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A series of new donor–bridge–acceptor dyads with high chemical, electrochemical, thermal and
conformational stability were synthesized by Stille coupling of oligo(3,4-ethylenedioxy)thiophenes
(nEDOTs) and 1,4,5,8-naphthalenetetracarboxydiimide (NDI) building blocks. The molecular design
provides for complete separation of HOMO and LUMO orbitals. A thiol functionality allows for
selective anchoring of the dyads to metal electrodes, through either the donor or acceptor sides of the
molecule. The optoelectronic properties of the dyads, both in solution and in self-assembled
monolayers on gold, were characterized by electrochemistry, spectroelectrochemistry and UV-Vis
absorption/emission spectroscopy and the results were further supported by DFT calculations.

Introduction
The field of molecular electronics started with a theoretical
proposal by Aviram and Ratner for electrical current rectification using a single donor–bridge–acceptor molecule. The
proposed molecule was based on a stable electron donor, tetrathiafulvene (TTF) separated by a non-conjugated bridge from an
electron acceptor, tetracyanoquinodimethane (TCNQ).1 A large
number of rectification studies have since been conducted for
various donor–acceptor dyads, in monolayers as well as in singlemolecule junctions.2–13 The molecular origin of rectification (as
opposed to that resulting from contacts with electrodes) has been
clearly established in many cases. However, the applicability of
this concept to the construction of practical, molecular-scale
devices is still under debate.14 Among several reasons for scepticism is lack of robustness of the resulting molecular devices,
caused by chemical instability as well as positional instability of
the molecules assembled in the junctions.
Intending to create simple and stable systems that could
function as unimolecular rectifiers, we turned our attention to
two well studied molecular building blocks: 1,4,5,8-naphthalenetetracarboxydiimide
(NDI)
and
oligo(3,4-ethylenedioxythiophene) (EDOT). NDI is a planar electron-deficient
molecule with exceptional chemical and thermal stability. It has
been widely employed as an acceptor in model donor–acceptor
dyads (used to study the fundamentals of electron transfer15–18
and spin dynamics19), as a building block for n-channel semiconductor in organic field-effect transistors (OFETs)20–22 and
photovoltaics,23,24 etc. Of particular relevance to this study,
hybrid NDI-thiophene oligomers25 and polymers26 showed
ambipolar charge-transport properties in OFETs, along with
remarkable air-stability. 3,4-Ethylenedioxythiophene (EDOT) is
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one of the most popular electron-rich building blocks for the
construction of functional conjugated materials.27,28 The homopolymer of EDOT, PEDOT, is the most widely used and possibly
the most stable known conducting polymer.29 We thus speculated
that marrying these two fragments together would provide
donor–acceptor dyads with exceptionally high stability and
desirable electronic properties for applications in molecular
electronics. Neither EDOT nor NDI units have been employed
before in molecular rectifiers.
Here, we report synthesis and detailed characterization of the
electronic properties for a series of new donor–acceptor dyads
NDI-EDOT (1), NDI-bisEDOT (2), RS-NDI-bisEDOT (3) and
NDI-bisEDOT-SR (4) that carry NDI acceptor and EDOT
donor moieties linked together through a phenyl bridge. A thiol
functionality, either on the acceptor side or on the donor side,
was introduced into the dyads 3 and 4 to allow covalent
attachment of the molecules to gold electrodes. Corresponding
self-assembled monolayers (SAMs) on gold were prepared from
solution and their spectroscopic properties and electrochemical
behavior were examined.

Results and discussion
Synthesis
To obtain donor–acceptor dyads with desired solubility and selfassembly functionalities the NDI acceptor and EDOT donor
moieties were asymmetrically modified with linear or branchedx
alkyl chains, or with a thiol-containing group. Bromine-functionalized acceptor synthons 8a,b were prepared from
a commercially available 1,4,5,8-naphthalenetetracarboxylic
dianhydride 5 through a sequential reaction with corresponding
primary amines to yield monoimides 6a,b followed by condensation with 4-bromoaniline (Scheme 1). A symmetric diimide side
product 7 was isolated from the synthesis of 6a and used as
a model acceptor molecule for comparative electrochemical and
spectroscopic studies.
x Although branched chains could prevent efficient packing of molecules
in the monolayers, their presence was found necessary to achieve
sufficient solubility in these dyad molecules.
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Lewis acid (BBr3). Then, addition of acetyl bromide to the
reaction mixture led to the formation of corresponding acetylsulfanyl derivatives 3b and 4b that act as more stable equivalents of thiols 3 and 4 and can be attached to gold electrodes in
the presence of a catalytic amount of aqueous ammonia.
Thermogravimetric analysis (TGA) showed excellent stability
of the dyads: Tdec of 390  C (5% loss) was measured for the model
dyad 2.
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Calculations

