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Abstract: The design and synthesis of Aviram-Ratner-type molecular rectifiers,
featuring an anilino-substituted extended tetracyanoquinodimethane (exTCNQ)
acceptor, covalently linked by the o-spacer bicyclo[2.2.2]octane (BCO) to a
tetrathiafulvalene (TTF) donor moiety, are described. The rigid BCO spacer keeps the
TTF donor and exTCNQ acceptor moieties apart, as demonstrated by X-ray analysis.
The photophysical properties of the TTF-BCO-exTCNQ dyads were investigated by
UV/Vis and EPR spectroscopy, electrochemical studies, and theoretical calculations.
Langmuir-Blodgett films were prepared and used in the fabrication and electrical

studies of junction devices. One dyad showed the asymmetric current-voltage (I-V)
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curve characteristic for rectification, unlike a control compound lacking the donor
TTF part which gave a symmetric I-V curve. The direction of the observed
rectification indicated that the preferred electron current flows from the exTCNQ

acceptor to the TTF donor.

Keywords: Aviram—Ratner dyad ¢ Langmuir-Blodgett films ¢ rectification ¢ charge-
transfer « [2+2] cycloaddition—retroelectrocyclization (CA-RE) -+ molecular

electronics materials

Introduction

In 1974, Aviram and Ratner developed the concept of a “molecular rectifier”, a single
organic molecule showing unidirectional electron flow in an applied field.™! Their
molecular design criteria for rectification behavior are simple: a dyad consisting of an
electron-rich “m-donor” (D) and an electron-poor “m-acceptor” (A) which are
separated by a rigid, insulating “spacer” (o). The originally proposed dyad 1 (Figure
1) has been theoretically proven to be an effective candidate for an organic molecular
rectifier,™ but in view of synthetic complexity, has not been reported to date.?
However, 1 is not alone in its potential to display rectification behavior and
several groups have since followed the Aviram—Ratner design criteria to find new
leads for molecular rectifiers with D-o-A architectures.'®! The synthetic challenges are
considerable. The donor and acceptor need to be sufficiently strong to have high-lying
HOMOs and low-lying LUMOs, respectively, but without undergoing spontaneous
redox chemistry. The insulating spacer needs to be rigid and long enough to
efficiently inhibit intramolecular charge-transfer (CT). Only a few dyads have been

reported to overcome these challenges and to display rectification behavior.2%¢31
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While dyads featuring tetrathiafulvalene (TTF) as donor and 7,7,8,8-tetracyano-p-
quinodimethane (TCNQ) or other strong acceptors have been prepared, the rigid o~
spacer required by the Aviram-Ratner proposal has so far not been realized. Flexible
spacers have prevented rectification behavior by leading to thermal electron transfer
in the ground state! or intramolecular CT.P!

Here, we report the synthesis and properties of the two new dyads 2 and 3 (Figure
1) featuring for the first time all three main components of the original Aviram-Ratner
design, with a TTF donor separated by a bicyclo[2.2.2]octane (BCO) spacer from a
donor-substituted extended TCNQ (exTCNQ) acceptor moiety. We show rectification

behavior for 3 in Langmuir-Blodgett films.

2: R = n-butyl
3: R = n-octyl R_N

Figure 1: Top: Original molecular rectifier 1 proposed by Aviram and Ratner.™

Bottom: D-o-A dyads 2 and 3 featuring all three key elements of the original proposal.

Results and Discussion

Synthesis and characterization of D-o-A dyads 2 and 3.
The preparation of dyad 3 is shown in Scheme 1 whereas the synthesis of dyad 2 is

described in Scheme S1 in the Supporting Information (SI). We chose a synthetic
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strategy that allows for late-stage generation of the anilino-substituted exTCNQ
acceptor moiety, using the [2+2] cycloaddition—retroelectrocyclization (CA-RE)

cascade reaction between aniline donor-activated alkyne and TCNQ.[®"]

== " Rt =)
4 5: R = SiMe3
. ’:61 R=H

N(CgH17)2

(C4Hg)oN

Scheme 1: Synthesis of dyads 2 and 3. i) n-BuLi, MesSiCl, Et,0, —78 °C, 1 h; i)
N,N-dioctyl-4-iodoaniline, [PdCI;(PPhs);], Cul, EtsN, 20 °C, 12 h, 35% (over two
steps); iii) K,CO3, MeOH, 25 °C, 2.5 h, 98%; iv) 2-lodo-TTF, [Pd(PPhs),], Cul,
benzene/Et;N, 60 °C, 15 h, 40%; v) TCNQ, (CHCl,),, 120 °C, 2.5 h, 75% (3), 70%

().
The synthesis of 3 started from 1,4-diethynylbicyclo[2.2.2]octane (4)®! which

was mono-silyl protected and transformed by Sonogashira cross-coupling with N,N-

dioctyl-4-iodoaniline® into compound 5. Silyl-deprotection afforded 6 which was
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cross-coupled with 2-iodo-TTF!% to give dyad precursor 7. Precursor 8 to dyad 2 was
obtained by a similar reaction sequence (Scheme 1; see Scheme S1 in the SI).

