltaic cells
(OPVs),° organic light-emitting diodes (OLEDs),” organic field-
effect transistors (OFETs)® and so on. However, their grafting
onto surface has been still scarcely studied despite their great
importance in order to improve the device performances.” As

exemplified by Facchetti et al," D-n-A chromophores have been
incorporated in insulating monolayers of OFETS, leading to high
dielectric constant due to the perfect control of the dipole
orientation at the surface (i.e. self-assembled nanodielectrics
SANDs). Ashwell et al have sturdily anchored hemicyanines
dyes onto a gold surface and have demonstrated a diode-type
behavior exhibiting a reversible current rectification upon acidic
treatment or dipole inversion."* More recently Meskers et al have
proven that the uniform arrangement of the hemicyanine-type
dipoles leads to an enhancement of the light harvesting properties
associated with an efficient generation of photocurrent™
Although these results are very promising and afford interesting
properties, the presence of intrinsic charges within these
molecules (pyridinium, zwitterion) may be problematic in certain
cases because of the existence of coulombic interactions that
could alter the self-organization process and/or properties. To
circumvent this issue, uncharged linear D-n-A chromophores can
be considered and used as effective alternatives.” Based on these
considerations, we report herein on the behavior of a
chromophore SAM grafted on gold surfaces using scanning
probe microscopy and spectroscopic methods as well as on the
synthesis of a set of new chromophores with several structural
modifications that are suitable for surface modifications.
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2. Results and discussion

2.1. Synthesis and SAM characteristics of push-pull
chromophores

Classical linear D-n-A chromophores can be easily customized in
order to improve their intrinsic photophysical properties by
selecting the appropriate structural elements. The typical
structure of the push-pull chromophores studied in this paper is
presented in Scheme 1.
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Scheme 1. Structure of the push-pull chromophores studied. The anchoring
head is connected to the donor group via a linker (alkyl chain of 2N carbon
atoms).

In this archetypical molecular structures, electrical and optical
properties are determined by the energy of frontier orbitals: the
HOMO level is mostly depended on the nature of the donor
group while the LUMO level is associated with the acceptor
group. Moreover, electron is transferred from the donor (D) to
the acceptor (A) through the pi-conjugated spacer acting as an
electron relay. Thus tailoring the nature and structure of the
spacer for a specific couple of D and A makes it possible to tune
the dipole formation ™. Molecular engineering on m-conjugated
spacers has revealed that planar and rigid systems are highly
powerful relays compared to their non-rigid analogues. Hence,
design of effective flat rigid electron relay is needed either to
modulate the dipole moment and/or to help the spatial
organization in order to afford more densely packed layers. Other
determinant factors governing the compactness of the monolayers
include the length of the linker between the chromophore and the
surface, the intermolecular #-m interactions, the nature of the
anchoring group, the surface structure and so on. From a selected
family of chromophores we compared at early stage the influence
of the chain length on the self-assembling properties by
synthetizing two identical chromophores (6-7) possessing the
same anchoring group but different linkers. The synthesis is
depicted in Scheme 2.
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Scheme 2. i) [4-(N-methyl-N-2-acetoxyethylamino)benzyl] - or [4-(N-
methyl-N-6-acetoxyhexylamino)benzyl]- triphenyl-phosphonium  bromide,
'‘BUOK, 0°C CH3CN/THF (1:1) 2.5h; ii) HCI 1M r.t.1h then I, cat. CHCI,
reflux 1h (2 : 94%; 3 : 93%); iii) NaOH MeOH/CH.ClI,, r.t. 3h then CH,(CN),
DIPEA, EtOH reflux 4h for 4 (77%) or NaOH, MeOH/CH,Cl, TBABrr.t. 3h
then CH2(CN),, Et;N EtOH r.t. 3 h for 5 (95 %) ; iv) PBr; CH,Cl, r.t. 2 d.
then NaSH, MeOH/CH,CI; r.t. 18h (6, 7 %); v) PBrs CH.Cl, r.t. 2 d. then
KSAc, MeOH/CH,CI; r.t. 18h (7, 31%).