Tin-functionalized EDOT (12) was obtained by direct lithiation of commercial EDOT followed by coupling with tributyltin chloride. Tin-functionalized donor synthons 11a,b were
prepared by monoalkylation of a lithium salt of bisEDOT with
an appropriate alkyl iodide to give the monoalkyl bisEDOT
derivative 10a,b, followed by a second lithiation and coupling
with tributyltin chloride. Dihexyl-bisEDOT side product (9) was
isolated from the synthesis of 10a and used as a model donor
compound. Similarly, alkylation of unsubstituted EDOT
produced a model donor compound dihexylEDOT 13. The final
assembly of dyads 1–4 was achieved through Pd-catalyzed Stille
coupling of acceptor synthons 8a,b with donor synthons 12 or
11a,b.
The tert-butyl protecting group in molecules 3a and 4a is
necessary for successful synthesis, purification and prolonged
storage of these thiol-functionalized dyads. In order to achieve
grafting of the molecules on gold electrodes, the tert-butyl group
was removed30 at low temperature, by treatment with a strong

In order to investigate the electronic structure of the prepared
dyads, model molecules NDI-EDOT, NDI-bis-EDOT and NDItris-EDOT with methyl substituents were calculated with
Density Functional Theory (DFT) at the B3LYP/6-31G(d) level
of theory (Fig. 1). We were particularly interested in the energy
and distribution of the HOMO and LUMO orbitals within the
dyads. Optimized molecular geometries predict a large (72 )
dihedral angle between the phenyl bridge and the acceptor,
preventing conjugation between the donor and the acceptor. On
the other hand, a moderate (18–20 ) dihedral angle between the
EDOT and the phenyl rings should allow substantial electron
delocalization between the donor moiety and the bridge. Indeed,
the orbital topology shows that the LUMO orbital is fully
localized on the NDI moiety and the HOMO is mostly localized
on the EDOT (bis-EDOT, tris-EDOT) fragment but partially
extends on the phenyl ring (Fig. 1). The contribution of the
phenyl bridge to the HOMO decreases with an increasing
number of EDOT units in the donor fragment. Overall, calculations predict asymmetric distribution and complete separation
of the HOMO and LUMO orbitals and confirm high rigidity of
the molecules with no possibility for intramolecular throughspace interaction between the donor and the acceptor moieties.
The calculated HOMO–LUMO gap of NDI-EDOT is reduced
dramatically, from 2.2 eV to 1.45 eV, upon introduction of

Scheme 1 Synthesis of NDI-nEDOT dyads.
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Fig. 2 UV-Vis spectra of dyads 1 and 2 and separate model donor (9, 13)
and acceptor model molecule (7) in MeCN.

Fig. 1 Calculated molecular orbitals for nEDOT-NDI dyads.

a second EDOT ring into the donor moiety. However, adding the
third EDOT ring leads to only a moderate further decrease of the
gap (1.10 eV for NDI-tris-EDOT). This trend rationalizes our
choice of bis-EDOT based dyads 2, 3 and 4 as the synthetic
targets of this study.
The calculations also predict a relatively low polarity of the
designed dyads. The dipole moment of the NDI-bisEDOT
molecule is only 2.7 D, which is drastically lower than that of the
first and most extensively studied molecular rectifier C16H33Q3CNQ (25 D).31 We note that repulsive dipole–dipole interactions of the latter have been previously identified as one of the
reasons for the low stability of molecular rectifiers based on
C16H33Q-3CNQ during the measurements.4
Absorption/emission spectra
First, we have analyzed the UV-Vis spectra of MeCN solutions
of separate donor and acceptor molecules. The model donor
compounds dihexyl-EDOT (13) and dihexyl-bisEDOT (9)
exhibit absorption in the UV-Vis region with maxima at 290 nm
and 330 nm, respectively (Fig. 2). The vibronically structured
absorption of 9 (peaks at 317, 329 and 345 nm) is indicative of the
rigid structure of the bisEDOT moiety. Note that conjugation of
the bisEDOT moiety with the phenyl bridge, as in dyads 2–4,
should cause a further bathochromic shift as was observed for
diphenyl-bisEDOT that displays an absorption band with
vibronic peaks at 375, 400, and 427 nm.32
The absorption spectrum of acceptor 7 is dominated by
a typical for NDI strong p / p* transition with vibronically
split peaks at 342, 360, and 383 nm. The absorption spectra of the
dyad molecules are essentially a superposition of absorptions of
the acceptor (NDI) and the donor (phenyl-bisEDOT) moieties,
showing no evidence for intramolecular charge-transfer in the
ground state (Fig. 2). The additional shoulder at 410 nm
observed in dyad 2 but not in the NDI model 7 can be attributed
to the absorption of the phenyl-bisEDOT donor moiety.
Furthermore, lack of long-wavelength ‘‘charge-transfer’’ absorbance and no change in the absorbance spectra observed in the
1472 | J. Mater. Chem., 2011, 21, 1470–1478