The generation of the exTCNQ moiety by the CA-RE reaction was first
attempted by treating TCNQ with precursor 8 at room temperature. However, TCNQ
did not undergo the CA-RE reaction with 8 at 25 °C; instead, an intense color change
was observed from brownish yellow to green, due to the formation of an 1:1
intermolecular charge-transfer complex, presumably with the TTF moiety. To
overcome this, we adopted a TTF oxidation-masking approach developed by Stoddart
and co-workers.™! Oxidation of the TTF moiety of 8 with Fe(ClO4),-2 H,0 in MeCN
allowed TCNQ to react with the anilino donor-activated alkyne moiety at room
temperature; subsequent reduction of the oxidized TTF with sodium L-ascorbate in
MeOH gave dyad 2 in 40% isolated yield. Later, we found that this approach was
unnecessary; simply heating 8 or 7 with TCNQ to 120 °C in (CHCI,), for 2.5 h gave
dyads 2 and 3, respectively, in 70-75% yield (Scheme 1). Notably, the TTF donor-
activated alkyne moiety did not react with TCNQM and only the anilino-activated
alkyne moiety underwent the CA-RE reaction, as this regiochemistry was confirmed
by single crystal X-ray diffraction of dyad 2 (Figure 2, also see the SI, Section B).
The two dyads are stable, maroon-colored metallic solids, giving green solutions in

CH,Cl,. They melt at 226-230 °C (2) and at 109-110 °C (3).
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Figure 2: Crystal structures of 2 (a,b) and 9 (c) at 100 K. H-atoms for 2 and 9 and
solvent molecules for 2 are omitted for clarity. Atomic displacement parameters are
drawn at 50% probability level. Some carbon atoms are labeled with arbitrary

numbering.

Figure 3 shows important control compounds 9 and 10 containing only the
aniline-substituted exTCNQ acceptor moiety and compound 11 as a reference for the
donor part. Their synthesis is shown in Scheme S2 in the SI. X-ray analysis of 9
revealed that the conformation around the single bond located between the
dicyanovinyl group and the 2-(4-methylene-2,5-dien-1-ylidene)malononitrile group is
similar to that observed for dyad 2 (torsional angle C2-C3-C4-C25 of 71.6(4)° for 9

and C10-C9-C13-C14 of 74.1(6)° for 2; Figure 2).
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Figure 3: Control compounds 9-11.

Electronic absorption spectra

The UV/Vis absorption spectra of dyads 2, 3 and reference compounds 9-11 are
shown in Figure 4, in order to obtain information about the nature and origin of the
CT interactions, which may occur between the donor (dialkylanilino (DAA) and TTF
moieties) and the acceptor (exTCNQ) moieties in either inter- or intramolecular
fashion.
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Figure 4: UV/Vis absorption spectra of dyads 2, 3 and reference compounds 9-11 in

CH,CI;, at 298 K.

Dyads 2, 3 and reference compounds 9, 10 feature a very similar strong low-
energy absorption band at around 660 nm. This band is therefore clearly originating

from the intramolecular CT between the DAA donor and the directly connected
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eXTCNQ acceptor. The TTF reference compound 11 has no absorption above 450 nm.
The spectral data indicate that the TTF donor and the exTCNQ acceptor moieties are
not interacting in the ground state. The proposed intramolecular CT character of the
longest-wavelength absorption bands of dyads 2, 3 and reference compounds 9, 10
was confirmed by protonation of the aniline donor moiety. Treatment of these
compounds with CF3COOH in CHCl, led to disappearance of the CT band (see
Figures S3 and S4), with reappearance of the band upon re-neutralization with NEts.
However, it should be noted that under acidic conditions, a new weaker band appears
at around 640 nm in both dyads 2 and 3 (Figure S3), but not in the case of the
reference compounds 9 and 10 indicating that this band is possibly due to partial
protonation/oxidation of the TTF moiety.[**]

Dyads 2, 3 and reference compounds 9, 10 display strong solvatochromic
behavior. A remarkably large hypsochromic shift is observed from ~660 nm (1.89 eV)
in CH.Cl,, to ~575 nm (2.16 eV) nm in hexane, owing to high electric transition
dipole moments (see Figures S5-S6 in the Sl). This pronounced solvatochromism is
also reflected in the change of the color of 2 from green in CH,CI; to purple in hexane

(see Figure S7 in the SI).

Electrochemistry
The redox properties of dyads 2,3 and reference compounds 9-11 were studied by
cyclic voltammetry (CV) and rotating-disc voltammetry (RDV) in CH,Cl, (+0.1 M
nBusNPFg, values reported vs. Fc*/Fc) (see Table S1 in the SI).

Dyads 2 and 3 display one irreversible one-electron oxidation step of the DAA
moiety at +0.42 and +0.45 V, respectively, and two reversible one-electron oxidation

steps of the TTF moiety at +0.00 and ~+0.50 V; however, for 2 the second oxidation
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is irreversible, possibly due to the poor solubility of the oxidized species. The dyads
also exhibit reversible two-electron reduction steps at —0.90 V, centered on the
eXTCNQ acceptor. One two-electron reduction was also observed for references 9 and
10 at potentials similar to that of 2 and 3 (—0.90 V), suggesting that the reduction
waves are not affected by the presence of the TTF donor.

The UV/Vis and electrochemical data are clear evidence that intramolecular CT
of 2, 3, 9, and 10 occurs intramolecularly from the DAA donor to the directly
connected exTCNQ acceptor moiety. As predicted, the CT from the TTF moiety to
the exTCNQ acceptor part is suppressed by the insulating BCO moiety. This finding
was further corroborated by the electron paramagnetic resonance (EPR) spectral
investigations. A negligible amount of EPR signal is observed for dyad 2, with the
intensity measured to be 0.02% against (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl
(TEMPO) as reference (see Figure S10 in the Sl). This could be due to the inherent
nature of the exTCNQ moiety as it has been reported that some polycyanobutadienes
exhibit EPR signals.’®®* The vanishing amount of radical contamination is also
reflected by the sharp signals in the *H and **C NMR spectra of 2 (Figures S17 and
S18 in the SI). The above results confirm the almost complete absence of ground state
CT between TTF donor and exTCNQ acceptor moieties, and individual molecules are
present in neutral form in the ground state.