The bithiophene derivative 1 was synthesized, in 81% yield,
according to a synthetic procedure developed in our group in
three steps™ from commercially available bithiophene (BT).
Then the latter was subjected to a Wittig reaction with the
corresponding phosphonium salts (prepared extemporaneously
from N-methyl aniline and known procedures)™* affording the
key intermediates 2 and 3 in 94% and 93% vyield, respectively.
These intermediates were successfully saponified and have been
reacted with malonodinitrile (Knoevenagel-type condensation)
yielding the chromophores 4 and 5 in 77% and 95% respectively.
The last step consists to convert the hydroxyl group into a more
active surface-anchoring group such as a thiol or thioacetate
group. This was accomplished in two consecutive steps by
converting first the OH group into a more efficient leaving group
such as Br in presence of PBr; followed by nucleophilic
substitution reaction with NaSH or KSAc leading to the
compounds 6 and 7, after purification, in 7% and 31%,
respectively (Scheme 2).

Fig. 1. STM micrographs of obtained SAMs of 6 (a) and 7 (b) after air
annealing at 85°C during 4 hours and 2 hours respectively. Image sizes are 70
nm x 70 nm?, height scales are indicated on the right.

A successful direct grafting, on pre-cleaned substrates, has been
achieved with the chromophores 6 and 7, without any
deprotection step in the case of the thioacetate group™*® at room
temperature using a CH,Cl, solution soak at 1 mM during 24h. In
both cases, complete adsorptions were achieved but slower
kinetics was observed for the thioacetate functionalized
chromophore 7 as previously speculated. '’ After grafting,
surfaces were abundantly rinsed, dried, and annealed at 85°C
over few hours to remove solvent traces and to achieve the dense
molecular packing.

SAM of 6 appears rougher than SAM of 7 with calculated values
of RMS surface roughness of ~0.23 nm vs. ~0.07 nm
respectively. Indeed, SAM of 6 is covered by disordered
aggregates appearing as white spots, whereas flat SAM surface of
7 enables to see etch pits (black holes), typical of sulfur reaction
with gold surface, as well as gold steps (e.g. right side of the
image) thus indicating the presence of a grafted single
monolayer. This is further supported by a water contact angle
value about closer to that of ~69-75° reported for single cyano
surface group (CN)™ for 7 (~79°) than for 6 (~88°) for which
side groups of disordered tilted molecules should contribute (as a
blank, we measured 57° for cleaned bare gold surface immersed
in the solvent). Therefore, although the free thiol-anchoring
moiety of compound 6 is more reactive, a two-carbon linker
appears not long enough to provide the required flexibility for the
organization of the SAM. Hence, in the following we will focus
on SAMs of compound 7.
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Fig. 2. SERS spectrum of chromophore 7 as SAM on nanostructured gold
surface

The surface enhanced Raman spectroscopy (SERS) spectrum of 7
chromophore SAM (Fig. 2) shows a band splitting of the
symmetric C=C stretching mode of thiophene moieties at 1420
and 1440 cm™ in respect with the SERS spectra of unsubstituted
bithiophene.” Collado et al.®® demonstrated that these findings
are correlated with a zwitterion form due to the introduction of
electron donor and electron withdrawing substituents on the
bithiophene core. Thus, donor groups reinforce the n-conjugated
system leading to a vibration mode of the thiophene at higher
frequency (1440 cm™) whereas electron withdrawing groups
conduct to a C=C vibration at a lower frequency (1420 cm™). In
addition, stretching bands associated with the cyano (CN) groups
(at 2000-2300 cm™) are not observed in the spectrum indicating
that these groups are not directly in interaction with the gold
surface, which is in favor of the speculated chromophores
orientation within the SAM, i.e., cyano moieties on top.
Spectroscopic analyses were performed in order to determine the
electronic properties of push-pull 7 SAMs on Au. Filled and
empty states were studied using Ultraviolet Photoelectron
Spectroscopy (UPS) and Inverse Photo-Emission Spectroscopy
(IPES) respectively in Fig.3 (for details see reference 21 and
references therein). In the UPS spectrum the highest occupied
molecular orbital (HOMO) appears as a bump just below the
Fermi level. The zoom in the inset shows the HOMO position at
~0.20 eV below the Fermi level. IPES spectrum exhibits clearly a
broad band above the Fermi level, the onset of which should
correspond to the position of the lowest unoccupied molecular
orbital (LUMO), measured at ~1.60 eV above the Fermi level.
This indicates the whole push-pull chromophore behaves as a
donor with a charge transfer from the molecule to the substrate
surface.
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Fig. 3. UPS (left) and IPES (right) spectra of 7 SAMs on gold. Estimated
values of HOMO and LUMO were determined by the intersection of the
tangent to the band (red dashed line) with the spectrum horizontal baseline
(black dotted line).? To bring out LUMO position, IPES spectrum with
subtracted background signal is plotted in Sl (see Fig. S1).