wide concentration range of 2 (5  109 to 5  104 M in
CH2Cl2) suggests that intermolecular charge-transfer complexation is not significant between these molecules in solution. This is
in line with the relatively weak charge-transfer complexing
(CTC) ability of NDI (e.g. association constant for CTC of N,N0 dihexyl-NDI with pyrene is 20 M1).33 UV-Vis spectra of thin
films of the dyad 2 on the glass slide (Fig. 3, black solid line)
showed essentially the same absorbance as in solution, with
lmax ¼ 380 nm, although an extremely weak and broad new
absorption band is seen at lmax ¼ 695 nm. This weak absorption
can be attributed to intermolecular charge transfer in the solid
state (Fig. 3, in-set). Similar long wavelength absorption was
observed for CTCs of N,N0 -dipyridyl-NDI with other p-donors
in the solid state.34
Study of fluorescence in MeCN solution reveals rather weak
photoluminescence (PL) of the model compound 7 (FPL ¼ 0.34%
in CH2Cl2), which is slightly lowered to FPL ¼ 0.27% upon
attachment of the bisEDOT donor moiety in dyad 2. It was
earlier suggested that fast intersystem crossing (sPL ¼ 16.4 ps35) is
responsible for the low fluorescence quantum yield of NDI
derivatives.20 The emission spectrum of 2 is bathochromically

Fig. 3 Absorption spectra of a spin-coated film of the dyad 2 on glass
(black, the in-set shows a magnification of the 500–1500 nm region) and
SAM of the dyad 3 (red) on gold (normalized).
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shifted and is broader than that of the NDI model 7 (Fig. 4). Its
position is consistent with an expected emission of the phenylsubstituted bisEDOT structure.36 This can likely be attributed to
the resonance energy transfer between from NDI to bisEDOTPh fragments in the dyad 2 since the absorbance of the bisEDOTPh moiety (shoulder at 410 nm) overlaps with the emission of the
NDI moiety. Such energy transfer was not observed in the dyad 1
(Fig. 4), where the absorbance of the EDOT-Ph moiety occurs at
higher energy. We note that bathochromically shifted emission
was also observed for NDI derivatives in low-polarity solvents
like toluene (but never in high-polarity solvents like MeCN) and
it was attributed to formation of NDI excimers.37 We also have
observed such ‘‘excimer’’ emission for the model NDI 7 (as well
for the dyad 2) in toluene, at a higher wavelength 500 nm (see
ESI‡). However, in MeCN, an expected monomeric NDI
fluorescence band (400 nm) was the only observed emission for
the model NDI 7 and the dyad 1.

Electrochemistry
The electrochemical behavior of the synthesized molecules was
studied using cyclic voltammetry (Fig. 5, Table 1). All NDI
derivatives showed two well-separated, reversible, one-electron
reduction waves corresponding to the formation of the radical
anion and dianion. The reduction potentials of dyads 1 and 2
were slightly less negative than those of the model acceptor 7 and
did not depend on the nature of the donor moiety. This can be
attributed to the slightly electron withdrawing effect of the
phenyl bridge, in comparison with the electron donating nature
of the alkyl group. The one-electron oxidation corresponding to
formation of a radical cation on the nEDOT fragment was
electrochemically irreversible. The corresponding oxidation
potential decreases by 600 mV upon addition of the second
EDOT unit in the donor fragment (1 / 2), whereas the reduction potentials stay practically unaffected. The HOMO and
LUMO values deduced from electrochemistry (Table 1) are in
good agreement with values calculated by DFT (Fig. 1).
The electrochemically-irreversible nature of the oxidation
requires a special discussion in light of our aim to create highly
stable donor–acceptor dyads. Such behavior was also observed

Fig. 5 Cyclic voltammogram of 1 and 2 in CH2Cl2 vs. Fc/Fc+.

for model dihexyl-EDOT 13 and dihexyl-bisEDOT 9 (ESI‡) and
was previously speculated to be due to dimerization of the radical
cations formed.38 To prove the nature of the oxidized species we
have performed bulk electrolysis of the model donor 9. The
experiment was done in the electrochemical cell for bulk electrolysis in degassed MeCN solution by applying constant
potential at 1.0 V for 20 min. The analysis of EPR spectra of the
oxidized species showed no radical species present in solution.
UV-Vis spectroelectrochemical studies in dry, degassed MeCN
reveal that upon gradual increase of the redox potential, the
absorption of the neutral molecule in the 300–360 nm region is
gradually replaced by a new absorption in the 360–500 nm
region, with clear isosbestic points at 258 and 355 nm (Fig. 6).
The absorption of oxidized species grows rapidly (the equilibrium is reached within 1–2 min at each new potential value).
During the backward reduction of the product, disappearance of
the absorbance band at 360–500 nm and recovery of the original
spectrum occurs at much slower rate (15–20 min required to
reach the equilibrium after each change of the potential). Such
slow reduction explains the irreversible CV. Nevertheless, the
neutral molecule can be fully recovered upon reversal of the
potential. A small additional shoulder at 520 nm which is
visible on the forward (oxidative) direction but which quickly
disappears and is not observed during the reduction sweep, is
likely due to absorption of the radical cation transient. Based on
the above observation, the overall process appears as depicted in
Scheme 2. An electron transfer from 9 onto the electrode forming
the radical cation is followed by a fast dimerization process to
give the bisEDOT dimer dication (9)22+. Two-electron reduction
Table 1 Electrochemical data for the synthesized dyads and model
donor and acceptor compounds
E01red, V E02red, V Epa1ox, V HOMO,a eV LUMO,b eV Gap, eV
1
2
7
9
13