The spatial separation of the donor and acceptor orbitals in dyads 2 and 3 was
further supported by computational methods. Geometry optimization and orbital
visualization of 2 was performed by DFT calculations (B3LYP/G-61G*, GaussianQ9;
see the S, Section F).™ As expected, the HOMO is localized on the TTF donor, the
LUMO and LUMO+1 on the exTCNQ acceptor, and the HOMO-1 on the aniline

moiety. The electron affinity (EA) and ionization potential (IP) of 2 are in the range of
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1-3.5V and 5-9 V, respectively, favorable for achieving an asymmetry current flow

governed by a rectifier.* The optical gaps of 2, 3, 9, and 10 were also calculated

from the end-absorption Aeng Of the longest-wavelength UV/Vis band. They correlate

reasonably well (R?> = 1.02) with the results A(Eox—Ewq) Of the electrochemical

measurements, evidencing that the same orbitals are involved in both optical and

electrochemical gaps (Table 1).

Table 1. Optical and electrochemical gaps of 2, 3, 9, and 10 determined by

UV/Vis spectroscopy and CV in CH,Cl.,.

Compound  Amax Aend A(Eox—Ered) Ewe

[nm (eV)] [nm (eV)] [V] [V]
2 650 (1.91) 890 (1.39) 1.32 +0.42,4-0.90
3 660 (1.88) 910 (1.36) 1.35 +0.45,14-0.90
9 660 (1.88) 900 (1.38) 1.35 +0.43,14 —0.92
10 660 (1.88) 900 (1.38) 1.39 +0.43,11 —0.96

[a] Irreversible peak potential. The electrochemical gaps were listed for the

DAA donor oxidation and the exTCNQ acceptor reduction values.

The estimated electrochemical gaps of 2 and 3 (0.90 V; calculated from the TTF

donor oxidation and the exTCNQ acceptor reduction potentials) and their electron

affinities (AE_umo; 2.35 V) (Figure 5) encouraged us to apply the TTF-BCO-exTCNQ

dyads to monolayer and rectification studies.
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Figure 5: Top: HOMO of the TTF donor and LUMO of the exTCNQ acceptor parts
of 2 and 3. Bottom: Cyclic voltammogram of 3 with the corresponding HOMO and

LUMO pictures of 2.

Preparation and characterization of LB monolayers of TTF-BCO-exTCNQ
dyads.

Dyads 2 and 3 were assembled by the LB technique.l'¥ Figure 6 shows the
representative surface pressure (z-A) isotherms of 2 and 3. The z-A isotherm of 3 is
significantly more expanded suggesting a lower molecular aggregation during the
compression process. Changes in the slope upon the compression process reveal a
progressive orientation and/or reorientation of the molecules at the interface. Brewster
angle microscopy (BAM) investigations'*”! were made upon the compression of the
Langmuir (L) film and gave further insight into the formation of the monolayers (see
Section G, Figure S11 in the SI). BAM images indicate significant differences

between the two monolayers. Non-homogeneous domains were observed for 2, while
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a very homogeneous and compact L film was detected for 3 in the compression

process even at low surface pressures.
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Figure 6: Surface pressure vs. area per molecule isotherms of dyads 2 and 3 on a

water subphase at 20 °C.

To confirm these observations, L monolayers of 2 and 3 were transferred onto
freshly cleaved mica substrates to evaluate the morphology of the LB films by atomic
force microscopy (AFM). AFM images of 2 and 3 at different surface pressures of
transference are shown in Figure S12 in the Sl, confirming that 3 transferred at 10
mN-m™ forms homogeneous films free of holes or three-dimensional defects. The
film thickness, 2.18 nm, was determined by scratching the film of dyad 3 transferred
at 10 mN-m™ with the AFM tip. This value is in excellent agreement to the length of
the molecule (2.20 nm) determined with a molecular modelling program (Spartan®08
V 1.0.0).A further study was carried out to gain additional information about the
molecular orientation in the LB films incorporating dyad 3. L films of 3 were
transferred onto quartz substrates at a surface pressure of 10 mN-m*, and the UV/Vis
absorption spectrum of the LB film was recorded (see Section G, Figure S13 in the

SlI). The differences in the wavelengths (both L and LB films show a ~5 nm
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bathochromic shift of the ~320 nm band as well as a ~20 nm bathochromic shift of the
~650 nm band) between the solution in chloroform, the L film, and the LB film
spectra are indicative of a different chemical environment of 3, in agreement with the
solvatochromism mentioned above. In addition, the UV/Vis spectrum of the dyad 3 in
solution shows mainly two broad low energy absorption bands at ~650 nm and ~420
nm with the corresponding molar absorptivity ratio of 3:1, respectively (Figure S13).
Whereas the UV/Vis spectra of the L and LB films of 3 showed significant change in
the molar absorptivity ratios of 1:1 and 1:1.5, respectively. These resultsreveal
molecular reorganizations during the transference process of the L film onto the
substrate and a different relative orientation of these moieties in the L and LB films
(see Figure S13 in the SlI). The different molar absorptivities of the films with respect

to the chloroform solution and cast films are also attributed to orientation effects.