Based on these results it was demonstrated in this series that
hexyl chains, used as linker, are the best candidates for the
formation of self-assembled monolayers. These features led us to
develop chromophores with different acceptors and spacers in
order to possibly control both the electro-optical properties and
the density of the monolayers. To this end we focused on
changing the bithiophene spacer used for the synthesis of
chromophores 6 and 7 with a more rigid and planar one, namely
the dithieno[3,2-b:2',3-d]thiophene (DTT) 8. The DTT =-
conjugated spacer was synthesized in four steps from
tetrabromothiophene accordingly to reported procedures.?
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Scheme 3. i) BuLi, -78°C in THF, 1h then N-formylpiperidine -78°C to r.t.
(9, 80%); ii) HOCH,CH,OH, PTSA, C¢Hs reflux 2d (10, 97%); iii) BuLi, -
78°C in THF, 1h then N-formylpiperidine -78°C to r.t. (11, 67%).

Key derivative 11 was synthesized in 52% overall yield from 8 in
3 steps following the same procedure as described for compound
1 (Scheme 3).%*%* Similarly to the synthesis of compound 3
(Scheme 2) the analogous derivative 12 was obtained in 83%
after purification (Scheme 4). This procedure has the main
advantage to afford the desired compounds in significantly higher
yields compared to reported procedures using unprotected bis-
aldehyde spacers (20-30%).* In addition, the 'H NMR analysis
of the *J-coupling constants for the vinylic protons of compounds
3 and 12 (15.75 and 16.0 Hz respectively) evidences the only
presence of the trans-isomers after 1,/CHCI; treatment. Finally
compounds 3 and 12 were reacted with malonodinitrile and/or
N,N-diethyl thiobarbituric acid (DETB) affording derivatives 5,
13, 14 and 15, respectively (Scheme 4).
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Scheme 4. i) a) [4-(N-methyl-N-6-acetoxyhexylamino)benzyl]triphenyl-
phosphonium bromide 'BuOK, 0°C CH3CN/THF (1:1) 2.5h; b) HCI 1M r.t.1h
then I, cat. CHCI, reflux 1h (3: 93%; 12: 83%); ii) NaOH, MeOH/CH,CI,
TBABr r.t. 3 h then CH2(CN),, EtsN EtOH r.t. 3 h (5: 95%; 14: 40%); iii)
Ac,0 at 80°C, 30 min. then NaOH, MeOH/CH,CIl, TBABr r.t. 3 h (13: 74%;
15: 72%).

In the last step the OH group was converted into thioacetate
instead of the thiol group in order to avoid its oxidation and to
promote stability under storage conditions. The conversion
proceeds smoothly but with low yields, probably due to the harsh
conditions used during the first step of the reaction (Scheme 5).
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Scheme 5. i) PBr; CH,ClI, r.t. 2 d. then KSAc, MeOH/CH,Cl, r.t. 18h (7:
31%; 16: 15%; 17: 16%; 18: 14%).

2.2. Optical and electrochemical properties of push-pull
chromophores

The optical properties of the new chromophores 3, 12, 7 and 16-
18 have been investigated by UV-Visible spectroscopy in CH,Cl,
(Fig. 4, Table 1). In both series, identical behaviors were found
and all spectra are characterized by a predominant absorbance
band at low energy which is red-shifted when the strength of the
electron acceptor is increased successively from the aldehyde (3
or 12) to the dicyanovinyl (7 or 17) and then to the N,N-diethyl
thiobarbituric group (16 or 18). This low energy band
corresponds to the intramolecular charge transfer (ICT) band,
related to the intrinsic push-pull effect of these structures. Thus,
the highest red shift is observed for the derivatives 16 and 18
(603 and 604 nm respectively). Moreover, it is clearly evidenced
that the replacement of the BT m-conjugated spacer by the DTT
does not lead to a significant modulation of the absorption
properties. Consequently, similar optical bandgaps (E*™) were
obtained for the compounds in each series possessing the same
acceptor (Table 1). Note that the optical HOMO-LUMO gap of
compound 7 (~1.9 eV) is similar to that obtained from UPS/IPES
experiments in Fig. 3 (1.8 eV).
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Fig. 4. Normalized UV-Vis absorption spectra of 3, 12, 7, 16-18 in CH,Cl,