1.06
1.07
1.13
—

1.51
1.52
1.59
—

0.98
0.31
—
0.36
0.97

5.8
5.1

3.7
3.7

2.0
1.4

a

Fig. 4 Normalized emission spectra of the dyads 1 and 2, NDI acceptor
7 and bisEDOT donor 9 in MeCN (excitation at 340 nm).
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Determined from anodic oxidation peak (vs Fc/Fc+) using the equation
(HOMO ¼ 4.8  Eaox). b Determined from the first reduction peak (vs
Fc/Fc+) using the equation (LUMO ¼ 4.8  E1/21red).
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Fig. 6 Spectroelectrochemistry of the bisEDOT 9 in MeCN; red:
oxidation, blue: reduction.

of this dication, which leads to recovery of the neutral monomeric 9, however, is a slow process that leads to an electrochemically-irreversible CV signature.
Similar results were obtained in spectroelectrochemical study
of the dyad 2 (Fig. 7). Neutral 2 exhibits absorption at 325–
420 nm region, which is an overlap of the donor and acceptor
absorption bands. Upon gradual increase of the oxidation
potential, from 0 to 1.3V, a new absorption band of the oxidized
species appears at lmax ¼ 505 nm. The shoulder at 400 nm
corresponding to the bisEDOT moiety attenuates but the
vibronically-split band of NDI at 380 nm persists. Electrochemical reduction back to the neutral state leads to complete
disappearance of the oxidized species and restores the pristine
absorption of the neutral 2. We speculate that such behavior
could give rise to bistable switching characteristics in the transport properties of the molecular junctions based on dyads 2,
although the kinetics of dimer dissociation appear too slow for
practical applications.
We have also studied cathodic (reductive) electrochemistry of
the dyad 2 which has revealed characteristic spectral features (at
lmax ¼ 460, 610, 700 and 780 nm) that have been earlier reported
for radical anion of dialkyl-NDI15 (ESI‡).

Scheme 2 Proposed scheme of the reversible oxidative dimerization of
bisEDOT derivatives.
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Fig. 7 Spectroelectrochemistry of the dyad 2 in MeCN (blue line shows
restoration of the original spectrum after reduction of the oxidized
solution at 0.2 V).

SAM preparation and characterization
The thiol functionality on either the donor or acceptor part of
dyads 3 and 4 allows covalent attachment of the molecules to the
gold surface. Monolayers of Au-S-NDI-bisEDOT and Au-SbisEDOT-NDI were prepared via self-assembly of acetylprotected molecules 3b and 4b, respectively, onto evaporated
gold substrates from THF solution, in the presence of a catalytic
amount of NH4OH. Freshly prepared SAMs were characterized
by grazing angle FT-IR and UV-Vis spectroscopy, ellipsometry,
contact angle and electrochemical measurements.
Ellipsometry indicates that the thickness of the SAMs of 3 and
 and 26  2 A,
 respectively. This agrees well with
4 are 31  2 A
 and suggests an
the calculated length of the molecules (34 A)
essentially upright (with a small tilt) orientation on the surface.
Static contact angle measurements (70  2 for dyad 3 and 75
 2 for dyad 4) indicate that the surface of the SAMs is relatively hydrophobic. Compared to the 110 contact angle for
highly ordered and very dense monolayers of the alkyl thiols, we
can conclude that terminal alkyl tails of 3 and 4 in neat SAMs are
loosely packed. This is not unexpected, considering the twisted
geometry of the core. A slightly more hydrophobic surface for
dyad 3 can be attributed to the branched 2-ethylhexyl tail that
fully covers a polar NDI fragment.
Grazing incidence angle FT-IR spectra of the SAMs studied
on planar gold mirror substrates shows the same features as
those of the bulk, proving the preservation of the molecular
structure in the monolayer (Fig. 8). The characteristic C]O
vibration of the two imide groups appears at 1670 cm1 and
1709 cm1 in the spectra of the SAMs. The frequencies of CH2
stretching modes at 2930 and 2858 cm1 are higher than those of
densely packed SAMs of normal long-chain alkanethiols [vas
(CH2) ¼ 2917 cm1, vs (CH2) ¼ 2849 cm1], indicating a significant disorder of alkyl chains of 3 and 4 in SAMs.39,40
UV-Vis absorption of SAMs of dyad 3 were studied on thin,
semi-transparent, gold-coated (50 nm) microscope glass slides.
The spectrum of a freshly prepared SAM of 3 presents a characteristic peak at 380 nm, fully resembling that of 2 in spincoated films (Fig. 3). An additional weak shoulder at 500 nm
This journal is ª The Royal Society of Chemistry 2011
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2 respectively. Comparing these values with the results
110 A
reported for SAMs of TCNQ (3–3.5  1010 mol/cm2),42 TTFthioctic ester (2.1  1010 mol/cm10),43 fluorene-thioctic ester
(3.5  1010 mol/cm2)44 and considering twisted geometry of the
molecules we can conclude that the dyad 3 forms well packed
monolayers of ‘‘stand-up’’ molecules. The larger molecular area
for dyad 4 can be explained by a more bulky 2-ethylhexyl tail on
the NDI fragment that leads to less dense packing, and is
consistent with the lower thickness of SAMs of 4 observed by
ellipsometry (see above).