XPS experiments were carried out in LB films of dyad 3 deposited onto gold
substrates to obtain more information about the molecular orientation. Figure 7 shows
the XPS scans of the S2p and N1s region in LB films transferred at a surface pressure
of 10 mN-m™; the XPS of dyad 3 powder and cast films of 3 are also included for
comparison purposes. The XPS spectrum of a solid sample of 3 powder in the S2p
region shows doublet peaks due to the spin-orbit splitting effect®! at 164.0 and
165.2 eV, with an area ratio of 2:1 and a peak separation of 1.2 eV, corresponding to
the (2ps12) and (2p1/2) peaks. In contrast, the XPS spectrum of the LB film of 3 shows
four peaks. Two of them appear practically at the same bonding energy to the ones
observed for the powder and keep the same area ratio, 2:1, and peak separation of 1.2
eV revealing that part of the sulfur species do not interact with the gold substrate.

However, a new doublet peak, also with a 2:1 area ratio and a peak separation of 1.2
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eV, appears at 161.7 and 162.9 eV. This decrease in the binding energy has generally
been interpreted as sulfur being adsorbed onto the gold surface.'? These results
indicate that part of the sulfur atoms are chemisorbed on the gold substrate. In
contrast, the XPS spectrum of cast films (prepared from a diluted solution) exhibits
only two peaks centered at 161.7 and 162.9 eV. This result indicates that in cast films
molecules tend to adopt a planar position with all the sulfur atoms interacting with the
gold surface.

The XPS spectrum of the LB film in the N1s region does not show any
significant changes in the binding energy of the peaks (402.3 and 399.8 eV
attributable to the amine and the cyano nitrogens, respectively) compared to the
powder XPS spectrum indicating that there is no chemical interaction between the
nitrogen species of dyad 3 and the gold substrate. However, there is a significant shift
of these peaks towards lower binding energies in cast films. This result suggests that

in cast films the nitrogen atoms of dyad 3 are chemisorbed on the gold surface.
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Figure 7. XPS spectra of (a) S2p and (b) N1s photoelectrons of dyad 3 in powder, in

cast films, and in LB films transferred at 10 mN-m™. In all cases the supporting

substrate was gold.

Fabrication and electrical studies of junction devices with 3.

Rectification studies for LB films have been reported before[c3n3n160181 Hare
rectification studies of LB films incorporating dyad 3 were performed by making use
of current-voltage (I-V) curves recorded with a conductive-AFM instrument. Further

details about the experimental conditions and advantages of using the PF-TUNA™

operation mode for the AFMI® are detailed in the Experimental Section. The
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electrical behavior of LB films of reference compound 10 was also studied (details for

the LB fabrication and electrical characterization of 10 are in Section G in the SI).
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Figure 8: I-V curve of a monomolecular LB film of dyad 3 transferred onto Au(111)
at 10 mN-m™. Inset figure: statistical distribution of the rectification ratio obtained

from 180 I-V curves.

Figure 8 shows an averaged I-V curve, from 180 I-V curves, for dyad 3 recorded
using a peak force set-point of 65 nN. A compromise was made in order to select the
most suitable contact force to be applied during the measurement. Thus, 65 nN was
the minimum force needed for an adequate electrical probing and did not result in
damage to the monolayer. Figure 8 shows a typical rectification behavior, since above
a threshold voltage the current significantly decreases for negative voltages while at
positive voltages the current hardly changes. Importantly, such a rectification
behavior was not observed for reference compound 10, that exhibits symmetric 1-V
curves (see Figure S15 in the SI). These results indicate that the rigid o-spacer, not

present between the aniline donor and exTCNQ acceptor moieties in 10, is essential in
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dyad 3 to act as a rectifier. Importantly, they also unambiguously document that
rectification in 3 is not due to current flow between the (weakened) DAA donor and
the directly attached exTCNQ acceptor moieties.

The monolayer of 3 behaves as a rectifier, since above a threshold voltage the
current significantly decreases for negative voltages while at positive voltages the
current hardly changes. The rectification ratio RR in dyad 3 (negative current/positive
current, RR) is 9 (inset of Figure 8 shows a statistical distribution of the rectification
ratio obtained from 180 I-V curves), which suggests the alignment of dyad 3 to form a
well-ordered monolayer™? (see BAM and AFM images at 10 mN-m*, Figures S11
and S12, respectively, in the Sl). In addition, the RR practically does not decrease
after several scans as it has been shown previously in the literature for similar
compounds.®? The direction of the observed rectification would indicate that the

preferred electron current is from the exTCNQ acceptor to the TTF donor.

Conclusions

Two closely related Aviram—Ratner-type molecular dyads comprising TTF as strong
donor and DAA-substituted exTCNQ as strong acceptor, separated by the rigid o~
spacer bicyclo[2.2.2]octane (BCO), have been prepared. By installing the acceptor in
the final step using the CA-RE cascade, problems such as spontaneous redox
chemistry or intramolecular CT from TTF to the acceptor, which had been
encountered in previous approaches to molecular rectifying dyads, could be avoided.
All electrochemical, optical, and EPR studies in comparison with appropriate
reference compounds revealed that there is no significant CT between the TTF moiety
and the acceptor moiety exTCNQ in the ground state. Only intramolecular CT

between the DAA moiety and the directly connected exTCNQ acceptor part exists in
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the ground state. Langmuir-Blodgett monolayer formation was tested for the n-butyl-
(2) and the n-octyl- (3) substituted TTF-exTCNQ dyads as well as n-octyl reference
compound 10. Dyad 3 and reference 10 indeed both formed homogeneous LB films.
Gratifyingly, rectification behavior with a rectification ratio (RR) of 9 was observed
for dyad 3 due to its proposed charge-separated state under applied voltage. On the
other hand, reference 10 did not exhibit an asymmetric |-V curve but instead showed a
symmetric curve, demonstrating the crucial role of the insulated TTF donor moiety in
3, besides the exTCNQ acceptor moiety for rectification. This result fully validates
the rectification proposal by Aviram and Ratner and demonstrates the essential nature
of the rigid o=spacer in 3. Practical applicability of this system may be possible given
the fact that 3 has high thermal and reversible electrochemical stability, which are
necessary for an organic molecular rectifier. Synthesis of dyads with even lower
HOMO-LUMO gaps based on strong acceptor such as F4~-TCNQ (Eeq1 = +0.16 V in

CH,Cl, vs. F¢*/Fc; TCNQ: Ereq1 = —0.25 V in CH,Cl, vs. F¢'/Fc) is in progress.