Fluorescence measurements have been performed on these series
after excitation at the maximum of absorbance of the ICT band.
All chromophores show a high Stokes shift (from 163 to 221 nm)
after excitation of the emission band associated with low
quantum yields that did not exceed 0.10% (Table 1).
Nevertheless, DTT based-chromophores present the highest
quantum yields that could be explained by the rigidity and
planarity of this m-spacer leading to a decrease of the energy
losses by the internal vibrations. Additionally, as exemplified in
Fig. 5, the emission shows a nontrivial band structure having a
shoulder. This shoulder could be attributed to the excited internal
charge transfer state while the main band is ascribed to the
locally excited state.”

Table 1. Optical properties of compounds 3, 12, 7, 16-18

Absorption Emission
Amax Emax Ao E™ Amax - Ass @
(nm) (L.mol.cm™)  (nm) (eV) (nm)  (nm)
3 459 3.3.10" 540 2.30 640 181 ND
12 456 3.5.10" 526 2.36 619 163 ND
7 550 7.5.10"* 664 1.87 712 162  0.042
17 552 5.8.10"* 651 1.90 736 184  0.093
16 603 3.7.10"* 723 1.71 824 221 0.004
18 604 1.1.10* 715 1.73 825 221 0.015

E°: optical bandgap; 4ss: Stokes shift; ND: not determined; ¢: quantum yield.
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Fig. 5. Absorption (solid line) and emission (dotted line) spectra of 7 (blue)
and 17 (dark cyan) in CH,Cl,. The emission was excited at ICT Amax (550 nm
for 7 and 553 nm for 17). Fluorescence intensity was normalized by the
concentration (0.75-10"° M and 1.07-10° M for 7 and 17 respectively).

Furthermore, vibrational spectra give additional insights about
the structure and properties of the above chromophores. For
instance, compounds 7 and 17 display a stretching vibration for
the C=N bond (v(C=N)) centered at 2220 cm™ and 2213 cm™,
respectively, which is lowered compared to the expected
theoretical value (~2280 cm™).® Thus, these values reflect a
strong push-pull effect along the n-conjugated backbone, which
is the most effective in the DTT-bridged chromophores.
Stretching vibrations for the C=C bonds (specifically those
connected to the donor (D; v(Cp=C)) and to the acceptor (A;
v(C=C,)) parts) have also been analyzed. Interestingly, the
stretching vibrations for the Cp=C bonds appear to be the same
for all studied chromophores whereas important differences are
noticed for the C=C, stretching. These differences have been
related to the acceptor strength; indeed a stronger acceptor will
lower the frequency of molecular vibration. At the same time,
DTT-based chromophores possess lower frequency of C=Cjh
vibration than corresponding BT analogs. This can be explained
by Izgs;ssaromatic and more quinoidal nature of DTT-relay (Table
2). <"



Table 2. Evolution of specific stretching vibrations for compounds 7, 16-18.

D/\- z-conjugated /A
spacer

v(C=N) (cm™) v(Cp=C) (cm™) v(C=C,) (cm™)

7 2220 1597 1571
17 2213 1598 1558
16 - 1597 1552
18 - 1598 1550

Analysis of the cyclic voltammograms of compounds 3, 12, 7,
16-18 (Fig. S2 in the Supporting Information) has revealed
similar characteristics. All displayed two irreversible one-
electron oxidation redox systems ascribed to formation of the
radical cation and dication species and one irreversible one-
electron reduction redox system (Table 3). The first oxidation has
been attributed to the dialkylaniline donor part (0.660-0.685 V)
while the second (0.97-1.04 V) to the m-conjugated spacer. The
reduction potentials exhibit the main differences, which have
been related to the acceptor strengths. However, similar values
are obtained when the comparison is made on the spacer changes
corroborating the observed optical behaviors.