Conclusions

Fig. 8 ATR FTIR of the bulk (black) and GA-FTIR of the monolayer
on gold (red) of 3 (all spectra are normalized).

can be attributed to a plasmonic band of gold nanoislands in
thin, vacuum-coated gold films (see also ESI‡).41 Its interference
precludes us from assessing a possible weak charge-transfer band
in the SAMs.
Cyclic voltammetry of the SAMs of the dyads 3 and 4
resembles that of solution experiments (Fig. 9). Two reversible
reduction waves, characteristic of the NDI fragment, appear at
E0red 1.08 and 1.55 V vs. Fc/Fc+, respectively. A partially
reversible oxidation peak due to the bisEDOT fragment is
observed at Epaox ¼ 0.46 V vs. Fc/Fc+. Multiple scanning of the
SAMs through the first reduction wave (formation of the radical
anion) shows moderate stability with a 20–30% drop of the
current after 50 cycles in the range of 0 to 0.8 V (see ESI‡). This
can be attributed to desorption of the molecules from the surface
due to repulsion of the positively charged molecules. The peak
current scales linearly (ESI‡) with the scan rate, indicating
a surface-confined nature of the process.
The surface coverage (G) was calculated from the CV peak
area. An average value for SAMs calculated from anodic peaks is
4.2  1010 mol/cm2 for dyad 3 and 1.6  1010 mol/cm2 for dyad
2 and
4, which correspond to average molecular areas of 40 A

New donor–acceptor dyads based on highly stable bis-EDOT
donor and NDI acceptor moieties have been synthesized. A thiol
functionality on either the donor or the acceptor parts enables
anchoring of the dyads to a gold electrode in two different
orientations. The rigid geometry of the molecular core and
a large twist between the acceptor and the phenylene bridge
allows for efficient separation of the HOMO and LUMO
orbitals, despite their close proximity. Accordingly, no donor–
acceptor interactions occur in these dyads in the ground state.
The HOMO–LUMO gap of 1.4 eV provides for sufficient
chemical and electronic stability,45 while a low dipole moment of
2.7 D is expected to lead to orientational stability of the
molecules in monolayer junctions. The study of their transport
properties as rectifiers in molecular junctions is currently under
way. A chemically reversible dimerization of the bis-EDOT
moieties, established through spectroelectrochemistry and EPR
spectroscopy, offers potential additional opportunity for the
design of molecular switches based on NDI-bis-EDOT dyads.

Experimental part
Cyclic voltammetry
Cyclic voltammetry measurements were done using a CHI-670
potentiostat under nitrogen in a CH2Cl2 solution of electrolyte
(0.1 M Bu4NPF6) with a Ag/AgCl reference electrode and
platinum disk (d ¼ 1.6 mm) as a working electrode for solution
experiments and a gold disk electrode (BAS, d ¼ 1.6 mm) for the
SAM experiments. Fc/Fc+ (0.50 V vs. Ag/AgCl in these conditions) was used as an internal reference.
Calculations
Calculations of geometry and electronic structure of the dyads
were done using density functional theory (DFT) with hybrid
B3LYP functional and 6-31G(d) basis set, as implemented in
Gaussian W03.46 The alkyl substituents on both donor and
acceptor moieties were modeled using methyl groups.
Absorbance/emission spectroscopy