Experimental Section

Materials and methods: Chemicals were purchased from Acros, Aldrich, Fluka, and
TCI, and used as received. CH,Cl, was freshly distilled from CaH, under nitrogen
atmosphere. Column chromatography (CC) and plug filtrations were carried out with
SiO;, 60 (particle size 0.040-0.063 mm, 230-400 mesh; Aldrich) or with neutral
Al,O3 (Brockmann activity 1). Thin layer chromatography (TLC) was performed
using aluminum sheets coated with 0.2 mm Merck silica gel or < 60 mm Aldrich
neutral Al,Os. The compounds were visualized by UV light (254 nm) or by visual
color change without staining with a colorizing agent. Melting points (m.p.) were

measured in open capillaries with a Biichi melting point B540 apparatus and are
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uncorrected. “Decomp” refers to decomposition. *H NMR and *C NMR spectra were
measured on a Bruker DRX 400 MHz, a Bruker AV 400 MHz or Avance Il 600 MHz
at 25 °C. Chemical shifts (o) are reported in ppm downfield from SiMe,, with the
residual solvent signal as an internal reference. Coupling constants (J) are given in Hz.
The apparent resonance multiplicity is described as s (singlet), d (doublet), dd
(doublet of doublet), quint. (quintet), hex. (hextet), and m (multiplet). Infrared spectra
(IR) were recorded on a Perkin-Elmer BX FT-IR spectrometer; signal designations: s
(strong), m (medium), w (weak). Selected absorption bands are reported in
wavenumbers (cm ). UV/Vis spectra were recorded on a Varian CARY-500
spectrophotometer. The spectra were measured in a quartz cuvette of 1 cm at 298 K.
The absorption maxima (Amax) are reported in nm with the extinction coefficient (¢) in
Mem™ in brackets. Shoulders are indicated as sh. High-resolution (HR) ESI-TOF
spectra were measured on a Bruker maXis ESI-Q-TOF spectrometer. HR FT-ICR-
MALDI spectra were measured on lonSpecUIltima Fourier transform (FT) instrument
with  3-hydroxypicolinic acid (3-HPA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-
methylprop-2-enylidene] malononitrile (DCTB) in THF. The most important signals
are reported in m/z units with M® as the molecular ion. Size exclusion
chromatography (GPC) was performed with BIO-RAD Beads S-X3 as stationary

phase and distilled technical solvents at ambient pressure and temperature.

Continuous wave (CW) EPR: The experiment was performed at a frequency of
9.8756 GHz with a Bruker ElexSys E500 spectrometer equipped with a Bruker super
high Q resonator ER4122SHQ at ambient temperature. The sample was placed into a
thin glass capillary (~0.4 mm inner diameter, BLAUBRAND® micropipettes), and

the EPR spectrum was recorded with 100 kHz field modulation, 20 dB attenuation (2
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mW incident microwave power), 0.2 mT modulation amplitude, 5.12 ms time

constant, and 20.48 ms conversion time.

Preparation and characterization of cast films and LB monolayers incorporating
dyads 2 and 3 and reference compound 10: The compounds were assembled by the
Langmuir-Blodgett (LB) technique using a Nima Teflon trough with dimensions
720x100 mm? housed in a constant temperature (20 + 1 °C) clean room. The surface
pressure (z) was measured by using a Wilhelmy paper plate pressure sensor, and
ultrapure Milli-Q water (resistivity 18.2 MQcm) was used as subphase. Solutions of 2,
3, and 10 (5:10° M) were prepared in chloroform (HPLC grade, 99.9% purchased
from Sigma) and spread using a Hamilton micro-syringe held very close to the
aqueous surface, allowing the surface pressure to return to a value as close as possible
to zero between each addition. The spreading solvent was allowed to completely
evaporate over a period of at least 15 min before compression of the Langmuir (L)
film at a constant sweeping speed of 0.02 nm”molecule *:min™. The films were
deposited at a constant surface pressure by the vertical dipping method with a dipping
speed of 0.6 cmmin’. All the films were transferred by the withdrawal of the
substrate from the water subphase for which the transfer ratio is close to 1. Deposition
of the films by immersion of the substrates into the water surface resulted in a poor
transfer ratio (<0.2). The solid substrates used to support the LB films were quartz,
mica, and gold. Gold substrates were purchased from Arrandee®, Schroeer, Germany
and were flame-annealed at approximately 800-1000 °C with a Bunsen burner
immediately prior to use to prepare atomically flat Au(111) terraces.”® Cast films
were prepared by spreading a drop of a very diluted solution (5-10° M ) onto quartz

and gold substrates. The solvent was then allowed to evaporate. These films were
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prepared with the purpose of comparison with LB films. UV/Vis spectra were
recorded using a normal incident angle with respect to the film plane. X-ray
photoelectron spectroscopy (XPS) spectra were acquired on a Kratos AXIS ultra DLD
spectrometer with a monochromatic Al Ka X-ray source (1486.6 eV) using a pass
energy of 20 eV. To provide a precise energy calibration, the XPS binding energies
were referenced to the Cls peak at 284.6 eV. Atomic force microscopy (AFM)
experiments were performed by means of a Multimode 8 AFM system from Veeco,
using the tapping mode in ambient air conditions. The data were collected with a
silicon cantilever provided by Bruker, with a force constant of 40 mN and operating at
a resonant frequency of 300 kHz.