Table 3. Oxidation and reduction potentials for compounds 3, 12, 7, 16-18
10 M in CHsCN/CH.Cl, (1:1), 0.1 M BusNPFg, Pt (WE) Ag/AgCI (RE), v=
100 mV/s, V vs Fc/Fc* (see Fig. S2 in the Supporting Information for the
voltammograms).

Epay (V) Epa@(V) Epc(V) HOMO (eV)  LUMO (eV) E° (eV)
3 0675 1.008 -1.438 -5.02 -2.91 2.11
12 0.660 1.004 -1.440 -5.01 -2.91 2.10
7 0.671 1.043 -0.907 -5.02 -3.44 1.58
17 0.685 0.981 -0.885 -5.03 -3.46 1.57
16 0.669 1.010 -0.773 -5.02 -3.58 1.44
18 0.682 0.970 -0.715 -5.03 -3.63 1.40

Eoee, electrochemical bandgap; Ey: reduction potential; Ep,: oxidation

potential

Molecular structure of the compounds 7, 16-18 were obtained
thanks to DFT calculations using the 6-31G (d,p) basis set (Table
4). All HOMO levels are located along the m-conjugated system
whereas the LUMO levels are mainly centralized on the BT or
DTT core and the lateral acceptor groups. The energy values of
these frontier orbitals can be correlated with the cyclic
voltammetry experiments for the HOMO levels while calculated
LUMO levels appear at higher energies than expected. The main
differences could be explained by the fact that in the excited state
the molecules exhibit a higher polarization due to the
intramolecular charge transfer which is more stabilized by
solvation effects in solution leading to lowered LUMO energy
levels.

Table 4. HOMO/LUMO calculated values in eV for compounds 7, 16-18
(B3LYP/ 6-31G(d,p))

HOMO (eV) LUMO (eV)
7
5.02 2.88
17
5.07 2.86
16
-4.95 -2.84
18 W
5.02 2.83
3. Conclusion

Previously published works on donor-acceptor chromophores for
surface modification ‘> deal with charged compounds for which
coulombic interactions could hinder the self-organization process
and/or alter the properties of the functionalized surface, and
surface modification has been scarcely studied. Conversely, in
this study we have reported on an innovative approach with the
synthesis of uncharged novel D- n-A linear chromophores that
are suitable for surface modifications, and a global engineering of
the electrical and optical properties using different structural
modifications namely the r-conjugated spacer, the acceptor, and
the donor. Moreover their SAMs have also been analyzed.
Although the donor part remains the same for all synthesized
chromophores (aniline analogues) preliminary slight changes on
the length of the alkyl chain (2 or 6 carbons) have been tested
revealing a suitable chain length of 2 < n < 6 carbon atoms for
successful self-assembled monolayer formation, as evidenced by
both spectroscopic and microscopy studies. SAMs of molecule 7
were studied by UPS and IPES spectroscopies demonstrating a
good conformity of modified surface electronic properties with
molecular characteristics of the adsorbed chromophore (e.g.
HOMO- LUMO bandgap from optical and electrochemical
analyses). Based on these results a set of chromophores
associated with various optical properties has been built around
this optimized donor in combination with different acceptors and
electron relays (BT or DTT). It has been shown that solely
increasing the acceptor strength in these push-pull chromophores
enables to tune the absorption in a wide visible spectral range
from the blue (~450 nm) to the red (~600 nm). To our knowledge
it is the first time such an effect has been shown which makes
these molecules very Eromising for applications such as organic
photovoltaic devices.” For such applications where a broad
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spectral absorption range is mandatory, it should be benefit to
mix chromophores with complemental absorption in the SAM.
We are currently working on a smart approach for that with
organized SAMs of bi-chromophoric moieties borne on the same
anchoring group. Interestingly and as expected, the replacement
of the BT m-conjugated spacer by its more planar and rigid
analogue DTT has been shown not to improve the optical
properties. Nevertheless, the insertion of such rigid spacer might
be useful to form more dense monolayers. On this subject also,
works are currently under progress. In addition, future analyses
could interestingly concern optical properties of the SAMs using
reflection  absorption  spectroscopy and  spectroscopic
ellipsometry.