Fig. 9 Cyclic voltammogram of a SAM of 3; electrolyte 0.2 M Bu4NPF6
in CH2Cl2.
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Absorption spectra were recorded with a Jasco V-670 spectrophotometer in CH2Cl2 and MeCN solutions. Fluorescence was
recorded on Cary Eclipse fluorimeter in MeCN and toluene
solutions. For measurements of the solid state samples, two
kinds of samples were prepared: 1) spin-coated thin film of 2 on
a clean glass slide (a similar clean glass slide was used as
J. Mater. Chem., 2011, 21, 1470–1478 | 1475
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a reference); 2) self-assembled monolayer of 3 and 4 on very thin
(#50 nm) gold film, evaporated on a glass slide. A part of this
slide, without the SAM, was used as a reference.
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FTIR spectroscopy
FTIR spectra were recorded with a Nicolet 6700 FTIR
spectrometer equipped with a liquid-N2-cooled MCT-II detector
with spectral resolution of 4 cm1. ATR mode (Smart-Orbit
accessory, diamond crystal) was used for bulk samples, and
grazing angle (80 ) reflectance-absorbance mode (RAIRS), using
a grazing angle Smart-SAGA accessory, was employed for
SAMs on gold. The measurements were done in an atmosphere
of dry, CO2-free air, and an identical gold-coated slide (prepared
in the same Au evaporation run, stored under methanol and
cleaned with air plasma before use) was used as a reference.
Ellipsometry
SAM thicknesses were measured on a ellipsometer equipped with
a He–Ne laser (l ¼ 632.8 nm) at an incidence angle of 70 with
respect to the surface normal. Optical constants of the goldcoated substrates were measured using a bare gold slide (Ns ¼
0.25, Ks ¼ 3.46). The reference sample was cleaned by soaking
in HPLC dichloromethane and air plasma treated immediately
before the measurements. The layer thickness was calculated by
averaging over 10 measurements. The refractive index of the
monolayer was assumed to be 1.46.
Contact angle measurements
The static contact angles of deionized water (>18 MU cm) were
measured on a homemade contact angle goniometer and averaged over 3–5 spots. The plasma-cleaned Au surface produced
a static contact angle of 0 .
Spectroelectrochemistry
Spectroelectrochemistry experiments were performed in a thin
layer spectroelectrochemical cell CHI140A from CH Instruments
equipped with a platinum grid as a working, platinum wire as
a counter and Ag/AgCl as a reference electrode. UV-Vis spectra
were recorded with a Jasco V-670 spectrophotometer and
a BASF Epsilon potentiostat and the static potential mode was
used for oxidation/reduction of the molecules. Potentials were
applied in 50–100 mV steps and equilibrated by allowing the
current to drop until a negligible current change was achieved
(less than 1% of initial current per minute).
SAM preparation
Slides of gold, evaporated on a silicon wafer or glass substrate
were immersed in a 103 M solution of the NDI-bis-EDOT dyads
for 12–48 h. After that period gold slides were washed with THF
with sonication for a few seconds and dried under vacuum.
Synthetic procedures for 6a, 6b, 7, 8a, 8b, 10a, 10b, 11a, 11b, 12,
13 and all tert-butylsulfanyl-containing reagents are given in the
ESI.‡
1476 | J. Mater. Chem., 2011, 21, 1470–1478