Electrical properties of the LB films of dyad 3 and reference compound 10: The
electrical properties were recorded with a conductive-AFM (Bruker ICON) under
humidity control, ca. 30%, with a N, flow using the Peak Force Tunneling AFM (PF-
TUNA™) mode, and employing a PF-TUNA™ cantilever from Bruker (coated with
Pt/Ir 20 nm, ca. 25 nm radius, 0.4 N-m™ spring constant and 70 kHz resonance
frequency). The PF-TUNA™ operation mode for the AFM was chosen in order to
avoid lateral forces during the images that would have damaged tip coating and
sample surface, while at the same time allowing the use of cantilevers with low spring
constant. Thus, this is a method for the conductivity mapping of soft or fragile
samples and as such it has been chosen for rectification probing of our LB films,
rather than using STM or conducting AFM in conventional contact mode. The peak
force tunneling AFM used here combines “tapping” mode AFM with a conducting
AFM tip and low-noise current amplifier to probe current flow through the LB film.
To be sure that a reasonable contact between the tip and the LB film is obtained

without damaging the monolayer a peak force set-point of 65 nN for dyad 3 and 22

Page 22



nN for compound 10 was applied. Using this peak force set-point, current-voltage (I-
V) curves were then recorded with the AFM probe placed on top of the LB film and a
bias between the substrate and the tip was applied. 1-V characteristics were recorded
by sweeping the tip voltage (1.6 V) with the LB-coated Au substrate held at ground.
To ensure reproducibility and reliability of the results, the I-V curves were averaged

from multiple scans.

Synthesis: Only the synthesis of dyad 3 is described in this Experimental Section. All
other preparations and characterizations are in the Supporting Information.
N,N-Dioctyl-4-(2-{4-[2-(trimethyIsilyl)ethynyl]bicyclo[2.2.2]oct-1-
yl}ethynyl)aniline (5). A solution of 4 (50 mg, 0.32 mmol) in Et,O (3 mL) under
nitrogen was cooled to —78 °C, treated with 1.6 M n-BuLi in hexane (0.25 mL, 0.39
mmol), stirred for 1 h, treated with Me3SiCl (0.06 mL, 0.47 mmol), and stirred for 1 h
at —78 °C and for 1 h at 25 °C. The mixture was diluted with saturated NH4ClI solution
and extracted with Et,O. Evaporation afforded a colorless solid, which was directly
used for the Sonogashira coupling reaction. A solution of the solid residue in EtsN (5
mL) was purged with nitrogen for 15 min and added to a mixture of N,N-dioctyl-4-
iodoaniline® (2S, 350 mg, 0.79 mmol), [PdCI,(PPhs),] (7 mg, 9.6 umol), and Cul
(2.5 mg, 13 umol) in CgHg (4 mL). The mixture was stirred for 15 h at 25 °C, diluted
with Et,O (20 mL), and filtered through a plug of SiO,. Evaporation and CC (SiOy;
hexane/CH,Cl, 1:0 — 9:1) afforded 5 (60 mg, 35%) as a colorless liquid besides two
side-products [4,4°-(bicyclo[2.2.2]octane-1,4-diyl)diethyne-2,1-diyl)bis(N,N-
dioctylaniline  (4S), colorless  liquid (17 mg, 7%), and 14-
bis(trimethylsilylethynyl)bicyclo[2.2.2]octane (5S),/Y colorless solid (17 mg, 15%);

see Scheme S1 and Section A in the SI).
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Data of 5: Ry = 0.48 (SiO,; hexane/CH,Cl, 8:2); *H NMR (400 MHz, CDCls, 298 K;
assignment based on DQF-COSY, HSQC, and HMBC spectra): 6 = 0.13 (s, 9 H;
Si(CHs)3), 0.87 — 0.91 (m, 6 H; 2 CH3), 1.26 — 1.31 (m, 20 H; 2 (CH,)sCHs), 1.49 —
1.59 (M, 4 H; N(CH,CH,),), 1.77 — 1.83 (m, 12 H; C(CH,CH,)sC), 3.23 (t, J = 7.7 Hz,
4 H; N(CH,),), 6.49 (d, J = 9.0 Hz, 2 H; H-C(2,6)), 7.18 ppm (d, J = 8.8 Hz, 2 H; H—
C(3,5)); *C NMR (100 MHz, CDCls, 298 K; assignment based on DQF-COSY,
HSQC, and HMBC spectra): & = 0.45 (Si(CHs)s), 14.24 (2 CH3), 22.79 (2 CH,CHs),
26.86 and 27.09 (C(1°,4%)), 27.28, 27.34, 29.45, 29.62, and 31.97 (2 (CH;)sCH,CH3),
32.08 and 32.18 (C(CH,CH,)5C), 51.09 (N(CH,),), 81.31 (C=C—C(4)), 83.68 (C=C—
Si), 93.63 (C=C-C(4)), 109.71 (C(4)), 111.37 (C(2,6)), 114.36 ((C=C-Si), 132.77
(C(3,5)), 147.56 ppm (C(1)); IR (ATR): /7 = 2953 (m), 2924 (s), 2854 (m), 2109 (W),
1608 (s), 1517 (s), 1465 (w), 1456 (w), 1398 (w), 1369 (m), 1274 (w), 1191 (w), 1119
(w), 811 (m), 765 (W), 750 cm * (w); HR-ESI-MS: m/z (%): 546.4487 (100, [M + H]*,

calcd for Cs7HgoNSi™: 546.4490).