4. Experimental section

All chemicals were purchased from Sigma-Aldrich, TCI-Europe
or Alfa Aesar and used as received from their commercial
sources, unless otherwise stated, without further purification.
Infrared spectra were recorded on an Agilent Cary 630 FTIR
spectrometer. UV-visible absorption spectra were obtained on a
Varian Cary 1E spectrophotometer. The electronic absorption
maxima (A are directly extracted from absorption spectra of
the chromophore-based solution. Fluorescence emission spectra
were recorded on a Varian Cary Eclipse spectrophotometer,
relative fluorescence quantum vyields were determlned by
measuring fluorescence of anthracene as a reference. 'H and **C
NMR spectra were recorded on Bruker AC 250 at 250 MHz and
62.5 MHz, respectively. '"H NMR data are reported as follows:
chemical shifts in parts per million relative to CHCI; (7.26 ppm),
multiplicity (s, singlet; d, doublet; t, triplet; g, quartet; m,
multiplet; br, broadened), coupling constant (Hz), and
integration. High-resolution mass spectroscopy was made with a
Qstar Elite spectrometer (Applied Biosystems SCIEX) with
ionization electrospray source (ESI) through the Spectropole
facility of Aix-Marseille University.> All reactions were
magnetically stirred and monitored by thin-layer chromatography
(TLC) using E. Merck silica gel 60 F254 precoated plates (0.25
mm), and flash chromatography was performed on 5|I|ca qel 60
(230400 meshG) from Macherey-Nagel. Compounds 1%, 3%, 7%
g8, 9%2% have been prepared according to prevrously
described procedures and their spectroscopic characterizations
gave satisfactory analyses. Cyclic voltammetry (CV) data were
acquired using a BAS 100 Potentiostat (Bioanalytical Systems)
and a PC computer containing BAS100W software (v2.3). A
three-electrode system based on a platinum (Pt) working
electrode (diameter 1.6 mm), a Pt counter electrode and an
Ag/AgCI (with 3 M NacCl filling solution) reference electrode
was used. Tetrabutylammonium hexafluorophosphate (n-
BusNPFs) (Fluka) was used as received and served as supporting
electrolyte (0.1 M). All experiments were carried out in
CH;CN/CH,CI, (1:1) (electronic grade purity) at 20°C. Ferrocene
was  used as internal standard. Electrochemical
reduction/oxidation potential values were determlned from the
cyclic voltammogram at a concentration of 1.10% M with a scan
rate of 100 mV-s™. Calculations were carried out with the
Gaussian 09 program.

STM (Multimode 8 & Nanoscope V, from Bruker) was operated
using PtIr cut tips with tunneling resistance Ry > 100 GQ
(typically 1 ~2 pA, V~1V) in order to be able to resolve the
molecular structures without entering the SAM. Voltage was
applied to the sample with respect to the grounded tip. For such
analyses, SAMs of the different thiol- or thioacetate-terminated
chromophores were prepared on atomically flat Au(111)
substrates on mica either purchased from Scientec or prepared at
IM2NP. These SAMs on flat gold represent a model system to
study the arrangement of molecules and the grafting process
thanks to the presence of typical etch pits in the gold surface
resulting from the sulfur to gold interaction.®

Surface enhanced Raman spectroscopy (SERS) measurements
were conducted on the SAM of the chemisorbed chromophore 7
onto a nanostructured gold thin film. The SERS active surface is
obtained by thermal evaporation under high vacuum (10°® mbar)
of the gold film (7 nm thick) on a glass substrate. SERS spectrum
was recorded at room temperature with a Raman spectrometer
(Labram HR800- Jobin Yvon) using the 632.4 nm excitation line
of a He—Ne laser in retrodiffusion geometry. The laser beam was
focused through a x50 objective (50 x) to a spot around 1 pm?

lSpectral calibration was performed on silicon samples at 520 cm’

Ultraviolet Photoelectron Spectroscopy (UPS) was operated with
an Omicron equipment (EA125 electron analyzer) and a UV
source using the Hel line (21 eV) at normal incidence. Inverse
Photo-Emission  Spectroscopy (IPES) experiments were
performed at normal incidence in the isochromat mode, detecting
photons of around 9.7 eV. The absorbed current was kept low
enough (~1 MA range) to prevent any degradation of the
molecules as monitored by a constant signal level for each of the
ten spectra that were accumulated.
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