NDI-EDOT dyad (1)
To a solution of NDI 8a (0.50 g, 0.94 mmol) and 2-tributylstannyl-EDOT38 12 (0.50 g, 1.2 mmol) in dry toluene under
nitrogen atmosphere was added a catalyst Pd(PPh3)4 (0.054 g,
0.05 mmol), and the reaction mixture was stirred at reflux for
12 h. After all starting compound 8a had reacted, the mixture
was cooled and the solvent was evaporated under reduced
pressure. The residue was dissolved in CH2Cl2 and washed with
water and brine, and the organic phase was dried over MgSO4.
Purification by column chromatography on silica using CH2Cl2
as an eluent afforded desired product 1 as an orange solid (0.47 g,
85%). M.p. 220–222  C; dH (400 MHz, CDCl3) 8.82 (2H, d,
8 Hz), 8.79 (2H, d, 7.6 Hz), 7.91 (2H, d, J 8.8 Hz), 7.31 (2H, d, J
8.8 Hz), 6.36 (1H, s), 4.26 (4H, m), 4.17 (2H, m), 1.92 (1H, m),
1.36 (8H, m), 0.95 (3H, t, J 7.4 Hz), 0.89 (3H, t, J 7.2 Hz); dC
(75.0 MHz, CDCl3) 163.2, 163.0, 142.2, 138.8, 134.2, 132.4,
131.4, 131.1, 128.6, 127.06, 126.95, 126.89, 126.86, 126.68, 116.5,
98.4, 64.8, 64.4, 44.7, 37.9, 30.7, 28.6, 24.0, 23.0, 14.1, 10.6; HRMS (ESI): calculated for C34H31N2O6S (M + 1) 595.1897, found
595.1880.
NDI-bis-EDOT dyad (2)
To a solution of NDI 8a (0.82 g, 1.52 mmol) and 5-tributylstannyl-50 -hexyl-bis-EDOT (1.00 g, 1.52 mmol) in dry toluene
(20 ml) under nitrogen atmosphere was added a catalyst
Pd(PPh3)4 (0.088 g, 0.076 mmol) and the reaction mixture was
stirred at 110  C for 24 h. After all starting compounds had
reacted as monitored by TLC (silica, CH2Cl2), the reaction was
cooled and the solvent was evaporated under reduced pressure.
The residue was redissolved in CH2Cl2, washed with water and
brine, and the organic phase was dried over MgSO4. Column
chromatography on silica eluting with CH2Cl2 resulted in
product 2 as a dark green solid (0.25 g, 20%). M.p. 305–306  C;
dH (400 MHz, CDCl3) 8.75 (2H, d, 7.6 Hz), 8.73 (2H, d, 7.6 Hz),
7.87 (2H, d, J 8.8 Hz), 7.28 (2H, d, J 8.8 Hz), 4.36–4.22 (8H, m),
4.15 (2H, m), 2.64 (2H, t, J 7.6 Hz), 1.96 (1H, m), 1.61 (2H, m),
1.35 (14H, m), 0.95 (3H, t, J 7.4 Hz), 0.89 (6H, m, m); dC
(75.0 MHz, CDCl3) 163.2, 163.0, 138.6, 137.2, 137.1, 136.5,
134.2, 131.9, 131.3, 130.9, 128.5, 127.0, 126.80, 126.77, 126.6,
126.5, 117.4, 112.9, 109.5, 105.4, 65.2, 64.7, 64.5, 44.6, 37.9, 31.6,
30.7, 30.5, 28.9, 28.6, 25.8, 24.0, 23.1, 22.6, 14.1, 10.6; HR-MS
(ESI): calculated for C46H46N2O8S2 818.2696, found 818.2680.
NDI-bis-EDOT dyad (4a)
To a solution of NDI 8a (0.070 g, 0.134 mmol) and 5-tributylstannyl-50 -(6-(tert-butylsulfanyl)hexyl)-bis-EDOT (0.1 g,
0.134 mmol) in dry toluene under nitrogen atmosphere was
added catalyst Pd(PPh3)4 (0.010 g, 0.007 mmol), and the reaction
mixture was stirred at 85  C for 24 h. After all starting material
had reacted (followed by TLC on silica), the reaction was cooled
and the solvent was evaporated under reduced pressure. The
residue was dissolved in CH2Cl2 and washed with water and
brine, then the organic phase was dried with MgSO4. Column
chromatography on silica with CH2Cl2 as an eluent resulted in
desired product 4a as a dark green solid (0.035 g, 28%). M.p.
272–274  C; dH (400 MHz, CDCl3) 8.81 (2H, d, 7.5 Hz), 8.79 (2H,
d, 7.5 Hz), 7.92 (2H, d, J 8.4 Hz), 7.29 (2H, d, J 8.4 Hz), 4.49–4.15
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(8H, m), 4.16 (2H, m), 2.66 (2H, t, J 7.5 Hz), 2.52 (2H, t, J
7.2 Hz), 1.96 (1H, m), 1.70–1.50 (4H, m), 1.50–1.35 (14H, m),
1.31 (9H, s), 0.95 (3H, t, J 7.4 Hz), 0.89 (3H, t, J 7.2 Hz); dC
(125.0 MHz, CDCl3) 163.2, 163.0, 138.6, 137.3, 136.6, 134.3,
131.9, 131.4, 131.1, 128.5, 127.0, 126.9, 126, 7, 126.6, 117.0,
113.1, 109.5, 105.6, 65.2, 64.8, 64.5, 44.7, 37.9, 31.0 30.70, 30.66,
30.2, 29.4, 29.1, 28.64, 28.56, 28.50, 25.7, 24.0, 23.0, 14.1, 10.6;
HR-MS (ESI): calculated for C50H54N2O8S3 906.3042, found:
906.3037.
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NDI-bis-EDOT dyad (4b)
To a solution of tert-butyl protected dyad 4a (0.035 g,
0.039 mmol) in dry CH2Cl2 (15 ml) at 78  C was added acetyl
bromide (0.2 ml, excess) followed by 0.1 M solution of BBr3 in
CH2Cl2 (0.8 ml, 0.08 mmol) under nitrogen atmosphere. The
reaction mixture was stirred at room temperature for 4 h and
poured into ice. The resulted solution was extracted with
CH2Cl2. The organic phase was separated and washed with
water, brine, and dried over MgSO4. Crude product was
recrystallized from CH2Cl2–hexanes to afford green solid 4b
(0.018 g, 52%). M.p. 290–293  C. dH (400 MHz, CDCl3) 8.82
(2H, d, 7.6 Hz), 8.79 (2H, d, 7.6 Hz), 7.93 (2H, d, J 8.4 Hz), 7.29
(2H, d, J 8.4 Hz), 4.5–4.2 (8H, m), 4.18 (2H, m), 2.86 (2H, t, J
7.2), 2.65 (2H, t, J 7.2), 2.32 (3H, s), 1.97 (1H, m), 1.71–1.50 (4H,
m), 1.50–1.20 (14H, m), 0.96 (3H, t, J 7.4 Hz), 0.90 (3H, t, J 7.2
Hz); dC (125.0 MHz, CDCl3) 163.2, 163.0, 138.6, 137.3, 136.6,
134.3, 131.9, 131.4, 131.1, 128.5, 127.0, 126.9, 126, 7, 126.6,
117.0, 113.1, 109.5, 105.6, 65.2, 64.8, 64.5, 44.7, 37.9, 30.70,
30.66, 30.2, 29.4, 29.1, 28.64, 28.56, 28.50, 25.7, 24.0, 23.0, 14.1,
10.6; HR-MS (ESI): calculated for C48H48O9N2S3 892.2522,
found 892.2526.
NDI-bis-EDOT dyad (3a)
To a solution of NDI 8b (0.30 g, 0.48 mmol) and 11a38 (see ESI‡)
(0.34 g, 0.52 mmol) in dry toluene under nitrogen atmosphere
was added catalyst Pd(PPh3)4 (0.030 g, 0.025 mmol), and the
reaction mixture was stirred at reflux for 6 h. After all starting
compound had reacted (followed by TLC, silica, eluent CH2Cl2),
the reaction was cooled and the solvent was evaporated under
reduced pressure. The residue was purified by column chromatography on silica (eluent: CH2Cl2, followed by 20 : 1 CH2Cl2–
EtOAc) resulting in the desired compound 3a as a dark green
solid (0.255 g, 54% yield). M.p. 330–333  C; dH (400 MHz,
CDCl3) 8.81 (2H, d, 6 Hz), 8.79 (2H, d, 7.6 Hz), 7.92 (2H, d, J
8.4Hz), 7.29 (2H, d, J 8.4 Hz), 4.5–4.1 (10H, m), 2.65 (2H, t, J
7.2), 2.53 (2H, t, J 7.2), 1.77 (2H, br), 1.63 (m, 4H), 1.49 (m, 2H),
1.36 (t, br, 2H), 1.32 (s, 9H), 0.89 (t, 3H, J 7.0 Hz); dC (75.0 MHz,
CDCl3) 163.1, 162.8, 138.6, 137.3, 137.1, 136.6, 134.3, 131.9,
131.4, 131.0, 128.5, 127.0, 126.9, 126.8, 126.7, 126.6, 117.4, 113.0,
109.5, 105.5, 65.2, 64.8, 64.5, 41.8, 40.9, 31.6, 31.0, 30.5, 29.7,
29.0, 28.9, 28.2, 28.0, 26.8, 25.8, 22.6, 14.1. HR-MS (ESI):
calculated for C48H50O8N2S3 878.2729, found 878.2737.
NDI-bis-EDOT dyad (3b)
To a solution of tert-butyl protected dyad 3a (0.093 g, 0.1 mmol)
in dry CH2Cl2 (30 mL) at 78  C and acetyl bromide (0.1 ml) was
added 0.1 M solution of BBr3 in CH2Cl2 (1 mL, 0.1 mmol)
This journal is ª The Royal Society of Chemistry 2011