4-[2-(4-Ethynylbicyclo[2.2.2]oct-1-yl)ethynyl]-N,N-dioctylaniline (6): A solution
of 5 (50 mg, 92 umol) in MeOH (5 mL), was treated with K,CO3 (129 mg, 0.93
mmol), stirred at room temperature for 2.5 h, diluted with H,O (50 mL), and extracted
with CH,Cl, (2x50 mL). Evaporation gave 6 (42 mg, 98%) as a colorless liquid. R¢=
0.60 (Al,Os; pentane/CH,Cl, 9:1); *H NMR (400 MHz, CDCls, 298 K; assignment
based on DQF-COSY, HSQC, and HMBC spectra): 6 =10.89 (t, J = 6.8 Hz, 6 H; 2
CHs), 1.24 — 1.32 (m, 20 H; 2 (CH,)sCHs), 1.50 — 1.57 (M, 4 H; N(CH,CH,)), 1.79 —
1.86 (M, 12 H; C(CH,CH.)sC), 2.09 (s, 1 H; C=CH), 3.22 (t, J = 8.0 Hz, 4 H;
(N(CH,)y), 6.49 (d, J = 8.8 Hz, 2 H; H-C(2,6)), 7.18 ppm (d, J = 8.7 Hz, 2 H; H-

C(3,5)); *C NMR (100 MHz, CDCls, 298 K; assignment based on DQF-COSY,
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HSQC, and HMBC spectra): 6 = 14.24 (2 CH3), 22.79 (2 CH,CHj3), 26.27 and 26.84
(C(CH,CH,)3C), 27.27, 27.33, 29.45, 29.62, 31.97 (2 (CH,)sCH,CH3), 32.03 and
32.11 (C(CH,CH,)sC), 51.09 (N(CH,),), 68.08 (C=CH), 81.39 (C=C-C(4)), 91.62
(C=CH), 93.44 (C=C—-C(4)), 109.60 (C(4)), 111.36 (C(2,6)), 132.77 (C(3,5)), 147.58
ppm (C(L)); IR (ATR): /7 = 3311 (w), 2922 (s), 2856 (s), 2109 (W), 1608 (s), 1517 (s),
1465 (m), 1455 (m), 1369 (m), 1340 (m), 1276 (m), 1239 (m), 1190 (m), 1130 (m),
1107 (s), 1061 (m), 953 (w), 842 (w), 811 (m), 763 (w), 750 (w), 721 (w), 626 cm*

(m); HR-ESI-MS: m/z (%): 474.4089 (100, [M + H]*, calcd for CasHsN,": 474.4094).

N,N-Dioctyl-4-[(4-{[2-(1,3-dithiol-2-ylidene)]-1,3-dithiol-4-

yllethynyl}bicyclo[2.2.2]oct-1-yl)ethynyl]aniline (7): A solution of 6 (42 mg, 89
umol) in EtzN (3 mL) was purged with nitrogen for 10 min and added to a suspension
of 4-iodo-TTF® (3S, 58 mg, 180 pumol), [Pd(PPhs)4] (10 mg, 9 pmol), and Cul (3.5
mg, 18 umol) in C¢Hs (2 mL). The mixture was stirred for 15 h at 60 °C, cooled to
room temperature, diluted with water (20 mL), and extracted with Et,O (3x20 mL).
Evaporation and CC (Al,O3; pentane/CH,CI, 1.0 — 9:1) afforded 7 (24 mg, 40%) as
a yellow liquid. R; = 0.25 (Al,O3; pentane/CH,Cl, 9:1); *H NMR (400 MHz, CgDs,
298 K; assignment based on DQF-COSY, HSQC, and HMBC spectra): 6=0.91 (t, J
= 7.0 Hz, 6 H; 2 CH3), 1.09 — 1.32 (m, 20 H; 2 (CH.)sCH3), 1.39 — 1.47 (m, 4 H;
N(CH,CH>),), 1.59 — 1.63 (m, 6 H; C(4’)(CH,CH,)sC(1°)), 1.77 — 1.81 (m, 6 H;
C(4°)(CH,CH,)sC(1%)), 3.02 (br. t, J = 7.6 Hz, 4 H; N(CHy),), 5.38 (s, 2 H; H-
C(4°°,5°)), 5.73 (s, 1 H; H-C(5°")), 6.56 (d, J = 9.0 Hz, 2 H; H-C(2,6)), 7.55 ppm
(d, J = 8.9 Hz, 2 H; H-C(3,5)); *C NMR (100 MHz, CgDg, 298 K; assignment based
on DQF-COSY, HSQC, and HMBC spectra): 6 = 14.38 (2 CHj3), 23.09 (2 CH,CHy),

27.17 (C(1°)), 27.38 (C(4°)), 27.44, 27.63, 29.74, 29.88, and 32.30 (2 (CH2)sCH2CH),
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31.77 (C(4”)(CH,CH,)3C(1%)), 32.24 (C(4°)(CH,CH,)sC(1%)), 51.14 (N(CH,)y), 72.72
(C=C-C(4”)), 82.48 (C=C-C(4")), 93.67 (C=C-C(4")), 101.60 (C=C—C(4”")), 108.83
(C(2°77)), 110.98 (C(4)), 111.95 (C(2,6)), 112.93 (C(2°")), 116.82 (C(4")), 118.67 and
119.07 (C(4°°,5°°")), 123.14 (C(5>)), 133.35 (C(3,5)), 147.93 ppm (C(1)); IR (ATR):
M= 2951 (m), 2922 (s), 2853 (M), 2213 (W), 1607 (s), 1516 (s), 1465 (W), 1455 (m),
1398 (), 1368 (M), 1275 (w), 1263 (w), 1213 (w), 1189 (m), 1107 (w), 952 (w), 860
(W), 812 (s), 796 (m), 777 (m), 738 (m), 640 cm™* (m); HR-MALDI/ESI (dual)-MS:

m/z (%): 675.3056 (100, M, calcd for C4oHs3NS4": 675.3055).