dropwise and the reaction mixture was slowly warmed to room
temperature. After stirring for 4 h the reaction was quenched
with water and the crude product was extracted with CH2Cl2.
The organic phase was washed with water, brine and dried with
MgSO4. Purification by column chromatography on silica
(CH2Cl2:EtOAc eluent, gradient) gave the desired product as
a green solid (0.047 g, 51%). M.p. 291–294  C. dH (500 MHz,
CDCl3) 8.82 (2H, d, 7.5 Hz), 8.79 (2H, d, 7.5 Hz), 7.92 (d, 2H, J
9.0 Hz), 7.29 (d, 2H, J 9.0 Hz), 4.42–4.20 (m, 10H), 2.86 (t, 2H, J
7.5), 2.33 (s, 3H), 1.76 (m, 2H), 1.57–1.45 (m, 2H), 1.45–1.20 (m,
14H) 0.92 (t, 3H, J 7.5 Hz); dC (125.0 MHz, CDCl3) 196.0, 163.0,
162.8, 138.6, 137.3, 137.2, 137.1, 134.1, 132.1, 131.3, 130.9, 128.5,
127.0, 126.81, 126.78, 126.68, 126.58, 126.52, 118.9, 115.5, 113.7,
109.4, 106.4, 65.2, 64.7, 64.6, 40.9, 32.9, 31.5, 30.6, 29.4, 29.1,
29.0, 28.9, 28.7, 28.7, 28.0, 26.9, 22.6, 22.2, 13.9. HRMS (ESI)
calculated for C46H44O9N2S3 864.2209 found 864.2219.
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