2-[2-[4-(Dioctylamino)phenyl]-2-[4-(dicyanomethylene)cyclohexa-2,5-dien-1-
ylidene]-1-(4-{2-[2-(1,3-dithiol-2-ylidene)-1,3-dithiol-4-
yllethynyl}bicyclo[2.2.2]oct-1-yl)ethylidene]-malonodinitrile (3). A solution of 7
(64 mg, 95 umol) and TCNQ (19 mg, 95 umol) in 1,1,2,2-tetrachloroethane (30 mL)
was stirred for 2.5 h at 120 °C. Evaporation and CC (pentane/CH,Cl, 4:1 — 1:2) gave
3 (62 mg, 75%) as a maroon metallic solid (green in CH,CI, solution). Rs = 0.60
(Al,O3; pentane/CH,Cl, 3:7); m.p. 109 — 110 °C (no decomp); *H NMR (400 MHz,
CsDs, 298 K; assignment based on DQF-COSY, HSQC, HMBC, and NOESY
spectra): 5= 0.93 (t, J = 6.7 Hz, 6 H; 2 CH3), 1.19 — 1.34 (m, 20 H; 2 (CH,)sCHs),
1.38 — 1.50 (m, 10 H; N(CH,CH,),, C(4’)(CH,CH,)sC(1°)), 1.62 — 1.65 (m, 6 H;
C(4°)(CH,CH,)sC(1°)), 3.05 (br. t, J = 8.0 Hz, 4 H; N(CHy),), 5.39 (s, 2 H; H-
C(4°°°,5°""), 5.75 (s, 1 H; H-C(5”)), 6.28 (dd, J = 9.5, 1.9 Hz, 1 H; H-C(6>>>"")),
6.53 (d, J = 8.5 Hz, 2 H; H-C(3”>"’,5”>"")), 6.80 (dd, J = 9.6, 2.0 Hz, 1 H; H-
C(2>)), 6.88 — 6.92 ppm (M, 4 H; H-C(2>>,6>>>°,3>>>>°,5°>>"")); ¥C NMR (100
MHz, CsDs, 298 K; assignment based on DQF-COSY, HSQC, and HMBC spectra): &

= 14.35 (2 CH3), 23.07 (2 CH,CHs), 27.39 (C(4’)), 27.49, 27.62, 29.71, 29.73, and
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2082 (2 (CHpsCH.CHs), 3115  (C(4)(CH,CH,)sC(1%),  32.19
(C(4”)(CH2CH,)sC(1%)), 40.36 (C(1°)), 51.38 (N(CHy),), 73.26 (C(4”°)-C=C), 73.44
(C(4>>°)=C(CN)y), 90.53 (C(2)), 99.68 (C(4’)-C=C), 108.19 (C(2’**)), 112.33
(C(377°,577), 112.59 (C(2°7)), 112.80 (C=N), 113.68 (C(4”")), 114.82 (C=N),
114.90 (C=N), 116.24 (C=N), 118.77 and 119.04 (C(4°**,5>"")), 119.89 (C(1°>>’)),
123.92 (C(5°")), 125.31 and 125.34 (C(3°°°,5°>)), 129.95 (C(1°°*")), 133.53
(C(6>°)), 134.00 (C(2°°,67°7)), 134.75 (C(2>*")), 151.19 (C(4’***")), 152.15
(C(4°°")), 154.23 (C-C=C(2)), 186.47 ppm (C=C(2)); IR (ATR): /7 = 3075 (w), 2921
(s), 2853 (m), 2213 (w), 1607 (s), 1517 (s), 1465 (m), 1455 (m), 1398 (w), 1368 (m),
1271 (w), 1214 (w), 1188 (m), 1107 (w), 952 (w), 859 (w), 812 (m), 796 (m), 777 (m),
755 (w), 736 (m), 641 cm ' (m); UV/Vis (CH,Cly): Amax (£) = 429 (14 500), 669 nm
(49 000 M* cm™); HR-MALDI/ESI (dual)-MS: m/z (%): 879.3494 (100, M*, calcd
for Cs,Hs7NsS4": 879.3491); elemental analysis calcd (%) for Cs,Hs7NsS4 (880.3): C

70.95, H 6.66, N 7.96; found: C 71.43, H 6.66, N 7.72.
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Design and Synthesis of Aviram-Ratner-Type Dyads and
Rectification Studies in Langmuir-Blodgett (LB) Films
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W. Bernd Schweizer, Benjamin Breiten, Aaron D. Finke, Gunnar Jeschke, Bruno

Bernet, Laurent Ruhlmann, Pilar Cea,* and Francois Diederich*

A molecular dyad, closely resembling the original design by Aviram and Ratner,
featuring a strong donor (TTF), separated by a rigid insulating o-spacer from a strong
extended TCNQ acceptor (exTCNQ), has been designed, synthesized, and fully
characterized. Langmuir-Blodgett films were prepared and showed the asymmetric
current-voltage (I-V) curve characteristic for rectification, wereas a control compound

lacking the TTF donor showed a symmetric 1-V curve.
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